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Abstract

One of the most important tasks of modern volcanology, which represents a sig-
nificant socio-economic implication, is to conduct hazard assessment in active vol-
canic systems. These volcanological studies are aimed at hazard that allows to con-
structing hazard maps and simulating different eruptive scenarios, and are mainly
addressed to contribute to territorial planning, definition of emergency plans or

managing volcanic crisis.

Volcanic hazard is defined as the probability of any particular area being af-
fected by a destructive volcanic event within a given period of time. The impact of
a natural event, as a volcanic eruption, can significantly affect human life, property,
infrastructures, and the environment. Long periods of quiescence are quite common
in many volcanic areas and this often leads to a fall in the alert. The consequence
is lack of preparation to deal with a volcanic crisis. Volcanic hazard assessment is
an important scientific, economic, and political issue, especially in densely popu-
lated areas threatened by volcanoes, and to be effective should be conducted well in

advance to any possible eruption.

The present Ph.D. Thesis is focused on the development and application of dif-
ferent tools for the spatial and temporal analyses to assess volcanic hazard in mono-
genetic volcanic fields. Monogenetic volcanic fields are commonly not regarded as
potentially dangerous and only a few studies concerning hazard assessment have
been conducted in such environments. This is probably due to the relative small
size of their eruptions and their episodic recurrence. In the long-term hazard assess-
ment, we assume that the future eruptive behaviour in the volcanic field could be
similar to the last eruptive activity. First, we have developed a new tool, QVAST
(QGIS for VolcAnic SuscepTibility), designed to carry out the spatial analysis. This
tool allows to calculate the volcanic susceptibility of the area, i.e. the probability of
new vent opening, using direct and indirect structural data. Second, we have devel-
oped a new tool, HASSET (Hazard Assessment Event Tree), to conduct temporal
analysis. Combining both tools and the previous one, VORIS 2.0.1 (Felpeto et al.,

2007), that uses simulation models to predict the most probable eruptive scenarios
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ABSTRACT

and which areas could be affected by a future eruptive event, we can evaluate in
a probabilistic way long-term hazard represented by a qualitative hazard map that
allows us to identify different levels of hazard in the study area, or when dealing
with short-term hazard, possible outcomes of volcanic unrest within a specific time
frame. In this thesis we present different case studies. The first example was car-
ried out at El Hierro Island (Canary Islands), an island essentially characterized by
basaltic volcanism with both Strombolian and Hawaiian activity. Recent volcanic
activity on El Hierro is largely characterised by monogenetic mafic volcanism. The
last eruption on El Hierro occurred in 2011-2012 demonstrates the importance of
reliable data and tools that can enable scientific advisors and decision-makers to
consider possible future eruptive scenarios. The second case study was Deception
Island (Southern Shetland Archipelago, Antarctica), which is the most active vol-
cano in the South Shetland Islands and has been the scene of more than twenty
eruptions over the past two centuries. We identified a number of significant scenar-
ios using our GIS (Geographic Information System)-based tools and evaluated the
potential extent of the main volcanic hazards to be expected on the island. The
last case study presented is La Garrotxa Volcanic Field (NE of Spain), which is a
quaternary volcanic field, located in the Northeast of the Iberian Peninsula, and
includes more than 50 well preserved volcanoes. The volcanic activity varies from
Hawaiian to Violent Strombolian, showing numerous episodes of phreatomagmatic
activity.

Finally, considering the importance of both quantity and quality of the avail-
able volcanic data and an optimum storage mechanism and as complement to the
e-tools we have developed, we describe the design of a new spatial database struc-
ture, VERDI (Volcanic managEment Risk Database desIgn), which allows different
types of data to be manipulated, organized and managed. The design of purpose-
built databases should facilitate spatial and temporal analysis that will produce
probabilistic hazard models for future vent opening, simulate volcanic hazards and
assess their socio-economic impact, avoiding any duplication of information.

The methodologies described in this Ph.D. Thesis establish the general guide-
lines of a procedure that facilitates undertaking volcanic hazard assessment in a
systematic way, which can be easily applied to any volcanic area or system, and in

particular to any monogenetic volcanic field.
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Resumen

Una de las tareas més importantes de la vulcanologia moderna, que representa una
implicacién socio-econdémica significativa, es llevar a cabo la evaluacién de la peli-
grosidad en los sistemas volcanicos activos. Estos estudios vulcanolégicos estan
enfocados a la elaboracion de mapas de peligro y la simulacion de diferentes esce-
narios eruptivos, y estan dirigidas principalmente para contribuir a la planificacion

territorial, a la definicién de los planes de emergencia o la gestion de crisis volcanicas.

El peligro volcanico se define como la probabilidad de que una area en particular
se vea afectada por un evento volcanico destructivo dentro de un periodo de tiempo
determinado. El impacto de un evento natural, como una erupcién volcanica, puede
afectar significativamente la vida humana, los bienes, las infraestructuras y el medio
ambiente. Los largos periodos de inactividad son muy comunes en muchas zonas
volcanicas y esto frecuentemente conduce a una disminucion de la alerta. La con-
secuencia es una falta de preparaciéon para hacer frente a una crisis volcanica. La
evaluacion del peligro volcanico es una importante cuestion cientifica, econémica, y
politica, especialmente en zonas densamente pobladas amenazadas por los volcanes,
y para que sea eficaz debe llevarse a cabo con suficiente antelacion antes de cualquier
posible erupcion.

La presente Tesis doctoral esta enfocada al desarrollo y aplicacion de diferentes
herramientas informéticas para los andlisis espacial y temporal del peligro volcanico
en campos volcanicos monogenéticos. Los campos volcanicos monogenéticos comin-
mente no se consideran como potencialmente peligrosos y sélo unos pocos estudios
relativos a la evaluacion del peligro se han llevado a cabo en este tipo de entornos.
Esto es probablemente debido al tamano pequeno de las erupciones y sus recurren-
cia episddica. En la evaluacion del peligro a largo plazo, se considera que el futuro
comportamiento eruptivo en el campo volcanico podria ser similar a la altima activi-
dad eruptiva. En primer lugar, hemos desarrollado una nueva herramienta, QVAST
(QGIS for VolcAnic SuscepTibility), disenada para llevar a cabo el anélisis espacial.
Esta herramienta permite calcular la susceptibilidad volcanica de la zona de estudio,

es decir, la probabilidad de apertura de un nuevo centro emisor, utilizando datos
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RESUMEN

estructurales directos e indirectos. En segundo lugar, hemos desarrollado una nueva
herramienta, HASSET (Hazard Assessment Event Tree), para llevar a cabo el andli-
sis temporal. La combinacién de ambos instrumentos y una herramienta anterior,
VORIS 2.0.1 (Felpeto et al., 2007), que utiliza modelos de simulacién para predecir
los escenarios eruptivos mas probables y aquellas areas que podrian verse afectadas
por un futuro evento eruptivo, nos permite evaluar de forma probabilistica el peligro
a largo plazo, representado por un mapa cualitativo que nos permite identificar los
diferentes niveles de peligro en el area de estudio, o cuando se trata de peligro a
corto plazo, los posibles resultados de la actividad volcanica dentro de un marco de
tiempo especifico. En esta tesis se presentan diferentes casos de estudio. El primer
ejemplo se llevo a cabo en la isla de El Hierro (Islas Canarias), una isla esencialmente
caracterizada por un vulcanismo baséltico con una actividad tanto estromboliana
como hawaiana. La actividad volcanica reciente en El Hierro se caracteriza en gran
medida por un volcanismo méfico monogenético. La tltima erupciéon en El Hierro
en 2011-2012 demuestra la importancia de disponer de datos fiables y herramientas
que pueda permitir a los asesores cientificos y tomadores de decisiones considerar
posibles futuros escenarios eruptivos. El segundo estudio se llevd a cabo en la isla
Decepcién (archipiélago de las Shetland del Sur, Antartida), que es el volcan maés
activo de las islas Shetland del Sur y ha sido escenario de mas de una veintena de
erupciones en los ultimos dos siglos. Se identificaron una serie de escenarios signi-
ficativos utilizando nuestras herramientas dentro de un SIG (Sistema de Informacion
Geogréfica) y evaluamos el grado potencial de los principales peligros volcanicos que
se pueden esperar en la isla. El ultimo caso de estudio presentado es el campo vol-
canico de La Garrotxa (NE de Espana), que es un campo volcénico cuaternario, que
se encuentra en el noreste de la Peninsula Ibérica, e incluye més de 50 volcanes bien
conservados. La actividad volcanica varia de hawaiana a estromboliana violenta,

mostrando numerosos episodios de actividad freatomagmatica.

Por 1ltimo, teniendo en cuenta la importancia de la cantidad y la calidad de los
datos volcanologicos disponibles y un mecanismo de almacenamiento 6ptimo como
complemento de las herramientas que hemos desarrollado, se describe el disefio de
una nueva estructura de base de datos espaciales, VERDI (Volcanic managEment
Risk Database desIgn), que permite manipular, organizar y gestionar diferentes
tipos de datos. El diseno especifico de unas bases de datos deberia facilitar el analisis

espacial y temporal para obtener modelos probabilisticos de apertura de un futuro
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centro emisor, simular los peligros volcénicos y evaluar su impacto socio-econémico,
evitando la duplicacion de informacion.

Las metodologias descritas en esta Tesis doctoral establecen lineas guia generales
de un procedimiento que facilita la realizacién de la evaluacion del peligro volcanico
de forma sistemaética, los cuales se pueden aplicar facilmente a cualquier zona vol-

canica o sistema, y en particular, a cualquier campo volcanico monogenético.
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CHAPTER 1

Introduction

1.1 Motivation

The impact of a natural event, such as a volcanic eruption, can affect considerably
human life and the environment. It is clear that a volcanic eruption, although it
can be at the same time fascinating and impressive, presents similar or even more
problems than more frequent natural events. Volcanic activity can cause damage
not only during an eruption, but also can have consequences in subsequent periods.
It is possible to live near a volcanic area if we consider the benefits that volcanoes
can gives us, but it is important to be aware of the existing threat and to know
how to minimize the risk. Quantifying volcanic hazard is one of the most important
tasks of modern volcanology.

To know the potential hazard and the probability of occurrence of a volcanic
phenomenon imply to study the process and monitorize it. Nowadays, the way
in which we assess volcanic hazard has been progressively changing thanks to the
development of computer science. In recent years, the use of GIS (Geographic
Information System) and the improvement of the modelling of volcanic processes
have become useful tools in volcanic hazard and risk assessment. This allows now to
obtain quantitative hazard maps from numerical simulations of possible eruptions
effects. In fact, susceptibility, hazard, vulnerability and risk maps have been built
using GIS tools and can be represented in a GIS environment as a support for spatial
decision-making. Until now most of the models that contribute to the evaluation
of the hazard are limited to the scientific groups that have developed them, but
today it is necessary to manage volcanic risk in a rapid way and containing costs.
Therefore, an important step in the hazard assessment is to develop and use free
tools that allow their dissemination and to exchange information.

In order to minimise risk it is necessary to identify and simulate different eruptive

scenarios based on past activity. The most problematic situations use to come from



INTRODUCTION - CHAPTER 1

volcanoes with long quiescent periods that suddenly enter into an unrest phase and
subsequent eruption. Long periods of quiescence are quite common in many volcanic
areas and this often leads to a fall in the alert, because the lack of emergency
plans, correct territorial planning, and volcano monitoring. This is common in
many monogenetic volcanic fields around the World, which are characterised by
long quiescence periods, and in many cases by the lack of historical volcanism. In
this case, it is essential to develop an appropriate territorial planning, to identify
those areas that could be affected by an eruption, and to establish emergency plans.
It involves to assess volcanic hazard based on the analysis of the past history of the
volcano and on the volcano-structural data.

In order to improve volcanic hazard assessment in monogenetic fields, this Ph.D.
Thesis provides the development of a series of e-tools aimed at facilitating suscep-
tibility and hazard analysis of these areas, generating the necessary hazard maps
and the spatial and temporal analysis of the most probable eruptive scenarios, and
applies them to the study of different examples (El Hierro Island, Deception Island,
La Garrotxa Volcanic Field) a mode of test cases. The results obtained demonstrate
the suitability of these tools and methodology for hazard assessment and will permit
to export them to the characterization of volcanic hazards in other areas of similar

characteristics, thus helping to reduce volcanic risk.

1.2 State of the art

1.2.1 Monogenetic volcanic fields

Most of the hazard assessment studies conducted during last years refer to compos-
ite or stratovolcanoes located close to populated areas, for which volcanic threat is
always present (e.g.: Somma-Vesuvio, Italy (Lirer et al., 2001); Campi Flegrei and
Somma-Vesuvio (Alberico et al., 2011); Teide-Pico Viejo, Canary Islands (Marti et
al., 2008; 2012); Popocatépetl, Mexico (Siebe and Macias, 2006); Mt. Cameroon,
Africa (Favalli et al., 2012); Etna, Italy (Cappello et al., 2011)). However, mono-
genetic volcanic fields are commonly not regarded as potentially dangerous and only
a few studies concerning hazard assessment have been conducted in such environ-
ments (e.g.: Auckland volcanic field, New Zealand (Bebbington and Cronin, 2011),
El Hierro, Canary Islands (Becerril et al., 2014); Tohoku volcanic arc, Japan (Mar-

4
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tin et al., 2004)). This is probably due to the relative small size of their eruptions
(0.01-0.2 km? of mafic magma) and their episodic recurrence, sometimes separated
by inter eruptive periods of thousands to tends of thousands years (Fiske and Jack-
son, 1972; Walker, 1999). Nevertheless, numerous monogenetic volcanic fields exist
around the World, covering periods of activity from several millions of years to
present, sometimes with high potentiality to erupt in the near future (Wood, 1980;
Cas and Wright, 1987; Kereszturi and Németh, 2012). Examples of monogenetic
eruptions occurred in recent times after long periods of quiescence are not uncom-
mon (e.g.: Jorullo, Mexico (Guilbaud et al., 2011), Paricutin, Mexico (Scandone,
1979), El Hierro, Canary Islands (Becerril et al., 2014)).

The distribution of the monogenetic volcanoes depends in each case on their
regional and local tectonic controls and for this reason they are commonly clustered
within volcanic fields and are present in any geotectonic and environmental setting
(Connor and Conway, 2000; Valentine and Gregg, 2008; Kereszturi and Németh,
2012). Eruptions in monogenetic volcanic fields are difficult to forecast because the
factors controlling the precursory activity are still poorly understood.

This implies that undertaking hazard assessment in monogenetic volcanism is
necessary as a precautionary measure to reduce volcanic risk, even if no signals of

volcanic activity are now present.

1.2.2 Volcanic hazard assessment

The volcanic hazard of a given area is the probability that it will be affected by a pro-
cess of a certain volcanic magnitude within a specific time interval (Fournier d’Albe,
1979). The main steps in volcanic hazard assessment can be divided into long- and
short-term analyses (Blong, 2000). Long-term hazard assessment is based on the
past history of the volcano and requires information from the geological record. This
analysis enables us to determine the eruption recurrence and the possible nature of
a forthcoming eruption. Short-term hazard assessment, on the other hand, provides
complementary information resulting from the combination of a long-term analysis
with real-time monitoring data gathered during a crisis or an unrest episode, and
helps forecast where and when the eruption might take place and the most likely
eruptive scenarios. To quantify volcanic hazard, we need to estimate probabilities of
occurrence of a particular eruptive scenario in time and space, in order to evaluates

possible outcomes of volcanic unrest within a specific time frame and to predict
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the most probable eruptive scenarios and which areas could be affected by a future

eruptive event.

One of the first steps in the assessment of volcanic hazard is the evaluation of the
volcano susceptibility, defined as the spatial probability of vent opening (Mart{ and
Felpeto, 2010). The susceptibility analysis enables us to identify which areas have
the greatest likelihood of hosting new vents. Furthermore, in monogenetic volcanism
each new eruption creates a different vent, suggesting that volcanic susceptibility
contains a high degree of randomness and that accurate spatial forecasting is highly

uncertain.

Published works in this field (Connor and Hill, 1995; Felpeto et al., 2007; Jaquet
et al., 2008; Marti and Felpeto, 2010; Favalli et al., 2011; Connor et al., 2012;
Cappello et al., 2012, 2013) report the use of kernel density functions to evaluate
susceptibility. However, this technique is based mainly on the assumption that
new vents will not form far from existing ones (Martin et al., 2004; Jaquet et al.,
2008). This is a priori hypothesis for long-term hazard assessment, in which the
use of volcano structural alignments (eruptive fissures, fractures, dykes) and the
location of past emission centers assumes implicitly that the general stress field has
not changed significantly since the formation of these structures. Conversely, when
dealing with short-term hazard assessment, monitoring data (Marti and Felpeto,
2010), which provide important information regarding magma migration and its

ascent to the surface plays a major role in determining volcanic susceptibility.

One of the most important aspect in calculating volcanic susceptibility is the esti-
mation of the kernel function and the associated bandwidth, which provide a measure
of the degree of randomness (or structural control) presented by the distribution of
past vents and how this will affect the location of the new ones. The smoothness
and the modelling ability of the kernel function is controlled by the smoothing pa-
rameter or bandwidth h, which determines how the probabilities spread out from
the volcanic structures or vents (Diggle, 1985; Connor and Hill, 1995; Lutz and
Gutmann, 1995; Cappello et al., 2012). Thus, for small h values, the kernel function
gives high probability estimates in the vicinity of the existing volcanic structures.
Conversely, when high bandwidth values are assigned, the probability estimates are
distributed in a more homogeneous way throughout the entire area under study.
One chapter of this thesis presents a new tool to evaluate volcanic susceptibility,

allowing the selection of an appropriate method for evaluating the bandwidth for
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the kernel function.

As for temporal analysis, long-term forecasting is based on historical and geolog-
ical data, as well as on theoretical models, and refers to the time window available
before an unrest episode occurs in the volcanic system. Some authors use proba-
bilistic statistical methods based on the Bayesian event tree for long-term volcanic
hazard assessment (Newhall and Hoblitt, 2002; Marzocchi et al., 2008; Sobradelo
and Marti, 2010), while some others use a deterministic approach (Voight and Cor-
nelius, 1991; Kilburn, 2003; see also Hill et al., 2001). The first approach proposes
a general event tree scheme to estimate the probability of all the relevant possible
scenarios of a volcanic crisis and, in general, to quantify the volcanic hazard and risk
(Sobradelo et al., 2010). Marzocchi et al. (2008, 2010) developed probabilistic tools
for long- and short-term eruption forecasting based on Bayesian methodology and
using event tree structure. In this thesis a new tool is presented with the advantage
to be integrated in a GIS platform and evaluates the hazard associated with eruptive
and non-eruptive volcanic scenarios and looks at the hazard for different types of
magma composition and different vent locations, together with the geological hazard

and its extent.

Once spatial and temporal probabilities have been estimated, the next step for-
ward consists of computing several scenarios as a means of evaluating the potential
extent of the main expected volcanic and associated hazards. Most of these studies
allow volcanic hazards such as lava flows, PDCs and ash fallout to be modelled and
visualised on a GIS framework (Pareschi et al., 2000; Felpeto et al., 2007; Toyos
et al., 2007; Crisci et al., 2008; Cappello et al., 2012; Marti et al., 2012; Alcorn et
al., 2013). Similar approaches have been applied in volcanic areas such as Auck-
land, New Zealand (Bebbington and Cronin, 2011); Etna, Sicily (Cappello et al.,
2013); and Tenerife, Spain (Marti et al., 2012); Peru (Sandri et al., 2014). Never-
theless, other procedures have also been applied in order to assess volcanic hazards
in Campi Flegrei, Italy (Lirer et al., 2001); Furnas (Sao Miguel, Azores) Vesuvius
in Italy (Chester et al., 2002); and Auckland, New Zealand (Sandri et al., 2012).
Compared with these previous approaches, the methodology presented in this the-
sis offers a procedure that facilitates undertaking volcanic hazard assessment in a

systematic way, which can be easily applied to other volcanic areas around the world.

Another important aspect in risk assessment is the management and exchange of

information, due largely to the nature, variety and availability of the data we need
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to handle (De la Cruz-Reyna, 1996). The quality of the data will determine the eval-
uation of the volcanic risk, which is an essential part of risk-based decision-making
in land-use planning and emergency management. Some of the most relevant is-
sues include how and where to store the data, in which format should it be made
available, and how to facilitate its use and exchange. To date, the databases used
in volcanology have been created to store and analyze different types of informa-
tion and have been employed to analyze, for example, (1) the impacts of volcanic
phenomena on people (Witham, 2005); (2) potentially active volcanoes situated in
regions of high geodynamic unrest (Gogu et al., 2006); (3) collapse calderas (Geyer
and Marti, 2008); (4) volcano monitoring data that include instrumentally and vi-
sually recorded changes in seismicity, ground deformation, gas emission and other
parameters (WOVOdat (Venezky and Newhall, 2007)); (5) global volcanic unrest
(Phillipson et al., 2013); and (6) active faults on Mt. Etna (Barreca et al., 2013). In
particular, efforts have been made to construct a Global Volcanic Risk database of
large magnitude explosive volcanic eruptions (LaMEVE (Crosweller et al., 2012)).
However, none of the existing databases is based on a simple architecture that con-
tains all the necessary information for volcanic risk analysis and management. Thus,
it is essential to design an appropriate database that is specifically adapted to the
task of evaluating and managing volcanic risk. In the last chapter of this thesis,
we present an architecture for a geodatabase for volcanic risk assessment and man-
agement. The rationale behind constructing this database is the need to create
a comprehensive structure including all known or identified fields that might con-
tribute to the assessment of volcanic risk. The database also aims to make the task

of volcanic risk management easier for decision makers.

1.3 Aims of dissertation

The aim of this thesis is to supply new tools and a systematic method to assess
long-term volcanic hazard in monogenetic volcanic fields. Here, we propose and
test different statistical methodologies to interpret volcanic data and assess volcanic
hazard. The use of free tools based on statistical techniques to determine where
next eruptive vents could be and the eruption recurrence for an area is crucial to
reduce the potential volcanic risk. Frequently, the information about past eruptive

history and present state of activity is incomplete. For this reason, we need to build
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the strategies that are required to successfully face up to and minimise the impact
of future volcanic activity and reduce in a quantitative way decision-makers under
uncertainty.

Particular attention has been paid to integrate the volcanological insights with
statistical modelling into e-tools to the study of volcanology and volcanic hazard.
Therefore, the main overall objective has been to establish general guidelines to
evaluate long-term volcanic hazard on monogenetic volcanism, thus contributing to
improve their understanding. This has been achieved by constructing free tools
that are easy to use and allow to update results whenever new information becomes
available.

The specific aims of this Ph.D. Thesis are: (a) to elaborate susceptibility map
based on the quantification of objective geological and geophysical data through
QVAST tool, (b) to estimate a probability of occurrence for possible future volcanic
scenarios through HASSET tool, (c) to simulate different eruptive scenarios that
allow to construct final hazard map, (d) to test these tools and the methodology
in different monogenetic volcanic fields, and (e) to create a database design that
permits the exchange of information and the updating of data in order to prevent
redundancy and repetitiveness. The selected case estudies have been El Hierro
(Canary Islands, Spain), Deception Island (South Shetland Islands, Antarctica), La
Garrotxa (NE of Spain), which offer as a whole a wide range of eruption styles and
behaviors.

The specific results obtained from this multidisciplinary work represent an essen-
tial tool to lead a correct and systematic volcanic hazard assessment in monogenetic
volcanic fields, but also a step forward in the development and application of free

tools in the scientific community.

1.4 Thesis structure

This thesis is structured into 9 chapters, being the first chapter this Introduction,
the following six different research papers and the results/discussion and conclusions
chapters. Each of the studies contributes to achieve the main objectives of the Ph.D.
Thesis and describes in a logical sequence the different methodologies and different
applications in monogenetic volcanic fields. All these chapters represent a coherent

conceptual methodology and a step forward in the evaluation of volcanic hazard
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potentially useful for long-term emergency planning.

Chapter 2 proposes and describes a new tool, QVAST (QGIS for VolcAnic
SuscepTibility), which is designed to create user-friendly quantitative assessments
of volcanic susceptibility, allowing the selection of an appropriate method for eval-
uating the bandwidth for the kernel function and the evaluation of the probability
density function. It was performed in order to obtain a quantitative assessment of
volcanic hazards, based on the development of susceptibility maps (i.e., the spatial
probability of a future vent opening given the past eruptive activity of a volcano).
The potential of QVAST, developed in a free and user-friendly environment, is shown
through its application in the volcanic fields of Lanzarote (Canary Islands) and La
Garrotxa (NE Spain). This methodology has been published in Natural Hazards and
Earth System Sciences and constitutes the body of chapter two and the appendix 2.

Chapter 3 presents a new tool based on an alternative methodology to assess vol-
canic hazard that uses Bayesian Inference to assign the probabilities of occurrence
to each eruptive scenario. Compared to previously existing tools (e.g., BET EF
and BET _VH (Marzocchi et al., 2008, 2010)), HASSET (Hazard Assessment Event
Tree) uses a more complex and complete event tree to assign the probabilities of
occurrence to each eruptive scenario and allows to compute the long-term proba-
bility of each and all of the mutually exclusive and exhaustive events. HASSET
estimates the probability of occurrence of a future volcanic scenario and evaluates
the most relevant sources of uncertainty from the corresponding volcanic system.
This methodology has been published in Bulletin of Volcanology and constitutes
the body of chapter three and the appendix 3.

Chapter 4 performs a long-term hazard evaluation carried out at El Hierro Island
(Canary Islands), an island essentially characterized by basaltic volcanism with both
Strombolian and Hawaiian activity. Recent volcanic activity on El Hierro is largely
characterised by monogenetic mafic volcanism. The last eruption on El Hierro oc-
curred in 2011-2012 demonstrates how reliable data and tools can enable scientific
advisors and decision-makers to consider possible future eruptive scenarios. The
main objective of the work was to analyse the past eruptive activity in order to
determine the spatial and temporal probability and likely style of a future eruption
on the island. The results obtained, through the combination of the most probable
scenarios, is the first qualitative integrated volcanic hazard map of El Hierro. This

methodology has been published in Natural Hazards and Earth System Sciences and
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constitutes the body of chapter four and the appendix 4.

Chapter 5 presents and describes a methodology to assess volcanic hazard as-
sessment at Deception Island (Southern Shetland Archipelago, Antarctica), which
is the most active volcano in the South Shetland Islands and has been the scene
of more than twenty identified eruptions over the past two centuries. The research
is based on the use of probabilistic methods and statistical techniques to estimate
volcanic susceptibility, eruption recurrence and the most likely future eruptive sce-
narios. The Bayesian event tree statistical method HASSET is applied to calculate
eruption recurrence, while the QVAST tool is used to analyse past activity and to
calculate the possibility that new vents will open (volcanic susceptibility). On the
basis of these calculations, we identify a number of significant scenarios using the
GIS-based VORIS 2.0.1 and LAHARZ software and evaluate the potential extent of
the main volcanic hazards to be expected on the island. This study represents a step
forward in the evaluation of volcanic hazard on Deception Island and the results ob-
tained are potentially useful for long-term emergency planning. This methodology
has been accepted for publication to the Journal of Volcanology and Geothermal

Research and constitutes the body of chapter four and the appendix 5.
Chapter 6 is the last case study presented in this Thesis and applies to La Gar-

rotxa Volcanic Field (NE of Spain), which is a Quaternary volcanic field, located in
the Northeast of the Iberian Peninsula, and includes more than 50 well preserved
volcanoes. The volcanic activity varies from Hawaiian to Violent Strombolian, show-
ing numerous episodes of phreatomagmatic activity. Although the potentiality for
future eruptions and high demographic and industrial development of the area, no
study of its volcanic hazard has been made yet. We present an evaluation of differ-
ent volcanic hazards through an analysis of the susceptibility, temporal recurrence
rate, simulation of different eruptive scenarios, such as lava flow, pyroclastic den-
sity current (PDC), and ashfall, and a final hazard map. The final hazard map
shows La Garrotxa volcanic field subdivided into four different levels of hazards and
aims at becoming a reference for land use management planning. This methodol-
ogy has been submitted to the Journal of Quaternary Science in August 2014, and
constitutes the body of chapter four and the appendix 6.

Finally, Chapter 7 describes the design of a new spatial database structure,
VERDI (Volcanic managEment Risk Database desIgn), considering the impor-

tance of both the quantity and quality of the available volcanic data and an optimum
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storage mechanism. This database allows to manipulate, organize and manage dif-
ferent types of data, including geological, volcanological, meteorological, monitoring
and socio-economic information. The design of purpose-built databases that take
into account data format and availability and afford easy data storage and shar-
ing, should facilitate spatial and temporal analysis that will produce probabilistic
hazard models for future vent opening, simulate volcanic hazards and assess their
socio-economic impact, avoiding any duplication of information. The potential of
the VERDI structure is shown through its application on El Hierro (Canary Islands)
and the possibilities it offers in regard to data organization. This methodology has
been submitted to the Journal of Volcanology and Geothermal Research in May
2014, and constitutes the body of chapter four and the appendix 7.

The last chapters (Chapters 8 and 9) summarise the results and the general

conclusions of the whole work presented in this thesis and talks about future research.
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2.1 Abstract

One of the most important tasks of modern volcanology is the construction of haz-
ard maps simulating different eruptive scenarios that can be used in risk-based
decision making in land-use planning and emergency management. The first step in
the quantitative assessment of volcanic hazards is the development of susceptibility
maps (i.e., the spatial probability of a future vent opening given the past eruptive
activity of a volcano). This challenging issue is generally tackled using probabilis-
tic methods that use the calculation of a kernel function at each data location to
estimate probability density functions (PDFs). The smoothness and the modeling
ability of the kernel function are controlled by the smoothing parameter, also known
as the bandwidth. Here we present a new tool, QVAST, part of the open-source geo-
graphic information system Quantum GIS, which is designed to create user-friendly
quantitative assessments of volcanic susceptibility. QVAST allows the selection of
an appropriate method for evaluating the bandwidth for the kernel function on the
basis of the input parameters and the shapefile geometry, and can also evaluate the
PDF with the Gaussian kernel. When different input data sets are available for the
area, the total susceptibility map is obtained by assigning different weights to each
of the PDFs, which are then combined via a weighted summation and modeled in
a non-homogeneous Poisson process. The potential of QVAST, developed in a free
and user-friendly environment, is here shown through its application in the volcanic

fields of Lanzarote (Canary Islands) and La Garrotxa (NE Spain).

2.2 Introduction

Volcano susceptibility is defined as the spatial probability of vent opening (Marti
and Felpeto, 2010) and constitutes one of the first steps in the assessment of volcanic
hazards and the construction of hazard maps of eruptive products (e.g., lava flows,
ash, and pyroclastic density currents). The exact site of a new eruption - a central
vent or a vent located on the flanks of a stratovolcano, or at any other apparently
randomly distributed point in a larger monogenetic volcanic field - is of critical
importance in determining the potential outcome of an eruption. For the same
eruption, different eruption scenarios and, consequently, different potential impacts

are to be expected depending on the exact location of the vent and on the geographic
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and demographic characteristics of the area. Hence, evaluating where future eruptive
vents are most likely to open greatly influences volcanic hazard assessment (Cappello
et al., 2011a, b).

The exact path that the over-pressurized magma will take from its accumulation
site to the earth’s surface - and hence the site of any new vent - will be determined
by geological structure and stress distribution inside the crust. We know that the
energetic investment by the magma on this path will be the minimum and that
it will be parallel to the trajectory of the main principal stress and normal to the
minimum principal stress (Gudmundsson, 2008, 2012). However, we do not have
any direct criteria that enable us to determine this route a priori since we lack
detailed 3-D knowledge of the stress field of the area. In the long term it is possible
to base some approaches on the location of previous eruptions and on the structural
characteristics of the volcano or the volcanic area. On the other hand, in the short
term it is also possible to take into account monitoring data from the volcanic field.
Therefore, the estimation of the most probable vent site is not an impossible task
and can be undertaken as part of volcanic hazard assessment. This is a less difficult
task in stratovolcanoes for which good knowledge of past eruptive history exists
and where real-time volcano monitoring is currently being performed. However,
volcano susceptibility assessment is more complex in monogenetic volcanic fields, as
has been shown by the recent eruption at El Hierro (Marti et al., 2013), where stress

conditions may change from one eruption to another.

Published works in this field (Connor and Hill, 1995; Felpeto et al., 2007; Jaquet
et al., 2008; Marti and Felpeto, 2010; Favalli et al., 2011; Connor et al., 2012;
Cappello et al., 2012, 2013) report the use of kernel density functions to evaluate
susceptibility. However, this technique is based mainly on the assumption that new
vents will not form far from existing ones (Martin et al., 2004; Jaquet et al., 2008).
This is an a priori hypothesis for long-term hazard assessment, in which the use of
volcano structural alignments (eruptive fissures, fractures, dykes) and the location
of past centers of emission assumes implicitly that the general stress field has not
changed significantly since the formation of these structures. Conversely, when
dealing with short-term hazard assessment, monitoring data (Marti and Felpeto,
2010) - which provide important information regarding the evolution of magma
migration and its ascent to the surface - play a major role in determining volcanic

susceptibility.
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A kernel function is a density function used to obtain the intensity of volcanic
events. It is based on the distance from nearby volcanoes and a smoothing constant h
(Martin et al., 2004), which indicates the spatial probability that a new eruptive vent
will form. A Gaussian kernel is a kernel function describing a normal distribution
that is used in volcanology to estimate local volcanic event densities in volcanic fields
(Martin et al., 2004; Connor et al., 2012; Cappello et al., 2012).

The aim of this work is to (i) analyze different approaches to evaluate the smooth-
ing parameter h (also known as the bandwidth), (ii) estimate for each approach the
corresponding probably density function (PDF) and (iii) assess long-term spatial
susceptibility in monogenetic volcanic fields. We describe here a new user-friendly
plugin known as QVAST (QGIS for VolcAnic SuscepTibility) for the free geo-
graphic information system Quantum GIS (QGIS), which can make these calcula-
tions and help users to choose the best option in each particular case (Fig. 2.1). We
describe the QVAST interface step by step via two different applications: the first
in Lanzarote (Canary Islands, Spain) and the second in La Garrotxa (NE Spain).
These two case studies show QVAST’s great flexibility and its ability to identify the

most likely zones to host new eruptions in monogenetic volcanic fields.

2.3 Optimal bandwidth in kernel density estima-
tion

The probability distribution in a kernel technique is strongly influenced by a smooth-
ing parameter or bandwidth, which determines how probabilities are distributed in
terms of the distance from the volcanic structures or vents. The smoothness of the
kernel density estimate is evident compared to the discreteness of the histogram,
as bin width of a histogram, for continuous random variables (Scott, 1979). An
optimal smoothing bandwidth is based on the clustering behavior of the volcanic
structures and varies proportionally with the volcanic field size and vent density.
Indeed, narrow bandwidths accentuate densities near the locations of past events.
Conversely, broad bandwidths may oversmooth the density estimate, resulting in
unreasonably low density estimates near clusters of past events, or overestimate
densities at greater distances from past events. In a Gaussian kernel function, the
bandwidth is equivalent to the variance of the kernel (Connor et al., 2012).

In volcanic hazard applications, the choice of the optimal bandwidth is difficult
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Figure 2.1: Flowchart showing the main steps available in QVAST
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and depends on the field size and degree of cluster determining the probability
distribution at distance from volcanic structures or eruptive vents.

QVAST provides a number of different methods for estimating the optimal band-
widths. The least square cross-validation (LSCV - Cappello et al., 2012) is made
available for the volcanic structures with linear geometries (e.g., dykes, eruptive fis-
sures, faults), and three methods are provided for the eruptive vents: the LSCV, the
h score (Silverman, 1986) and the sum of asymptotic mean squared error (SAMSE)
selector H (Connor et al., 2012).

An exhaustive description of each of these methods is hereinafter provided.

2.3.1 Least square cross-validation (Cappello et al., 2012)

Least square cross-validation (LSCV) is a procedure that uses an iterative approach
to determine the optimal bandwidth for fixed kernel functions. Initially proposed
by Rudemo (1982) and Bowman (1984), the LSCV uses the minimization of the
integrated square error between the estimated distribution and the true distribution.

In our QGIS plugin, we used the version proposed by Worton (1995), defined as

1 4 1
mh?n  4mh?n?

o (] I 1 e

i=1j=1

LSCVy,

where h is the smoothing factor, n the total number of historical data and d;; the
Fuclidean distance between the ¢th and the jth points, when dealing with eruptive
vents.

Conversely, if historical data consist of broken lines containing a number of linear
segments, QVAST uses a modified version of LSCV (Cappello et al., 2012; Becerril
et al., 2013; Cappello et al., 2013), where d;; is the “minimax distance” (i.e., the
minimum value of the maximum distances between each end point of the ith volcanic

structure and all the end points of the jth volcanic structure).

2.3.2 The hopt score (Silverman, 1986)

The Silverman method determines the optimal bandwidth h based on the assump-

tion that the location of the vent opening is a random variable. The generalization
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of the Silverman’s rule of thumb (Silverman, 1986) in the multivariate case is as
follows (Scott, 1992; Hardle et al., 2004):

A

h = nt/ds (2.2)

In the bivariate case d = 2, n is the length of the samples (z and y are the Cartesian

coordinates), and & is the standard deviation. Thus, we obtain

. o2+ o2
heo= n'f/=——, (2.3)

where 0, and o, are the standard deviations of the x and y coordinates, respectively.

2.3.3 The sum of asymptotic mean squared error selector
(Connor et al., 2012)

The pilot bandwidth selector is a modified asymptotic mean integrated squared error
(AMISE) method developed by Duong and Hazelton (2003) to evaluate the optimal

bandwidth in kernel density estimation.

Despite their mathematical complexity, SAMSE bivariate bandwidth selectors
can help find optimal bandwidths using actual data locations, and so remove sub-
jectivity from the process (Connor et al., 2012). In Duong and Hazelton (2003), the
bivariate kernel density is defined by

f(@H) = n 'Y Ku(x - X)), (2.4)

where n is the sample size, ¥ = (1, 12)7, X; = (X1, Xi2)T, fori =1,2,...,n,and K
is the bivariate kernel that depends on H, the bandwidth matrix that is symmetric
and positive definite. To measure the performance of f , & SAMSE pilot selector is

used, which is simpler and more parsimonious than the AMISE selectors.

The SAMSE selector is freely available within the “ks” package of the R Project
for Statistical Computing (Duong, 2007; Hornik, 2009) and can be expressed as

follows:
H = Hpi(x, nstage, pilot =" samse’, pre =" sphere’), (2.5)
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where x is a vector or matrix of data (vents), nstage is the number of stages in
the plugin bandwidth selector, pilot is the pilot estimation, and “pre” concerns the
pre-transformations.

The spatial density estimates are based on the distribution of past events within
a volcanic field and the time period under consideration, and can be used as the
basis for estimating the probability of the opening of new vents within a region.
Connor et al. (2012) define an event as the opening of a new vent at a new location
during a new episode of volcanic activity.

The optimal bandwidth matrix obtained using Eq. (2.5) represents smoothing in
E-W and N-S directions, the upper left and lower right diagonal elements, respec-
tively.

2.4 Kernel density estimation

Kernel density estimation is a well-known, non-parametric approach to the estima-
tion of probability density functions using a finite number of samples. The shape
of kernel function - be it Cauchy kernel (Martin et al., 2004), Epanechnikov kernel
(Lutz and Gutmann, 1995) or Gaussian kernel (Connor and Hill, 1995) - is important
in probability calculations, even if it is less relevant than other parameters (Connor
and Hill, 1995; Lutz and Gutmann, 1995).

In the general case, if X; denotes samples of size n, then the kernel density

estimate of A in the point z is given by

n

> K (x,X5), (2.6)

i=1

Aw) =

where K is a kernel function with bandwidth h, satisfying the condition that

[ Kp(z,-)dz = 1 to ensure that A(z) is a density. In the Gaussian formulation,

1 & d?
Az) = S 2= exp | —o5 |- (2.7)

(2

2.5 Interface and tools of QVAST

Available open-source desktop GIS have notable differences in quality and perfor-
mance (Sherman, 2008; Chen et al., 2010). Quantum GIS (QGIS) is a free, open-
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source and cross-platform software, distributed at www.QGIS.org. It includes all of
the common GIS functions and features and possesses an intuitive and user-friendly
interface. One of the great advantages of QGIS is the availability of plugins from offi-
cial and third-party repositories that provide a large number of additional functions.
These features make QGIS the most suitable software for our plugin.

QVAST is developed in Python script, an interpreted, general-purpose, high-level
programming language, whose codes can be packaged into stand-alone executable
programs (using sub-process calls to R) and C++ codes. A graphical user interface
(GUI) is available to provide users with a dynamic graphical window in QGIS.

QVAST includes different methods for choosing the optimal value for the band-
width, which depends on the size of the volcanic field and the degree of clustering in
the available data. The PDF is constructed using a kernel density estimator, which
is a function centered at each data sample location that exerts an influence on the
surrounding region (Diggle, 1985). It is employed to estimate how the density of
new vent openings varies across a study area in accordance with the distribution of
past eruptions and the bandwidth. Different types of kernels can be used to describe
the spatial density, e.g., the Cauchy (Martin et al., 2004), Epanechnikov (Lutz and
Gutmann, 1995), Gaussian (Connor and Hill, 1995), or elliptical (Kiyosugi et al.,
2010) kernels. Here we use the Gaussian kernel, which responds well to the clustering
phenomena commonly observed in volcanic distributions (Weller et al., 2006).

Long-term spatial susceptibility is obtained through a non-homogeneous Poisson
process (NHPP), where the PDFs and their relative weights are combined through a
weighted sum. QVAST allows users to assign different weights to each of the PDFs
depending on the relevance and reliability of data sets. Once the user has installed
the plugin in the QGIS plugins folder, a new option called “Volcano” appears in the
QGIS menu bar where the QVAST model is installed.

The QVAST structure consists of three main modules (Fig. 2.2):

1. Estimation of the optimal bandwidth starting from different geometric layers

(points and polylines);

2. Evaluation of the Gaussian kernel and generation of the PDF in the volcanic

area under study;

3. Calculation of the susceptibility map from one or more PDFs. In this latter

case, QVAST allows users to assign different weights to each layer.
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Figure 2.2: QVAST main interface: screenshots of the optimal bandwidth selection (1), for the
parameter needed by the Gaussian kernel (2) and for the assignment of weights to the different
PDFs (3)
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The first window that appears after launching the plugin is the evaluation of the
bandwidth. A drop-down menu contains the shapefile layers added in the “Layers”
menu in the QGIS project. To estimate the optimal bandwidth in case of a group of
sample points (e.g., eruptive vents), QVAST offers three different methods: LSCV,
the h score and the SAMSE selector H. If the GIS layer consists of linear volcanic
structures (e.g., dykes, eruptive fissures, or faults), only the LSCV score can be
used. Otherwise, the plugin allows the user to introduce the optimal value for the
bandwidth by hand (if known) and continue directly to the construction of the PDF.

Once the layer and the method for evaluating the bandwidth have been selected,
the value of the smoothing parameter is calculated using the “CALCULATE BAND-
WIDTH” button.

The second window enables the PDF with the Gaussian kernel to be evaluated
using the calculated optimal bandwidth. To evaluate the Gaussian kernel on the
selected layer, QVAST needs the following input parameters: the surface area on
which the calculation is to be performed (raster layer), the grid resolution (which
should be clearly smaller than the size of the volcanic area under study), the band-
width value, the output name, and the output path where the results are to be
saved. The surface area can be less than the entire digital elevation model (DEM)
if the user is only interested in a particular area. The result of the Gaussian kernel
is a PDF in GeoTIFF raster format, which is automatically added as a new layer
to the active QGIS project. The results show the distribution of the PDF in the
volcanic area related to the input layer selected.

The third window enables simultaneously considering different layers to which
different weights can be assigned and thus calculate the final susceptibility map.
Once the grid size and the weight for each PDF have been defined, QVAST calculates
the weighted sum and evaluates the final raster map that represents the spatial
susceptibility. The map is presented in a GeoTIFF raster format and is added to
the layer.

Hence, the steps needed to obtain the final susceptibility can be summarized as
follows (Fig. 2.1):

1. Gathering of all volcano structural data available;
2. Optimal bandwidth selection using different methods;

3. Application of the Gaussian kernel to obtain the PDF;

23



BARTOLINI ET AL., 2013 - CHAPTER 2

4. Assignment of a relative weight to each PDF;
5. Creation of the susceptibility map with an NHPP.

The functionality and flexibility provided by QVAST have been demonstrated in
Lanzarote and La Garrotxa volcanic fields. Different methods were used to identify
the optimal bandwidth, and different results were obtained when different weights

to the PDFs were assigned.

2.6 Applying QVAST: Lanzarote (Canary Islands,
Spain) and La Garrotxa (NE Spain)

2.6.1 Lanzarote: geological context

Lanzarote lies in the northeast of the Canary Islands archipelago (Fig. 2.3). It forms
the emergent part of the so-called East Canary Ridge (ECR), a NNE-SSW linear
volcanic structure located on atypical oceanic crust, at least 11 km thick (Banda et

al., 1981), lying between the continental rise and the Canary Basin.
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Figure 2.3: Geographical setting of the Canary Islands

The geological evolution of Lanzarote involves two main stages: the first pre-
erosional during the Miocene-Pliocene and the second - divided into two periods of
volcanic activity - post-erosional during the Quaternary (Marinoni and Pasquaré,
1994).

Sub-aerial volcanic activity has been almost continuous during the past 20 Myr

and reveals that these islands are part of a sector of the lithosphere in which the
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thermal and dynamic anomalies that lead to the production and ascent of alkaline
basaltic magmas have persisted for an exceptionally long period (Coello et al., 1992;
Blanco-Montenegro et al., 2005).

In historical times eruptions on Lanzarote took place during the 18th and 19th
centuries. The eruption between 1730 and 1736 was one of the earth’s biggest ever
historical eruptions. A large number of volcanic cones were formed along an around
15km long fissure. During the eruption 3-5km? of lava were emitted, covering an

area of approximately 200 km? (Carracedo et al., 1992; Felpeto et al., 2001).

The structural evolution results from a complex interaction between the magma-
tism and both the regional stress field and the local stress field generated during the
growth of the island itself. Hence, the present structural architecture is the result of
a complex magmatic and tectonic evolution characterized by variations in the stress
field that have been at work from the Miocene to the present day (Camacho et al.,
1991).

2.6.2 La Garrotxa: geological context

The Catalan Volcanic Zone (CVZ, NE Iberian Peninsula) is one of the alkaline Qua-
ternary volcanic provinces that form part of the European rift system (Fig. 2.4).
The age of its volcanism has not yet been fully defined. Available data indicate that
volcanic activity started over 12 Ma ago and continued up to the beginning of the
Holocene. Despite being significant in both extension and volume, this volcanism
whose eruptions continued up to the Holocene is poorly known in comparison to the
contemporaneous alkaline volcanism in other parts of western and central Europe.
Volcanism in the CVZ lies predominantly in a NW-SE direction corresponding to
the graben system present in the area. Various vents in the area can be aligned
in the same NW-SE direction in parallel to the local fault systems. The volcanism
younger than 0.5 Ma is mostly concentrated in an area of about 100km? located
between the cities of Olot and Girona. This basaltic volcanic field exhibits scoria
cones, lava flows, tuff rings, and maars. Magmatic eruptions range from Hawaiian to
violent Strombolian. Phreatomagmatism is also common and has contributed to the
construction of more than half of the region’s volcanic edifices. It is frequently as-
sociated with Strombolian activity but has also acted independently, thereby giving

rise to a large variety of different types of eruptive sequences (Marti et al., 2011).
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Figure 2.4: Geographical and geological settings of the La Garrotxa volcanic field (Mart{ et al.,
2011)

2.6.3 Data sets and bandwidth estimation

DEMs created by the Instituto Geografico Nacional (IGN) for Lanzarote and by the
Institut Cartografic de Catalunya (ICC) for La Garrotxa with a cell size of 25 x 25 m
were used in these analyses. Volcano structural data were retrieved by the Instituto
Geolégico y Minero de Espana (IGME, 1988) for Lanzarote and by the Institut
Geolégic de Catalunya (IGC, 2007) for la Garrotxa.

Volcanic susceptibility was estimated by studying separately all structural data in
order to identify different data sets that could be used for the probabilistic analysis.
Using the available literature and geological maps, we were able to identify vent

locations, vent alignments, and dykes.
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Figure 2.5: Main volcano structural data (dykes, vent alignments and emission centers) used to
build the susceptibility map of Lanzarote. The topographic base is 25 m resolution DEM
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Figure 2.6: Main volcano structural data (dykes, vent alignments and emission centers) used to
build the susceptibility map of La Garrotxa. The topographic base is 25 m resolution DEM
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Application to Lanzarote

Volcanic structures on Lanzarote are shown in Fig. 2.5. Specifically, we considered
256 dykes and two layers of vent alignments containing 75 older vent alignments and
30 more recent vent alignments, formed during the Holocene. Since both dykes and
vent alignments can be represented as polyline shapefiles, QVAST used the LSCV
method to calculate the optimal values for the bandwidth, which were found to be

the following:
e 351 m for dykes,
e 3000m for the oldest vent alignments,

e 2304 m for the most recent vent alignments.
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Figure 2.7: PDF of Lanzarote dykes calculated with the Gaussian kernel using a bandwidth of
351m

As well, we identified a total of 187 emission centers (Quaternary pyroclastic
cones and eruptive vents), most of which are distributed in the central part of the
island in a NE-SW direction (Marinoni and Pasquaré, 1994).

The evaluation of the bandwidth for the vent locations was performed using the
three methods available in QVAST and the following results were obtained: (i) 333 m
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with the LSCV method, (ii) 3844 m with Silverman’s method, and (iii) 3934 m with
the SAMSE selector.

The PDFs for each layer evaluated using the Gaussian kernel and a 500 m spaced
grid are shown for dykes in Fig. 2.7, for vent alignments in Fig. 2.8, and for emission
centers in Fig. 2.9.

Given that the PDF generated using the bandwidth obtained with the LSCV
seems to provide the best reflection of the current clustering of the emission centers

observed, we decided to use this method for the final susceptibility map.
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Figure 2.8: PDFs calculated with the Gaussian kernel for the most recent (a) and the oldest (b)
vent alignments of Lanzarote
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Figure 2.9: PDFs of Lanzarote emission centers calculated with the Gaussian kernel using dif-
ferent bandwidths: 333 m as computed by the LSCV method (a), 3844 m as by the hop score (b),
and 3934 m as by the SAMSE selector (c)
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Application to La Garrotxa

Volcanic structures in La Garrotxa are shown in Fig. 2.6. Specifically, we considered
vent alignments and emission centers.

Given that the vent alignments can be represented as polyline shapefiles, QVAST
used the LSCV method to calculate the optimal value for the bandwidth, which was
found to be 4012 m.

In addition, we identified a total of 45 emission centers aligned in a NW-SE
direction, parallel to the fault systems (Marti et al., 2011).

As on Lanzarote, the evaluation of the bandwidth for the vent locations was
performed using the three methods available in QVAST, which gave the following
results: (i) 2002m with the LSCV method, (ii) 1774 m with Silverman’s method,
and (iii) 1567 m with the SAMSE selector.

The PDFs for each layer evaluated using the Gaussian kernel and a 500 m spaced
grid are shown for vent alignments in Fig. 2.10 and for emission centers in Fig. 2.11.

The PDFs obtained for the vent locations using different bandwidth values gen-
erate similar local intensity results. Taking into account isolated vents, we decided
to use Silverman’s method for the final susceptibility map since it seems to provide

the best reflection of the degree of clustering currently observed.

LOCAL INTENSITY
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Figure 2.10: PDFs calculated with the Gaussian kernel for the vent alignments of La Garrotxa
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Figure 2.11: PDFs of La Garrotxa emission centers calculated with the Gaussian kernel using
different bandwidths: 2002m as computed by the LSCV method (a), 1774m as by the hop score
(b), and 1567 m as by the SAMSE selector (c)

2.6.4 Susceptibility map

The spatial probability of future vent openings is obtained by applying an NHPP

to each potential vent (z,y) as follows:
susc(z,y) = 1 — exp(—A(z, y) AzAy), (2.8)

where AzAy is the size of the grid cell (500m x 500m) and A(x,y) is the weighted
sum of the four PDFs and their relative weights.

QVAST provides two opportunities for assigning the weights that reflect the
importance and reliability of each input data set. In the first, the user does not assign
any specific individual weight and so QVAST defines the same constant value for all
PDFs in the computation of the final probability map. In the second case, weights
are assigned using expert judgment on the basis of structural criteria (Aspinall,
2006; Neri et al., 2008; Marti and Felpeto, 2010), which provides initial indicative
probability distributions to be associated with each PDF.

In this case study, we demonstrated the flexibility of QVAST by generating two
different susceptibility maps.

In the first map, the same weight (i.e., 0.25) was assigned to each PDF under
the assumption that the probability of all future vent openings is influenced equally
by all volcano structural data.

In the second case, we assigned to each of the PDFs the following weights for

Lanzarote:
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0.05 for dykes,

0.15 for the oldest vent alignments,

0.3 for the most recent vent alignments,

e 0.5 for the emission centers;
and for La Garrotxa, the following weights:

e 0.3 for the vent alignments,

e (.7 for the emission centers.

On Lanzarote, the highest weight (50 %) was assigned to the emission centers in
the center of the island, where eruptions occurred in historical times. This means
that new eruptions are given the greatest likelihood of occurring close to the most
recent eruptions. Decreasing importance was awarded to the most recent vent align-
ments, the oldest vent, alignments and dykes. Obviously, the total sum of weights is
equal to 1. In La Garrotxa, the highest weight (70 %) was assigned to the emission
centers.

The two final susceptibility maps for Lanzarote are shown in Fig. 2.12 and for
La Garrotxa in Fig. 2.13.

As it is obvious, on Lanzarote the susceptibility obtained using the same weight
for all PDFs (Fig. 2.12a) provides a very homogeneous probability distribution, with
the highest values corresponding to exposed dykes. This is disputable, since these
dykes are volcanic structures that are clustered as a wide swarm chiefly at the
headwalls of the main landslide and have probably been buried by recent volcanic
products in other areas. Hence it is not clear whether they have acted as feeders or
not (Becerril et al., 2013).

Conversely, the susceptibility map obtained using different weights (Fig. 2.12b)
would appear to be more accurate and reliable, and reflects coherently the recent
distribution of alignments located in the central part of the island in a NE-SW
direction.

If we change the assigned weights, results differ for Lanzarote but not for La
Garrotxa. In fact, in this latter volcanic field, the susceptibility maps obtained
using the same (Fig. 2.13a) and different weights (Fig. 2.13b) for the PDFs are both
coherent. The choice of the final technique for constructing hazard maps depends

on the reliability of the method used to assign the weights.
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Figure 2.12: Lanzarote susceptibility maps calculated assigning the same weights to all PDFs
(a) and variable weights, i.e., 0.05 for dykes, 0.15 for the oldest vent alignments, 0.3 for the most
recent vent alignments and 0.5 for the emission centers (b)
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Figure 2.13: La Garrotxa susceptibility maps calculated assigning the same weights to all PDFs
(a) and variable weights, i.e., 0.03 for alignments and 0.7 for the emission centers (b)
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2.7 Conclusions

The elaboration of a susceptibility map based on the quantification of objective
geological and geophysical data is the first and most important step in the quanti-
tative assessment of volcanic hazard and risk. Here we have presented QVAST, the
new tool for calculating volcanic susceptibility that works under QGIS, a free and

user-friendly GIS environment.

QVAST is built to evaluate volcanic susceptibility, that is, the spatial probability
of the appearance of a future vent opening, based on the activity of the volcanic
area under study. The main steps involved are as follows: (i) calculation of the
bandwidth using different methods, (ii) evaluation of the PDF using a Gaussian
kernel, (iii) assignment of the weights to each PDF, and (iv) evaluation of the

susceptibility map using an NHPP.

The comparison of different volcanic fields shows the importance of choosing the
optimal bandwidth parameters. The strength of QVAST lies in the possibility of
selecting various methods for evaluating the bandwidth parameter and for obtaining
the final susceptibility map. The volcanic fields of Lanzarote and La Garrotxa are
excellent case studies for learning how to use this interface and for comparing the
different results generated using different bandwidths for the kernel; this thus allows

an optimal bandwidth for the volcanic field to be chosen.

QVAST is part of a larger project consisting of several modules (implemented in
QGIS) that will interact and will analyze the current situation of volcano fields as

part of the task of generating hazard maps.

In the cases of Lanzarote and La Garrotxa, although data availability is some-
what restricted, the preliminary results obtained are good enough to be used as a
starting point for generating eruptive scenarios that can aid local territorial plan-
ning and risk-mitigation programs. Thus, we propose that this tool should be used
as a common way for determining the susceptibility of future volcanic eruptions in

active regions and as a necessary tool in the reduction of volcanic risks.

Future work will include the spatio-temporal analysis of future vent openings
and the construction of volcanic hazard maps, all of which will be of great help to
the governmental bodies in charge of territorial planning and the development of

mitigation plans.
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3.1 Abstract

Event tree structures constitute one of the most useful and necessary tools in mod-
ern volcanology for assessment of hazards from future volcanic scenarios (those that
culminate in an eruptive event as well as those that do not). They are particularly
relevant for evaluation of long- and short-term probabilities of occurrence of possible
volcanic scenarios and their potential impacts on urbanized areas. In this paper, we
introduce Hazard Assessment Event Tree (HASSET), a probability tool, built on
an event tree structure that uses Bayesian inference to estimate the probability of
occurrence of a future volcanic scenario and to evaluate the most relevant sources
of uncertainty from the corresponding volcanic system. HASSET includes hazard
assessment of noneruptive and nonmagmatic volcanic scenarios, that is, episodes of
unrest that do not evolve into volcanic eruption but have an associated volcanic
hazard (e.g., sector collapse and phreatic explosion), as well as unrest episodes trig-
gered by external triggers rather than the magmatic system alone. Additionally,
HASSET introduces the Delta method to assess precision of the probability esti-
mates, by reporting a 1 standard deviation variability interval around the expected
value for each scenario. HASSET is presented as a free software package in the
form of a plug-in for the open source geographic information system Quantum Gis
(QGIS), providing a graphically supported computation of the event tree structure
in an interactive and user-friendly way. We also include further in-depth explana-
tions for each node together with an application of HASSET to Teide-Pico Viejo

volcanic complex (Spain).

Keywords
Volcanic hazard - Event tree - Probability estimation - Bayesian inference

QGIS

3.2 Introduction

Volcanic systems near urbanized areas require sound risk evaluation to support de-
cision makers during the critical times of emergency management, as well as before

the onset of volcanic unrest, to build preparedness plans and define land use manage-
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ment. Assessment of volcanic hazard from future eruptive scenarios in probabilistic
ways has become a widely used technique for risk evaluation in recent years (Newhall
and Hoblitt, 2002; Marzocchi et al., 2004, 2006, 2008, 2010; Aspinall, 2006; Neri et
al., 2008; Marti et al., 2008a, 2011; Sobradelo and Marti, 2010; Sobradelo et al.,
2011). Volcanic hazard is the probability of any particular area being affected by a
destructive volcanic event within a given period of time (Blong, 2000). So, to quan-
tify volcanic hazard, we need to estimate probabilities of occurrence of a particular
eruptive scenario in time and space. Despite the limitations in the construction of
an event tree usually imposed by the lack of knowledge about the past and present
behavior of active volcanoes, it is clear from the works previously cited and experi-
ences from volcanic crises (Aspinall and Cook, 1998) that construction of an event

tree is extremely useful for hazard assessment.

Future probabilities of occurrence of an eruptive scenario can be analyzed for
both the short term and long term. Short- and long-term forecasts of eruption are
defined based on the expected time interval over which the volcanic system enters
unrest and/or shows significant variations. For the purpose of our analysis, long-
term volcanic hazard refers to the time window before the volcanic system goes into
unrest, and short-term volcanic hazard refers to the unrest phase. Consequently,
long-term forecasting is mainly based on geological, historical and geochronological
data, and theoretical models, while short-term forecasting is complemented with

information from continuous monitoring.

The complexity of any volcanic system and its associated eruptive processes,
together with the lack of data that characterize many active volcanoes, particularly
those with long intervals between events, make volcanic hazard quantification very
challenging, as there is often not enough observational data to build a robust statis-
tical model. However, it is important to find a way to summarize the uncertainty of
a volcanic scenario in a structured and systematic way, so that when new evidence
arrives, we can update these uncertainties in a consistent and rigorous way. This
will allow paths to decisions to be documented and later tracked, rather than being

based on intuition or gut feelings.

Bayesian inference is based on the principle that every state of uncertainty can be
modeled with a probability distribution. It provides a numerical instrument, based
on rigorous mathematical modeling, to define and interpret uncertainties. As more

data arrives, the method incorporates the new evidences in order to progressively
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reduce uncertainty. The precision of the probability estimates for each possible
eruptive scenario will depend heavily on the available data. We begin with the
state of total ignorance and use noninformative priors to quantify our uncertainty
before observing the data, and later update these with the arrival of new evidence
from geochronological and geophysical data, to get the posterior probabilities, which
provide an estimate of the uncertainty after observing the data. Due to the poor
and incomplete data catalogue often used when doing eruption estimates, aleatoric
(stochastic) and epistemic (data or knowledge limited) uncertainties are significant,

and we need to find a way to correctly evaluate them.

The aleatoric (stochastic) uncertainty is a consequence of the intrinsic complex-
ity of a system, hence a limitation to our ability to predict the evolution of the
system in a deterministic way. The aleatoric uncertainty introduces a component
of randomness in the outcomes, regardless of our physical knowledge of the system.
The epistemic uncertainty is directly related to our knowledge of the system and the
quality and quantity of data we have about the system. The more data we have, the

better we know the system and the lower the epistemic uncertainty (Woo, 1999).

In this paper, we present Hazard Assessment Event Tree (HASSET), a probabil-
ity tool that uses Bayesian inference in an event tree structure to assess volcanic haz-
ard of future volcanic scenarios. It evaluates the most relevant sources of uncertainty
in estimating the probability of occurrence of a future volcanic event. HASSET is
presented as a free software package in the form of a plug-in for the open source geo-
graphic information system Quantum Gis (QGIS), providing a graphically supported
computation of the event tree structure in an interactive and user-friendly way. It
is built on the Bayesian event tree model proposed by Sobradelo and Marti (2010)
and expanded further to include two additional and important nodes to account for
the type and extension of the hazard phenomena. Additionally, HASSET introduces
the Delta method to approximate the precision in the probability estimates, by con-
structing a 1 standard deviation variability interval around the expected probability

value for each scenario.

It is important to mention that some parts of our tool overlap with the BET EF
and BET__VH tools presented by Marzocchi et al. (2008, 2010). These tools use
Bayesian theory in an event tree structure. HASSET is built on QGIS platform,
taking advantage of additional features of this geographic information system, and
BET EF and BET VH are presented in the form of an independent software. The
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main differences are that HASSET evaluates the hazard associated with magmatic
and nonmagmatic unrest episodes, by accounting for unrest induced by external trig-
gers (geothermal, seismic), as opposed to internal triggers alone (magmatic) (this
will be further described in the next section). HASSET evaluates the hazard as-
sociated with eruptive and noneruptive volcanic scenarios (e.g., phreatic explosion
and sector failure) and looks at the hazard for different types of magma composition
and different vent locations, together with the geological hazard and its extent. This
allows for identification of important eruptive scenarios which otherwise would go
unnoticed. In this respect, HASSET overcomes the limitations of previous event
tree models by allowing a larger set of future volcanic scenarios in their probability
estimation, and thus extending their use to a wider range of volcanic systems, ac-
counting for aleatoric and epistemic uncertainties, and reducing the additional bias
that the human decision component adds to the use of alternative techniques for
estimating event tree probabilities (Aspinall, 2006; Loughlin et al., 2002). In this
paper, we will focus on the long-term volcanic hazard assessment of the system, so

we will base our analysis on the past behavior of the volcano.

3.3 HASSET: Hazard Assessment Event Tree

An event tree is a tree graph representation of events in the form of nodes and
branches and it was first introduced to volcanology by Newhall and Hoblitt (2002)
as a tool for volcanic hazard assessment. Each node represents a step and contains
a set of possible branches (outcomes for that particular category). The nodes are
alternative steps from a general prior event, state, or condition through increasingly
specific subsequent events to final outcomes. The objective is to outline all relevant
possible outcomes of volcanic unrest, at progressively higher degrees of detail, and
assess the probability of each hazard scenario occurring within a specified future
time interval. HASSET uses this event tree structure (Fig. 3.1a) to make these esti-
mations based on a statistical methodology, further described below, called Bayesian
inference (Rice, 2007) (Fig. 3.1b, ¢). All nodes are independent and the correspond-
ing branches are mutually exclusive and exhaustive. That is, they cannot happen
simultaneously and they sum up to 1. These are initial conditions set for simplic-
ity and practical application of the Bayesian inference methodology. In general, an

event tree can have any form or shape and the nodes need not be independent or
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mutually exclusive, in which case a different mathematical approach is needed. Fu-
ture work is needed to address this issue and eliminate the dependency and mutually
exclusive restrictions to make a free form event tree structure. However, it remains
to be proven whether the presumed accuracy increase in the probability estimates
would justify the additional complexity that dependency and nonmutually exclusive

assumptions would introduce in the model settings and calculations.

a
g ™ I ra 1Y 4 g ™ P ™ 8
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Figure 3.1: HASSET event tree structure (a) formed by eight nodes and corresponding mutually
exclusive and exhaustive branches to account for all possible scenarios likely to occur in a volcanic
system. By the condition of independence of the nodes, the probability of a particular eruptive
scenario, as a combination of branches across nodes, is the product of the individual probabilities of
occurrence of each branch in that scenario (b). These probabilities are calculated using a Bayesian
inference approach (c). (See text for further details)

HASSET accounts for the possibility of flank vent eruptions (as opposed to only
central), making it also useful for monogenetic volcanism. A novelty of HASSET is
that it accounts for nonmagmatic unrest (geothermal or seismic), as opposed to only
magmatic, and for noneruptive scenarios (phreatic explosions or sector failure), as

opposed to volcanic eruptions only. Also, it accounts for felsic or mafic composition,
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and their associated volcanic hazards as possible outputs of an eruption, together

with the extent reached by each hazard.

3.3.1 Event Tree Structure

Each possible volcanic scenario is a combination of one branch per node evolving
from a more general node of unrest (yes or no) to the more specific node of the
extent of the hazard. Below is a detailed explanation of each node and correspond-
ing branches (see Sobradelo and Marti (2010) for further details on the event tree
methodology). It is possible to stop at a particular node if we want to evaluate the
hazard at a more general level. Each possible volcanic scenario is made up from the
following nodes:

Node 1, Unrest: Yes or No. Given that we have the capacity to differentiate the
origin of the precursory signals, we define unrest in a particular time window 7 as
any modification of the background activity of the volcano or volcanic area recorded
by the monitoring network, and which may or may not be followed by an eruption
of any kind.

Node 2, Origin: We define four possible sources of unrest, which comprises events
(above background) recorded by the network, that are likely to happen, magmatic,
geothermal, seismic, and other. Assuming we can define the precursors that identify
the source of the unrest, it is crucial in a complex volcanic system to differentiate
between unrest caused by internal triggers or caused by external triggers, which ul-
timately may condition the outcome and further development of the system. Every
eruption type, including a phreatic episode, requires the presence of fresh magma
at shallow depths in the volcanoes. However, we do not discard the possibility of
starting an eruption process from an unrest directly associated with the hydrother-
mal system or even due to external triggers, such as regional tectonics, if eruptible
magma is already present in the system. It is also important to mention that the
interior of a volcanic system may react to changes in the regional stress field or
regional tectonics, so a seismic trigger for unrest cannot be ruled out.

Node 3, Outcome: We consider here the outcome of the unrest being of four
different types, magmatic eruption, sector failure, phreatic explosion (triggered by
unrest of any type, where no magma is expelled in the eruption), no eruption (there
is unrest but no further outcome develops). It is important to address the hazard

associated with noneruptive scenarios in the event of unrest. That is, the hazard
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could arise in response to internal or external triggers that do not evolve into a
magmatic eruption but rather originate a sector failure or a phreatic episode. These
volcanic scenarios should not be left out when assessing volcanic hazard, especially

for a volcano with a hydrothermal system or a shallow aquifer.

Magmatic eruptions can be preceded directly by magmatic unrest, which may or
may not itself be preceded by sector failure. A magmatic eruption can also be trig-
gered indirectly by geothermal or seismic unrest, in which case, externally driven
decompression of the shallow volcanic system would be required. This could be
achieved by sector failure or tectonic fracture opening. When the unrest is geother-
mal or seismic, for a magmatic eruption to occur, an initial sector collapse or fracture
opening is needed to decompress the whole system. In discussing a magmatic erup-
tion which was originated by geothermal or seismic unrest, we assume that a sector

failure or a tectonically induced fracture opening has previously occurred.

Sector failure alone, triggered by magmatic, geothermal, or seismic unrest, cor-
responds with the sector collapse itself, not being followed by an eruption. A sector
failure followed by a magmatic eruption is considered in the previous branch (mag-
matic eruption), caused indirectly by a magmatic unrest triggering a sector collapse
(see Sobradelo and Marti (2010)).

Node 4, Location: We segment possible locations for an imminent eruption into
five different areas, which can be customized and named accordingly. By default,
we have named them as central, north, south, east, and west, and the coverage
area for each location would vary for each volcanic system according to topography,
surroundings, and/or important topographic barriers which may impose a different

level of hazard and risk depending on what side of the volcano the eruption occurs.

Node 5, Composition: Mafic or felsic. The magma composition will determine
two main types of eruptions associated with different hazard implications, as felsic
magmas are generally associated with more violent eruptions than mafic magmas.
The importance in distinguishing these two outcomes for node 5 is the different
level of hazard associated with each one (Marti et al., 2008b). For simplicity in the
model, we will assume the two branches are exclusive, an thus a branch for mixed
composition is left out. We are aware some compositions can be a mix of both mafic
and felsic magmas, but for the purpose of the hazard estimation, we will assume
that a magma with felsic composition will fall in the category of felsic, regardless of

the proportion.
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Node 6, Size: This node represents the size of the eruption, assigned to one of
four categories, size > b5, size 4, size 3, size < 2. The size can be expressed in
terms of either the volcanic explosive index (VEI), or simply the magnitude of the
eruption, as a function of the erupted volume. Also, the four category groups can
be modified to better fit a particular volcanic system. For instance, one may be
interested in merging size < 2 and size 3 into one group size < 3 and segmenting
group size > 5 into two additional categories, say size 5 and size > 6. Similarly, as
VEI is not necessarily an integer, the branches could be defined as bins, e.g., VEI
5 could correspond to 3.5 < VEI < 4.5 The only condition is that the groups are

mutually exclusive and exhaustive.

Node 7, Hazard: This node and the following are a new contribution of this paper
to the event tree structure from (Sobradelo and Marti, 2010). Here, we list the most
relevant hazardous phenomena originating from a volcanic eruption, ballistic, fall-
out, PDC, lava flows, lahars, debris avalanche, and include a seventh branch called
other to account for the remaining hazards, like direct blast, to make the branches
exhaustive (this is another difference with BET _VH (Marzocchi et al., 2010) where
Node 6 phenomena is left open without an upper bound). We assume, without loss
of generality, that any two hazards do not happen at exactly the same time (this
is, P(A; N Ay) = 0, where hazard A; could be ballistic and hazard Ay could be
Fallout), but with a time interval in between, so that the condition of mutually ex-
clusivity still holds, and so does the condition of exhaustivity of the branches, where
P(A1UA3U...UA7) = P(A1)+P(A2)+...+P(A7) =1, Ay, As, ..., A7 are the different
branches in the node. This is a conservative assumption, as we may be overestimat-
ing the total probability of two hazard events by not subtracting the probability of
the intersection (by definition P(A; U Ay) = P(A;) + P(Ay) — P(A; N A)). With
this in mind, we compute the probability of more than one hazard associated with
the same eruption by adding the individual probabilities of each scenario alone. The
issue of possible dependency of the branches does not affect us here as we are ana-
lyzing scenarios with primary hazards alone, as opposed to scenarios with secondary
hazards. This should be assessed in future work, as during a volcanic eruption with
multiple phases, the probability of a second hazard being triggered after a primary
one has happened is strongly determined by the dependency of the hazards. In this
case, the issues of correlation and multicollinearity of the different hazards should
be addressed (Rice, 2007).
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Ballistic: We consider here blocks and bombs that are sent ballistically and can
happen in any eruption with explosive phases, including phreatic phases (without
fresh magma), dome explosions, strombolian, plinian, etc.

Fallout: Here, we include ashfall originating from pyroclasts in strombolian eruptions
as fire fountains, to ash fall from an eruption column.

Pyroclastic density current (PDC): This includes the spectrum of currents from
dense to dilute. Dense flows will only have a runout since they are mostly small
volume confined to the valleys, but the diluted ones and large pyroclastic flows can
have an important lateral extension. In some cases, as frequently occurs with dome
collapse PDCs, the only measurable parameter is runout, as they are mostly confined
to the valleys, but sometimes there are PDCs that have an important extension so
we must consider both.

Lava flows: All types of lava flows of any composition or rheology.

Lahar: Debris flows and mudflows, related to ice melting, rain, etc.

Debris avalanche: We include here collapse of nonexplosive lava domes or sector
collapses of the volcanic edifice, regardless of their origin.

Other: So far, we have included what we consider to be the six most likely hazards.
There are additional phenomena that could also occur (direct blast, gas emissions,
etc.), but they are not so likely to happen as to justify their own branch, so we
grouped them all together. However, the branches in this node could be easily

renamed if there is evidence that alternative hazards should be included instead.

Node 8, Extent: This node refers exclusively to the maximum distance and
areal extent reached by a volcanic hazard regardless of the nature and potential
impact it may cause. It is a measure of the expected zone that will be affected by a
particular hazard but it does not estimate any degree of vulnerability. The extent
has to be estimated separately for each volcano or volcanic zone by comparing
the maximum and minimum extent of each volcano or volcanic area, and should
not be compared among different volcanoes even when these might show similar
characteristics. This is an important node for completion of a thorough hazard
assessment because the area affected by a particular eruptive scenario refers to the
spatial part of the definition of hazard. We consider three types of mutually exclusive

and exhaustive extents, short, medium, and large, with respect to the eruptive vent.

Each option will fall inside an area previously defined by the user for that par-

ticular volcanic system, based on different levels of exposure. For each analysis, the
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area covered (and maximum distance reached) by each type of hazard will be previ-
ously defined, so that a short, medium, or large extent will refer, respectively, to the
distance and area from the source regardless of what type of hazard reaches there.
In the case of single vents, the application is straightforward, but in volcanic systems
with an option for multiple vents, we will consider the largest volcanic susceptibility
values (i.e., maximum probability of vent opening) and proceed in the same way
as with a single vent, assuming a larger area. Obviously, the interpretation of the
results will be different if there is a large lava flow versus a large PDC, for example,

and this should be reflected on the conditional probabilities computed later.

3.3.2 Probability Estimates

We will use Bayesian Inference to compute the probability of occurrence for each sce-
nario. The fundamental principle of Bayesian statistics is that what is known about
anything that is incomplete or imperfectly known can be described as a probability
distribution. See Sobradelo and Marti (2010) and references within for further de-
tails on how the Bayesian methodology is applied to the event tree. Our knowledge
about a random variable € given the observed data is expressed through its posterior
distribution p(0|y) o p(8) xp(y|6). That is, the posterior distribution is proportional
to the prior distribution times the likelihood. The prior distribution, p(f), expresses
our uncertainty about 6 before seeing the data. The posterior distribution, p(f|y),
expresses our uncertainty about 6 after seeing the data. The likelihood function
allows us to use the past data (yx) at node k to modify the a priori beliefs or priori
distribution.

By the condition of independence of the nodes, the probability of a particular
eruptive scenario, as a combination of branches across nodes, is the product of the
individual probabilities of occurrence of each branch in that scenario (Fig. 3.1b).
For example scenario j, the probability of having a magmatic unrest that evolves
into a central vent basaltic eruption of VEI 4, generating a lava flow of short runout,

in the time interval (¢g,to + 7) is:

H; = 607 (unrest) x 63 (magmatic) x 63 (eruption)
x 03 (central) x 607 (basaltic) x 05(VEI 4) (3.1)
x 07 (lavas) x 63 (short)
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Where the posterior probability for a specific branch in node k, denoted 6}, for sim-
plicity, is the expected value of a random variable that follows a Dirichlet distribu-
tion of parameters (ay +yx) (Figure 3.1c). The parameter oy, = E[0] (M + Jp — 1),
where E[f] is computed from alternative physical models and a priori beliefs, and
accounts for the aleatoric uncertainty. J; is the number of branches in node £ and
i is the data weight, also input to the model, and controls the confidence at which
E[6x] is considered a reliable estimate. Aj accounts for the epistemic uncertainty.
The choice of the Dirichlet (Beta) distribution is itself rather subjective. In general,
theoretical models, a priori beliefs, and/or expert elicitation provide estimations
of the expected average of the prior distribution that represents the “best guess'.
Further details on this choice can be found in Marzocchi et al. (2004).

3.3.3 How precise are the probability estimates?

The probability estimate we assign to each scenario is, as explained in the previous
section, the product of the individual probabilities for each branch. This property
is attributed to the condition of independence of the nodes, which allows us to write
the expected value of the product as the prod- uct of the individual expected values.
The expected value (mean) is a measure of central tendency used to describe a prob-
ability distribution (Dirichlet in this case), together with the variance (or standard
deviation). Unfortunately, the same property does not apply to the variance, the
measure of dispersion around the mean, used to estimate the precision. Since the
variance of the product cannot be written as the product of the variance of each
individual variable, we have to use alternative methods to estimate or approximate
this. One way is using the Delta method (Rice, 2007). Hence, to assess the precision
in the probability estimate for eruptive scenario ﬁj, we use the Delta method to
~2

estimate the variance 6?- and corresponding standard deviation 6; = /675,

Using the Delta method to determine the asymptotic distribution of 6]2-, we get:

P i 02
Where,
E(0;,) = —tn T Yk (3.3)

ity (aki + yki)
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and
Var(6;,) = E[ek"];:;iwkn]) (34)

are the expected value and variance from the posterior distribution for 6,* in
branch n and node k, and where J; is the number of branches in node k. See
Appendix for details on how to derive Eq. 3.2. Hence, we have written the variance
for an eruptive scenario H; as a function of the expected value and variances of
the individual random variables, 0y, *, involved in that scenario. See Sobradelo and
Marti (2010) Eq. (4)-(10) for further details on how to derive Eqs. 3.3 and 3.4.

3.4 HASSET software: a QGIS plug-in to per-
form hazard assessment using Bayesian event

tree methodology

Geographic information systems (GIS) are increasingly being used in environmental
management as a powerful tool to store, visualize, and model environmental pro-
cesses in support of management decisions (Longley et al., 2001; Renschler, 2005;
Chen et al., 2010). Open source desktop GIS have been developed in different coun-
tries, with some differences in performance (Sherman, 2008; Chen et al., 2010). We
have decided to use the QGIS (www.qgis.org) for its functionalities and the ability
to run it on Linux, Mac OSX, and Windows, as well as the open possibility of con-
necting HASSET with a mapping format structure. Currently, the software has been
developed for Mac OS (tested on version 10.7.4 and above) and Linux (tested on
Ubuntu 10.10 and above). The version for Windows OS is under development. HAS-
SET is available upon request to the authors or it can be downloaded online at the
website of the CSIC Group of Volcanology of Barcelona (http://www.gvb-csic.es)
on the “Software & Databases” tab.

The original R code for the Bayesian model was adapted to a Python script, and
the HASSET program was developed and implemented in QGIS as an accessible
and dynamic graphical user interface (GUI) plug-in, which, once properly installed
following a few easy steps, creates a new option in the QGIS menu bar called “vol-
cano,” where the HASSET model is installed. Along with HASSET, an html manual
(HASSET MANUAL) with step-by-step explanations on how to use it is also pro-
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vided.

HASSET implements the Bayesian event tree method described earlier, where the
user previously defines a forecasting time interval. The user provides all volcanolog-
ical data for the analysis, which HASSET then merges using the Bayesian event tree
approach described above and in the Appendix. To do that, a user-friendly interface
will guide the user through all the steps. The first step, and most important, is to
enter all the data for the analysis. The second step is to compute the probability
estimates for each branch in the event tree and corresponding variability. The third
step computes the total probability estimate for different scenarios. It is important
to highlight the advantages of having a simple GUI that makes it easy for the user
to input the data parameters and generate results with the correct interpretations.
HASSET also allows the user to edit and save the output in various formats (more
details in the manual).

In the next section, we describe the tool using an example. In summary, HASSET

allows the user to easily:

— Browse the csv file and select input data or enter data manually.

Enter the dataset time window and decide the forecasting time interval.

— Identify five different locations and size values relevant to a particular volcanic

system.

Evaluate probability at each branch (RUN button).

— Calculate total probability for any particular scenario and compare up to 5

different scenarios.
— Sum the total probability of the scenarios selected.

— Visualize the five most likely scenarios out of all the possibilities for the selected

nodes.

— Access the information in each step and locate where we are in the event tree

for each node.
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Table 3.1: Volcanic data used for the Teide-Pico Viejo case study (see Sobradelo and Marti
(2010) and references within for in-depth explanation of the catalogue and corresponding source)

Eruption Year Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8
name Unrest  Origin Outcome Location Composition Size (VEI) Hazard Extent
Chahorra 1798 Yes Magmatic Erupt M West Mafic <2 Lava flows Short
Fallout Medium
Mta 895 bp Yes Magmatic Erupt M North Malfic <2 Lava flows Short
Reventada Fallout Short
Lavas 1150 bp Yes Magmatic Erupt M Central  Felsic <2 Lava flows Large
Negras
Roques 1714 bp Yes Magmatic Erupt M North Felsic 4 Lava flows Large
Blancos
Mta Blanca 2000 bp Yes Magmatic Erupt M East Felsic 3 Lava flows Short
Fallout Medium
PV surges (2528-2000) bp  Yes Magmatic Erupt M Central = Mafic <2 PDCs Short
Ballistic Short
Hoya (2528-2000) bp  Yes Magmatic Erupt M North Felsic 4 Fallout Medium
del Cedro
Mta Majua  (2528-2000) bp Yes Magmatic Erupt M South Felsic <2 Fallout Short
Mta de (2528-2000) bp  Yes Magmatic Erupt M East Mafic <2 Lava flows Short
la Cruz Fallout Short
Arenas (2528-2000) bp  Yes Magmatic Erupt M East ‘elsic <2 Lava flows Medium
Blancas
Mta (2528-2000) bp  Yes Magmatic Erupt M East Malfic <2 Lava flows Short
Los Conejos Fallout Short
Bocas (2528-2000) bp  Yes Magmatic Erupt M East Malfic <2 Lava flows Short
de Maria Fallout Short
Mta (2528-2000) bp  Yes Magmatic Erupt M East Felsic <2 Lava flows Short
Las Lajas Fallout Short
El Boqueron 2528 bp Yes Magmatic Erupt M North Felsic 4 Fallout Large
Canada (5911-2528) bp  Yes Magmatic Erupt M Central  Felsic 3 Lava flows Medium
Blanca
Abejera 5911 bp Yes Magmatic Erupt M North Felsic 4 Lava flows Medium
Baja
Abejera 5486 bp Yes Magmatic Erupt M North Felsic 4 Lava flows Medium
Alta
Pico (7900-5486) bp  Yes Magmatic Erupt M North Felsic 4 Lava flows Large
Cabras
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3.5 HASSET applied to Teide-Pico Viejo volcanic

complex

Here, we use the existing data catalogue for Teide-Pico Viejo (TPV) as shown in
Table 3.1. More in-depth explanation of the data can be found in Sobradelo and
Marti (2010) and references within.

In this example, we want to assess the long-term volcanic hazard of TPV for the
next 100 years, so we set 7 = 100. For node 4, we consider five different locations:
central, north, south, east, and west, and for Node 6, we use VEI to define four
different sizes: VEI < 2, VEI 3, VEI 4, VEI > 5 (see Sobradelo and Marti (2010)).
All of the volcanic data input for HASSET, as well as the prior distribution and
model beliefs, input as data and prior weights, are reported in Table 3.2. Note that
even if there are no records of unrest with geothermal or seismic origin, we do not rule
out this as a possible future scenario, because in our example, there is a hydrothermal
system underneath the volcanic complex. We account for these additional sources
of volcanic hazard by assigning positive weights to the corresponding branches, and
assume the lack of records in the dataset could be due to incompleteness in the
data catalogue. Not accounting for these scenarios could underestimate the volcanic
hazard. The same applies to the noneruptive volcanic scenarios (sector failure and
phreatic explosion) despite no records in the data catalogue. In this example, we
assumed that every unrest episode results in an eruption, as we do not have records
otherwise. Alternative models and expert elicitation are used to adjust the input
data and assign weights to the priors and the data. Here, we assume maximum
epistemic uncertainty (i.e., the minimum data weight value of 1) and proportional
prior weights (refer to Sobradelo and Marti (2010) for further details).

A crucial determinor of the reliability of the results is the data used in the study,
and so it is the first step of introduction of the input parameters. The user has the
possibility of manually entering the data shown in Table 3.1 or uploading it from a
comma-separated (csv) file (Table 3.2), where the input data for past events, priori
weight, and data weight are selected from a drop-down menu. Figure 3.2 shows a
screenshot of the first window where the data are uploaded into the HASSET GUI.

As mentioned earlier, the extent of a volcanic hazard is a relative measure of the
maximum distance reached, or the area covered by a particular event. It has to be

estimated separately for each volcano or volcanic zone by comparing the maximum
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Table 3.2: .csv file with volcanic data formatted and ready to upload into HASSET
Node # Node Branch Past  Prior Data

events weight weight

1 Unrest Yes 18 0.5 1
1 Unrest No 62 0.5 1
2 Origin Magmatic 18 0.25 1
2 Origin Geothermal 0 0.25 1
2 Origin Seismic 0 0.25 1
2 Origin Other 0 0.25 1
3 Outcome Magmatic eruption 18 0.25 1
3 Outcome Sector failure 0 0.25 1
3 Outcome Phreatic explosion 0 0.25 1
3 Outcome No eruption 0 0.25 1
4 Location Central 3 0.2 1
4 Location North 7 0.2 1
4 Location South 1 0.2 1
4 Location East 6 0.2 1
4 Location West 1 0.2 1
5 Composition Mafic 3 0.5 1
5 Composition Felsic 15 0.5 1
6 Size VEI > 5 0 0.25 1
6 Size VEI4 6 0.25 1
6 Size VEI3 3 0.25 1
6 Size VEI < 2 9 0.25 1
7 Hazard Ballistic 1 0.14 1
7 Hazard Fallout 10 0.15 1
7 Hazard PDC 1 0.14 1
7 Hazard Lava flow 14 0.15 1
7 Hazard Lahars 0 0.14 1
7 Hazard Debris avalanche 0 0.14 1
7 Hazard Other 0 0.14 1
8 Extent Short 15 0.4 1
8 Extent Medium 7 0.3 1
8 Extent Large 4 0.3 1
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and minimum extent of each hazard in particular.

e8nn HASSET

_ Unrest Qrigin of the Unrest OQutcome of the Unrest Location Compaosition Size Hazard Extent Scenarios |
@ e mser
IMPORT DATA (.csv file)

CHOOSE THE COLUMNS IN YOUR .csv CORRESPONDING WITH PAST DATA - PRIORI WEIGHT AND DATA WEIGHT

| past data : | | priori_weigl : data_weigh! : |
10| (] @] = Dataset Time Window
NODE NAME EVENT PAST DATA b m'n::‘"n“"' 8000 R
1] st es 18 o8 ! Probability estimate Time Windaw
1| Unresg L] &2 o5 1 100 breas)
2 Oegin [ Bagreanic . |.a . ﬂ: i 1 ! Number of Time Windows
~ . a0
2 Origin Guarharmal o 025 1
2 Origin Salsmic o 025 1
2 | Origin Other ] 0.2% i
3 | Quucoma agrearic sruprion (L] 0.5 1
3 Outcome Sector failure o 0zs 1
3 Outcome Fhreatic espiosion ° 0zs 1
3 | Ounome N0 enaption ] 025 1
4 | Location Canmral 3 0z 1
4 | Location Worth 7 0z 1
4 | Location south 1 02 1 RUN
S T ———

or add PAST DATA - PRIORI WEIGHT - DATA WEIGHT values at each Branch of the Event Tree

Cancel

Figure 3.2: This is the main window of HASSET, where the user has to define the input parame-
ters of the model. A “Browser .csv file” button allows the user to visualize only the *.csv files in the
user computer in order to import the data. The three drop-down menus allow the user to import
the information for past events, prior and data weights directly from the *.csv. The information
can also be entered manually. The location names and the size bins need to be defined. The
“Dataset” total time and “Probability estimate Time Windows” need to be defined. The “Number
of Time Windows” has to be the same as the sum of “unrest” and “no unrest” episodes entered

In the case of Teide-Pico Viejo, regardless of the type of hazard reaching the
area, we consider short extent any area within 3 km of the volcanic region of study,
medium extent would be the area between 3 and 15 km, and large extent any area
further than 15 km. Impact may be assessed by comparing a combination of hazard
and extent, for instance the hazard from a lava flow of medium extent compared to
a PDC of large extent.

As the time over which eruptions in our dataset took place is 8,000 years and we
want to estimate the probability of at least one eruption in the next 100 years, we

have 80 time intervals of data for the study. For each branch, we count the number
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SN Origia of £a Unrewt | Ouscome of tha linrest  Locusien  Composition  Siss | bazard | fusem  lesrarios

BAST TR PRI WEICHT DATA WEICHT PROGARLITY ESTIMATE STAMEARD DEvATION |
YES 18 a8 1 0317 02436
N o as 1 oneE a4

S[IF BT TRAI
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il cee +¢ o | 2ee ++ cm

= | o

Figure 3.3: The first result is represented by the probability estimated at each node and by the
corresponding precision. All nodes are visualized with the individual results for each branch. In
this example, we show the results for nodes a unrest, b hazard, and c extent. The results are
displayed as a numeric value, but also in a pie chart that can be zoomed in, saved to a file or used
to show a graphical view of the probability. The node tabs contain an information button with
further details and the current node is highlighted on the event tree scheme
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of intervals where at least one event of that type has occurred. For example, out of

80 time intervals, 18 observed an episode of unrest and 62 did not.

[ YaXs) HASSET
|_ Data Unrest Origim of the Uarest Outcome of the Unrest Locanan Camposition Size Hazard Extent -_
E¥ALUATE TOTAL PROBABILITY OF SELECTED SCENARIOS
UNREST oRce OUTOOME LOCATION COMPOSITION SIE HAZARD EXTENT
[ magmanc [gmw\nc g HTam B+ | maesmic
P w836 e woass b | s
s Bl wsmE
nian
roTHERMAL SECTOR FAILIME asaze [ wanc (o size= 4 e
435 55 w000 nIu e
e South ] v e | i
JJJJJ SEISMIC FHREATIC B LS TE= 3 Losll -
e auozer
|| memks avalanche 1
aTHee MO ERUPTION TR — L
w0297 P
= B35 wpass west BARS mer
orses e e
g [ e EVALUATETOT PROBALITY OF SELECTED SCENARID ] erobavumybwimas swnta devanes 3] =
1
[ TovALsUM
2 L
3 o
4
5
C | (1]
MOST LIKELY SCENARIDS il
=y Cancel
2% EVALUATE TOT PROBALITY OF SELECTED SCENARIO Prabatility Estimats Standard deviation i :,"
1 Yoz Magmatic Magmatic Cantral Mafic SIZE= & 0.001912 0.003689 T
2 Yes Geothermal Magmatic Central Mafic SIZE= 4 0.000101 0.000283
3 ves Seismic Magmatic Central Mafic SIZE= 4 0.000101 0.000283 Probability Estimate Sandard deviaton |0;
4 0.002114 0.003711
5
i Delere scerarios o

Figure 3.4: The “Scenarios” window represents the Event Tree structure with all the nodes and
branches. The results obtained in the first analysis of HASSET, i.e., the probability values at each
node, are also showed. Here, the user has the possibility to evaluate the probability of different
volcanic scenarios by choosing different combinations of branches

Once the data is entered, HASSET computes a probability estimate and cor-
responding standard deviation for each branch of all the eight nodes, and displays
them in table and graphical format for simplicity. Figure 3.3a shows an example of
how the unrest tab displays the output on HASSET. The initial beliefs are entered
for this node in columns for prior and data weight. We can see the 80 time windows
of which 18 had an episode of unrest and 62 did not. With these data, the probability
estimate of having at least one unrest episode in the next time window of 100 years

is 23.17 %, versus the complement 76.83 % of no unrest. The pie chart in Fig. 3.3
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Figure 3.5: The probability estimate for various volcanic scenarios can be compared and visu-
alized with the “EVALUATE TOTAL PROBABILITY OF SELECTED SCENARIOS” button.
Only five scenarios can be visualized at the same time and the “Delete scenarios” button is used
to erase the selected scenarios and perform a new scenario analysis
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displays graphically these probabilities. On the event tree graph (Fig. 3.3), we see
the node of unrest highlighted in green to show the user at what point of the event
tree are we. The same applies for all of the remaining seven nodes. Figure 3.3b and
¢ show the results for the hazards and extent node, where after observing the data,
we compute that fallout and lava flows account for nearly 80 % of the total proba-
bility estimate of the occurrence of these particular hazards in the next 100 years,
while the possibility of any of this hazard affecting a medium/large area is not far
from 50 % (22.26 and 18.74 %, respectively). Note that the variability interval for
each estimate is very wide, as we are assuming maximum epistemic uncertainty and
noninformative priors. Figures 3.4 and 3.5 show the scenario selection tab, where
the entire event tree is displayed with all the nodes and corresponding probability
estimates for each branch. From this window, we can now evaluate all scenarios of
interest by clicking on the desired branch. Note that some eruptive scenarios are
formed of different combinations, as shown in the bottom part of the figures, where
a magmatic eruption can be triggered by different types of unrest, and so HASSET
allows for computation and summing of all cases. Also note that the hazards node
allows the user to select more than one option (Fig. 3.5), since the same eruption
could produce different hazards.

When studying a particular volcanic system, it could be the case that we are not
interested in a particular eruptive scenario but more so knowing what the most likely
eruptive scenarios are. One of the prime features of HASSET is that it includes an
option to identify the five most likely scenarios to occur up to a particular node.
In Fig. 3.6, we see that the most likely scenarios to occur are magmatic eruptions,
mainly of VEI 2 or less, on the north or east sides of the volcano producing lava

flows and fallout of short extent.
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—[ Data Unrest Origin of the Unrest Outcome of the Unrest Location Compasition
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Figure 3.6: This window shows at each node (e.g., Extent) the five most likely scenarios, i.e.,
the ones with the highest probability estimates. See text for explanations
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3.6 Discussion and Conclusions

HASSET is a probability tool built on an event tree structure of possibilities that
outlines possible future volcanic scenarios, eruptive and noneruptive, originated by
internal or external triggers, and then uses Bayesian theory to estimate a probability
of occurrence for each scenario. Further, it determines the five most likely scenarios
based on the information given. The main goal of this tool is to focus discussion and
draw attention to possible scenarios that otherwise would go unnoticed or underes-
timated. The reliability of the results will strongly depend on the reliability of the
volcanological information provided. With HASSET, we wanted to create a realis-
tic, simple, and practical tool that brings a particular hazard assessment technique
closer to the decision maker or the monitoring expert, to help structure and focus
discussion on the main aspects of the volcanic hazard. This tool could be useful for

land use planning and preparedness actions.

The interpretation of the individual probability estimates for each scenario is
subjective. The absolute value of the estimate will strongly depend on the accu-
racy and completeness of the data, as mentioned earlier, but also on the starting
assumptions of independence of the nodes and the choice of mathematical technique
to model the uncertainty surrounding the corresponding volcanic system. We turn
to probability models when we want to make inferences and decisions about the
future in view of uncertainty. We observe the past history of a volcanic system
and assume that the future behavior will be similar, and then, based on the data
provided, extract a probability model that may guide decisions and make inferences
about future scenarios. The model selection is an additional source of uncertainty.
HASSET provides a systematic and structured way of using all of the available in-
formation such as models, state of the volcano, geochronological and historical data,
expert opinion and theoretical beliefs, to analyze the uncertainty surrounding a vol-
cano, based on robust and well-established mathematical theory, that will enable us

to rapidly update our estimates when new evidence arrives.

HASSET is a probabilistic approach that accounts for the epistemic (data or
knowledge limited) and aleatory (stochastic) uncertainties (given reliable input in-

formation), providing a more realistic assessment of the probability estimates.

HASSET can be used to identify the relative importance of several scenarios

by comparing their probabilities of occurrence, providing an important tool for the
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decision maker to redirect resources and prioritize emergency plans, based on what
is most likely to occur. Note that the five most likely scenarios, identified through
HASSET, may very well not be the five most threatening, in terms of the risk
they pose, because the model does not consider what is exposed to the hazards.
The relative interpretation of the probability estimates will depend on the decision
maker, his or her perception of risk, and the level of loss considered acceptable.
HASSET is part of a larger project to build an architecture for decision making
during volcanic crises, incorporating information from other relevant sources like
cost, loss, vulnerability, spatial hazards, etc. It represents the first of several mod-
ules, temporal and spatial, that will also be implemented in QGIS and will interact
with each other to elaborate an analysis report on the current situation of the vol-
cano. The next step of HASSET is to add monitoring data to perform short-term

volcanic hazard assessment.
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Appendix: Computation of the variance estimation

for a particular eruptive scenario

Let us use a general notation for simplicity. Let Y be a random variable formed
by the product of m random variables, Y = X;.Xs.....X,,. In our case, Y will be a

particular eruptive scenario whose variance we want to compute.

Then, the expected value E and variance V' (also denoted 62) of Y, are:

and

and so the expected value of a particular scenario is just the product of the expected
value (posterior Dirichlet) of each of the m nodes. The same condition does not
apply to the variance. That is, the variance of the product is not the product of the
variances, so we use the Delta method, also called propagation error, to approximate
this variance by applying a first order Taylor series expansion. We do a logarithmic

transformation of the variable, and we get:
log(Y) = logX;
i=1

and, now by the independence condition of X;

m

V(log(Y)) = V(logX;) (3.5)

i=1

We apply the Delta method to approximate log(Y') and log(X;), with g(d) = log(d),

where ¢ is the estimator, and we get:

V{log(¥)) = V(¥)
Hence,
V(Y) =6V (log(Y)) (3.6)
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and similarly for log(X;) ,

Hence,
V(X;) = 0;V (log(X;))

and so, by equations 3.5 and 3.6

V(Y) =4 il V(logX;) = 6 il (;V(X,;)
For our particular case, we know that the estimator d;, is modeled with the expected
value of the random variable for node k that follows a Dirichlet distribution of
parameters ay + yx (the posterior distribution of a particular branch for node k).
The estimator 0 is the expected value for that particular eruptive scenario, and
V(X}) is the variance for the random variable in node k that follows a Dirichlet

distribution of parameters oy + yi. We thus derive Eq. 3.2:
= B Y. V)
k=1 [E(gkn)}
And so we have written the variance for an eruptive scenario H as a function of the

expected value and variances of the individual random variables used to model each

particular node.
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4.1 Abstract

Long-term hazard assessment, one of the bastions of risk-mitigation programs, is
required for land-use planning and for developing emergency plans. To ensure qual-
ity and representative results, long-term volcanic hazard assessment requires sev-
eral sequential steps to be completed, which include the compilation of geological
and volcanological information, the characterisation of past eruptions, spatial and
temporal probabilistic studies, and the simulation of different eruptive scenarios.
Despite being a densely populated active volcanic region that receives millions of
visitors per year, no systematic hazard assessment has ever been conducted on the
Canary Islands. In this paper we focus our attention on El Hierro, the youngest
of the Canary Islands and the most recently affected by an eruption. We analyse
the past eruptive activity to determine the spatial and temporal probability, and
likely style of a future eruption on the island, i.e. the where, when and how. By
studying the past eruptive behaviour of the island and assuming that future eruptive
patterns will be similar, we aim to identify the most likely volcanic scenarios and
corresponding hazards, which include lava flows, pyroclastic fallout and pyroclas-
tic density currents (PDCs). Finally, we estimate their probability of occurrence.
The end result, through the combination of the most probable scenarios (lava flows,
pyroclastic density currents and ashfall), is the first qualitative integrated volcanic

hazard map of the island.

4.2 Introduction

The possibility of future eruptive activity, coupled with population growth and eco-
nomic and cultural development in the majority of active volcanic areas, means
that mitigative measures against volcanic risk, such as the development of volcanic
hazard analyses, must be undertaken. These types of analyses are a fundamental
part of risk management tasks that include the developing of volcanic hazard maps,
land-use planning and emergency plans.

The volcanic hazard of a given area is the probability that it will be affected by
a process of a certain volcanic magnitude within a specific time interval (Fournier
d’Albe, 1979). Therefore, volcanic hazard assessment must necessarily be based

on good knowledge of the past eruptive history of the volcanic area, which will
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tell us "how” eruptions have occurred. It also requires the spatial probability of
occurrence of a hazard to be determined; i.e. "where” the next eruption can take
place (volcanic susceptibility) and its extent, as well as its temporal probability, in

other words "when” the next eruption may occur in the near future.

The complexity of any volcanic system and its associated eruptive processes,
together with the lack of data that is typical of so many active volcanoes and volcanic
areas (and in particular those with long periods between eruptions), make volcanic
hazard quantification a challenge. Long-term hazard assessment is necessary to
know how the next eruption could be. It is based on the past history of the volcano
and the information needed comes from the geological record. Unlike short-term
assessment that evaluates hazards from days to a few months, using data provided
by monitoring networks, long-term assessment is estimated from years to decades,
where the main source of information is mainly structural data from past eruptions
(Marzocchi et al., 2006). Different steps need to be followed sequentially in any long-
term volcanic hazard assessment. The first step consists of evaluating the likelihood
of a future eruption, which will provide an indication of which areas are most likely
to host future vents (Marti and Felpeto, 2010). The long-term spatial probability
of vent opening can be estimated using structural data such as vents, dykes, faults,
fractures and eruptive fissure-alignments obtained from geological and geophysical
studies. These data can be converted into Probability Density Functions (PDFs) and
then combined to obtain the final susceptibility map (Martin et al., 2004; Felpeto
et al.; 2007; Connor and Connor, 2009; Marti and Felpeto, 2010; Cappello et al.,
2012; Bartolini et al., 2013; Becerril et al., 2013). Susceptibility maps show the
spatial probability of hosting new future eruptions. This term has been commonly
used during the last years by other authors in the volcanic field (Felpeto et al.,
2007; Cappello et al., 2010, 2011, 2012; Marti and Felpeto, 2010; Vicari et al., 2011;
Alcorn et al., 2013; Bartolini et al., 2013; Becerril et al., 2013).

The next step corresponds to the temporal probability estimation of any possible
volcanic event. Long-term forecasting is based on historical and geological data, as
well as on theoretical models, and refers to the time window available before an
unrest episode occurs in the volcanic system. In this regard, some authors use
probabilistic statistical methods based on the Bayesian event tree for long-term
volcanic hazard assessment (Newhall and Hoblitt, 2002; Marzocchi et al., 2008;
Sobradelo and Marti, 2010), while some others use a deterministic approach (Voight
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and Cornelius, 1991; Kilburn, 2003; see also Hill et al., 2001).

Once spatial and temporal probabilities have been estimated, the next step for-
ward consists of computing several scenarios as a means of evaluating the potential
extent of the main expected volcanic and associated hazards. Most of these studies
are based on the use of simulation models and Geographical Information Systems
(GIS) that allow volcanic hazards such as lava flows, PDCs and ash fallout to be
modelled and visualised (Pareschi et al., 2000; Felpeto et al., 2007; Toyos et al.,
2007; Crisci et al., 2008; Cappello et al., 2012; Marti et al., 2012; Alcorn et al.,
2013).

All of these steps should be undertaken to evaluate the potential volcanic haz-
ards of any active volcanic area. Similar approaches have been applied in volcanic
areas such as Auckland, New Zealand (Bebbington and Cronin, 2011); Etna, Sicily
(Cappello et al., 2013); and Tenerife, Spain (Mart{ et al., 2012); Pert (Sandri et
al., 2014). Nevertheless, other procedures have also been applied in order to assess
volcanic hazards in Campi Flegrei, Italy (Lirer et al., 2001); Furnas (Sao Miguel,
Azores) Vesuvius in Italy (Chester et al., 2002); and Auckland, New Zealand (Sandri
et al., 2012). Compared with these previous approaches, our study offers a proce-
dure that facilitates undertaking volcanic hazard assessment in a systematic way,

which can be easily applied to other volcanic areas around the world.

The Canary Islands are the only area of Spain in which volcanic activity has
occurred in the last 600 years, representing one of the world’s largest oceanic vol-
canic zones. The geodynamic environment in which the archipelago lies and the
characteristics of its recent and historical volcanism suggest that the volcanic ac-
tivity that has characterised this archipelago for more than 60 Ma will continue in
the future. Previous volcanic hazard studies conducted on the Canary Islands have
not followed a systematic method. Most work to date has focused on Tenerife and
Lanzarote (Gomez-Fernandez, 1996; Arana et al., 2000; Felpeto et al., 2001, 2007;
Felpeto, 2002; Carracedo et al., 2004a, b, 2005; Marti and Felpeto, 2010; Sobradelo
and Marti, 2010; Mart{ et al., 2012; Bartolini et al., 2013), although other stud-
ies have been carried out on Gran Canaria (Rodriguez-Gonzalez, 2009), El Hierro
(Becerril et al., 2013) and one for the Canary Islands as a whole (Sobradelo et al.,
2011).

In this study we focus on El Hierro and conduct a long-term volcanic hazard

assessment by taking into account spatial and temporal probabilities. Despite being
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small and submarine in nature (Marti et al., 2013), the most recent eruption on
El Hierro (October 2011-February 2012) highlighted the need for volcanic hazard
studies, given the negative impact on tourism and the local economy of any volcanic
event. Although this eruption was not different in terms of magma volume and
volcanic products from most eruptions that historically occurred in the Canarian
Archipelago, this eruption marked the end of a 40-year period of quiescence in this
volcanic region. El Hierro has a population of 10960 inhabitants (www.ine.es), or
0.51 % of the total population of the Canary Islands. Its main economic resources
are tourism and fishery, two aspects that may be — and in fact were — seriously
affected by the impact of volcanic activity.

In this work we present a systematic analysis of the volcanic hazards present on
this island that includes the following steps: (1) characterisation of past volcanism
in the study area; (2) estimation of spatio-temporal probabilities; (3) simulation
of the most probable eruptive scenarios such as lava flows, pyroclastic fallout and

pyroclastic density currents (PDCs); and (4) assessment of the volcanic hazard.

4.3 Geological setting

The Canary Islands extend for roughly 500 km in a chain that has developed on the
passive margin of the African plate in the eastern central Atlantic Ocean (Fig. 4.1,
inset). The Canarian Archipelago is the result of long-term volcanic and tectonic
activity that started around 60 Ma (Robertson and Stillman, 1979; Le Bas et al.,
1986; Arana and Ortiz, 1991; Marinoni and Pasquaré, 1994). A number of con-
trasting models — including the presence of a hotspot, the propagation of a fracture
from the Atlas Mountains and mantle decompression melting associated with uplift
of tectonic blocks — have been mooted to explain the origin of the Canary Islands
(Le-Pichon and Fox, 1971; Anguita and Herndn, 1975; Schmincke, 1982; Arafia and
Ortiz, 1991; Hoernle and Schmincke, 1993; Hoernle et al., 1995; Carracedo et al.,
1998; Anguita and Hernan, 2000).

Although all of the islands (except La Gomera) have been witness to Holocene
volcanic activity, volcanism has historically been restricted to La Palma, Lanzarote,
El Hierro and Tenerife (Fig. 4.1, inset). In all cases, historical eruptive activity has
produced mafic eruptions ranging in intensity from Hawaiian to violent Strombolian

(Valentine and Gregg, 2008 and references therein) and have given rise to lavas and

75



BECERRIL ET AL., 2014 - CHAPTER 4

t t Canary Islands ﬁ

LP
P g T o0 EV ﬁ [
AFRICA LG [
® = A

1.000 El Hierro

wa‘\\'\c o

Canary Islands

ElGolfo
| ) Tanganasoga %

g Legend
Simplified Geology of El Hierro
[ Tifior Edifice

[ ] El Golfo-Las Playas Edifice

|| Rift or Dorsal Volcanism

[ ] Rift Volcanism-E1 Golfo Embayment
[ 7] Recent Eruptions

[__i Sedimentary Deposits

T
3064000

E 1811000 1“'000 1”800 2051000 212000

Figure 4.1: Geological map of El Hierro Island. At the left top part of the figure, location of
the Canary Islands is presented where LZ represents Lanzarote; F'V represents Fuerteventura; GC
represents Gran Canaria; TF represents Tenerife; LG represents La Gomera; LP represents La
Palma; EH represents El Hierro. Timanfaya eruption in Lanzarote has been coloured in red

scoria cones. Typically, the islands’ historical eruptions have occurred in active rift
zones along eruptive fissures and have occasionally generated alignments of cones.
Other than the case of the Timanfaya eruption in 1730 in Lanzarote (Fig. 4.1, in-
set), which lasted for 6 years, the duration of eruptions has ranged from a few
weeks to a few months. The total volume of erupted magma ranges from 0.01 to
>1.5km? (DRE, dense rock equivalent), the upper extreme occurring in the case of
the Timanfaya eruption. In all cases the resulting volcanic cones were constructed
during single eruptive episodes (i.e. they should be referred to as monogenetic) that
usually involved several distinctive phases with no significant temporal separations
between them. Monogenetic volcanic fields consist of individual, commonly mafic
volcanoes, built in single, relatively short-lived eruptions. These volcanoes usually
take the form of scoria cones, tuff rings, maars or tuff cones; scoria cones are the

most common landform and show a great diversity in size, morphology and eruptive
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products (Valentine and Gregg, 2008; Kereszturi and Németh, 2012). Individual
volcanic edifices are characteristically small in volume, typically < 0.1km? of DRE,
but the eruption can be complex with many different phases and styles of activ-
ity (Németh, 2010). Situated in the southwestern corner of the archipelago, El
Hierro is the youngest of the Canary Islands; its oldest subaerial rocks have been
dated at 1.12Ma (Guillou et al., 1996). It rises from a depth of 4000 m to around
1500 m a.s.l. and has an estimated total edifice volume of about 5500 km?® (Schminke
and Sumita, 2010). It corresponds to a shield structure formed by different volcanic
edifices and includes three rift zones on which recent volcanism has been concen-
trated (Guillou et al., 1996; Carracedo et al., 2001) (Fig. 4.1). Other relevant
morphological features include the collapse scars of El Golfo, Las Playas and El
Julan (Fig. 4.1). The emergent parts of these rifts are characterised by steep narrow
ridges, corresponding to aligned dyke complexes with clusters of cinder cones. Pre-
historical eruptions have been recognised on all three rifts on El Hierro (Guillou et
al., 1996; Carracedo et al., 2001).

Recent subaerial volcanism on El Hierro is monogenetic and is mostly charac-
terised by the eruption of mafic magmas as well as the intrusion of subvolcanic bodies
ranging in composition from picrobasalts to basanites (Pellicer, 1977; Stroncik et al.,
2009), which have generally erupted along the rift zones. Some felsic dykes and lava
flows associated with the older parts of the island have also been reported (Guillou
et al., 1996; Carracedo et al., 2001) but are volumetrically subordinate to the mafic
material. In addition, an explosive felsic eruption has been documented in associa-
tion with the final episodes of the construction of the edifice of El Golfo-Las Playas
(later than 158ka), before it was destroyed by a massive landslide (Pedrazzi et al.,
2014). Mafic eruptions typically occur from fissures, and produce proximal fallout,
ballistic ejecta and lava flows. PDC deposits have also been reported in cases in
which eruptions are related to hydromagmatic episodes (Balcells and Gémez, 1997,
Pedrazzi et al., 2014).

The erupted volume of magma in eruptions on El Hierro typically ranges from
less than 0.0001 to 0.1km?® (DRE), values that are of the same order as most of the
other historical eruptions on the Canaries (Sobradelo et al., 2011). One of the most
important eruptive episodes in the last few thousand years on El Hierro was the
Tanganasoga eruption (Fig. 4.1), which occurred inside the depression of El Golfo

along a N—S-oriented fissure, at most 20 ka (Carracedo et al., 2001). Several cones

77



BECERRIL ET AL., 2014 - CHAPTER 4

and emission centres formed, giving rise to one of the largest volcanic edifices on the
island via the accumulation of ankaramitic lavas and pyroclastic deposits (Carracedo
et al., 2001) (Fig. 4.1). In addition to the subaerial volcanism, bathymetric studies
(Gee et al., 2001) have revealed that a significant number of well-preserved volcanic
cones exist on the submarine flanks of the island, in particular on the continuation
of the southern rift, which suggests that significant submarine volcanic activity has
also occurred recently. As a confirmation of this observation, a submarine eruption
occurred from 10 October 2011 to the end of February 2012 on the southern rift
zone, 2km off the coast of El Hierro (Marti et al., 2013).

4.4 Methods

The spatial probabilities of hosting new vents were estimated using the study by
Becerril et al. (2013) of volcanic susceptibility on El Hierro, which takes into account
most of the structural data (vents, eruptive fissures, dykes and faults) available
from the island. The temporal part of the long-term volcanic hazard assessment
was carried out with the Bayesian-event tree-based software HASSET (Sobradelo et
al., 2014a) using geochronological data for El Hierro and historical data from the
whole archipelago. Hazard scenarios of lava flows, fallout and PDCs were obtained
with the VORIS tool (Felpeto et al., 2007) since they are the most likely volcanic
scenarios on the island. The data collection required for each hazard assessment
was divided into three parts (spatial, temporal, and scenarios), according to the use

made of each data set.

4.5 How: characterisation of the eruptions

The characterisation of past volcanic eruptions — typically based on the determi-
nation of eruptive parameters derived from the study of erupted products found in
the geological records — is crucial for understanding past eruptive behaviour and for
forecasting future volcanic activity.

Recent volcanic activity on El Hierro is largely characterised by monogenetic
mafic volcanism and the building of more than 220 cones, most of which are scoria

cones that correspond to the most recent eruptive cycle (rift volcanism).
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Hawaiian and Strombolian activity are the most common eruptive styles ob-
served on the island (Becerril, 2009), which have formed extensive lava flow fields,
spatter and cinder cones made of scoria agglutinates and well-bedded lapilli scoria
and ash, respectively. Violent Strombolian activity — refereeing to explosive activity
that produces sustained eruption columns up to ~ 10km high (without reaching the
tropopause) and with the dominant clast sizes being ash to lapilli (Valentine, 1998;
Arrighi et al., 2001; Valentine and Gregg, 2008) — has been also recognised through
the presence of several distal ash deposits on the geological record of the island.
Phreatomagmatic episodes generating rhythmic laminated sequences of coarse juve-
nile ash and lapilli-rich beds with accidental lithic fragments also occurred at the
interior of the island but in less frequency than those mentioned above. In addi-
tion, some hydromagmatic eruptions occurred along the coast, producing tuff ring
deposits on the western part of the island (Becerril, 2009). Eruptions related to
felsic magmas and producing either trachytic lava flows (Guillou et al., 1996) or tra-
chytic pyroclastic deposits (Pellicer, 1977; Balcells and Gémez, 1997) have also been
described. In this sense, it is remarkable that the occurrence of a base-surge-type
explosive eruption that generated dilute pyroclastic surge deposits covering an area
of more than 15km? around the Malpaso area (Fig. 4.1) (Pedrazzi et al., 2014).

We also took into account the final constructive cycle (158 ka—present) of the
island to characterise of the size of the eruptions. The volume of the cones was
calculated using ARCGIS 10.0 (ESRI©) through the analysis of a digital eleva-
tion model (DEM), subtracting the current DEM topography to the restored paleo-
topography. The volume of lava flows and distal pyroclastic deposits was calcu-
lated taking into account their areal extent and thickness variations. This provided
a first-order estimate of the erupted volume, despite the lack of a precise paleo-
topography. In terms of the total volume of erupted material, the largest eruptions
that occurred during the final growing cycle on El Hierro correspond to volumes of
the order of 0.15-0.042 km? (Tanganasoga, Mt. del Tesoro, the latter was calculated
by Rodriguez-Gonzdlez et al., 2012). A minimum value is for Mt. Los Cascajos, with
just 0.0016 km?3. The volcanic explosivity index (VEI) (Newhall and Self, 1982) and
dense rock equivalent (DRE) derived from the volumetric data of the eruptions were
also calculated. Most of VEI values are in the range of 0-2, whilst the erupted vol-

3

ume of magma (using mean magma density of 2.8 gecm™, an average rock density

of 2.44 g cm ™3 obtained from laboratory analysis of El Hierro samples, and applying
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the equation: DRE (km?) = volume of volcanic deposit (km?) x density of volcanic
deposit (kgm™)/magma density (kgm~2)) for most of the recent eruptions on El Hi-
erro lies within the range of 0.0001-0.1km? (DRE). The DRE calculation was based
on the volume of exposed materials (lavas and pyroclastic deposits) so our total
volumes are minimum estimates, but similar to those assigned to other monogenetic
fields, which normally have volumes between 0.0001 and a few cubic kilometres for
individual eruptions (e.g. Kereszturi et al., 2013). For example, the erupted vol-
ume of magma on the Canary Islands typically ranges from 0.001 to 0.2km?* (DRE)
(Sobradelo et al., 2011). In the Garrotxa volcanic field (Spain) the total volume of
extruded magma in each eruption ranges from 0.01 to 0.2km? (DRE) (Bol6s et al.,
2014). The volumes of basaltic eruptions on Terceira (Acores, Portugal) range in
size from 0.1km? to less than 0.001 km® (DRE) (Self, 1976). In the case of Auckland
(New Zealand), monogenetic field volumes are in the range of 0.00007 to 0.698 km?
(Kereszturi et al., 2013).

By comparing pre- and post-eruption high-resolution bathymetries, the total
bulk volume erupted during the submarine eruption of 2011-2013 was estimated at
0.33km? (Rivera et al., 2013).

Most of the lava flows on El Hierro that were emplaced from cones located
on and off the rift zones reached the sea. Therefore, it was not possible to measure
precisely the maximum lengths of past lava flows. Nevertheless, the Mt. del Tomillar
(Fig. 4.1) lava flow, which did not reach the sea, has a total length of 8 km. However,
for further simulations (Sect. 4.10) we considered this value as a minimum length
for the lava flows and used 15km as a more reliable length. The mean thickness of

lava flows was obtained from the average value (3m) of individual flows measured
in the field.

4.6 Where: spatial analysis

An essential step in obtaining a volcanic hazard map is to determine the most likely
areas to host new eruption vents, a task based on the drawing of susceptibility maps
based on geological, structural and geophysical data (Marti and Felpeto, 2010).
Structural elements such as vents, eruptive fissures, dykes and faults are used to
pinpoint areas where next eruptions may most likely occur. A volcanic susceptibility

map shows the spatial distribution of vent opening for future eruption and represents
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Figure 4.2: Onshore spatial probability distribution of future volcanic eruptions map of El Hierro
Island, showing the divisions of the sectors. Modified from Becerril et al. (2013)

the basis for further temporal and spatial probability analysis and the definition
of eruptive scenarios. We used the susceptibility map developed by Becerril et
al. (2013) following the methodology employed by Cappello et al. (2012) (Fig. 4.2).
This map is based on the five data sets representing the volcano-structural elements
on El Hierro: (1) subaerial vents and eruptive fissures pertaining to the island’s rift
volcanism, which include sub-recent and recent eruptions; (2) submarine vents and
eruptive fissures inferred from bathymetric data; (3) eruptive fissures and emission
centres identified on the Tifior and El Golfo-Las Playas edifices; (4) presence of
dykes; (5) and presence of faults.

To carry out this spatial assessment, we subdivided the spatial probability map
into 5 sectors (Fig. 4.2) based on susceptibility values, topographic constraints and
expected hazards. First, we differentiated the subaerial and the submarine area,

taking into account differences in the expected hazards. After that, the emergent
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part of the island was subdivided according to areas with different structural controls
(different strike of the volcano-structures as dykes and fissures), different topograph-
ical constrains (zones 1, 3 and 4 represent rift areas, while zone 2 is an embayment),
and different susceptibility values according to the map developed by Becerril et
al. (2013). This map enables us to select the areas with the greatest likelihood of

hosting future scenarios.

4.7 When: temporal analysis

Temporal analyses were performed using HASSET (Sobradelo et al., 2014a) a Bayesian
event tree structure with eight nodes representing different steps to evaluate the
temporal probability and evolving from a more general node of unrest to the more
specific node of the extent of the hazard (Sobradelo and Marti, 2010).

We based the study of temporal probability on the catalogue of eruptions doc-
umented in Table 4.1. In all, 25 eruptions are documented from the last 158 ka,
data confirmed by the relative stratigraphy established during our field work. Six of
these eruptions took place during the previous 11700 years (Holocene), but only 2
unrest episodes have been documented in the last 600 years (historical period). The
information from these eruptions was used to characterise the past eruptive activity
on El Hierro and to estimate some of the input parameters required for our hazard

assessment.

However, due to the scarcity of dated eruptions and to the certainty that not
all the eruptions that occurred in this period have been identified and/or dated,
we also used in our temporal analysis as data for the last 600 years (15th century
to 2013) the historical data set for the whole of the Canary Islands (see Sobradelo
et al., 2011). Therefore, using HASSET we were able to estimate the probability
that a volcanic episode will occur in the forecasting time interval (the next 20 years).
Given that the data set time window is 600 years, we thus obtained 30 time intervals
of data for the study period. Here we restrict our data set to the historical period,
which includes the recent submarine eruption (2011) and the seismic unrest of 1793.
The remaining 23 eruptions in this catalogue — referred to as pre-historical — will be

used to assign prior weights to nodes 2 to 8.
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Table 4.1: The principal characteristics of the eruptions identified during the last constructive
episode of El Hierro. The eruptions included in this table are those for which geochronological
data exist and that are consistent with the field-relative stratigraphy established in this study. In
addition to the geochronological data and the corresponding references, the rest of the information
included in the table corresponds to information related to the first nodes in the HASSET

(Sobradelo et al., 2014a) event tree used in this study. (See text for more details)

ID  Unrest Origin Outcome Location Composition Hazard Extent Reference

1 2011 magmatic magmatic 5 Mafic lava flow  medium  Mart{ et al.
eruption (2013)

2 1793 seismic no eruption 7 Hernandez

Pacheco (1982)

3 2500+ 70 (BP) magmatic magmatic 3a Mafic ballistic+ medium  Carracedo et
eruption lava flow al. (2001)

4 4230 (BP) magmatic magmatic  3a Mafic ballistic+ short Fuster et al.
eruption lava flow (1993)

5 80002000 (BP) magmatic magmatic la Mafic ballistic + short Pérez Torrado
eruption lava flow et al. (2011)

6 9000 (BP) magmatic magmatic 3a Mafic ballistic+ medium  Rodriguez-Gonzélez
eruption lava flow et al. (2012)

7 12000£7000 (BP)  magmatic magmatic 2a Mafic lava flow  short Guillou et al.
eruption (1996)

8 15000 £ 3000 (BP) magmatic magmatic 2a Malfic lava flow  short Guillou et al.
eruption (1996)

9 150002000 (BP) magmatic magmatic 4b Mafic lava flow  short Carracedo et
eruption al. (2001)

10 210003000 (BP) magmatic magmatic 2a Mafic lava flow  short Guillou et al.
eruption (1996)

11 310002000 (BP) magmatic magmatic 4b Mafic lava flow  short Carracedo et
eruption al. (2001)

12 38700412600 (BP) magmatic magmatic 2b Malfic lava flow  short Longpré et al.
eruption (2011)

13 41000 = 2000 (BP) magmatic magmatic 4b Malfic lava flow  short Carracedo et
eruption al. (2001)

14 44000 =+ 3000 (BP) magmatic magmatic 4b Mafic lava flow  short Guillou et al.
eruption (1996)

15 76000 £ 6000 (BP) magmatic magmatic 3b Malfic lava flow  short Guillou et al.
eruption (1996)

16 8000040000 (BP) magmatic magmatic 3a Felsic lava flow  medium— Fuster et al.
eruption large (1993)

17 86600+ 8300 (BP) magmatic magmatic la Mafic lava flow  short Longpré et al.
eruption (2011)

18 94500+ 12600 (BP) magmatic magmatic 4a Mafic lava flow  short Longpré et al.
eruption (2011)

19 11530046900 (BP) magmatic magmatic 4a Malfic lava flow  short Longpré et al.
eruption (2011)

20 126000 magmatic magmatic 5 Mafic lava flow  short Kliigel et al.
eruption (2011)

21 133000 =+ 200 magmatic magmatic 5 Felsic lava flow  short Van der
eruption Bogard (2013)

22 134000 (BP) magmatic magmatic 3a Mafic lava flow  short Széréméta et
eruption al. (1999)

23 142000£2000 (BP) magmatic magmatic 5 Felsic lava flow  short Van der Bogard
eruption (2013)

24 145000 £4000 (BP) magmatic magmatic 3b Mafic lava flow  short Guillou et al.
eruption (1996)

25 158000 £4000 (BP) magmatic magmatic 3a Mafic lava flow  short Guillou et al.
eruption (1996)
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4.8 Input data for HASSET

4.8.1 Node 1: unrest

This node estimates the temporal probability of a reawakening of the system in the
next time window by examining the number of past, non-overlapping, equal-length
time windows that encompass an episode of unrest. Implicitly, this node estimates
the recurrence time with a Bayesian approach that does not use the time series.
It did not take into account the repose period between eruptions or the possible
non-stationary nature of the data. However, Sobradelo et al. (2011) used extreme
value theory to study the historical recurrence of monogenetic volcanism on the
Canary Islands since the first written records appeared at the beginning of the 15th
century. By modelling the inter-period times with a non-homogeneous generalised
Pareto—Poisson distribution, this study estimated as of 2010 that the probability of
an eruption of a magnitude > 2 anywhere on the Canary Islands in the next 20 years
was 0.97 £ 0.00024.

In order to compute the probability of having (at least) an unrest episode in the
next 20 years, we need two pieces of information: (1) our starting beliefs or weights
for each possibility (yes, no) and (2) the number of past events during the period
of study. As per the number of past events, it shows that in the last 600 years
(historical period), there have been two episodes of unrest identified at El Hierro (a
seismic unrest and the latest magmatic unrest in 2011 which resulted in eruption).
As per the starting weights for each option, if we did not have any information at all
we would start with the state of total ignorance or total epistemic uncertainty, and
give 50/50 chance to each option. However, this is not the case, as in the study of the
volcanic recurrence for the Canary Islands as of 2010 (based on volcanic records from
the islands of Tenerife, La Palma and Lanzarote) (Sobradelo et al., 2011), there is an
estimated 97 % probability of at least one eruption in the next 20 years, anywhere
on the Canary Islands (including El Hierro). Therefore, rather than starting with
a 50/50 chance, this study allowed us to assign our a priori beliefs for the “unrest”
node in the island of El Hierro (yes =97, no=3), and then we used the 2 historical
episodes of unrest documented in El Hierro to update those initial beliefs.

The reason why we used the 2 historical events in the catalogue of El Hierro, and
not the remaining 23 pre-historical events, was to avoid misleading results in the

probability of unrest. If we had used the entire catalogue we would have said to the
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model that there was on average 1 eruption every 7900 years (158 000/20), which is
not realistic, as the catalogue is incomplete. For that reason we updated our prior
beliefs with the historical part of the catalogue that we were most confident with.
Given our confidence in these results, we were able to assign an epistemic uncertainty
of 50 to our data weights, which means that new evidence regarding intervals with
non-eruptive behaviour will not significantly modify our prior assumptions. As
shown by the posterior probabilities in column 6 of Table 4.2, despite 28 intervals
out of 30 (600 years/20 estimated time intervals) with no unrest, the posterior

probability of unrest in the next 20 years is still significantly large.

4.8.2 Node 2: origin

We considered four types of unrest that could occur on El Hierro: magmatic,
geothermal, seismic and others. In spite of the predominant magmatic and seis-
mic behaviour in past activity, we cannot exclude either geothermal activity or false
unrest. In fact, hydromagmatic deposits exist in the interior of the island that
were most probably associated with the presence of shallow aquifers. Some of these
deposits also contain hydrothermally altered lithic clasts, which also suggest the
existence of localised hydrothermal systems. Thus, it was impossible to rule out the
possibility of geothermal unrest. False unrest can occur when non-volcanic signals
are recorded together with volcanic signals. For example, changes in the gravity
field, ground deformation or even seismicity unrelated to any volcanic activity could
be associated with variations in the recharge and/or extraction of meteoric water
into/from aquifers in El Hierro. Even so, we still believe that in monogenetic vol-
canism magmatic changes are the main source of unrest and so we gave the greatest
weight to magmatic unrest (0.96) and split the rest evenly among the other options.
The prior weights were assigned on the basis of a priori beliefs and so we allocated a
value of 10 to the epistemic uncertainty since we still expect the majority of unrest
to be of magmatic origin. However, it is still important to give more weight to new

evidence.

4.8.3 Node 3: outcome

A study of global volcanic unrest in the 21st century (Phillipson et al., 2013) shows
that 64 % of unrest episodes lead to eruptions. On the other hand, in light of previous
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studies on El Hierro (Carracedo et al., 2001; Pedrazzi et al., 2014), we were unable
to rule out the possibility that, aside from a magmatic eruption, a sector failure or
a phreatic explosion might also follow on from an episode of unrest.

Therefore, we assigned a weight of 0.64 to the magmatic eruption and split the
remaining 0.36 evenly between the alternative nodes. As these weights were assigned
based on general studies and a priori beliefs that did not necessarily include data
from El Hierro, we gave a value of 10 to the epistemic uncertainty. As with the
previous node, we did not give a total epistemic uncertainty, as we still believe
that the largest weight should be for the magmatic eruption branch; however, we
still want new evidence to be able to contribute significantly to updating our prior
weights. The two data points in our historical catalogue already include an episode
of unrest that did not evolve into an eruption and so we should expect the prior
weight of 0.12 assigned to the “No eruption” node to be substantially increased
after the new evidence is entered in the model and the posterior probabilities are

computed (Table 4.2, column 6).

4.8.4 Node 4: location

We divided the island into 5 zones and 11 subzones to be able to perform a volcanic
hazard assessment of El Hierro based on the past geological information described
above (Fig. 4.3). These five main zones were established according to the structural
(susceptibility) and topographic characteristics of the island, whilst the subdivisions
were made by taking into account the potential occurrence of hydrovolcanic episodes.
Thus, subzones 1b—4b represent areas that could include the focus of and/or be
affected by hydrovolcanic episodes caused by the interaction of seawater with the
erupting magma. Given the data, regarding such episodes in the past geological
record, we considered that the offshore zone between the bathymetric line of 200 m
and the onshore area near the coast, which already includes several hydrovolcanic
edifices, was suitable for the occurrence of such processes (Fig. 4.3). Moreover,
subzones 3¢ and 4c in the interior of the island provide evidence of phreatomagmatic
eruptions in the past.

The susceptibility analysis of the island, based on the study by Becerril et
al. (2013) (Fig. 4.2), allowed us to assign the prior weights to each node with a
high degree of confidence, as shown in Table 4.2. The reliability of the susceptibility

map enables us to assign a data weight of 50 (since the prior weights were estimated
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Figure 4.3: Sectors and subsectors defined on El Hierro. Sectors 1-4 show onshore division while
sector 5 represents the offshore area. The division is based on differences in structural patterns,
spatial probability of hosting new vents and expected hazards. Subsectors a—c take into account
the potential occurrence of hydrovolcanic episodes

using past data from El Hierro) accounting for the uncertainties in the data cata-
logue. For this reason, we felt very confident in the initial distribution of the prior
weights and any new evidence is likely to confirm them. Of the two historical events,
one was in zone 5 (2011-2012 eruption). This unrest lasted 4 months before lead-
ing to an eruption which was fully monitored by the Instituto Geografico Nacional
(Lépez et al., 2012).The other one refers to the 1793 seismic unrest whose location
is uncertain, although historical documents describe it as being in the northwest

submarine area, i.e. zone 5.

4.8.5 Node 5: composition

From the pre-historical set of 23 eruptions shown in Table 4.1, 87 % correspond to

mafic events and 13 % to felsic events. As we were aware of the incompleteness
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of the data catalogue, especially in the oldest part, we were not confident if this
was indeed the proportion for the composition of prior weights. Some — or many —
felsic eruptions may not be documented for example, the Malpaso member, a felsic
explosive eruption, has been identified on the upper part of El Golfo-Las Playas
volcano (Pedrazzi et al., 2014) but was not included in our catalogue because we
lack a precise date. The prior weights are not random, as they are based on well-
documented data. For this reason, we assigned an epistemic uncertainty of 10 to our
data weights so that if new evidence arrives, these prior values are still accounted
for (but more so if there is new evidence), thereby ensuring that any new data will

contribute significantly to updating our prior beliefs.

4.8.6 Node 6: size

The erupted volume of magma on the Canary Islands typically ranges from 0.001—
0.2km® (DRE) (Sobradelo et al., 2011). Due to a lack of accurate volume data, we
assumed that volume values on El Hierro were of the same order as in most of the
historical eruptions in the Canaries. The last eruption (2011-2012) was characterised
by lava flows of medium extent with VEI 2 and so, by using this information, we
were able to assign the weights for VEI 1, VEI 2 and VEI 3, as 0.31, 0.62 and 0.07,
respectively.

In the particular case of El Hierro, we observed cases of hydrovolcanic episodes
associated with PDC. This would imply VEI sizes that are greater than those on
which these prior weights are estimated. Furthermore, the data documented in
Sobradelo et al. (2011) is based on Magnitude size, as there was not enough infor-
mation to estimate the corresponding VEI. For this reason and owing to the lack
of magnitude information for the catalogue of eruptions on El Hierro, we were not
confident of the prior weights assigned and so an epistemic uncertainty value of 1
was the most appropriate, and would also ensure that if new evidence arrives for
different sectors, it will contribute significantly to updating our prior knowledge. In

this way, we gave more weight to the new evidence than to our prior beliefs.

4.8.7 Node 7: hazard

Based on past activity, possible eruption products include ballistic ejecta, fallout,

PDCs and lava flows with the prior weights shown in Table 4.2, computed using
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the 23 pre-historic eruptions in Table 4.1. Most mafic eruptions generated lava
flows and proximal fallout. However, a revision of the deposits generated from
past volcanic events also reveals that some eruptions located close to the coastline
correspond to hydrovolcanic episodes generating PDC deposits. In a similar way,
some of the hydrovolcanic deposits found on land near the coast in fact originated
from very shallow submarine eruptions. Thus, there is reason to include in subzone b
(Fig. 4.3) both coastal and offshore zones to a maximum depth of 200 m, based on
the assumption that vents located in these subzones could generate hydrovolcanic
phases and produce PDCs.

Of all the possible hazard products, we were confident that ballistic ejecta, fall-
out, PDCs and lava flows could occur and so we gave zero weight to the remaining
options (lahar, debris avalanche and others). However, for the same reasons given for
the composition weights (felsic vs. mafic), we assigned a value of 10 to the epistemic
uncertainties, as these data weights could change if we had a more complete data
catalogue; however, they are still not completely uninformative, as they are based
on past records. In this way, we ensure that new evidence will be well accounted for
in new updates and that prior weights are not fully dropped when this new evidence

arrives.

4.8.8 Node 8: extent

Extent refers to the distance reached by eruption products (lava flows, ballistic
ejecta, fallout and PDCs) from eruption points that can be deduced from the geo-
logical record. The extent of products from the eruptions documented on El Hierro
is comparable to those on the rest of the Canary Islands. We considered small dis-
tances for those short lava flows that reach up to 5 km, medium distances (5-15km)
for PDC deposits, ballistics and lava flows that reach the sea, and large extent mainly
for fall out deposits that can expand more than 15km. As with the previous node,
on the basis of data from the oldest eruptions (Table 4.1), 87 % of extents are small,
while 9% are medium and 4 % large. We assigned a positive weight to a scenario
that gives rise to a large extent of products that will account for the potentially
more explosive eruptions seen in the geological record that relate to felsic eruptions
or even hydromagmatic eruptions. For the same reasons given for the previous node,

we assigned an epistemic value of 10 to all branches.
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Table 4.2: Input data for HASSET (columns 1 to 5) and output probability vectors and standard
deviations (columns 6 and 7). Prior weights and data weights are estimated using pre-historical
data, a priori beliefs and published studies on global volcanic unrest during the last century. Past
data are based on the eruptions recorded in the last 600 years, considered as the historical period
for the Canary Islands

Node Event Past  Prior Data  Probability Standard
name data weight weight estimate  deviation
Unrest Yes 2 0.97 50 0.64 0.07
Unrest No 28  0.03 50 0.36 0.07
Origin Magmatic 1 0.94 10 0.88 0.09
Origin Geothermal 0 0.02 10 0.02 0.03
Origin Seismic 1 0.02 10 0.08 0.07
Origin Other 0 0.02 10 0.02 0.03
Outcome Magmatic erupt 1 0.64 10 0.62 0.13
Outcome Sector failure 0 0.12 10 0.10 0.08
Outcome Phreatic explos 0 0.12 10 0.10 0.08
Outcome No eruption 1 0.12 10 0.17 0.10
Location Zone 1 1 0.16 50 0.17 0.05
Location Zone 2 0 0.07 50 0.07 0.03
Location Zone 3 0 0.29 50 0.28 0.06
Location Zone 4 0 0.16 50 0.15 0.05
Location Zone 5 1 0.32 50 0.33 0.06
Composition Mafic 1 0.87 10 0.88 0.09
Composition Felsic 0 0.13 10 0.12 0.09
Size VEI 1— 0 031 1 0.25 0.19
Size VEI 2 1 0.62 1 0.70 0.21
Size VEI 3+ 0 0.07 1 0.06 0.10
Size n.a. 0 0 0 0.00 0.00
Hazard Ballistic 1 0.12 10 0.15 0.09
Hazard Fallout 1 0.05 10 0.09 0.07
Hazard PDC 0 0.03 10 0.03 0.04
Hazard Lava flow 1 0.8 10 0.73 0.11
Hazard Lahars 0 0 0 0.00 0.00
Hazard Debris avalan 0 0 0 0.00 0.00
Hazard Other 0 0 0 0.00 0.00
Extent Short 0 0.87 10 0.80 0.11
Extent Medium 1 0.09 10 0.16 0.10
Extent Large 0 0.04 10 0.04 0.05
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4.9 Results

Columns 6 and 7 in Table 4.2 show the output from HASSET. Although we started
with 28 time windows with no unrest, the posterior probability of unrest in the
next 20 years is significantly large (64 %; 36 % for no unrest), due to the high value
of the data weight. The same effect occurs with the node location, in which the
posterior probabilities remain in the same proportion as the prior weights. The
episode of seismic unrest in 1793 has updated our prior beliefs from 2 to 8 %, given
that we assigned low confidence levels to the initial values. In general, comparing
columns 4 and 6 in Table 4.2, we can see how past data can significantly change the
prior probabilities for which we assumed low confidence (10 or less — large epistemic
uncertainty), while prior weights assigned with high confidence remain consistent

after new evidence is entered in the model.

Looking at the different scenarios (as a combination of the first nodes and
branches up to node location) (Table 4.3a), we see that the 5 most likely scenarios
are a basaltic eruption with magmatic unrest in zones 5, 3, 1, 4 and 2 (in that order)
with probabilities of occurrence over the next 20 years of 0.1140.04, 0.10+0.03,
0.06 +0.02, 0.05+0.02 and 0.02 4 0.01, respectively, for any VEI and any type of
hazard or extent. However, although some of these estimates have a large standard
deviation due to sizeable uncertainties in the input data, they are consistent with
observations from the past. Thus, using the information in the data catalogue, we
estimated the long-term probability of a basaltic eruption with magmatic unrest in

zone 5 (submarine area) occurring in the next 20 years to be 0.11 4 0.04.

If we now look at the most likely scenarios that also include size, hazard and the
extent of the eruption, the five next most likely scenarios are basaltic eruptions of
VEI 2 with magmatic unrest that generate short lava flows. However, in this case
zone 2 is no longer among the 5 most likely scenarios and an eruption in zone 5
with a VEI of 1 or less becomes the fifth most likely to occur in the next 20 years
(probability of 0.014+0.01). Once again, the standard deviation for these estimates
is large, implying that the variability due to uncertainties in the input data is also
large. In this case, we estimated that the most probable scenario (0.04£0.02) is a

submarine (zone 5) mafic magmatic eruption of VEI 2 generating short lava flows.
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Table 4.3: (a) Most likely scenarios for node location. (b) Most likely scenarios for node extent
Scenario Probability Standard
estimate  deviation

(a)

1. Yes-magmatic-magmatic eruption-Zone 5 0.11 0.04
2. Yes-magmatic-magmatic eruption-Zone 3 0.10 0.03
3. Yes-magmatic-magmatic eruption-Zone 1 0.06 0.02
4. Yes-magmatic-magmatic eruption-Zone 4 0.05 0.02
5. Yes-magmatic-magmatic eruption-Zone 2 0.02 0.01

(b)

1. Basaltic eruption with magmatic unrest in zone 5, 0.04 0.02
VEI 2, that generates lava flows of short extent

2. Basaltic eruption with magmatic unrest in zone 3, 0.04 0.02
VEI 2, that generates lava flows of short extent

3. Basaltic eruption with magmatic unrest in zone 1, 0.02 0.01
VEI 2, that generates lava flows of short extent

4. Basaltic eruption with magmatic unrest in zone 4, 0.02 0.01
VEI 2, that generates lava flows of short extent

5. Basaltic eruption with magmatic unrest in zone 5, 0.01 0.01
VEI <1, that generates lava flows of short extent
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4.10 Eruptive scenarios

Hazard assessment must be based on the simulation of different volcanic processes
across the susceptibility map (e.g. Marti et al., 2012). In order to illustrate potential
future eruptions on El Hierro, we simulated scenarios assuming the results obtained
with HASSET and considering the most probable hazards (i.e. lava flows, fallout
and PDCs) that could occur in the event of such eruptions. We mainly considered
eruptions that occur on land or in shallow submarine environments (at a depth of
less than 200m) (Fig. 4.3). We did not consider deeper submarine eruptions even
though their socio-economic impact may in fact not be negligible, as seen in the
2011-2012 eruption. However, we assumed that the direct impact of hazards caused
by these deeper submarine eruptions on the island was not relevant for the purpose
of this study.

For the simulations we used light detection and ranging (LIDAR) technology
based on the digital elevation model (DEM) of the island with a cell size of 10m
generated by the National Geographic Institute (IGN).

4.11 Lava flow scenarios

Bearing in mind the previously obtained susceptibility values (Fig. 4.2) (Becerril
et al., 2013), we simulated lava flow scenarios taking into account only those pixels
located on land (lava flows generated in submarine eruptions, even in shallow waters,
were assumed not to cause any direct impact on the island). Lava flow simulations
based on VORIS 2.0.1 rely on a probabilistic model that assumes that topography
is the most important factor in determining the path of a lava flow (Felpeto et
al., 2007 and references therein). As explained before, simulations of lava flows
were conducted on land and are based on the pixels that lie on the different spatial
probability values ranging from 0.00037 to 0.0068.

In the model, the input parameters for the lava flows were constrained by maxi-
mum flow lengths and thicknesses taken from field measurements. Considering that
most lava flows in the past reached the sea, we assumed flow lengths of about 15 km.
The thickness used as input for the models was 3 m, which was obtained from the
average value of individual flows measured in the field. The results provide a map

that gives the probability that any particular cell is invaded by a lava flow (Fig. 4.4).
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Figure 4.4: Lava flow scenarios for El Hierro performed with VORIS 2.0.1. Vents from lava flows
that have been simulated represent those with the highest spatial probabilities (see susceptibility
map in Fig. 2). Red colours are those areas with the highest probability to be invaded by lava
flows

4.12 Scenarios for pyroclastic density currents
(PDCs)

The pyroclastic density currents (PDCs) identified on El Hierro are all associated
with hydrovolcanic episodes and mostly relate to mafic vents located in the coastal
zone, or episodes occurring at shallow submarine depths that generated deposits
that are now exposed along the coast. However, we also considered the possibility
that this type of explosive episode could occur on land with more evolved composi-
tions and larger run-out distances, as is the case of the Malpaso member identified
in the centre of the island (Pedrazzi et al., 2014). PDCs were simulated with an en-
ergy cone model (Sheridan and Malin, 1983) using as input parameters topography,
the collapse equivalent height (H) and the collapse equivalent angle (), which is

obtained through the arctangent of the ratio between H. and L, where L represents
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the run-out length (Felpeto et al., 2007; Toyos et al., 2007). Run-out distances were
considered to be equivalent to the most distal exposure of PDC deposits found on
the island, which were calculated to have lengths of 5, 1 and 0.5 km. These distances
are relative to the most distal deposits of the studied PDCs.

Collapse equivalent heights were chosen in the range of 250-300m above the
possible vent site in order to constrain the best Hc that matches real deposits.
Based on the calibration, a collapse equivalent of 250 and an angle of 11° were
determined for a pyroclastic flow deposit, resembling the known Malpaso member
felsic flow deposit. For those vents located in the coastal zone or associated with
mafic eruptions, we simulated PDCs with a collapse equivalent of 250 m and angles
in the range of around 4-27° (low values for base surge explosions and high values
for column collapse phases) (Sheridan and Malin, 1983). Although the topography
of the area has been modified since the eruption of the Malpaso member, the area
and extent of the simulated deposits were still similar to the real PDC deposit. With
these constraints, PDC simulations were carried out in the areas with the highest
spatial probabilities (Fig. 4.5a). The areas close to the PDC deposits of El Hierro
were also selected to simulate scenarios (Fig. 4.5b). Figure 4.5a and b show coverage

areas with different Heim coefficients and VEI values.

4.13 Fallout

Fallout from the eruptions on El Hierro was simulated by assuming a violent Strom-
bolian eruption (e.g. Tanganasoga eruption, Fig. 4.1), characterised by the formation
of an eruptive column up to 10km high (Arrighi et al., 2001), having significant im-
pacts over distances of several tens of kilometres from the vent (Valentine and Gregg,
2008), which would represent one of the most probable high intensity eruptions that
could occur on the island. Nevertheless, we do not rule out the possibility of a
subplinian eruption, characterised by columns ranging between 10 and 20 km alti-
tude, having potential impacts over much larger regions and even globally (Valentine
and Gregg, 2008 and references therein) in the event that more felsic magmas are
involved in the process. Simulations were conducted using an advection-diffusion
model based on the assumption that particle motion is controlled by advection from
wind, particle diffusion and their terminal settling velocity (Pfeiffer et al., 2005;

Felpeto et al., 2007). All the simulations were conducted with one vent located in
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Figure 4.5: PDC scenarios performed with VORIS 2.0.1. Covered areas with different collapse
equivalent heights (H.), collapse equivalent angles (#) and VEI values (see the text for more detail).
(a) VEI 2 corresponding to felsic eruptions; (b) VEI 1 corresponding to mafic eruptions
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Figure 4.6: Ashfall scenarios from a violent Strombolian eruption performed with VORIS 2.0.1.
(1) Simulation at the highest probability vent; (2) simulation at an area close the main areas of
population. Both simulations were performed for summer, autumn, winter and spring
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the highest spatial probability area and another on the eastern side of the island,
the most vulnerable area for a volcanic event and where the main villages, airport

and port are situated.

Data inputs of wind profiles were compiled from the University of Wyoming
Department of Atmospheric Science sounding database (http://weather.uwyo.
edu/upperair/sounding.html). We focused the attention of our study on the
fallout scenarios for the average wind value of each season during the last decade.
Wind direction and intensity were chosen at different vertical heights (500, 1000,
2000, 4000 and 6000 m).

Input parameters for the simulation were obtained from fieldwork and biblio-
graphic data. Results are shown in Fig. 4.6, with particle distribution in a 5km
high eruptive column related to a violent Strombolian eruption, generating 0.03 km?
of deposits. Particle sizes were considered in a range from —6 to 2®, thereby covering

the entire range of particle sizes observed in the field.

4.14 Total hazard map

Combination of the most probable scenarios related to basaltic eruptions of VEI 2
that generate lava flows, fallout and PDCs in case of hydrovolcanic events, provided
the first total qualitative volcanic hazard map of El Hierro (Fig. 4.7b). The most
probable areas to be affected by the three most likely scenarios were used to define
the areas with the greatest and lowest overall volcanic hazard (Fig. 4.7b). This is an
approach similar to that taken by Lindsay et al. (2005) in the Lesser Antilles. We
distinguished four levels of hazard depending on the number of individual hazards
(Fig. 4.7a) that overlap on each point (pixel) of the map. The superposition was done
taking into account the spatial probability and the extension of each scenario, given
more weight to the most probable scenario, i.e. lava flows originating from areas
with high spatial vent opening probability. The resulting map shows that, although
El Hierro is not a highly populated island, some medium- and high-volcanic-hazard
zones coincide with some of the main inhabited areas. However, it must be noted
that this hazard level delineation is reliant on the current information, which may be

subject to further revision thus implying possible changes in the hazard assessment.
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Figure 4.7: (a) Superposition of the most probable scenarios; (b) qualitative hazard map of El
Hierro (zones 1-4) constructed from the combination of the most likely scenarios. This map shows
the overall integrated volcanic hazard zones for El Hierro based on lava flows, PDCs and ashfall
scenarios. We distinguish four levels of hazard, from very low to high hazard, depending on the
number of individual hazards that overlap on each point (pixel) of the map (see text for more

explanation)
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4.15 Discussion and conclusions

Mafic monogenetic eruptions (Table 4.1) are the most common eruption type to
have occurred in El Hierro’s recent geological past, especially over the last 158 ka
(Pellicer, 1977, 1979). Consequently, we assume that they also represent the most
likely eruption types in the near future. These eruptions generated small-size cones,
lava flows, proximal scoria, fallout and, occasionally, PDCs. The size of most of
these eruptions ranged from typical Strombolian to violent Strombolian (some of
them associated with hydrovolcanic phases). In Fig. 4.7a the most likely expected
scenarios on the island are represented together. The presence of a relatively re-
cent eruption of phonolitic composition of medium size called Malpaso member and
described as a PDC (Pedrazzi et al., 2014) is also remarkable, as it opens up the
possibility that eruptions other than monogenetic magmatic and/or hydrovolcanic
mafic ones may also occur on El Hierro. Although associated with much greater

hazard intensities, this type of eruption has a much lower probability of occurrence.

The catalogue of eruptions that have occurred on El Hierro in the last 158 ka is far
from complete. This is evident when trying to establish the relative stratigraphy of
volcanic deposits, as there are a large number of units of known origin intercalated
between the reported units. Although the establishment of a complete volcano-
stratigraphy of El Hierro (and, in particular, of its last constructive episode) is still
required, the available number of reported eruptions (for which the corresponding
geochronology based on radiometric dating exists) is large enough to provide a pre-

liminary volcanic hazard assessment with a sufficient degree of confidence.

The application of available tools such as HASSET (Sobradelo et al., 2014a)
and VORIS 2.0.1 (Felpeto et al., 2007), specifically designed to undertake volcanic
hazard assessment based on current knowledge of past eruptive activity and using
probabilistic methods and simulation models, allows us to obtain an initial long-term
hazard assessment, which can be easily updated and improved with the incorporation
of new information such as a more complete volcano-stratigraphy and geochronology.
This is an essential tool that should enable local authorities to apply more rational
territorial planning and to design more adequate emergency plans to face future
volcanic crises. The experience gained from the last eruption on El Hierro in 2011—
2012 showed that the lack of tools such as the one described in the present study can

lead scientific advisors and decision-makers to consider possible eruptive scenarios
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that have a very low probability of occurrence, whilst ignoring others with a high
probability of occurrence — for example, the submarine eruption that in the end
turned out to be the true scenario. This lack of any systematic study of past eruptive
activity hampered the forecasting of the most probable scenarios and led to a certain
confusion regarding the potential outcome of the impending eruption. This in turn
affected the way in which information was transmitted to the population and to
the scale of the decisions made, some of which were unnecessarily over-protective
(Sobradelo et al., 2014b).

The advantage of conducting a probabilistic hazard assessment is that the results
obtained can be updated whenever new information becomes available. Such an
approach permits work to start even when only a little information exists and then
enables results to improve over time. Thus, appropriate mitigation policies can be
based on less, but more precise and realistic information. In the case of El Hierro,
despite sufficient knowledge of past eruptive activity, the available information was
not structured in a comprehensive way that was easy to manage and be used by
decision-makers or even by the scientists who were providing advice. The results
obtained in the present study, that is, the development of a probabilistic long-term
volcanic hazard assessment that includes dynamic scenarios and a qualitative hazard
map (Fig. 4.7a and b), offer basis on which to build the strategies that are required
to successfully face up to and minimise the impact of future volcanic eruptions on
the island.

Our approach offers a method that facilitates accomplishing volcanic hazard as-
sessment in a homogeneous and systematic way. The approach is based on the
history of the volcano being deduced from the geological record, which allows de-
termining how, where, and when the next eruption could be. Similar approaches
have been applied in other volcanic areas where the application of available tools
similar to ours have also allowed us to obtain an initial long-term hazard assessment.
This is the case of Auckland Volcanic Field in New Zealand (Sandri et al., 2012)
or Misti volcano in Peru (Sandri et al., 2014), where a Bayesian approach using
BET VH tool (Marzocchi et al., 2010) and other simulation tools are applied to
compute the temporal and spatial probabilities. Our methodology uses different free
tools that have been developed to contribute to the long-term hazard assessment,
both in spatial (VORIS 2.0.1, Felpeto et al., 2007) and temporal analyses (HAS-
SET, Sobradelo et al., 2014a). The main advantage of using VORIS 2.0.1 is that it
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creates scenarios of different kind of hazards such as lava flows, PDCs and ashfall.
Other works have focused on the simulation of only one scenario using non-free tools
(e.g. lava flows for Etna volcano: Cappello et al., 2010, 2011; Tarquini and Favalli,
2010). On the other hand, although some parts of the HASSET tool (that evaluate
temporal probabilities) coincide with BET EF and BET VH tools presented by
Marzocchi et al. (2008, 2010), HASSET is built on a Quantum Gis (QGIS) plat-
form and considers different kinds of unrest episodes (seismic, geothermal, others),
and moreover takes into account the kind of outcome (e.g. phreatic explosion and
sector failure) and the magma composition, overcoming the limitations of previous
event tree models (Sobradelo et al., 2014a). Another important advantage of using
these tools is that new data or new model results can be easily included in the
procedure to update the hazard assessment. Other works focused on the evaluation
of the potential hazards related to a specific kind of hazard of a particular area
(e.g. phreatomagmatic volcanic hazards; Németh and Cronin, 2011) could take the
advantages of our methodology and implement it in an easy and successful way for

future and completeness of volcanic hazard evaluation.
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5.1 Abstract

Deception Island is the most active volcano in the South Shetland Islands and has
been the scene of more than twenty identified eruptions over the past two cen-
turies. In this contribution we present the first comprehensive long-term volcanic
hazard assessment for this volcanic island. The research is based on the use of
probabilistic methods and statistical techniques to estimate volcanic susceptibility,
eruption recurrence and the most likely future eruptive scenarios. We perform a
statistical analysis of the time series of past eruptions and the spatial extent of their
products, including lava flows, fallout, pyroclastic density currents and lahars. The
Bayesian event tree statistical method HASSET is applied to calculate eruption re-
currence, while the QVAST tool is used in an analysis of past activity to calculate
the possibility that new vents will open (volcanic susceptibility). On the basis of
these calculations, we identify a number of significant scenarios using the GIS-based
VORIS 2.0.1 and LAHARZ software and evaluate the potential extent of the main
volcanic hazards to be expected on the island. This study represents a step forward
in the evaluation of volcanic hazard on Deception Island and the results obtained

are potentially useful for long-term emergency planning.

Keywords
Deception Island - Volcanic hazard - Volcanic susceptibility - Bayesian event tree

- Eruptive scenarios

5.2 Introduction

Deception Island is the most active volcano in the South Shetland Islands group
(Antarctica) and more than 20 eruptions have taken place there over the past two
centuries (Orheim, 1972; Pallas et al., 2001; Smellie, 2002a). Located at the spread-
ing centre of the Bransfield Strait marginal basin (Fig. 5.1), this island consists of
a horse-shoe-shaped composite volcanic system truncated by the formation of the
collapse caldera that occupies the central part of the island (Valencio et al. 1979;
Smellie 1988; Marti et al., 2013) (Fig. 5.2a). The most recent eruptions took place
in the late 1960s and 1970s and destroyed or severely damaged the scientific bases
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operating on the island (Baker et al., 1975; Roobol, 1982) (Figs. 5.3a,b). Interest-
ingly, during the final eruption strong winds and the unusually low tropopause in
the area (Smellie, 1999) led to an important spread of volcanic ejecta that reached
distances of over 150 km (Pallas et al., 2001; Fretzdorff and Smellie, 2002; Pedrazzi
et al., 2014).

Since its discovery in 1820, the island’s natural harbours in Port Foster Bay
(e.g. Pendulum Cove and Whalers Bay) (Fig. 5.2b) have been actively used during
different peaks in the commercial exploitation of the Southern Ocean (Roobol, 1982;
Smellie and Lépez-Martinez, 2002). Between 1905 and 1930, the island served as
the shore base for the Antarctic’s most important whaling industry (Fig. 5.3c)
and also played a military role during World War I due to its strategic location
between the Atlantic and Pacific Oceans. This resulted in the construction of a
British scientific station, which was occupied from 1944 until it was destroyed in 1969
(Roobol, 1982; Smellie and Lépez-Martinez, 2002) (Fig. 5.3a). Following the British
initiative, Argentina and Chile also established scientific bases on the island that,
likewise, were either destroyed or abandoned after the eruptions occurring between
1967 and 1970 (Fig. 5.3b). After occasional expeditions to Deception Island, Britain,
Spain and Argentina recommenced scientific activity in 1986. Argentina re-occupied
and reconstructed its station (Fig. 3f), while Spain constructed a new station in
1989 (Fig. 5.3e); these two scientific bases operate every year during the Antarctic

sumimer.

The number of tourists that visit Antarctica has increased since the first commer-
cial cruise in 1966 and today over 30,000 visitors arrive during the austral summer
(2012-2013) (IAATO, International Association of Antarctica Tour Operators) (Fig.
5.4a). Deception Island and Half Moon Island (Fig. 5.4) are two of the most popular
destinations; specifically, the Antarctic Specially Protected Area (ASPA) sub-site of
Whalers Bay (Fig. 5.2) receives over 15,000 visitors every year (Fig. 5.4b), while
other sectors such as Telefon Bay or Pendulum Cove (Fig. 5.2) are visited by up to
5,000 tourists annually (Fig. 5.4b).

The recent eruptions (1967, 1969 and 1970) have demonstrated that volcanic
activity on Deception Island may become a cause for concern for tourists, scientists
and the military personnel working on or near the island. Livingston and Deception
Islands host a total of five research stations and three field camps, while Greenwich

and King George Islands are home to 10 all-year and two temporary research stations
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Figure 5.1: a) Simplified regional tectonic map and location of the South Shetland Islands
(modified from Ibafiez et al., 2003). HFZ: Hero Fracture Zone, SFZ: Shetland Fracture Zone. b)
Location of Deception Island (modified from Grad et al., 1992). Black and white dots indicate
nearby year-round and temporary (only austral summer) research stations, respectively. Grey dots
correspond to temporary field camps
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(Fig. 5.2). For example, during the 1970 eruption, a considerable amount of ash
— including a fine ash fall deposit of 4 mm on Arturo Prat station on Greenwich
Island and about 1 mm on Bellingshausen station on King George Island (Baker et
al., 1975, Pedrazzi et al., 2014) — fell far from the island.

Aside from a paper by Roobol (1982) and the relatively recent work of Smellie
(2002a), to the authors” knowledge no accurate volcanic hazard assessment has ever
been conducted for Deception Island. Furthermore, previously hazard maps were ei-
ther restricted to a single hazard (Roobol, 1982) (Fig. 5.5a) or were non-systematic
(Smellie, 2002a) (Fig. 5.5b). As pointed out by Smellie (2002a), as a popular des-
tination for tourists and an area of constant scientific research, properly elaborated
hazard maps and related assessments are now more necessary than ever. The latter
are indispensable for the elaboration of emergency plans aimed at mitigating the
potential human and economic losses of any future volcanic eruptions on Deception
Island.

In order to improve the hazard assessment on Deception Island, it is important
to estimate the temporal and spatial probabilities of future eruptions. In this paper,
we carry out a threat analysis for Deception Island using the National Volcano
Early Warning System (NVEWS) template (Ewert et al., 2005) and compare it with
other volcanoes of similar characteristics. Then, we present a systematic analysis of
the temporal and spatial long-term hazard assessment of the island using available
geological data, including the past eruption record, stratigraphic information and
volcano-structural data. We used HASSET (Sobradelo et al., 2014) to estimate
the probability that a volcanic episode will occur within the forecast interval and
to evaluate the long-term probability of different types of hazards on the island.
For the spatial analysis we applied QVAST (Bartolini et al., 2013) to obtain the
susceptibility map, and LAHARZ and VORIS 2.0.1 (Hoblitt et al., 1995; Schilling,
1998; Felpeto et al., 2007) to generate different eruptive scenarios such as lahars,
lava flows, pyroclastic density currents (PDCs) and fallout. The ultimate aim of this
work was to generate a qualitative hazard map for Deception Island depicting the
most probable scenarios and, consequently, to understand the potential impact that
future eruptions could have on research stations, tourists, and ships in and around
the island.
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Figure 5.3: Remains of the British (a) and Chilean (b) bases in Whalers Bay and Pendulum
Cove, respectively (see Fig. 5.2b for exact locations). Remains of the Norwegian whaling station
in Whalers Bay (c). Current Spanish Gabriel de Castilla (e) and Argentinian Base Decepcion (f)
scientific bases (see Fig. 5.2 for exact locations). (d) Photograph of a tourist cruise ship entering
Port Foster through Neptunes Bellows. (Authors: A. Villasenor (a), (b) and (d); J. Galeano (c),
(e) and (f))
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Figure 5.4: a) Visitors to Antarctica during the austral summers over the past two decades. b)
Amount of visitors to specific Deception Island sites over the last five years (source: International
Association of Antarctica Tour Operators (IAATO, http://www.iaato.org)

5.3 Geological setting

Deception Island is a sizeable active Quaternary volcano with a large central collapse
caldera that is located at the south-western end of the Bransfield Strait, a marginal
basin lying between the Antarctic Peninsula and the South Shetland Islands (Fig.
5.1). The related volcanic ridge has traditionally been interpreted as a Late Ceno-
zoic extensional structure produced as a consequence of back-arc spreading (Roach,
1978; Peccerillo et al., 1991) linked to subduction of the Phoenix Plate beneath
the Antarctic Plate (Gonzalez-Ferran, 1985). Deception, Penguin and Bridgeman
islands and a number of other submerged volcanic vents are associated with the

spreading centre. In particular, Deception Island is located near the intersection
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between the axis of the Bransfield basin and the extension of the Hero Fracture
Zone (Fig. 5.1).

The construction of the island can be separated into three main phases: pre-,
syn- and post-caldera (Smellie, 2001; Marti et al., 2013). The first phase was charac-
terised by the construction of the volcanic shield and is represented by the Basaltic
Shield Formation, outcropping mainly at Baily Head and along the nearly vertical
caldera wall at Fumarole Bay (Fig. 5.2a). The Outer Coast Tuff Formation (i.e.
syn-caldera phase deposits) (Hawkes, 1961; Smellie, 2001; Marti et al., 2013) was
deposited unconformably over the shield-related units and forms an almost continu-
ous outcrop along the outer part of the island (Fig. 5.2a). The post-caldera phase,
which includes the recent historical eruptions, consists of eruptive vents scattered
across the whole island: all but one are found along the structural borders of the
caldera and most correspond to previous regional tectonic faults (Fig. 5.2a) (Smellie,
2002a; Marti et al., 2013).

The magnetic polarity of the exposed rocks and K-Ar data indicate that Decep-
tion Island is younger than 0.75 Ma (Valencio et al., 1979) and that its subaerial
part has mostly been constructed over the last 0.2 Ma (Keller et al., 1992). Indeed,
the correlation between the exposed rocks and the tephras found elsewhere in the
region suggests that these rocks are probably even younger than 0.1 Ma (Marti et
al., 2013). The age of the collapse event remains unclear due to a lack of geochrono-
logical data and the fact that none of the tephra layers found in the various ice and
marine/lacustrine sediment cores extracted around the Antarctic region appear to
correlate with this event (Smellie, 1999; Pallas et al., 2001). Since all the tephra
related to the post-caldera volcanism recorded in the region are from the Middle
Holocene or younger (Smellie, 1999; Moreton, 1999), Marti et al (2013) speculate

that the caldera may have formed in the late Pleistocene-early Holocene.

5.4 Recent Volcanic Activity & Volcanic Hazards

The 1967, 1969 and 1970 eruptions on Deception Island have been well documented
(Gonzalez-Ferréan et al., 1971; Orheim, 1972; Baker et al., 1975; Roobol, 1982;
Smellie, 1999, 2002a, 2002b; Moreton, 1999; Pedrazzi et al., 2014). First-hand
observations exist for the first two as they occurred during austral summer. The

December 1967 event created a new island around four aligned vents in Telefon Bay
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Table 5.1: Principal characteristics of the volcanic eruptions and unrest periods recorded over
the last 372 years (1641-2013). Only eruptions of known age and consistent with the relative field
stratigraphy established in this study are included (error according to the time interval provided
by the bibliography). Information about the nodes in the HASSET tool (Sobradelo et al., 2014)
is also included. See text for more details.)

Year Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8 Source
Unrest Origin  Outcome Location Composition  Size Hazard Extent
1999 Yes Geoth  Noerup - - - - - Ibanez et al. (2003)
1992 Yes Geoth  Noerup - - - - - Ibafez et al. (2003)
1970 Yes Magm  Magm Telefon Malfic 3 Ballistic L Gonzélez-Ferran
Ridge Fall out et al. (1971)
PDC Baker et al. (1975)
1969 Yes Magm  Magm Mt. Pond Malfic 3 Lava flow M Baker et al. (1975)
Lahars
PDC
1967 Yes Magm  Magm Telefon Malfic 3 Ballistic M Baker et al. (1975)
Seis Ridge Fall out Valenzuela
Port Foster PDC et al. (1968)
1943 £ 12 Yes Magm  Magm Mt. Pond  Mafic >3 - - Roobol (1973)
Pallas et al. (2001)
1918 + 12 Yes Geoth  No Erup - - - - - Roobol (1980)
Roobol (1982)
1915 + 3 Yes Magm  Magm - Malfic 3 Ballistic L Pallas et al. (2001)
Fall out Hodgson et al. (1998)
1892 + 64  Yes Magm  Magm Telefon - <3 - - Roobol (1973)
Ridge
1879 £49  Yes Magm  Magm Mt. Pond - <3 Ballistic - Smellie (2002a)
Fall out
Lava flow
1869 + 40  Yes Magm  Magm Mt. Pond  Mafic <3 - - Roobol (1973)
1842 Yes Magm  Magm Mt. Felsic 2 Lava flow S Roobol (1980)
Kirkwood Smiley in
Wilkes (1845)
Hawkes (1961)
1838 - 1839  Yes Magm  Magm Mt. - >3 Lava flow - Pallas et al. (2001)
Kirkwood Roobol (1980)
‘Whittle in
Wilkes (1845)
Birkenmajer (1991)
1827 £+ 2 Yes Magm  Magm Mt. Pond  Malfic 4 - - Roobol (1973)
Roobol (1980)
Kendall (1831)
Pallas et al. (2001)
1820 £ 1 Yes Magm  Magm - Mafic <3 Ballistic L Palais et al. (1989)
Fall out
1795 £ 5 Yes Magm  Magm Telefon - - - - Roobol (1973)
Roobol (1980)
Kendall (1831)
Pallas et al. (2001)
1750 = 50  Yes Magm  Magm Mt. Mafic >3 - - Pallas et al. (2001)
Kirkwood
1700 Yes Magm  Magm - - >3 - - Moreton (1999)
Smellie (1999)
1641 Yes Magm  Magm - Malfic >3 Ballistic L Aristarain and
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Table 5.2: Additional geochronological data about the recorded volcanic eruptions on Deception
Island between 35,400 B.P. and 450 B.P. (error according to the time interval provided by the
bibliography). This information provides the main characteristics of the eruptive style of the
island for the application of the Bayesian Event Tree method.)

Year Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8 Source
Unrest Origin  Outcome Location Composition Size Hazard Extent
450 Yes Magm  Magm - Mafic >3 - L Bjorck et al. (1991)

Moreton (1999)
Smellie (1999)

750 Yes Magm  Magm - Mafic >3 - L Bjorck et al. (1991)
Moreton (1999)
Smellie (1999)

1050 Yes Magm  Magm - Mafic >3 - L Moreton (1999)
Smellie (1999)
1350 Yes Magm  Magm - Mafic >3 - L Bjorck et al. (1991)

Moreton (1999)
Smellie (1999)

1850 Yes Magm  Magm - Mafic >3 - L Moreton (1999)
Smellie (1999)

2100 Yes Magm  Magm - Mafic >3 - L Moreton (1999)
Smellie (1999)

2250 Yes Magm  Magm - - >3 - L Moreton (1999)
Smellie (1999)

2500 Yes Magm  Magm - Malfic >3 - L Moreton (1999)
Smellie (1999)

2700 + 50  Yes Magm  Magm - Mafic >3 - L Bjorck et al. (1991)

Moreton (1999)
Smellie (1999)

3500 Yes Magm  Magm - - >3 - L Moreton (1999)
Smellie (1999)
4700 Yes Magm  Magm - Malfic >3 - L Bjorck et al. (1991)

Moreton (1999)
Smellie (1999)

5200 Yes Magm  Magm - Malfic >3 - L Smellie (1999)
Mathies et al. (1990)
8700(7) Yes Magm  Magm - Malfic >3 - L Smellie (1999)
Mathies et al. (1990)
10,670 Yes Magm  Magm - - >3 - L Moreton (1999)
Smellie (1999)
21,660 Yes Magm  Magm - - >3 - L Moreton (1999)
Smellie (1999)
26,400 Yes Magm  Magm - - >3 - L Moreton (1999)
Smellie (1999)
35,400 Yes Magm  Magm - - >3 - L Moreton (1999)

Smellie (1999)
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and a land vent located 2.5 km to the east (Fig. 5.2b). The February 1969 eruption
occurred when a 4-km-long fissure opened beneath glacial ice along the eastern
interior side of the caldera (Smellie, 2002a). This activity resulted in catastrophic
floods and lahars, and the construction of several small cinder cones (Baker et al.,
1975; Smellie, 2002b). Unlike the two previous events, there were no eyewitnesses to
the 1970 eruption. Ash fell on the Chilean station Arturo Prat on Greenwich Island
on August 13, 1970 and during the early morning on the same day near the Soviet

station Bellingshausen on the King George Islands.

The tephra record from Deception Island (Orheim, 1972) and neighbouring is-
lands (Pallas et al., 2001) and ice and sediment (marine and lacustrine) cores reveal
a series of over 30 post-caldera eruptions during the Holocene (Tables 5.1 and 5.2).
However, even the most detailed record such as that provided by Mt. Pond glacier
(Fig. 5.2a) probably only records some of the post-caldera eruptions on the island
(Orheim, 1972; Smellie, 2002b) and a considerably higher number of eruptions may
well have occurred. The record of the eruptions from the eighteenth to the twen-
tieth centuries includes periods of great activity (e.g. 1906-1912, 1818-1828) with
several temporally closely spaced eruptions, followed by decades of dormancy (e.g.
1912-1967) (Orheim, 1972; Roobol, 1982; Smellie, 2002b). Despite the inherent dif-
ficulties involved in predicting the date of the next eruption on Deception Island, it
is still reasonable to expect further episodes to occur as part of these most recent ac-
tivity cycles (Shultz, 1972). The unrest episodes in 1992 and 1999 demonstrate that
the volcanic system is still active (Ibafiez et al., 2003) and, as has been remarked in
published research work, the occurrence of a future eruption on the island cannot

be ruled out.

All post-caldera volcanism corresponds to eruptions of small volume (e.g. < 0.05
km? for each of the 1967, 1969, and 1970 eruptions) and their explosivity will have
varied in terms of their consistent phreatomagmatic nature. The interacting water
may be simply seawater from Port Foster Bay, water from the underground aquifer
or even melt water from the glaciers. The presence of Deception Island tephra in
marine sediments in the Scotia Sea (e.g. Moreton and Smellie, 1998) or in ice cores
from the South Pole (e.g. Aristarain and Delmas, 1998) suggests that some post-
caldera eruptions may have been much more violent than those experienced in recent

centuries.

The main direct volcanic hazards identified on Deception Island include (Smellie,
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2002a) ash fall, pyroclastic density currents (mainly surges), lava flows and lahars,
while indirect volcanic hazards could involve (Smellie, 2002a) steam fields, fumaroles,
heated ground, structural collapses and rock falls, hydrothermal eruptions, volcanic

gases, earthquakes and tsunamis.

Due to the strong winds and the unusually low tropopause (8-10 km) in the
area (Smellie, 1999), ash fall deposits — even in historical eruptions — are rapidly
displaced over neighbouring islands and the Antarctic continent. Indeed, ashes
from the latest eruption on Deception Island were observed on King George Island
(>150 km distance) (Baker et al., 1975). Additionally, numerous layers of Deception
Island ash are preserved in marine sediments in the Scotia Sea (>800 km distance)
(Moreton and Smellie, 1998). Close to the vent, ash fallout can lead to severe
building damage, as in the case of the abandoned Chilean station at Pendulum
Cove (Fig. 5.3b). This base was covered (and burned down) by ash from the 1969
fissure eruption, the closest vents of which were 400-500 m away (Smellie, 2002b).
Smellie (2002a) has pointed out that since the prevailing winds on Deception Island
are mainly from the west, the eastern side of the island is highly exposed to ash fall.
Nevertheless, during the most recent eruptions, almost the entire island received
some ash fall (Baker et al., 1975; Smellie, 2002a).

In the first volcanic hazard assessment on Deception Island, Roobol (1982) in-
dicated that there were no relevant pyroclastic flows on the island. Nevertheless,
Smellie (2002a) specifies that pyroclastic flows have occurred in the past but were
only abundant during the caldera-forming eruption (Outer Coast Tuff Formation).
Even so, dilute pyroclastic density currents (i.e. pyroclastic surges) are a charac-
teristic feature of many Deception Island post-caldera eruptions. In most cases,
mapped surge deposits extend for about 2 km from the vents (Pedrazzi et al., 2014)

and may travel across water (Smellie, 2002a).

Lava fountaining and flows have also been a common feature throughout the
eruptive history of the island (Roobol, 1982; Smellie, 2002a). The main hazard
related to lava flows is the damage or destruction they cause by burying, crushing
or burning as they progress. Even though they tend to be confined to valleys and can
be easily outrun, the most important problem is that they can generate jokulhlaups,
i.e. floods of molten water released from the glacier due to the opening of subglacial
vents and the partial melting of the ice cover (Roobol, 1982; Smellie, 2002a, 2002b).
In fact, Baker et al. (1975) state that the most recent eruptions demonstrate that
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these floods are the main hazards to human life and property on the island. The
same authors indicate that the most suitable sites for scientific stations on the shores
around Port Foster are also the most vulnerable to the effects of this particular

hazard.

These lahars or volcanic mudflows consist of substantial volumes of melt water,
often highly charged with debris. Their great bulk density and velocity make them
highly destructive. In fact, the jokulhlaups produced by the 1969 eruption were
responsible for the destruction of the British scientific station at Whalers Bay (Baker
et al., 1975). Lahars are characterised by having well-defined topographical limits
since they are confined to valleys (Smellie, 2002a). Thus, the location of the eruptive
vent, i.e. in ice-free areas or below the permanent ice caps on Mt. Kirkwood and Mt.
Pond (Fig. 5.2b), is crucial for determining the potential hazards to be expected

during a future eruption on Deception Island.

Other secondary hazards such as steam fields, fumaroles and ground heating are
also common on the island, and are mostly confined to the inside of the caldera
along the shores of Port Foster (Baker et al., 1975; Roobol, 1980; Smellie, 2002a)
(Fig. 5.2b). Ground temperatures of <40-60°C are common but at Pendulum Cove
and Fumarole Bay, they may reach up to 70°C and 100°C, respectively (Smellie,
2002a). These temperatures fluctuate daily, mainly with the tides. In 1920-21, for
example, sudden subsidence of the sea floor beneath Whalers Bay caused the sea to
boil and affected the ships in the area (Smellie, 2002a).

Seismicity may also be an issue in the area. During 1992 and 1999, two seismic
crises related to episodes of deep magma injection led to the evacuation of the island
(Ibafiez et al., 2003). In general terms, current activity is characterised by strong
hydrothermal circulation and intense seismicity with frequent volcano-tectonic and

long-period events (Smellie, 2002a; Zandomeneghi et al., 2009).

In addition, tsunamis triggered by eruptions and slope failures have occurred on
Deception Island in the past (Smellie, 2002a). This is an important problem since
they may block Neptunes Bellows, the only exit from (and entry into) Port Foster
and make it difficult or even impossible to sail through this narrow, shallow channel.
On a smaller scale, rock falls in strategically important places could cause major
problems and, for example, the collapse of Cathedral Crags could block Neptunes
Bellows and prevent ships from entering/leaving the island’s interior bay (Smellie,
2002a).
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5.5 Threat Analysis

The quantification of the threat posed by volcanoes to their surroundings is vital
when trying to define the required monitoring level for each volcano. In order to
perform this quantification, Ewert et al. (2005) developed the National Volcano
Early Warning System (NVEWS). The rationale behind NVEWS was to assess the
threat posed by volcanoes in the United States via an analysis scheme divided into
two main factor groups. First, those directly associated with the volcanic hazard
and second, those related to exposure of human, social and economical elements
potentially affected by the hazard. The individual factors are summed into a hazard
score and an exposure score, which are then multiplied to generate the volcano’s
overall threat score. The total threat score obtained classifies the volcanic threat
into one of five threat categories (Ewert et al., 2005): very low (6-0), low (6-30),
moderate high (30-63), high (63 -113) and very high (> 113).

In recent years several authors have applied the NVEWS analysis to other vol-
canoes (e.g. Kinvig et al., 2010; Marti et al., 2012). Scores given to each factor
(labelled from (a) to (y)) and the final results are given in Table 5.3. A brief ex-
planation of the different scores is included in the next section; full details and
references for the NVEWS analysis performed for Deception Island is included as a
Microsoft Excel spread sheet in Supplementary Material 1. For each factor we have
tried to determine the maximum and minimum score in an attempt to quantify the
uncertainty caused by the lack of data in some cases. The obtained threat score for
Deception Island is between 113.9 and 180, which corresponds to a high-to-very-high
level of threat (Ewert et al., 2005).

5.5.1 Hazard factors

Deception Island corresponds to a composite volcanic system that includes a central
collapse caldera that was responsible for the creation of Port Foster (a). Never-
theless, post-caldera volcanism is apparently restricted to small-size eruptions up to
VEI 4, as indicated by the deposits on the island and the tephra records elsewhere in
the region (b). Some indices of bimodal volcanism and deposits found at distances
of over 500 km away suggest that more powerful eruptions may have taken place
(e.g. Aristarain and Delmas, 1998; Caselli and Agusto, 2004; Smellie, 2002a) (c)
and (d).
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Table 5.3: Deception Island NVEWS (National Volcano Early Warning System) scoring factors.)

Score  Score References
(max) (min)

Hazard factors

(a) Volcano type 1 1 [1]12][3]
(b) Maximum Volcano Explosivity Index 1 1 [1][2][3]
(VEI)
(c) Explosive activity 1 1 [1][2][3]
(d) Major explosive activity 1 0 [1]12][3]
(e) Eruption recurrence 4 4 [3][4][5]
() Holocene pyroclastic flows? 1 1 3]
(g) Holocene lava flows? 1 1 [3][4]
(h) Holocene lahars? 1 1 [3]
(i) Holocene tsunami (s)? 1 1 3]
(6)) Hydrothermal explosion potential 1 1 3]
(k) Sector collapse potential 1 1 [3]
1) Primary lahar source 1 1 [3][4][6]
(m) Observed seismic unrest 1 1 [7]
(n) Observed ground deformation 1 1 [8]
(0) Observed fumarolic or 1 1 [7]
magmatic degassing
Total hazard factors 18 17
Exposure factors
(p) Volcano Population Index (VPI) 3 1.7
at 30 km
(q) Population downstream or downslope 0 0
(r) Historical fatalities 0 0
(s) Historical evacuations 0 0 [71[9]
(t) Local aviation exposure 1 1
(w) Regional aviation exposure 2 0
v) Power infrastructure 1 1
(w) Transportation infrastructure 1 1
(x) Major development of sensitive areas 1 1
(y) Volcano is significant part 1 1
of a populated island
Total exposure factors 10 6.7
Relative threat ranking (THF x TEF) 180 113.9

1] Aristarain and Delmas (1998)
2] Caselli and Agusto (2004)
3] Smellie (2002a)
4] Roobol (1982)
] Orheim (1972)
6] Baker et al. (1975)
7] Ibafiez et al. (2003)
8] Prates et al. (2013)
I

(
[
[
[
5
[
[
[
[9] Smith et al. (2003)
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The historical period in Deception Island is relatively short as it starts in 1820.
Since then, over 15 eruptions have occurred on the island at Mt. Kirkwood (e.g.
1842, 1838-1839), Mt. Pond (e.g. 1969), Whalers Bay (e.g. 1829-1908), Pendulum
Cove (e.g. 1800-1828, 18301927, 1931-1955) and Telefon Bay (e.g. 1967, 1970).
During the Holocene, at least 30 eruptions occurred on Deception Island (Tables
5.1 and 5.2) including all the volcanic hazards described in the previous section (e).
As mentioned above, there is evidence of pyroclastic surges and flows (f), lava flows
(g) and ash fall. The constant fumarolic activity on the island and the evidence
of phreatomagmatic eruptions fully justify the hydrothermal potential of the island
(Smellie, 2002a) (h). There is also evidence of sector collapses (k) that may have led
to tsunamis (j) inside Port Foster or beyond the island (Smellie, 2002a). As well,
the permanent ice on Mt. Pond and Mt. Kirkwood also provide a primary source
for a lahar in the event of an eruption occurring underneath these ice caps (1).

In 1992 and 1999, an episode of volcanic unrest took place on Deception Island
that was characterised by a great increase in seismic activity (m) and changes in
the hydrothermal system and fumarolic activity (o) (Ibanez et al., 2003). Ground
deformation has been also observed on the island during recent scientific surveys
(e.g. Prates et al., 2013) (n).

5.5.2 Exposure factor

When evaluating the threat on Deception Island it is important to take into account
the fact that it is only populated during the austral summer. However, in neighbour-
ing areas a few stations are inhabited during the winter and there is a permanent
population on King George Island (Fig. 5.1). Thus, the threat analysis presented
here refers mainly to the summer, especially for the maximum scores.

The first exposure factor is the volcano population index (VPI) within a 30-km
radius of the volcano summit or the most recent active event. On Deception Island,
this distance consists of the entire island and includes the Spanish and Bulgarian
bases on Livingston Island (Fig. 5.1). These two bases, together with the ones on
Deception Island itself, may be home to 50-100 people (i.e. a VPI of 1.7-2) (p).
However, as one of the main Antarctic touristic destinations, we should also consider
the possibility that a fully laden tourist vessel is present on the island, with which
the VPI increases to 3 or more. There is no population downstream of the volcano

within the 30 km VPI circle (q) and no fatalities have ever been recorded during
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the eruptions on Deception Island (r). The Chilean and British stations and the
Argentinian and Spanish bases were evacuated during the 1967 and 1969 eruptions
and the seismic crisis of 1992, respectively (Ibanez et al., 2003, Smith et al., 2003),
and no permanent populations remain (s).

In terms of local aviation exposure, the only airport on the South Shetland
Islands is on King George Island, about 150 km away (t): a maximum of two flights
per day would represent around 100 passengers (u). The power infrastructures for
both the Spanish and the Argentinian bases and all accessible ports within Port
Foster (e.g. Whalers Bay or Pendulum Cove) are located within the flowage hazard
zones (v), (w). Finally, several parts of the island are considered Antarctic Specially

Protected Areas and the Holocene volcanic deposits cover over 25

5.6 Volcanic hazard assessment: spatial and tem-

poral analysis

The main steps in the volcanic hazard assessment on Deception Island (Fig. 5.6)
can be divided into long- and short-term analyses. Long-term hazard assessment is
based on the past history of the volcano and requires information from the geolog-
ical record. This analysis enables us to determine the eruption recurrence and the
possible nature of a forthcoming eruption. Short-term hazard assessment, on the
other hand, provides complementary information resulting from the combination of
a long-term analysis with real-time monitoring data gathered during a crisis or an
unrest episode, and helps forecast where and when the eruption might take place
and the most likely eruptive scenarios. To evaluate the long-term volcanic hazard,
for this study we carried out both temporal and spatial analyses: the former eval-
uates in a probabilistic way possible outcomes of volcanic unrest within a specific
time frame, while the latter uses simulation models to predict the most probable
eruptive scenarios and which areas could be affected by a future eruptive event. The
susceptibility analysis enables us to identify which areas have the greatest likelihood
of hosting new vents.

Since the results from these temporal and spatial analyses are highly dependent
on the data used, the selection of the data source is one of the most important steps
to be undertaken during a hazard evaluation. Due to the logistic difficulties involved

in performing repeated field studies or other surveying in the area, only previously
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Figure 5.6: Flow chart for the volcanic hazard assessment. Tools used in this study are also indicated

130



BARTOLINI ET AL., 2014 - CHAPTER 5

published peer-reviewed information has been used in addition to our own data in
this systematic volcanic hazard assessment. In the coming sections we provide a
general overview of the different tools applied in this study, as well as a careful
description of the required input data. For further detailed information regarding

each specific tool, readers are referred to the original papers.

5.6.1 Susceptibility analysis

The first step in a long-term spatial analysis is to evaluate the susceptibility (proba-
bility of vent opening; Mart{ and Felpeto, 2010) of the volcanic area. For Deception
Island we paid special attention to recent volcanic structural indicators such as vent
locations and alignments, fumarolic activity and heated ground sites (Fig. 5.2).
Vent locations were divided into post-caldera craters (no precise dating but recog-
nisable in the field and from satellite images) and the historical volcanism described
in the bibliography (Wilkes, 1845; Valenzuela et al., 1970; Gonzalez-Ferran et al.,
1971; Baker et al., 1975; Roobol, 1980; Smellie, 2002b; Pedrazzi et al., 2014). The
lineament structures shown in Figure 2a are taken from the simplified structural
map of Deception Island in Marti et al. (2013). On the island, a NE-SW oriented
regional tectonic trend, almost parallel to the expansion axis of the Bransfield Strait,
is clearly predominant; NW—-SE and N-S oriented faults are also present (Marti et
al., 2013). Figure 5.2b also includes areas with clear signals of hydrothermal pro-
cesses (e.g. fumaroles, heated ground) possibly related to the heating of shallow
aquifers by magma intrusions at depth (Ortiz et al. 1987; Ramos et al. 1989; Rey
et al., 1995; Lépez-Martinez et al., 2000; Patrick and Smellie, 2013).

Susceptibility is generally calculated using probabilistic methods that estimate
probability density functions (PDFs) by calculating a kernel function for each data
location (Martin et al., 2004; Felpeto et al., 2007; Connor et al., 2012; Cappello et
al., 2012, 2013; Becerril et al., 2013; Bartolini et al., 2013). The smoothness and the
modelling ability of the kernel function is controlled by the smoothing parameter or
bandwidth A, which determines how the probabilities spread out from the volcanic
structures or vents (Diggle, 1985; Connor and Hill, 1995; Lutz and Gutmann, 1995;
Cappello et al., 2012). Thus, for small h values, the kernel function gives high
probability estimates in the vicinity of the existing volcanic structures. Conversely,
when high bandwidth values are assigned, the probability estimates are distributed

in a more homogeneous way throughout the entire area under study. The h values
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LAYER h (m)
Post-caldera craters 1170
(field work, analyzing orthophotos)
Historic volcanism 528

(Wilkes, 1845; Valenzuela et al., 1970;
Gonzéalez-Ferran et al., 1971; Baker et al., 1975;
Roobol, 1980; Smellie, 2002b;

Pedrazzi et al., 2014)

Lineaments 3294
(Marti et al., 2013)
Fumarolic activity 4071

(Lopez-Martinez et al., 2000;
Smellie and Lopez-Martinez, 2002)
Heated ground 1001
(Lopez-Martinez et al., 2000;
Smellie and Lopez-Martinez, 2002)

Table 5.4: Bandwidth parameters for all the available datasets on Deception Island obtained
using the modified LSCV (Least Square Cross Validation) method (Cappello et al., 2013) in the
QVAST tool (Bartolini et al., 2013)

obtained for our dataset from Deception Island are given in Table 5.4.

For the present work, the bandwidth and the corresponding Gaussian Kernels
and PDFs for all available datasets (vent locations, vent alignments, dykes, etc.)
were evaluated with QVAST (Bartolini et al., 2013). We chose the modified version
of the Least Square Cross Validation (LSCV) method to evaluate h (Cappello et
al., 2012, 2013) and computed the final susceptibility map (Fig. 5.7) assuming a
non-homogeneous Poisson process. To obtain the final susceptibility map, we had
to combine all the PDFs evaluated for each volcano-structural data in a weighted
sum. These weights were assigned using expert elicitation judgment (see Aspinall,
2006; Neri et al., 2008) by experts from the Group of Volcanology of Barcelona
on the basis of structural criteria (see Marti and Felpeto, 2010), which provide
initial indicative probability distributions associated with each PDF. We obtained
the following values: 0.4 for the historical volcanism, 0.4 for the post-caldera craters,

0.1 for lineament structures, 0.05 for fumarolic activity and 0.05 for heated ground.
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Figure 5.7: Susceptibility map of future eruptions on Deception Island calculated with QVAST
(Bartolini et al., 2013)

5.6.2 Temporal analysis

The temporal analysis was computed using HASSET (Sobradelo et al., 2014), an
event tree structure that uses Bayesian inference to estimate the probability of oc-
currence of a future volcanic scenario (Sobradelo and Marti, 2010) and to predict
the five most likely scenarios. An event tree is a probabilistic model that can be
used to calculate the probability of occurrence for any possible volcano-related event
(Newhall and Hoblitt, 2002; Aspinall and Woo, 1994; Marzocchi et al., 2008, 2010;
Aspinall, 2006; Neri et al., 2008; Marti et al., 2008; Sobradelo and Marti, 2010;
Becerril et al., 2014). This graphic representation of events in the form of nodes and

branches depicts all relevant possible outcomes of volcanic unrest in progressively
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greater levels of detail.

Input data for the HASSET event tree model consists of geological and /or physi-
cal models, past data, present and past monitoring observations, and expert opinion.
Three parameters must be entered at each branch to run the model: past data, prior
weight and data weight (Sobradelo and Marti, 2010; Sobradelo et al., 2014). Past
data consists of information about the volcanic area corresponding to observational
data or data collected from the bibliography. We assume that the future behaviour
of the volcano will be similar to its recent past history. In probabilistic terms, prior
weight represents uncertainty before data are gathered and it is assigned on the basis
of the priori beliefs regarding the volcanic area under study. Data weight represents
how well we know the system. This value represents the epistemic uncertainty re-
lated to our knowledge of the system and the quality and quantity of data we have
about the system. The more data we have, the better we know the system and the
lower the epistemic uncertainty (Woo, 1999; Sobradelo and Marti, 2010).

The study of temporal probability on Deception Island was based on the cata-
logue of eruptions documented in Tables 5.1 and 5.2. Information from these erup-
tions was used to characterise past eruptive activity and to estimate some of the
input parameters required for our hazard assessment. Due to the certainty that not
all post-caldera eruptions occurred on Deception Island have been identified and/or
dated, we computed only those volcanic eruptions and unrest periods recorded for
the last 372 years (1641-2013), the period for which the available stratigraphic record
and geochronological data are most precise. Therefore, using HASSET we were able
to estimate the probability of a volcanic episode occurring within the forecasting
time interval (the following 2 years). This forecasting time interval was chosen on
the basis of the model and represents the minimum time window range needed to
evaluate the probability of having at least one eruption in the range considered (see
Sobradelo and Marti, 2010). The time window of the dataset is 372 years and so
we obtained 186 time intervals of data for the study period. As we restricted our
dataset to the last 372 years, the eruptions in this catalogue were used to assign
prior weights to nodes 2 to 8. Table 5.5 shows the Bayesian event tree structure for
Deception Island, as well as the input parameters for each branch. Figure 5.8 shows

the probability for each event tree branch.
Furthermore, using HASSET it is possible to compute the total probability for

any particular scenario and then compare results. Once all probability density func-
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Figure 5.8: Bayesian event tree structure for Deception Island including results for the probability
estimate using the HASSET tool (Sobradelo et al., 2014)
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Table 5.5: Input data for HASSET (Sobradelo et al., 2014). Prior weights and data weights are
estimated using data on Deception Island volcanic activity. Past data are based on the eruptions
recorded over the last 372 years

# NODE EVENT PAST PRIOR DATA
NAME EVENT DATA WEIGHT WEIGHT

1 UNREST Yes 19 0.30 10
1 UNREST No 167 0.70 10
2 ORIGIN Magmatic 16 0.50 10
2 ORIGIN Geothermal 3 0.40 10
2 ORIGIN Seismic 0 0.05 10
2 ORIGIN Other 0 0.05 10
3 OUTCOME Magmatic eruption 16 0.60 10
3 OUTCOME Sector failure 0 0.02 10
3 OUTCOME Phreatic explosion 0 0.08 10
3 OUTCOME No eruption 3 0.30 10
4 LOCATION Mt. Pond 5 0.20 50
4 LOCATION Telefon Ridge 4 0.25 50
4 LOCATION Stonethrow Ridge 0 0.05 50
4 LOCATION Mt. Kirkwood 3 0.28 50
4 LOCATION Port Foster 1 0.22 50
5 COMPOSITION Mafic 10 0.95 50
5 COMPOSITION Felsic 1 0.05 50
6 SIZE VEI > 4 3 0.20 10
6 SIZE VEI = 3 9 0.70 10
6 SIZE VEI < 2 3 0.10 10
6 SIZE - - - -
7 HAZARD Ballistic 6 0.30 30
7 HAZARD Fallout 6 0.30 30
7 HAZARD PDC 3 0.20 30
7 HAZARD Lava flow 4 0.12 30
7 HAZARD Lahars 1 0.03 30
7 HAZARD Debris avalanche 0 0.03 30
7 HAZARD Other 0 0.02 30
8 EXTENT Short 1 0.10 50
8 EXTENT Medium 2 0.30 50
8 EXTENT Large 4 0.60 50
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tions for each branch of each node and the conditional probability assessment are
calculated, all these probabilities can be combined to estimate the total long-term
probability of a particular event. Thus, we evaluated the total probability for differ-
ent eruptive scenarios for the five different sectors that we established for Deception
Island according to susceptibility and topographic criteria, as is permitted by HAS-
SET and explained below (Fig. 5.9).

Node 1: Unrest

This first node estimates the temporal probability that the system will reactivate
during the next time window. The probability that an unrest phase will occur (or
not) during the next time window can be obtained by analysing the number of past
time windows that encompass an episode of unrest. It does not take into account
the periods of repose between eruptions or the possible non-stationary nature of the
data (Sobradelo and Marti, 2010; Sobradelo et al., 2014).

As mentioned above, the existing eruptive record of Deception Island may be
incomplete. First, the island is uninhabited for most of the year and so direct obser-
vations of unrest periods, whether a prelude or not to a volcanic eruption, are clearly
biased towards the period when observers are present. Second, most of the informa-
tion comes from ice-core studies and reports from Antarctic expeditions. Thus, the
number of unrest periods occurring during the temporal window used in this anal-
ysis may be underestimated. For this reason, we assigned an epistemic uncertainty
of 10 to our data weights, which means that new evidence on intervals with eruptive
or non-eruptive behaviour will modify our prior assumptions. We assigned a 0.30

prior weight to unrest and 0.70 of prior weight to ‘no’ unrest.

Node 2: Origin

The origin node takes into account four types of unrest that could occur in a
volcanic area: magmatic involving the movement of fresh magma, geothermal, seis-
mic and others. Two intense seismic crises in 1992 and 1999 have been registered
in 15 years of monitoring (Ibafiez et al., 2003). This high seismicity was proba-

bly associated with the activity of the main geothermal system installed inside the
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Figure 5.9: Sectors on Deception Island based on volcanic susceptibility and topographic criteria.
The probabilities of the different hazards in each zone of Deception Island obtained with the
application HASSET (Sobradelo et al., 2014) are also shown (see text for more explanation)
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caldera depression (Marti et al., 2013). Despite the predominantly magmatic char-
acter of past activity on the island, we cannot exclude the possibility of geothermal
behaviour without any associated fresh magma movements as occurs in other caldera
systems with high geothermal activity (e.g. Campi Flegrei, Gottsmann et al., 2006;
Nysiros, Gottsmann et al., 2007). In this sense, we have to assume that seismo-
volcanic signals can also be associated with a shallow geothermal aquifer and deep
hot materials (but not necessarily fresh magma), which gives rise to the resonance
of fluid-filled fractures (Ibafez et al., 2003). In fact, these seismic measurements are
not continuous and have only been registered over the past 15 years; there is thus
a lack of seismic information and other similar but unrecorded periods of intense
seismic activity may have gone unnoticed (Ibafniez et al., 2003). For this reason, we
assigned 0.5 for magmatic origin, 0.4 for geothermal origin, and split the rest evenly

among the other options.

The prior weights are assigned on the basis of a priori beliefs and so we assigned
a value of 10 to the epistemic uncertainty since we still expect the majority of unrest
to be of magmatic origin. However, it is important to give a certain weight to new

evidence.

Node 3: Outcome

A study of volcanic unrest in the historical period of Deception Island shows
that 84

Given that these weights were assigned on the basis of incomplete data, we as-
signed a value of 10 to the epistemic uncertainty. We did not assign total epistemic
uncertainty as we still believe that the largest weight should be for the magmatic
eruption with no eruption branches; however, we still want new evidence to be able

to contribute significantly to the updating of our prior weights.

Node 4: Location

The location node divides Deception Island into five main zones according to its
topographic characteristics and the nature of past activity (volcanic susceptibility

and past hazards). The five zones are shown in Figure 5.9.

Mount Pond (zone 1) and Mount Kirkwood (zone 4) represent zones with the
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presence of extensive glaciers on their summits. The 1969 subglacial eruption took
place on Mount Pond (Smellie, 2002b) and gave rise to the Costa Recta, a retreated
scarp produced by a normal NNW-SSE-orientated fault (Fernandez-Ibanez et al.,
2005). Mount Kirkwood is characterised by the lava flows from the 1842 eruption.
In the vicinity of Mount Kirkwood there are two scientific-military bases, the Base
Decepcion (Argentina) and the Gabriel de Castilla station (Spain), both of which
only operate during the Antarctic summer. The eruptive episodes from 1967 and
1970 were located on Telefon Ridge (zone 2) and Telefon Bay was largely filled
by products from these eruptions, although three new smaller bays were created
in flooded craters that formed during the final eruption in 1970 (Smellie, 2001).
Stonethrow Ridge (zone 3) was formed after the caldera collapse and is characterised
by lava flows and deposits of red and black scorias (Agusto et al., 2007). Port Foster
(zone 5), the sea-flooded depression formed by the caldera collapse, occupies the
central part of the island and is characterised by major normal faults bounding the
caldera depression (Maestro et al., 2007; Marti et al., 2013).

The susceptibility analysis of the island based on the methodology described
above allows us to assign prior weights to each node with a high degree of confi-
dence, as shown in Table 5.5. The reliability of the susceptibility map allows us to
assign a data weight of 50 since the prior weights were estimated using past data
from Deception Island based on the volcano-structural data and on the location of
past and current hydrothermal activity. For this reason, we are confident of the

initial distribution of these prior weights.

Node 5: Composition

Most of the post-caldera volcanic activity on Deception Island corresponds to the
eruption of basaltic and andesitic magmas (Gonzélez-Ferran et al., 1971; Smellie,
2001), of which only one is of dacitic composition (Table 5.1). Therefore, we as-
signed a wait of 0.95 for mafic composition and 0.05 for felsic composition. We
assigned an epistemic uncertainty of 50, which means that new evidence regarding
the composition of the historical eruptions will not modify substantially our prior

assumptions.
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Node 6: Size

The erupted volume on Deception Island ranges from 0.01 to 0.1 km3 of magma,
with post-caldera activity varying from magmatic Strombolian to phreatomagmatic
sub-Plinian in nature (Baker et al., 1975; Keller et al., 1992; Smellie, 1988, 1999).
The values that characterize this activity on the island can be linked to small batches
of deep-sourced magmas (Mart{ et al., 2013). Taking into account the recorded data,
we attributed to VEI<= 2, VEI =3 and VEI >=4, the values of 0.10, 0.70 and 0.20,
respectively. We assigned as a prior weight for the epistemic uncertainty a value
of 10 as new evidence on the volumes or sizes of the historical eruptions will help

significantly update our prior knowledge.

Node 7: Hazard

Post-caldera eruptions are characterised by the generation of ballistic ejecta, sco-
ria fallout, PDCs, lava flows and lahars. Based on information on past activity, we
assigned 0.3 for both ballistic ejecta and fallout, 0.2 for PDC, 0.12 for lava flows,
0.03 for both lahars and debris avalanches, and 0.02 for others. However, for the
same reasons given for the size weights, we assigned a value of 30 to the epistemic
uncertainties, as these prior weights may vary somewhat if an improved data cata-
logue — especially based on studies of the ice record — of past volcanic deposits can
be obtained.

Node 8: Extent

Node extent refers to the distance reached by eruption products such as lava
flows, ballistic, fallout, lahars and PDCs. The extent of the recent volcanic products
on Deception Island varies considerably and, while lava flows may emplace only very
close to the vents, ash fallout can be carried over 100 km due to the strong winds
and the characteristic tropopause height of the area. In this analysis, we considered
products located near the vents to be of small extent, products emplaced on the
island to be of medium extent, and products emplaced beyond Deception Island to
be of large extent. According to this and the geological record, 0.1 of extents were
small, while 0.3 were medium and 0.6 large. We assigned an epistemic value of 50

to all branches, as new data will not affect significantly this information.
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5.6.3 Eruptive scenarios

The second step is to simulate different eruptive scenarios using information on the
spatial probability of a new vent opening indicated on the calculated susceptibility
map. The result is a final qualitative hazard map created by the superposition of
the different analysed scenarios. Simulations were conducted using VORIS 2.0.1
(Felpeto et al., 2007; available at http://www.gvb-csic.es/GVB/VORIS/VORIS.
htm) and LAHARZ (Schilling, 1998; available at http://vulcan.wr.usgs.gov/
Projects/LAHARZ/framework.html), two automatic systems developed in a GIS
framework (ArcGis®) that enable volcanic hazard maps and eruptive scenarios based
on geological record information to be elaborated. The VORIS 2.0.1 tool generates
quantitative hazard maps for lava flows and PDCs and simulates fallout deposits for
a single vent. LAHARZ is able to map lahar inundation zones.

Eruptive scenarios were calculated using information from recent historical erup-
tions and on the basis of the premise that future eruptions (if any) will be similar
to those documented on the island from 1842, 1967, 1969 and 1970. Taking into
account the main types of primary volcanic hazards identified during the historical
eruptions (Smellie, 2002a), the eruptive scenarios predict the existence of ash fall,
lava flows, dilute pyroclastic density currents and lahars. Furthermore, as obtained
in the Bayesian Event Tree analysis, we have also a not null probability for ballistic
ejecta and debris avalanches hazards. In this first analysis, we have decided not to

include these two hazards due to the scarcity of input parameters to run the models.

Ash fall

Ash fall can be expected to occur on Deception Island in the event of more than one
type of eruptive style. The style considered in this study was a violent Strombolian
eruption, which coincides with recent eruption styles and corresponds to the most
significant hazard in terms of probability of occurrence according to the long-term
event tree constructed in section 5.2 (Temporal analysis). The input data regarding
the eruptive column and ash particle size were inferred from the 1967, 1969 and 1970
eruptions (Valenzuela et al., 1970; Gonzélez-Ferran et al., 1971; Baker et al., 1975;
Roobol, 1980; Smellie, 2002b; Pedrazzi et al., 2014), which were relatively small
in volume (<0.05 km3) with eruptive columns that were probably less than 10-km
high (Smellie, 2002b; Pedrazzi et al., 2014). Ash fallout simulations were based
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on the advection-diffusion model (Folch and Felpeto, 2005), whereby the vertical
mass distribution is computed using Suzuki’s approximation (Suzuki, 1983; Felpeto
et al., 2007). Wind data for the advection model correspond to records from the
Bellingshausen station and were provided by the British Antarctic Survey (http://
www.antarctica.ac.uk/met/READER/upper_air/uawind.html). Monthly records
were used to calculate average annual wind velocities and directions at intervals
of about 1,500 m up to an altitude of 20,000 m for a 30-year period (from 1969 to
1999). The wind roses for the time period considered are included as Supplementary
Material 2.

We focused our attention on the fallout scenarios corresponding to the average
wind velocity and direction values for each season. Up to five different wind direction
inputs and intensities at different vertical heights can be used with the VORIS 2.0.1
tool. We chose data from altitudes between 1,500 and 12,000 m. Westerly winds
prevail in general throughout the year, but with a more north-westerly direction
in summer and winter. This is due to the fact that the data used come from a
station that is strongly affected by the climatological low pressure that forms over
the Bellingshausen Sea that generates predominantly north to north-westerly winds
(Turner and Pendlebury, 2004). Wind speed averages range between 20 and 50 m/s.
All the simulations were conducted assuming a single eruptive vent located in the

area with the highest spatial probability during each season.

Results are shown in Figure 5.10, with particles distributed in a 5-km-high erup-
tive column produced by a violent Strombolian eruption generating 0.03 km3 of
deposits. The column height and volume values are the same as for the 1969 erup-
tion (Ortiz et al., 1987; Smellie, 2002b). We considered particle sizes ranging from
-6 to 2 ¢ (i.e. 64 mm to 0.25 mm), which cover the entire range of particle sizes
observed in the volcanic deposits of the 1970 eruption (Gonzélez-Ferran et al., 1971;
Shultz, 1972; Pedrazzi et al., 2014). It is clear that, as in the 1967 and 1969 eruptions
(Smellie, 2002a), ash fall may also affect the southern part of the island, thereby
hindering the exit of ships sailing from inside Port Foster (Fig. 5.3d). Moreover, as
shown in Figure 10, ash fall may even cause problems for vessels operating several

kilometres away from Deception Island.
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Figure 5.10: Ash fallout simulations (thickness) with a 5-km column height and volume of 0.3
km3. All four seasons are simulated using wind data from the Bellinghsausen station

Lava flows

The lava flow (probabilistic) model applied is based on the assumption that topog-
raphy and flow thickness play major roles in determining lava paths (Felpeto et al.,
2007 and references therein). Input parameters required by the model include a
Digital Elevation Model (DEM), maximum flow lengths and height correction (i.e.
average thickness of the flow). In the case of Deception Island, simulations were
run over a DEM with a cell size of 30 meters. Small lava flows that accumulated
near the eruptive vent and did not flow over long distances were generated in the
historical eruptions (Smellie, 2002a). The eruption with the largest lava flow was
that of 1842, from Mt. Kirkwood, which reaches a maximum length of 5 km. Thus,
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we assumed flow lengths in the range 1-5 km. The thickness used as input data for
the models was 3 m, corresponding to the average value of individual flows measured
in the field. The simulations were run for all cells in the DEM and the sum of the
5,000 iterations provided a map with the probability for any particular cell of being
covered by a lava flow. Figure 5.11a consists of a lava-flow simulation probability
map, which shows that there is a high probability that the caldera interior around
the shores of Port Foster will be affected by lava flows. From this map it is clear
that both scientific stations on the island and the evacuation routes proposed by
the Spanish military staff (based on logistical criteria) are all located in areas with

a moderate-to-high probability of being affected by lava flows.

PDCs

Pyroclastic density currents (PDCs) were simulated using the energy cone model
(Sheridan and Malin, 1983) with input parameters of topography, the collapse equiv-
alent height (H.) and angle (#). The latter is obtained by the arctangent of the ratio
between H,. and L, where L represents the run-out length (Felpeto et al., 2007; Toyos
et al., 2007). The output of the model is the maximum potential extent that can
be affected by the flow (Malin and Sheridan, 1982; Toyos et al., 2007; Felpeto et al.,
2007). The collapse equivalent height values range from 100 m up to about 1000 m
(for very large eruptions), while the angle values range from about 4° for base surge
explosions to 27° for column collapse phases (Sheridan and Malin, 1983). The result
of each simulation is the area potentially attainable by a PDC.

On Deception Island, mapped surge deposits extend about 2 km from known
vents and are small in volume (Smellie, 2002a). Collapse equivalent heights were
chosen in the range of 200-500 m above the possible vent site in order to constrain
the best H. matching real deposits. We simulated PDCs with a collapse angle of
122 calculated from the ratio between the H. and the run-out length. Results are
shown in Figure 5.11b. The map obtained represents the sum of the simulation for
all cells in the DEM for a collapse column of 400 meters and an inclination of the
energy cone of 12°. The map shows how the interior area of Mt. Kirkwood has a
high probability of being affected by dilute pyroclastic density currents that would
affect the scientific stations and the evacuation routes. In addition, Telefon Ridge
has a moderate-high probability of being invaded by PDCs, which would also affect

evacuation routes.

145



BARTOLINI ET AL., 2014 - CHAPTER 5

a)

3019000

UTM Narthing (m)

b)

Figure 5.11:  Lava flow
(a), PDC (b) and lahar (c)
simulation probability maps.
Evacuation routes provided
by the Spanish military staff
are indicated by dotted lines

UTM Northing (m)
3015000

UTM Easting (m)
c)

018000

UTM Harthing (m)

§
H

616000
UTM Easting (m)

146



BARTOLINI ET AL., 2014 - CHAPTER 5

Lahars

The LAHARZ semi-empirical code creates hazard-zonation maps that depict esti-
mates of the location and extent of areas inundated by lahars (Hoblitt et al., 1995,
Schilling, 1998). The input parameters of this model are the Digital Elevation Model
(DEM) and lahar volume, which provide an automated method for mapping areas

of potential lahar inundation.

The lahar eruptive scenario was computed bearing in mind the fact that, in
association with subglacial eruptions, lahars affected Deception Island during past
activity (Smellie, 2002a, 2002b). Based on the estimated volumes from the 1969
eruption located under the Mt. Pond glacier (Smellie, 2002b), simulations were run
with a volume of few millions of m3 originating along fissures in the two principal
glacier zones, Mt. Pond and Mt. Kirkwood (Fig. 5.2a). These summits have
extensive thin glaciers that could represent a significant hazard, creating a large

and sudden discharge of melt water that would overflow the glacier.

Figure 5.11c shows a lahar simulation with hazard gradations ranging from low
to high probabilities. The map shows how lahars could flood and reach the sea, and
seriously damage the Gabriel de Castilla station on the way. From the map it is clear,
as in the case of lava flows, that evacuation routes are located in moderate-to-high

probability areas.

5.6.4 Hazard map

Finally, we obtained a qualitative hazard map with four levels of hazard (Fig. 5.12):
very low, low, moderate and high. We established these levels on the basis of a
combination of simulations for an area invaded by lava flows, lahars, and PDCs.
The map shows that in the interior of the caldera there is mostly a moderate-to-
high risk of being affected by one of the hazard scenarios considered. The highest
hazard level is confined to the north-eastern flanks of Mt. Kirkwood, Pendulum
Cove and the south-eastern slopes of Telefon Ridge (Fig. 5.12). The few areas with
only a very low hazard level are mainly limited to Baily Head and Entrance Point
(Fig. 5.12). From the hazard map it is clear that the two scientific stations on the
island are both located in moderate-to-high hazard zones. Moreover, some of the

evacuation routes run through areas possessing very high hazard level.
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Figure 5.12: Qualitative hazard map for Deception Island. The evacuation routes provided by

the Spanish military staff and the best sites for helicopter uplift according to Smellie (2002a) are
also indicated
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5.7 Discussion

Deception Island is the most active volcanic complex in the South Shetland Islands.
Despite the important continuous research activity and the increasing number of
tourists per year, no detailed hazard assessment has ever been conducted for the
island. Two previous attempts have been made: Roobol (1982) mainly focused on
assessing the zones threatened by lahars and constructed a model using topographic
data and the extent of the ice cap, while Smellie (2002a) basically used observations
of the extent of the products from the most recent historical eruptions in 1842, 1967,
1969 and 1970.

It is clear that hazard assessment on Deception Island may be limited by the
lack of a complete geological record (e.g. chronological and stratigraphic data).
Nonetheless, the threat evaluation and the spatio-temporal analysis presented here
do provide a comprehensive hazard assessment for the island. Despite the intrinsic
limitations of the methodology (partially due to the scarcity of data), we believe
that this first analysis — albeit subject to improvement by new data — represents an

important tool in management planning and in preparation for possible evacuations.

Even by assuming conservative values for some of the evaluated factors, the
threat score obtained using the NVEWS test (Ewert et al., 2005) gives a range of
113.9-180, which places Deception island in the category of a volcano with a high-
to-very-high threat, comparable to Crater Lake, St. Helens, Novarupta and Katmai
in the USA (Ewert et al., 2005). According to Ewert et al. (2005), these high-threat
volcanoes should be closely monitored in real-time. In more detail, the monitoring
network must be able to track changes occurring in the system as they happen and
to apply models to the on-going and expected activity. On Deception Island, Span-
ish seismologists monitor the island with five seismometers and one array during
the austral summer (Carmona et al., 2012). During some campaigns other scien-
tific groups also measure ground deformation and temperature (e.g. Prates et al.,
2013; Peci et al., 2014). In light of the NVEWS recommendations, the volcano-
monitoring network on Deception Island should be improved, especially considering

the important tourist and scientific activity ocurring during the Antarctic summer.

The present hazard assessment is relevant as an analysis of the adequacy of
the current evacuation routes and locations of the active scientific stations. From

Figure 5.12, it is clear that both Base Decepcion and Gabriel de Castilla station
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are located in areas of moderate to high hazard. Previous work dealing with hazard
assessment on Deception Island have already advised against the construction of
permanent buildings on the shores of Port Foster (Roobol, 1982; Smellie, 2002a).
Baker and co-authors (1975) highlighted that it would be “evidently unwise” to
construct any new stations or any other kind of installation on the island. Roobol
(1982) proposed that the safest place would be along Kendall Terrace outside the
ring-fault zone (Fig. 5.5a) and argued that, if two different constructions were
installed there, it seemed extremely unlikely that one would not survive the other
in case of an eruption. Figure 5.12 demonstrates that the destroyed Chilean and

British stations were, indeed, located in areas with high hazard level.

As is clearly suggested by the range of volcanic hazards identified on Deception
Island, and given the increasing number of tourists and scientific expeditions vis-
iting the island and its surroundings, it is important to identify escape routes in
case of a sudden volcanic eruption. The escape strategy provided by the Spanish
military staff is illustrated in Figure 5.12. However, the evacuation routes from
both scientific stations run through zones with high hazard level. Indeed, as Smellie
(2002a) remarks, all possible escape routes from the inner bay to the outer coast are
demanding since they include climbing up on to the steep caldera walls. So, because
the routes are physically arduous, even fit persons may end exhausted. It should
be added that it is almost impossible to use ground vehicles to transport people
and, if possible, considerable skill and local knowledge of the routes are required (cf.
Smellie, 2002a).

All routes to the outer coast would take hours to complete — a minimum of two
hours for the easiest route (Fig. 5.12, label 1) and over three or four hours (or more)
for the most difficult ones (Fig. 5.12, label 2). According to Smellie (2002a), there
are no recommended safe routes over snow and ice because the inherent difficulties of
travelling over glaciers (e.g. crevasses, whiteout, slippery surfaces). So, glacier travel
should be avoided unless with trained guides using suitable equipment, although this
is unlikely to be readily available in an emergency (cf. Smellie, 2002a). It should
be added that the existing evacuation routes shown in Figure 5.12 were defined
without any accurate hazard assessment and taking into account only logistical
considerations. Thus, the results presented here should encourage a revision of the

distribution and course of the evacuation routes.

The evacuation of the island would be difficult for a number of other reasons.
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First, it is possible that the entrance to Port Foster would be blocked or difficult to
sail through due to the eruption, a tsunamis or any other of the hazards outlined
here. Thus, all ships present within the bay when an eruption begins should set sail
immediately, preferably after uplifting all people on the ground (Smellie, 2002a).
Vessels should also avoid sailing too close to Cathedral Crags given the possibility
of rock falls from these unstable cliffs.

Another aspect to be taken into account is that all rescue ships and helicopters
should avoid passing through or under the eruption ash cloud due to the possibility
of damage to machinery caused by ash particles. This is an important difficulty
during rescue operations given that the hazard assessment developed in this study
and, above all, the eruptive simulations reveal the possibility that Neptune’s Bellows
will be affected by ash fall. This would hamper any rescue operation and navigation
routes, as well as activity on other islands. On the other hand, PDCs and lava flows
are more constrained to the area around the vents, but these could still affect the

research stations and create a problem for the existing evacuation routes.

5.8 Conclusions

Here we present a long-term volcanic hazard assessment of Deception Island that
takes into account both temporal and spatial probabilities. The computation of the
latter probabilities for the different eruptive scenarios is important in the evaluation
of the hazard level on different parts of the island. These values can be easily
updated and improved with the incorporation of new information such as a more
complete volcanic stratigraphy and geochronological data.

The hazard probability map shows that the research stations could be affected
by PDCs and that a large area of the island could be covered by ash fallout. Fur-
thermore, the opening of new fissures in the glacier zones could generate lahars that
would reach the research stations and affect evacuation routes. These results are
useful for planning and choosing suitable routes for evacuating the island during a
volcanic crisis in the Antarctic summer when the island is populated.

Finally, it is worth mentioning that this long-term assessment may help decision
makers when faced with difficult situations such as the allocation of resources for
hazard prevention and evacuation whose objective is to reduce the loss of life due

to the potential impact of volcanic hazards.
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HAZARDS FACTORS SCORE (max) SCORE (min)

Volcano type

If volcano type is cinder cone, basaltic field, small shield, or fissure vents: Score=0
If volcano type is stratocone, lava domes, complex volcano, maar or caldera: Score=1

Maximum Volcano Explosivity Index (VEI)

If maximum known VEI< or = 2: Score=0

If maximum known VEI=3 or 4: Score=1

If maximum known VEI=5 or 6: Score=2

If maximum known VEI < or = 7: Score=3

If no maximum VEl is listed by GVP and if volcano type=0: Score=0

If no maximum VEl is listed by GVP but volcano type=1: Score=1

If no known Holocene eruptions and the volcano is not a silicic caldera system: Score=0

Explosive activity

If explosive activity (VEI> or = 3) within the past 500 years: Score=1

Major explosive activity

If major explosive activity (VEI > or = 4) within past 5,000 years: Score=1

Eruption recurrence

If eruption interval is 1-99 years: Score=4
If eruption interval is 100-1,000 years: Score=3
If eruption interval is 1,000 to 5,000 years: Score=2

If eruption interval is 5,000—10,000 years, or if no Holocene eruptions but it is a large-volume restless silicic system that has erupted in the
last 100,000 years: Score=1

If no known Holocene eruption: Score=0

Holocene pyroclastic flows?

If yes: Score=1
Y 1 1

Holocene lava flows?

If Holocene lava flows have traveled beyond the immediate eruption site or flanks and reached populated areas: Score=1

Holocene-lahars?
If Holocene lahars have traveled beyond the flanks and reached populated areas: Score=1

Holocene tsunami (s)?

Has it produced a tsunami within the Holocene? If yes: Score=1 1 1

Hydrothermal explosion potential

If the volcano has had Holocene phreatic explosive activity, and/or the volcano has thermal features that are extensive enough to pose a
potential for explosive activity: Score=1

Sector collapse potential

If the volcano has produced a sector collapse in Quaternary time and has rebuilt its edifice, or, has high relief, steep flanks and demonstrated
or inferred alteration: Score=1 1 1

Primary lahar source

If volcano has a source of permanent water/ice on edifice, water volume >10e6 m3: Score=1 1 1
Subtotal HAZARDS FACTORS 15 14
HISTORICAL UNREST FACTORS SCORE (max) SCORE (min)

Observed seismic unrest

Since the last eruption, in the absence of eruptive activity, within 20 km of the volcanic edifice? If yes: Score=1 1 1

Observed ground deformation

Since the last eruption, in the absence of eruptive activity, inflation or other evidence of magma injection? If yes: Score=1 1 1

Observed fumarolic or magmatic degassing

Since the last eruption, in the absence of eruptive activity, either heat source or magmatic gases? If yes: Score=1

TOTAL HAZARD FACTORS

EXPOSURE FACTORS SCORE (max) SCORE (min)

Volcano Population Index (VPI ) at 30 km



Calculated with LandScan population database. Visitor statistics for volcanoes in National Parks and other destination recreation areas are
added to the VPI factor where available.

Population downstream or downslope

Population outside the 30 km VPI circle included within the extent of Holocene flow deposits or reasonable inundation modeling. This factor
to be used only with volcanoes that have a primary lahar hazard e.g. Cascade stratovolcanoes or significant lava flow hazard e.g. Mauna
Loa.

Historical fatalities

If yes, and a permanent population is still present: Score=1
Historical evacuations

If yes, and a permanent population is still present: Score=1

Local aviation exposure

If any type volcano is within 50 km of a jet-service airport, Score=1;

If a Type 1 volcano is within 300 km of a jet-service airport, Score=1;

If a Type 1 volcano is within 300 km of a major international airport, Score=2;
If none of these criteria are met, Score=0.

Regional aviation exposure

This score is based on the log10 of approximate daily passenger traffic in each region. At present, in the U.S., this score ranges from 4 to
5.15. The regional risk code is applied only to type 1 volcanoes and those type 0 volcanoes that have produced explosive eruptions.

Power infrastructure

Is there power infrastructure e.g., power generation/transmission/distribution for electricity, oil, or gas within flowage hazard zones, or in an
area frequently downwind of the volcano and close enough to be considered at some risk? If yes, Score=1

Transportation infrastructure

Is there transportation infrastructure e.g. port facilities, rail lines, major roads within flowage hazard zones, or in an area frequently
downwind of the volcano and close enough to be considered at some risk? If yes, Score=1

Major development or sensitive areas

Are there major developments or sensitive areas threatened e.g., National Park facilities, flood control projects, government facilities,
developed tourist/recreation facilities, manufacturing or other significant economic activity ? If yes, Score=1

Volcano is a significant part of a populated island

Holocene volcanic deposits cover 25% of land mass. If yes, score=1

TOTAL EXPOSURE FACTORS

RELATIVE THREAT RANKING

TOTAL HAZARD FACTORS X TOTAL EXPOSURE FACTORS

max. VALUE 18 X 10 = 180
min. VALUE : ; x . = 113.9
VERY HIGH Threat >113
HIGH Threat 113-63
MODERATE HIGH Threat 63-30
LOW Threat 30-6

VERY LOW Threat 6-0
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WIND ANNUAL AVERAGE (speed and direction) AT 12000 m

spring (MAM) summer (JJA)

N 105% N 105%
90% 90%
75% 75%
60% 60%
45% 45%
30% 30%

15% 15%

E|Y v g
v i

mean = 42.2 mean = 47.1
S calm =0% S calm =0%

autumn (SON) winter (DJF)
N 105% N 105%

90% 90%
75% 75%
60% 60%
45% 45%
30% 30%

15% 15%

L > s S
\ p:

mean = 51.5 mean = 32.3
S calm =0% S calm =0%

Frequency of counts by wind direction (%)

60 to 69.5

50 to 60

40 to 50

30 to 40

20t0 30

10 to 20

wind speed (m s'1)



BARTOLINI ET AL., 2014 - CHAPTER 5

170



CHAPTER 6

Hazard assessment at the

Quaternary La Garrotxa Volcanic

Field (NE Iberia)

Submitted to:

Journal of Quaternary Science

Authors:

Stefania Bartolini®
Xavier Bolo6s?

Joan Marti®

Elisabeth Riera Pedra®

Llorenc Planaguma®

a) Group of volcanology, (SIMGEO-UB), Institute of Farth Sciences Jaume Almera,

ICTJA-CSIC, Barcelona, Spain

b) Tosca, Environment Services of Education. Casal dels Volcans, Av. Santa

Coloma, 17800 Olot, Spain

171



BARTOLINI ET AL., 2014 - CHAPTER 6

6.1 Abstract

La Garrotxa Volcanic Field (GVF), located in NE Iberian Peninsula, is one of the
Quaternary alkaline volcanic provinces of the European Cenozoic Rifts System. This
volcanic zone has been active during the last 12 Ma, being the last dated eruption
of early Holocene age. The volcanic activity varies from Hawaiian to Violent Strom-
bolian, showing numerous episodes of phreatomagmatic activity, and has been con-
trolled by the main regional normal faults generated during the Neogene extension
that affected the area. Despite the potentiality for future eruptions and the fact that
this is a densely populated and industrialised area, volcanic hazard assessment has
not been conducted yet. In this work, we present the first comprehensive evaluation
of volcanic hazard at La Garrotxa Volcanic Field, through (1) an evaluation of the
volcanic susceptibility, (2) a temporal recurrence rate analysis, (3) a simulation of
different eruptive scenarios, such as lava flow, pyroclastic density current (PDC),
and ash fall, and (4) the elaboration of a qualitative hazard map. The final hazard
map shows La Garrotxa volcanic field subdivided into five different levels of hazards
and aims to become useful for land use management planning and elaboration of

emergency plans.

Keywords
Garrotxa Volcanic Field - Volcanic hazard - Volcanic susceptibility - Recurrence

rate - Kuropean Cenozoic Rifts System

6.2 Introduction

The impact of a natural event, as a volcanic eruption, can significantly affect human
life. Long periods of quiescence are quite common in many volcanic areas and this
often leads to a reduction of the alert level. The consequence is not being prepared
to deal with a volcanic crisis. For this reason it is necessary to evaluate the possible
hazards that could affect the studied area and develop volcanic hazard and risk
maps. Volcanic hazard assessment is part of the scientific task to be achieved in
an active volcanic area where population could be affected by an eruptive episode.

Possible future volcanic activity can be understood and predicted by analysing the
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past eruptive behaviour, through the study of the geological record.

Most of the hazard assessment studies conducted during last years refer to com-
posite or stratovolcanoes located close to populated areas, for which volcanic threat
is always present (e.g.: Somma-Vesuvio, Italy (Lirer et al., 2001); Campi Flegrei and
Somma-Vesuvio (Alberico et al., 2011); Teide-Pico Viejo, Canary Islands (Marti et
al., 2008); Popocatépetl, Mexico (Siebe and Macias, 2006); Mt. Cameroon, Africa
(Favalli et al., 2012); Etna, Italy (Cappello et al., 2011)). However, monogenetic
volcanic fields are commonly not regarded as potentially dangerous and only a few
studies concerning hazard assessment have been conducted in such environments
(e.g.: Auckland volcanic field, New Zealand (Bebbington and Cronin, 2011), El Hi-
erro, Canary Islands (Becerril et al., 2014); Tohoku volcanic arc, Japan (Martin et
al., 2004)). This is probably due to the relative small size of their eruptions and
their episodic recurrence, sometimes separated by inter-eruptive periods of thou-
sands to ten thousands years. Nevertheless, numerous Quaternary monogenetic
volcanic fields exist around the World, covering periods of activity from several mil-
lions of years to present, sometimes with high potentiality to erupt in the near future
(Wood, 1980; Cas and Wright, 1987; Kereszturi and Németh, 2012). Examples of
monogenetic eruptions occurred in recent times after long periods of quiescence are
not uncommon (e.g.: Jorullo, Mexico (Guilbaud et al., 2011), Paricutin, Mexico
(Scandone, 1979), El Hierro, Canary Islands (Becerril et al., 2014)). All this tells us
that undertaking hazard assessment in Quaternary monogenetic fields is also neces-
sary as a precautionary measure to reduce volcanic risk, even if no signals of volcanic

activity are now present.

La Garrotxa Volcanic Field (GVF) has been active from 0.7 Ma to early Holocene
(Arana et al., 1983; Bolos et al., 2014a). Since 2013, this volcanic field is considered
as an active volcanic area jointly to other Spanish volcanic zones, such as the Canary
Islands (see Spanish for Official Bulletin of the State (B.O.E) of February 11th of
2013). In addition, this area is highly populated with urban, agricultural, industrial
and communication infrastructure including an international airport. However, no
studies have addressed the assessment of volcanic hazard and risk, essential task
that should enable local authorities to apply more rational territorial planning and

to design more adequate emergency plans in order to face future volcanic crises.

The aim of this study is to obtain a qualitative long-term volcanic hazard map

of the GVF, taking into account that an important part of this zone lies underneath
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the city of Olot (almost 40,000 inhabitants). This is a highly industrialised and
urbanised area covering about 30 km?. Recent studies (Bolds et al 2014a, b, and
¢) have permitted to obtain a detailed picture of the stratigraphic evolution and
structural controls of this volcanic zone, filling the gap of an incomplete knowledge
due to urban and industrial construction, and due to a dense carpet of vegetation
covering most of volcanic deposits.

Taking advantage of this new geological and volcanological knowledge of the
area, we conduct its hazard assessment assuming that the future eruptive behaviour
will be similar to the last eruptive activity, thus taking as the main reference for a
potential future eruption the eruption of Croscat, the last dated (11-13 ka) of the
GVF (Fig. 6.1a and Fig. 6.2). We first describe the main geological, stratigraphic,
structural, and volcanological features of the area. Then we compute the volcanic
susceptibility by identifying those zones with a higher probability of hosting a new
vent. This information is then used to compute different simulations of eruptive
scenarios. Finally, we obtain a qualitative hazard map that allows us to identify

different levels of hazard in the study area.

6.3 General features of the GVF

GVF is the youngest part of the Catalan Volcaniz Zone (CVZ), situated in the NE
part of Iberian Peninsula (Fig. 6.1b). This basaltic monogenetic field is one of the
Quaternary alkaline volcanic provinces belonging to the European Cenozoic Rift
System (Marti et al., 1992; Dezes et al., 2004). The CVZ ranges in age from >12
Ma to early Holocene and it is mainly represented by alkaline basalts and basanites
(Marti et al., 1992; Cebria et al., 2000). GVF is characterised by small-sized cinder
cones formed along widely dispersed fissure zones during monogenetic, short-lived
eruptions. Hydromagmatic events were also common. Each eruption was caused
by an individual batch of magma that was transported rapidly from the source
region, each batch representing the products of an individual partial melting event
(Marti et al., 1992; Bolds et al., 2014b). The magma ascent rates indicate that
only a relatively short time was required for magma to reach the surface (Bolds
et al., 2014b). The intermittent character of this volcanism (Marti et al., 1992)
indicates that each eruptive episode corresponds to an intermittent reactivation of

the main fault system every 5,000 — 20,000 years. These tectonic reactivations would
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permit the ascent of deep magma and the opening of subordinate fractures in the
uppermost crust, which would erupt on the surface each time in a different location
in the volcanic field (Bolds et al., 2014b).

The GVF embraces two geographically distinct zones, the larger one located in
the north in the area of La Garrotxa and a southerly area that contains fewer but
larger and more complex volcanic edifices (Marti et al., 2011; Bolos et al 2014a)
(Fig. 6.1a). Although both corresponding to tectonically controlled depressions,
the northern sector has a substrate of thick layers of Tertiary affected by Alpine
reverse faults and Quaternary sediments. Geophysical data and volcano-structural
analysis show that the previous Alpine tectonic structures played no apparent role in
controlling the loci of this volcanism (Bolés et al., 2014b). In the southern sector is
floored by unconsolidated Quaternary sediments in combination with the Palaeozoic
basement.

GVF is formed by more than 50 well preserved monogenetic volcanic cones,
distributed along the fracture system of NNW-SSE direction (Barde-Cabusson et
al., 2014), corresponding to the Neogene extensional faults system, associated to the
main transtensional faults that constrain this volcanic field (Bolés et al., 2014b).

The total volume of extruded magma in each eruption is typical of the mono-
genetic volcanism (0.01-0.2 km® Dense-Rock Equivalent (DRE)) (Cimarelli et al.,
2013; Bolos et al., 2014a), suggesting that the magma available to feed each erup-
tion was also very limited. Strombolian and phreatomagmatic episodes alternated in
most of these eruptions giving rise to complex stratigraphic successions composed of
a wide range of pyroclastic deposits (Marti and Mallarach, 1987; Marti et al., 2011).

Most volcanoes show different phases during the same eruptive event. The ac-
tivity varies from Hawaiian to Violent Strombolian, whereby we found alternate
deposits of phreatic phases produced by vapour explosions that only erupted lithic
clasts from the substrate, with typical phreatomagmatic phases that generated a
wide diversity of pyroclastic density currents and fallout deposits, with typically

Strombolian phases including explosive and effusive episodes (Marti et al., 2011).

6.4 Methods

Long-term volcanic hazard assessment is defined as the evaluation of the eruption

recurrence and the possible nature of a forthcoming eruption, based on the past
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history of the volcano and information from the geological record (Marzocchi et
al., 2006; Becerril et al., 2014; Bartolini et al., 2014). To evaluate the long-term
volcanic hazard, different steps need to be followed sequentially (see Alcorn et al.,
2013; Becerril et al., 2014; Bartolini et al., 2014). In this study, we carried out
both temporal and spatial analyses: the former evaluates the recurrence rate of
the volcanic activity in the studied area, while the latter uses simulation models to
predict the most probable eruptive scenarios and which areas could be affected by
a future eruptive event. Since the results from these temporal and spatial analyses
are highly dependent on the data used, the selection of the data source is one of the
most important steps to be undertaken during the hazard evaluation.

The susceptibility analysis is the first step and enables us to identify which areas
have the greatest likelihood of hosting new vents (Marti and Felpeto, 2010). Once
the susceptibility analysis has been estimated, the next step consists of computing
several eruptive scenarios as a means of evaluating the potential extent of the main
expected volcanic and associated hazards. The evaluation of volcanic susceptibility
and eruptive scenarios are based on the use of simulation models and Geographical
Information Systems (GIS) that allow volcanic hazards to be modelled. Volcanic
susceptibility was calculated using QVAST tool (Bartolini et al., 2013), and mod-
elling of eruptive scenarios, which include lava flows, pyroclastic density currents
(PDCs), and fallout, used the VORIS 2.0.1 tool (Felpeto et al., 2007). For detailed

information regarding each specific tool, readers are referred to the original papers.

6.5 Characterisation of past eruptive activity

To forecast the future behaviour of the volcanic area under study we need to know
its past eruptive history. So, we need to characterise the past volcanic activity
through the determination of eruptive parameters derived from the study of the
erupted products. The last dated and well-studied eruptive episode of La Garrotxa
corresponds to the Croscat volcano, one of the most representative edifices of the N
sector of the studied area (Fig. 6.1a and Fig. 6.2), so that we take it as the past
eruption example to be used to define future eruptive scenarios. This volcano is
approximately 160 meters high and has a base diameter of 950 meters and it has
been dated in 11,500 £+ 1,500 years (Marti et al., 2011; Puiguriguer, 2012; Bolds et
al., 2014a).
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Figure 6.2: Croscat volcano: 3D view with the main volcanic deposits (modified from Bolés et
al. (2014a) and a panoramic view of an outcrop showing the main deposits

Recent studies show as Croscat has a complicated eruptive sequence (Marti et
al 2011; Bolos et al., 2014a). The Croscat volcano corresponds to the cone building
phase of a more complex eruption that occurred along the longest eruptive fissure
identified in this volcanic field (Fig. 6.2). This eruption also created the Santa
Margarida and La Pomareda vent sites at both end of the fissure with the Croscat
volcano in the middle of it. For the purpose of this study we only consider the
Croscat cone building phase. The Croscat activity generated three main scoria
fallout units (Di Traglia et al., 2009; Mart{ et al., 2011) (Fig. 6.2). The lower one
corresponds to a spatter deposit formed during a Hawaiian phase that generated also
the spatter deposit of La Pomareda at the northern end of the eruptive fissure (Marti
et al., 2011; Bol6s et al., 2014a). The middle unit conformably overlies the basal

spatter and is formed by a several metres thick, poorly stratified Strombolian coarse
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lapilli size scoria deposit with several scoria bomb beds. The upper unit constitutes
the main volume of the Croscat cone and is formed by a well stratified to thinly
laminated, medium to fine lapilli size scoria deposit, more than ten metres thick that
contains sparse scoria bombs and blocks and that forms most of the intermediate to
distal outcrops towards the east of the volcano, that can be recognised at distances
farther than 5 km. It also covers the Pomareda spatter and the phreatomagmatic
deposits and the explosion crater of Santa Margarida. The topmost unit of the
Croscat pyroclastic succession corresponds to a few metres thick, lithic-rich, thinly
laminated pyroclastic surge deposit, thus indicating the return to phreatomagmatic
activity towards the end of the eruption. This deposit extends for several kilometres
to the east, covering area of 8.4 km?.

The last eruptive phase of Croscat corresponds to a lava flow that covered an
area of 5 km? and flowed more than 10 km west, with an average thickness of 10 m of
the emplacement, which emplacement caused the breaching of the western flank of
the cone. The total volume of magma (DRE) emitted during the Croscat eruption
is of the order of 0.2 km?3.

6.6 Volcanic susceptibility

The first step to undertake hazard assessment is to determine the location of possible
new eruptive vents, i.e. the susceptibility analysis (Felpeto et al., 2007; Marti and
Felpeto, 2010). In monogenetic volcanism volcanic susceptibility contains a high
degree of randomness caused by the changes in regional and/or local stress fields
originated by tectonic or lithological contrasts (Marti et al., 2013). So, to reduce the
uncertainty in the spatial forecasting, the calculation of the probability of the open-
ing of new emission centres should take into account all available volcano-structural
parameters (fractures, faults, location of vents, eruptive fissures, etc...). In the case
of the GVF, the input parameters we used were the location of past recognisable
eruptive vents and fissures, but also structural elements related to this volcanism
such as fractures and faults identified in previous geological and geophysical studies
(Barde-Cabusson et al., 2014; Bolds et al., 2014b, 2014c¢).

Once all the input parameters are obtained, the next step is to apply different
statistical methods in order to obtain the corresponding probability density functions
(PDFs) required to obtain the final susceptibility map (Martin et al., 2004; Felpeto
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et al.; 2007; Connor and Connor, 2009; Marti and Felpeto, 2010; Cappello et al.,
2012; Becerril et al., 2013; Bartolini et al., 2013). The PDFs for the GVF were
obtained through the application of the QVAST tool (Bartolini et al., 2013). The
most important factor is the smoothing coefficient h that determines the shape and,
consequently, the resulting PDF. It depends on a combination of different factors
such as the size of the volcanic field and the degree of clustering or density of the
volcano-structural data (Cappello et al., 2012; Becerril et al., 2013; Bartolini et al.,
2013). The smoothing factor values we used were: (a) 1568 m for Holocene and
Upper Pleistocene volcanism vents and fissures, (b) 1900 m for Middle Pleistocene
volcanism vents and fissures, (c¢) 363 m for normal and transtensional Neogen faults,
and (d) 5856 m for inferred faults. The PDFs obtained are shown in Figure 6.3.

Once the PDF is obtained for each type of structural data, we need to combine
them in a Non-Homogeneous Poisson Process (NHPP) to obtain the final suscep-
tibility map. These weights were assigned using expert elicitation judgment (see
Aspinall, 2006; Neri et al., 2008) by members from the Group of Volcanology of
Barcelona on the basis of structural criteria (see Marti and Felpeto, 2010), which
provide initial indicative probability distributions associated with each PDF. We
obtained the following values: 0.5 for the Holocene and Upper Pleistocene volcan-
ism (vents and alignments), 0.25 for the Middle Pleistocene craters and lineaments,
0.15 for normal and transtensional Neogen faults, and 0.07 for inferred faults.

The final susceptibility map obtained is shown in Figure 6.4. The map represents
those areas with more or less probability to host a new vent and is important as
input parameter in the eruptive scenarios simulation to localise the starting point

for simulating lava flows, PDCs, and ash fall.

6.7 Temporal recurrence rate

Temporal analysis to determine the recurrence rate of the volcanic activity is an im-
portant issue in hazard assessment, as it allows to calculate the temporal probability
of occurrence of a new event.

The approach that we used to calculate the temporal recurrence rate \; is based
on the repose-time method (Ho et al., 1991; Connor and Conway, 2000). In this
method, the average recurrence rates of volcanic events depend only on the measure

of the relative activity of the Garrotxa volcanic field (for details of volcanic events
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Figure 6.3: PDFs of the five different layers (a—e) considered for the susceptibility analysis: (a)
Holocene and Upper Pleistocene volcanism vents (dots) and fissures (lines); (b) Middle Pleistocene
volcanism vents (dots) and fissures (lines); (¢) Normal and transtentional Neogen faults; and (d)
Inferred faults
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Figure 6.4: Susceptibility map of future eruptions on GVF calculated with QVAST (Bartolini et
al., 2013)
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in the GVF see Table 2 in Bolés et al., 2014a). Average recurrence rates of volcanic
events are a simple measure of the relative activity in volcanic fields, defined using a
maximum likelihood estimator that averages events over a specific period of volcanic
activity (Connor and Conway, 2000):

N -1

At = 1
YTt —t, (6.1)

where N is the total number of eruptions or vents, ¢y is the age of the oldest
event and t, is the age of the youngest event. For the GVF we obtain a long-term

average recurrence rate of 7.7 % 1075 volcanic events per year (v/yr).

6.8 Eruptive scenarios

Eruptive scenarios were computed using a VORIS 2.0.1 tool (Felpeto et al., 2007;
available at http://www.gvb-csic.es/GVB/VORIS/VORIS.htm), developed in a GIS
framework (ArcGis®), which enables to elaborate volcanic hazard maps and eruptive
scenarios based on geological record information. The VORIS 2.0.1 tool generates
quantitative hazard maps for lava flows and PDCs and simulates fallout deposits
for a single vent. A 50 m resolution digital elevation model (DEM) was used for
topography during the lava flow and PDC simulations. The DEM was generated by
the Institut Cartografic i Geologic de Catalunya (ICGC, http://www.icc.cat).
In the following subsections we present the input parameters for the models

based on the eruptive behaviour of the Croscat volcano described before.

6.8.1 Lava flow

Lava flow model is a probabilistic model based on the assumption that the topogra-
phy and flow thickness play major roles in determining the path followed by the lava
flow (Felpeto et al., 2007 and references therein). Input data for the simulation are
a Digital Elevation Model (DEM), the maximum flow lengths and height correction
(i.e. average thickness of the flow). The Croscat lava flow flowed for more than 10
km, which is a distance in accordance to other lava flows of the same area (Marti et
al., 2011). Thus, we assumed maximum flow lengths in our simulation of the order
of 12 km. The thickness used as input data for the models was 10 m, corresponding

to the average value of individual flows (Croscat and others) measured in the field.
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Figure 6.5: Lava flow simulation probability map
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We ran simulations for all cells in the DEM and the sum of the 5,000 iterations
provided a map with the probability for any particular cell of being covered by a
lava flow.

The result of the simulation in the GVF is shown in Figure 6.5. It consists of a
lava flow simulation probability map, which shows that there is a moderate-to-high
probability that the municipalities of Olot and Girona, two populated areas, will be

affected by lava flows.

6.8.2 Pyroclastic density current

Numerical simulation for PDCs is based on the concept of the energy cone model
(Malin and Sheridan, 1982; Felpeto et al., 2007; Toyos et al., 2007), constrained by
the topography, collapse equivalent height of the column, and friction parameter,
known as the collapse equivalent angle. The output of the model is the maximum
potential extent that can be affected by the PDC.

The eruptive constraints of the PDC simulation were estimated from the extent
of Croscat eruption, one of the best examples of a PDC from the GVF. The runout
length was considered equivalent to the most distal exposure of Croscat uppermost
phreatomagmatic pyroclastic density current deposit, which lies about 5 km from
the crater towards the southeast. To reproduce a PDC deposit similar to that from
Croscat, collapse equivalent heights of 400 m above the vent were chosen together
with an angle of 6°. The result shows that a PDC could reach with high probability
a large area (about 8 km diameter) around the municipality of Olot (Fig. 6.6).

6.8.3 Ash fall

The numerical model for the simulation of ash fall is an advection-diffusion model
where the vertical distribution of mass is calculated using the Suzuki approach
(Suzuki, 1983; Felpeto et al., 2007). The main input parameters are the volume
emitted during the eruption, the height of the column, the particles grain-size char-
acteristics, and the wind data. The result of the ash fall simulation is the thickness
of the ash deposit in the analysed area.

The eruptive style considered in this study was a violent Strombolian eruption,
which coincides with the main magmatic phase of the Croscat eruption. The corre-

sponding input data were obtained from distribution of the fallout deposits, consid-
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Figure 6.6: PDC simulation probability map
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Figure 6.7: Ash fallout simulations with a 8-km column height and volume of 0.05 km?
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ering that the total volume of magma (DRE) emitted was of the order of 0.2 km?
(Marti et al., 2011). We assumed a volume of about 0.05 km? for the fallout phase
and an eruptive column about 8 km high, considering that the tephra deposits from
this volcanic episode had reached Banyoles Lake 25 km towards the East (Hobig et
al., 2012). Westerly and southwesterly winds prevail in general throughout the year
at intervals of about 1500 m up to an altitude of 9,000 m (Farnell and Llasat, 2013).
Up to five different wind direction inputs and intensities at different vertical heights
can be set with the VORIS 2.0.1 tool. Data on particle size were obtained from field
studies and grain-size analysis of selected samples sieved in the laboratory.

The result shows that a fallout with the characteristics described above and with
W-SW predominant winds could affect a large area of the northwesterly sector of
the GVF around the municipality of Olot (Fig. 6.7), according to the ash deposits
found in Banyoles lake (Hobig et al., 2012).

6.9 Discussion and conclusions

The long-term hazard assessment is a necessary task to be undertaken at Quaternary
monogenetic volcanic fields, even if eruptive activity has not been recorded in recent
(historical or pre-historical) times. Most of these volcanic regions show very long
recurrence periods, so that they are frequently regarded as non-active. However, the
fact that volcanic activity has been present a long time ago, normally for several
millions of years, and the fact that the same geodynamic conditions that gave rise to
these volcanisms in most cases still prevail, constitute sufficient evidence to consider
these areas with the necessary caution to assume that future eruptions may have
a low probability but are not impossible. The demographic expansion of most of
these areas recommends undertaking hazard assessment as a precaution measure in
order to reduce the potential risk that could affect them.

The GVF is a typical monogenetic field in which the lack of data and the absence
of recent eruptions could lead us to assume that volcanic hazard and, consequently,
risk is inexistent. On the contrary, all geological indicators suggest that the area
is subjected to the same geodynamic conditions that favoured the initiation and
continuation of this volcanism, so that we must consider this volcanic area as po-
tentially active. In fact the important socio-economic development of the area and

the high number of infrastructures, including an international airport, requires to
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evaluate the potential hazard of the zone and to identify those areas that could be
affected by an eruption of the same type than the ones occurred more recently.

Based on a susceptibility analysis and the identification of the most common
eruptive types and products from the geological record, we have applied the available
tools, such as QVAST (Bartolini et al., 2013) and VORIS 2.0.1 (Felpeto et al.,
2007), designed to undertake volcanic hazard assessment and to update the results
whenever new information becomes available. These tools allowed us to simulate
different eruptive scenarios and to develop a long-term qualitative hazard map of
the area.

The volcanic hazard map of the GVF (Fig. 6.8) has been obtained using a
combination of the lava flow, PDC, and fallout eruptive scenario simulations, and
represents how the area could be affected by future eruptive events. This first hazard
map also takes into account the results of ash fall simulations strictly dependent
on the average of the wind directions and velocities, which means that it will be
updated if new data were available based on the meteorological predictions. We have
considered five different levels of hazard, from very low to very high, thus indicating
the relative probability for the area of being affected by any of the hazards considered
in this work. The final qualitative hazard map (Fig. 6.8) will be useful to minimise
the impact of future volcanic eruptions in the area, allowing local authorities to use

it as a reference for land-use planning and for the elaboration of an emergency plan
for the GVF.
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7.1 Abstract

One of the most important issues in modern volcanology is the assessment of vol-
canic risk, which will depend — amongst other factors — on both the quantity and
quality of the available volcanic data and an optimum storage mechanism. This will
require the design of purpose-built databases that take into account data format and
availability and afford easy data storage and sharing, and will provide for a more
complete risk assessment that combines different analyses but avoids any duplica-
tion of information. Data contained in any such database should facilitate spatial
and temporal analysis that will (1) produce probabilistic hazard models for future
vent opening, (2) simulate volcanic hazards and (3) assess their socio-economic im-
pact. We describe the design of a new spatial database structure, VERDI (Volcanic
managEment Risk Database desIgn), which allows different types of data, includ-
ing geological, volcanological, meteorological, monitoring and socio-economic infor-
mation, to be manipulated, organized and managed. The root of the question is
to ensure that VERDI will serve as a tool for connecting different kinds of data
sources, GIS platforms and modelling applications. We present an overview of the
database design, its components and the attributes that play an important role in
the database model. The potential of the VERDI structure is here shown through
its application on El Hierro (Canary Islands) and the possibilities it offers in regard
to data organization. The VERDI database will in coming years provide scientists
and decision makers with a useful tool that will assist in volcanic risk assessment

and hazard prioritization.

Keywords

Database design - Volcanic risk - Decision making - El Hierro

7.2 Introduction

Volcanic risk assessment and management are complex issues due largely to the
nature, variety and availability of the data they handle (De la Cruz-Reyna, 1996).
The quality of the data will determine the evaluation of the volcanic risk, which

is an essential part of risk-based decision making in land-use planning and emer-
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gency management. The first step in the evaluation of volcanic risk consists of
obtaining and organizing all pertinent data derived from disciplines such as geol-
ogy, volcanology, geochemistry, petrology and seismology, as well as vulnerability
and socio-economic information relating to the elements that are potentially at risk.
Some of the most relevant issues include how and where to store the data, in which
format should it be made available, and how to facilitate its use and exchange. Thus,
it is essential to design an appropriate database that is specifically adapted to the

task of evaluating and managing volcanic risk.

The design of an appropriate database for risk assessment and management
should aim to organize all the available and necessary information on volcanic risk

assessment in a standardized way that is easy to consult and exchange.

As in any other field, the first step in designing a database for volcanic risk
assessment and management is the definition of its architecture. This must allow
for effective interaction between the different information fields and offer users a clear
vision of its internal organization and rapid access to its contents. Nevertheless, it
will be the quantity and quality of the information contained in the database that
will determine the reliability and validity of the final risk analysis. Subsequent steps
will consist of the creation, maintenance and updating of all data related to volcanic
risk. It is important to ensure that the database will be able to evolve freely from a

simple to a more complex structure and be updated when new data are available.

To facilitate its operability and the visualisation of the data the database must
be integrated into a GIS (Geographical Information System). A GIS is an organized
integration of software, hardware and geographic data designed to capture, store,
manipulate, analyze and represent georeferenced information (Longley et al., 2005).
In recent years, the use of GIS and the improvement of the modelling of volcanic
processes have become useful tools in volcanic hazard and risk assessment. In fact,
susceptibility, hazard, vulnerability and risk maps have been generated using GIS
tools (Pareschi et al., 2000; Felpeto et al., 2007; Barreca et al., 2013) and can be
represented in a GIS environment as a support for spatial decision making (Cova,
1999).

Furthermore, thematic volcanic risk maps can facilitate land-use planning and
appropriate actions required during emergencies. In fact, hazard and risk maps are
key tools in emergency management: the former depicts the hazard at any particular

location, while the latter shows the spatial variation of both hazard and vulnerability
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(Lirer et al., 2001).

To date, the databases used in volcanology have been created to store and ana-
lyze different types of information and have been employed to analyze, for example,
(1) the impacts of volcanic phenomena on people (Witham, 2005); (2) potentially
active volcanoes situated in regions of high geodynamic unrest (Gogu et al., 2006);
(3) collapse calderas (Geyer and Marti, 2008); (4) volcano monitoring data that
include instrumentally and visually recorded changes in seismicity, ground deforma-
tion, gas emission and other parameters (WOVOdat (Venezky and Newhall, 2007));
(5) global volcanic unrest (Phillipson et al., 2013); and (6) active faults on Mt. Etna
(Barreca et al., 2013). In particular, efforts have been made to construct a Global
Volcanic Risk database of large magnitude explosive volcanic eruptions (LaMEVE
(Crosweller et al., 2012)). However, none of the existing databases is based on a sim-
ple architecture that contains all the necessary information for volcanic risk analysis

and management.

Here we present Volcanic managEment Risk Database desIgn (VERDI), the
architecture for a geodatabase for volcanic risk assessment and management. The
rationale behind constructing this database is the need to create a comprehensive
structure including all known or identified fields that might contribute to the as-
sessment of volcanic risk. The database also aims to make the task of volcanic risk
management easier for decision makers. Currently, relevant data are stored in a
variety of different formats and are not always easily accessible. Thus, this new way
of compiling extensive data aims to provide an accessible and useful structure that
will facilitate information sharing and risk assessment. This new database has been

designed to work in a GIS environment.

The ultimate aim of VERDI is to create a platform for expanding, updating and
sharing information that is open to the incorporation of new data. In the future, a

web site could be set up to make it a truly user-friendly application.

In this paper, we also present an example of the applicability of VERDI, taking
as example the island of El Hierro (Canary Islands, Spain). We show how all the
available data necessary for conducting a preliminary risk assessment can be inte-
grated and discuss the limitations of existing data and the inherent advantages in

storing data in the proposed form.
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Figure 7.1: VERDI database design structure
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7.3 VERDI architecture

A simplified version of the VERDI database design structure is shown in Figure 7.1.
The full version of the VERDI structure and the user manual will be published online
on the website of the CSIC Barcelona Volcanology Group (http://www.GVB-csic.
es/).

The design of the database has taken into account the type of data required and
possible inter-relationships in order to avoid duplication.

The first steps in the creation of the database model were the collection of meta-
data, the analysis of the required features and the calculation of the expected output
responses. This phase included the creation of information groups and the definition
of the table fields and the relationships between tables.

In order to optimize the accurate evaluation of volcanic risk, VERDI contains 12
information groups regarding past and current volcanic activity and the associated
hazards and the potential vulnerability of the elements that may be affected by
such hazards. The information included in each group is recorded in individual
tables. Additionally, VERDI includes spatial features that can be visualized with
a GIS application. The rationale behind the VERDI architecture is based on the
principle that all the information concerning the evaluation of volcanic risk should
be comparable, consistent and available for future comparisons and data analyses.

In the following subsections we offer a brief description of each information group

and the type of data included therein.

7.3.1 GroupCore

GroupCore is the central group of VERDI and represents the metadata information
of all the actions that could be incorporated into the database as new data. This
group governs the recorded information added to each group of the database, thereby
controlling the insertion of new data.

The tables contained in this group are ACTION, ACTION _TYPE, PROJECT,
REPORT and SUPPORT (Fig. 7.2): ACTION and ACTION TYPE correspond to
actions and the type of actions, respectively, that generate new data (volcanic event,
fieldwork, bibliography, etc.); PROJECT is a reference to a project undertaken by a
institution such as a ministry or an institute; the REPORT table describes the action

and includes information about the project related to the action; and SUPPORT
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adds information about the entity that is managing or funding the project. Table

7.1 shows the structure and field details of each table contained in this group.

—— ACTION EE PRINCIPAL TABLE
—— ACTION_TYPE T SUPPORT TABLE
= GROUP —_—
CORE PROJECT i PRINCIPAL TABLE
—— REPORT EEE PRINCIPAL TABLE
L SUPPORT = SUPPORT TABLE

N5

Figure 7.2: GroupCore structure

7.3.2 GroupVolcano

This group contains information about the volcano or the studied volcanic area and
includes data on the volcanic event itself, the characteristics of the type of volcanism
and the magnitude of the event (Fig. 7.3).

The table VOLCANO provides general information about the location of the
volcano and volcanic area, which will normally be associated with spatial informa-
tion included in a shapefile of polygons or in raster images. Spatial features contain
a folder with additional information such as Digital Elevation Models (DEM), hill-
shades and orthophotos.

VOLCANO_TYPE completes the information about the volcano and identi-
fies different types and features of volcanoes (stratovolcano, shield volcano, etc. .. ).
ERUPTIVE_EVENT provides information about eruptive events including date
and location and enables the volcano-stratigraphy of the volcano and the study area
to be obtained. ACTIVITY TYPE characterizes the eruptive behaviour of the
volcano thus: Hawaiian, Strombolian, Vulcanian, Peléan/Plinian, Plinian, Ultra-
plinian and/or Caldera. The size and magnitude of the eruption is contained in
the VEI_MAGNITUDE table, which includes parameters such as volume, column
height, fragmentation index, dispersion index, Dense-Rock Equivalent (DRE), mag-
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Table 7.1: GroupCore tables

Table Field Info Type
ACTION

action_ id primary key AutoNumber

action_date date of the data entry dd/mm/yyyy

actionT _cd  type of the new data entry Integer
(foreign key ACTION_TYPE table)

report_cd report reference Integer
(foreign key REPORT table)

project_cd  project reference Integer
(foreign key PROJECT table)

support_cd  who funds the action Integer
(foreign key SUPPORT table)

contact _cd  contact reference Integer

ACTION_TYPE

PROJECT

REPORT

SUPPORT

actionT id
actionT info

(foreign key CONTACT table)

primary key AutoNumber
different types of data entry Text
(Volcanic Event, Fieldwork,...)

project_id  primary key AutoNumber
project_ref  code of the project reference Text
project__name name of the projecte Text
project_start date when project starts dd/mm/yyyy
project_end date when project finishes dd/mm/yyyy
report_id primary key AutoNumber
report_name name of the report Text
report_ start date when report starts dd/mm/yyyy
report_end  date when report finishes dd/mm/yyyy
report_info info report Text
support_id  primary key AutoNumber

support__info

info about the entity that Text
manages or funds the project
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nitude (Pyle, 2000) and the Volcanic Explosivity Index (VEI) according to Newhall
and Self’s (1982) classification (Newhall and Self, 1982).

PRINCIPAL TABLE

— VOLCANO —[ )
@  POLYGON FEATURES

____ VOLCANO TYPE — SUPPORT TABLE
| PRINCIPAL TABLE
— ngg:: ', ——— ERUPTIVE EVENT —[
§  POLYGON FEATURES
ACTIVITY_TYPE —— & SUPPORT TABLE
L VEI-MAGNITUDE —— = PRINCIPAL TABLE

Figure 7.3: GroupVolcano structure

7.3.3 GroupSusceptibility

Volcanic susceptibility (i.e. the probability of vent opening) represents an impor-
tant step in simulating eruptive scenarios and developing hazard maps (Marti and
Felpeto, 2010). Thus, GroupSusceptibility contains information on all structural
elements such as vents, dykes, faults, fractures and eruptive fissure-alignments ob-
tained from both geological and geophysical studies. The location of gas emissions
or water springs, as well as thermal anomalies related to the volcanic activity, are
also included in this group. All of these elements enable susceptibility maps in long-
term analyses to be generated. During volcanic unrest episodes, real-time mon-
itoring information — in particular regarding the location of the volcano-tectonic
seismicity and surface deformation — can be added to permit the susceptibility to be
re-evaluated. This group also contains a GEOPHYSICS subgroup with information
on structural geophysics that includes data derived from structural studies using
different geophysical techniques such as self-potential, tomography, magnetometry,
magnetotelluric and gravimetry. This type of geophysical data is useful in suscep-
tibility analyses and in both short- and long-term hazard evaluation. In addition,
it is useful for studying dispersed volcanic fields and their relation to local tecton-

ics (Barde-Cabusson et al., 2014) and can thus facilitate a complete analysis of the
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probability of future activity in monogenetic fields and improve understanding of the

internal structure of composite volcanoes (Rout et al., 1993; Blakely et al., 1997;
Connor et al., 2000; Kiyosugi et al., 2010).

Moreover, in both short- and long-term hazard assessment the monitoring and

interpretation of geophysical parameters such as temporal gravity changes, seismicity

and ground deformation can benefit from integration with structural geophysical

data. Figure 7.4 shows the organization of this group.

GROUP
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VENT
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.s
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PRINCIPAL TABLE
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PRINCIPAL TABLE
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Figure 7.4: GroupSusceptibility structure

7.3.4 GroupHazard

. RASTER

, RASTER

. RASTER

, RASTER

. RASTER

GroupHazard contains basic data for computing volcanic hazards to be employed

in simulation models that take susceptibility information into account. This group

constitutes the information on which territorial and emergency plans should be based
and has been divided into LONG TERM and SHORT TERM subgroups (see Fig.

7.5).
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The tables of the LONG TERM hazard subgroup contain mainly data regarding
the products generated during the past activity of the volcano. The information re-
quired comes mainly from geological and historical records and laboratory analyses.
This subgroup includes the following information split into different tables: magma
and volcanic products (lava flows, pyroclastic deposits, etc.); petrological and geo-
chemical data from volcanic rock samples; granulometry classification of pyroclasts
based on sieved samples; and morphometry.

The SHORT TERM hazard subgroup tables contain monitoring data collected
during an unrest episode. These data are useful for short-term hazard assessments.
The information is usually organized in terms of volcanic monitoring networks (seis-

micity, deformation, gas, thermal, groundwater, remote sensing images, etc.).

7.3.5 GroupMeteorology

GroupMeteorology includes the information required for the analysis of wind profiles,
atmospheric parameters and precipitation data (see Fig. 7.6). These parameters are
very important as inputs for ash-fall simulations. Other important parameters in-
cluded in this group are related to the atmospheric diffusion coefficient, the eruption
style and the grain-size classification. Ash-fall simulations are very useful in volcanic
risk assessment and consider the impact of volcanic ash not only on the population

and infrastructures but also on aircraft safety (Johnson et al., 2012).

7.3.6 GroupLaboratory

GroupLaboratory contains information supplementing the GroupSusceptibility and
GroupHazard groups that relates to the laboratories in which sample analyses are
conducted. This group specifies the kind of samples used, the analytical tests applied
and the results obtained (see Fig. 7.7). This group is important for controlling
the quality of data used to characterise the expected type of eruption (e.g. lava

composition) by means of the analysis of past products.

7.3.7 GroupDevice

GroupDevice provides information about the measurement devices in tables such as

PETROLOGY, SELF POTENTIAL, MONITORING, and WIND. A large amount
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Figure 7.6: GroupMeteorology structure
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Figure 7.7: GroupLaboratory structure

of information in the database is obtained through the use of instruments such as
seismographs and microscopes and the DEVICE table (Fig. 7.8) contains the names,

models, types and functions of these devices.

7.3.8 GroupVulnerability

This group includes all the elements that could be affected by a destructive volcanic
event.

Vulnerability is the potential of exposed elements to be directly or indirectly
damaged by a given hazard (Scaini et al., 2014). There are many types of vulner-

ability — physical, infrastructural, social and economic — and in combination they
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- GROUP | PRINCIPAL TABLE
DEVICE DEVICE
e POINT FEATURES

Figure 7.8: GroupDevice structure

constitute the vulnerability of the system (Menoni et al., 2011). Physical vulnera-
bility due to volcanic activity has been widely observed and studied, in particular in
recent decades (Blong and McKee, 1995; Annen and Wagner, 2003; Spence, 2004;
Baxter et al., 2005; Spence et al., 2005; Gomes et al., 2006; Marti et al., 2008;
Zuccaro et al., 2008; Scaini et al., 2014).

Thus, the VERDI database includes administrative divisions, infrastructure net-
works (TRANSPORT, ELECTRICITY, and WATER, SYSTEM tables), as well
as a socio-economic table that includes POPULATION information, FACILITY,
BUILDING and LANDUSE (Fig. 9). A LAND_USE classification is included be-
cause correct land-use planning is fundamental in minimising both loss of life and
damage to property (Pareschi et al., 2000). The information contained in this part
of the database is very important in the organization of evacuation plans, the reduc-
tion of potential losses caused by the impact of volcanic and associated hazards, the

design of land-planning measures, and the evaluation of potential economic losses.

7.3.9 GroupCosts

GroupCosts (Figure 7.10) represents the huge economic losses (human life, infras-
tructure, property, productivity, etc.) that volcanic activity can cause. Estimating
the economic costs associated with volcanic eruptions is very difficult due to their
duration and the variety of the types of impacts (Annen and Wagner, 2003). How-

ever, the quantitative estimation of economic losses is of primary importance when
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Figure 7.9: Group Vulnerability structure

providing mitigation recommendations aimed at reducing damage (Spence et al.,
2005).

The ECONOMIC LOSSES and VOLCANO_ IMPACT tables refer to the eco-
nomic and human losses evaluated after a volcanic crisis and the economic impact
for a specific volcanic event. The third table, SCENARIO_IMPACT, represents
a support table that allows a cost evaluation to be added when a volcanic hazard
scenario is computed and enables the human losses expected during a volcanic crisis

to be calculated.

7.3.10 GroupManagement

GroupManagement (Figure 7.11) is a useful group for decision makers and risk
managers that should include ideally all types of emergency services (e.g. police, fire
department, Red Cross, NGOs, etc.), although in most cases Civil Protection bodies

will take responsibility during a volcanic crisis. Volcanic crises require continuous
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Figure 7.10: GroupCosts structure

close collaboration between civil protection bodies and scientists in order to best
analyse observational and monitoring data, to evaluate short-term hazards, to draw
up plans for optimizing existing monitoring networks, to install new instruments

and to provide advice in decision making (Bertolaso et al., 2009).

T PRINCIPAL TABLE
—— CIVIL —[
PROTECTION :'.iiﬂ POINT, LINE AND
POLYGON FEATURES

& GROUP —= CIVIL —
MANAGEMENT PROTECTION

L VEHICLES —— 7 PRINCIPAL TABLE

Figure 7.11: GroupManagement structure

7.3.11 GroupReferences

GroupReferences contains contact information for key people and institutions, as
well as bibliographic references (see Figure 7.12) related to the data contained in
the database. This group is important for obtaining the reference for any input into
the VERDI database and thus enables the origin of the data to be known; in this
way, if necessary, the person or team in question can be contacted if there is any

explanation needed for the data introduced.
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7.3.12 GroupModels

GroupModels contains examples of hazard-modelling tools. It includes the most rel-
evant available software and a summary of both the required main input parameters
and the output formats.

In recent years, new tools have been developed for generating hazard and risk
maps, evaluating long- and short-term hazards, simulating different eruptive sce-
narios and designing evacuation plans. Examples of these tools include QVAST
(Bartolini et al., 2013), VORIS (Felpeto et al., 2007), a model for lava flow simula-
tion (Connor et al., 2012), HASSET (Sobradelo et al., 2014), BET_EF (Marzocchi
et al., 2008), BET _VH (Marzocchi et al., 2010), HAZMAP (Bonadonna et al., 2002;
Macedonio et al., 2005), FALL3D (Costa et al., 2006; Folch et al., 2009), TEPHRA2
(Connor et al., 2001), PUFFIN (Patra et al., 2013), VOLCFLOW (Kelfoun and
Druitt, 2005), TITAN2D (Sheridan et al., 2005) and EJECT (Mastin, 2001).

Simplified schematic tables are given in the Supplementary Material with the

main input parameters required for the above-listed tools.

7.4 VERDI usefulness: case study of El Hierro

One of the main obstacles when attempting to develop a robust database is the lack
of quality, well-gathered data. This issue can be made simpler and easier in part

by selecting small areas in which to test the operability database. With this aim in
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mind, a pilot project to check the feasibility of VERDI was set up with information
available from the island of El Hierro (Canary Island, Spain).

The last eruption on El Hierro occurred in 2011-2012 (Lépez et al., 2012; Marti
et al., 2013) and demonstrated the importance of reliable data and tools that can
enable scientific advisors and decision-makers to consider possible future eruptive
scenarios. Furthermore, this was the first ever eruption in the Canary Islands to
tracked in real-time (Lopez et al., 2012).

Most of eruptions occurring on El Hierro are similar in type and in size, and
consist of the emission of mafic lava flows, the ballistic projection of pyroclasts and
proximal fallout from low fire-fountains. Its simple volcanic history, relative homo-
geneous petrology and the new data collected during the last eruption, among other
factors, prompted us to select El Hierro as a case study for testing the methodology
proposed here.

In order to show the functionality of the VERDI database, we describe here two
hypothetical phases in the volcanic risk assessment on El Hierro. We analyze the
most representative and necessary information in each of the two periods: (1) the
pre-eruption or emergency planning phase of the volcanic process and (2) the unrest
episode itself. In these examples we try to summarize the information required to
complete a qualitative volcanic risk analysis for the island, show how to find and to
store data, and outline the advantages of organizing the available data.

Indeed, we believe that the availability of a well-organized database at the be-
ginning of an unrest phase could become a very useful tool for decision-makers and

for the scientists that have to provide assessment.

7.4.1 Emergency planning phase

The emergency planning phase is a moment of relative calm during the volcanic
activity in which long-term volcanic hazard and risk assessment become feasible.

During this phase, the research, compilation and interpretation of different types
of data should be carried out. Furthermore, available information should be orga-
nized and stored in the database and completed by further fieldwork, library searches
and monitoring wherever data is lacking.

Once uploaded, the data must be filtered before being used as inputs for spatial
and temporal analysis and for defining eruptive scenarios. The results obtained from

the aforementioned analysis will become a useful tool for institutions such as Civil
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Protection when developing their emergency plans.

We assume that the Canary Islands Civil Protection Organization needs to know
what impact the most likely eruption scenarios on El Hierro will have on the pop-
ulation and the other exposed elements (property, infrastructures, communication
networks, etc.). For this analysis different data layers will have to be superimposed
in order to reach a final risk assessment. Figure 7.13 shows the different data and
steps to be performed in a GIS environment.

The first step is to obtain the Digital Elevation Model (DEM) of El Hierro and
general information about the volcanic area and the eruptive event (see GroupVol-
cano). The DEM of this area can be freely obtained from the website of Spanish
Instituto Geografico Nacional
(IGN, http://centrodedescargas.cnig.es/CentroDescargas/index. jsp).

The second step involves the collection of volcano-structural data via new field-
work measurements and bathymetric information, as well as the analysis of geological
maps, orthophotos and aerial photographs (Becerril et al., 2013). Once the whole
volcano-structural elements have been assembled, they can be geo-referenced on the
DEM.

The susceptibility map, i.e. the spatial distribution of new vent openings, is
based on the analysis of the aforementioned volcano-structural data. One of the
tools that facilitates this type of analysis is QVAST (Bartolini et al., 2013) (the
main input parameters required are specified in the Supplementary Material).

All necessary data for conducting the susceptibility analysis is contained in
GroupSusceptibility. In our example, we need to collect as much data as possi-
ble to improve the accuracy of the spatial probability of a new vent opening. In the
case of El Hierro, data referring to past vent locations, dykes, eruptive fissures and
faults are used. To compile information related to vents, we refer to the table VENT
in VERDI that contains information about all known emission centres on the island.
This table is linked to a point shapefile that permits us to visualize the vents and
use them in QVAST to obtain probability density functions. This procedure can
also be carried out with the other volcano-structural elements.

The result will be a raster file (map) in which each pixel has a value that repre-
sents the probability that it will host a new emission centre. In the specific case of
El Hierro, this map has already been published by Becerril et al. (2013).

Once the susceptibility map has been drawn up, eruptive scenarios for hazard
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assessment can be computed. In Becerril et al. (2014), different eruptive scenarios
such as lava flow, ash fall and pyroclastic density currents (PDC) were considered
and enabled a qualitative volcanic hazard map to be generated.

VORIS (Felpeto et al., 2007), which requires different types of input data param-
eters that are presented and organized in VERDI, was used to produce this map (see
Supplementary Material). All the information obtained during fieldwork, be it from
the bibliography or from devices (i.e. meteorological data), is vital in determining
these parameters.

Once the distribution of the eruptive scenarios has been developed, Civil Pro-
tection is then able to evaluate the most likely eruption scenarios for the island and
their impact on the population and other exposed features. For this, relevant data
on elements such as population and transport networks must be obtained for analy-
sis. For example, Population data for El Hierro can be downloaded from the website
of the Spanish Instituto Nacional de Estadistica (INE, http://www.ine.es/). Data
on transport networks can be obtained from the IGN website and OpenStreetMap
(http://downloads.cloudmade.com/), the latter a tool used by public adminis-
trations, NGOs and even Civil Protection bodies to manage in the aftermath of
disasters such as the Haiti earthquake.

The acquisition of this information allows evacuation routes and even a prelim-
inary evaluation of general losses due to volcanic hazards such as lava flows to be

calculated.

7.4.2 Unrest phase

Entry into the unrest phase means that the volcanic system has reawakened. During
this phase, monitoring data plays an important role and is essential as a support for
decision making. For this reason, the VERDI database contains monitoring infor-
mation distributed in different groups and tables. GroupHazard contains precursor
data such as deformation, seismic activity and groundwater monitoring for short-
term hazard assessment; the MONITORING table summarizes all the monitoring
networks within a volcanic area.

The 2011-2012 eruption on El Hierro was preceded by three months of unrest.
From July 2011 onwards a dense multi-parametric monitoring network including
seismic and magnetic stations and GPS recorders were deployed throughout the

island by the Instituto Geogréfico Nacional (IGN). Data recorded during this unrest
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Figure 7.13: Data layers in a GIS environment
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Table 7.2: GroupCosts: SCENARIO_IMPACT table

Table Field Info Type
SCENARIO_IMPACT
scenariolmpact_ id primary key Auto
Number
scenariolmpact_ type type of scenario Text
simulation Text
(lava, pdc, ashfall, ...)
scenariolmpact_ pop population affected  Integer
by eruptive scenario
scenariolmpact_ facility  facility affected by Integer
eruptive scenario
scenariolmpact__building building affected by  Integer
eruptive scenario
scenariolmpact_ landUse land use affected by  Integer
eruptive scenario
scenariolmpact__transport transport affected by Integer

eruptive scenario

scenariolmpact__electricity electricity affected by

scenariolmpact__

waterSystem
population cd

volcano cd

eruptive scenario
water system affected
by eruptive scenario
foreign key
POPULATION table
foreign key
VOLCANO table

Integer
Integer
Integer

Integer
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episode contributed to the understanding of the reawakening of the volcanic activity
on the island. In general, this monitoring network assisted authorities in emergency
management (Lépez et al., 2012) and prepared them for the eruption that finally
started on 10 October 2011, 2 km off the southern coast.

During an unrest phase, the updating of the possible eruptive scenarios com-
puted during the emergency planning is necessary, mainly because the arrival of
new data such as seismic information can change previous susceptibility analysis
and, consequently, eruption forecasts. This may involve a change in the direction
taken by the crisis management.

During an unrest phase economic losses may be estimated by using information
derived from spatial and temporal analysis.

It is imperative that data regarding possible costs, along with an a priori analysis
of losses, are stored right from the beginning of the process (Baxter et al., 2005).
In VERDI, we have added a support table (Table 7.2) for cost evaluation when a
hazard volcanic scenario is computed.

At the end of this phase, all the data obtained are uploaded to the database to

facilitate future risk evaluations.

7.5 Conclusions and final remarks

VERDI is a new design for a database for risk assessment. Its logical structure has
been conceived in order to facilitate the interaction between data sets and to guar-
antee the maintenance and evolution of the system. It is essential that the database
structure permits the exchange of standardized information and the updating of
data in order to prevent redundancy and repetitiveness. The VERDI database de-
sign aims to make scientific research easier and to promote information-sharing for
volcanic surveillance, susceptibility, hazard and vulnerability. Its structure is linked
to a spatial database in a GIS environment, which is used to create susceptibility,
hazard, vulnerability, and risk maps.

VERDI is a new design for a database for risk assessment. Its logical struc-
ture has been conceived in order to facilitate the interaction between data sets and
to guarantee the maintenance and evolution of the system. It is essential that the
database structure permits the exchange of standardized information and the updat-

ing of data in order to prevent redundancy and repetitiveness. The VERDI database

219



BARTOLINI ET AL., 2014 - CHAPTER 7

design aims to make scientific research easier and to promote information-sharing for
volcanic surveillance, susceptibility, hazard and vulnerability. Its structure is linked
to a spatial database in a GIS environment, which is used to create susceptibility,
hazard, vulnerability, and risk maps.

A future role for VERDI will be the publication of an interactive web site that will
enable registered users to access and share the information in the database, thereby
allowing VERDI to become more dynamic and to continue to develop. However,
we cannot ignore the inherent limitations of available data and the effect that this
may have on the interpretation of the compiled information. It is therefore vital to
acknowledge that both data and interpretations are dynamic, that is, they have to
be subject to continuous revision and updating. For this reason, VERDI needs to
be freely available to all scientists interested in volcanic risk assessment since only
contributions from all will allow VERDI to grow and evolve into the useful tool we

envisage.
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SUPPLEMENTARY MATERIAL

GroupModels: hazard model tools

Table I . Susceptibility input parameters

parameter QVAST VORIS 2.0.1 Connor et al., 2012

GIS data (DEM, volcano-structural data) X X X

bandwidht evaluation X

Gauss kernel X X X

Cauchy kernel X

grid size X X

output format geoTIFF Arc/Info Binary Grid ASCII

reference Bartolini et al., Felpeto et al., Connor et al.,
2013 2007 2012

Table II . Temporal analysis input parameters

parameter HASSET BET_EF BET_VH

unrest X X X

origin X X

outcome X X

location X X X

size X X X

composition X

hazard X X

distance X X

overcoming threshold X

output format .csv, .png, .pdf .bmp, .kml maps in GoogleEarth, GIS, .gif

reference Sobradelo et al., Marzocchi et al., Marzocchi et al.,

2013 2008 2010
Table III . Susceptibility input parameters

parameter VORIS 2.0.1 Connor et al., 2012

GIS data (DEM, volcano-structural data) X X

flow lenght X

lava thickness X X

lava flow volume X

iteration volume X

number of simulations X X

output format Arc/Info Binary Grid ASCII

reference Felpeto et al., Connor et al.,

2007 2012




Table IV

. Fallout input parameters

parameter

VORIS 2.0.1

HAZMAP

FALL 3D

TEPHRA 2

PUFFIN

GIS data (DEM, source point)

eruption duration

exit velocity

vent magma temperature
mass eruption rate
column height

erupted mass
metereological input data

horizontal diffusion coefficient
vertical diffusion coefficient

granulometry
output format

reference

X

Rl alita

Arc/Info Binary Grid

Felpeto et al.,
2007

FeR el e ol i

.out, ASCII,
ASCII Grid,
ASCII Binary Grid
Macedonio et al.,
2014

el a ool ol i

ASCII,

e a ool o i i

"
®
[

netCDF

Folch et al.,

2014

Connor et al.,
2011

e o R ool

'Cdfa .]pg)
txt, .gif,
kmz
Bursik et al.,
2013

Table V . PDC input parameters

parameter

VORIS 2.0.1

VOLCFLOW

GIS data (DEM)
collapse equivalent height
collapse equivalent angle
time

internal friction angle
bed friction angle
viscosity

turbulence

density

output format

reference

X
X
X

Arc/Info Binary Grid
Felpeto et al.,

2007

X

ool als

.avi, .dat
Kelfoun et al.,
2005

Table VI . Ballistic input parameters

parameter

EJECT

drag properties

block properties
atmospheric properties
tailwind speed

initial velocity

extent zone

ejection angle

distance of landing point below takeoff point

output format
reference

PR R R K K KK

Axt

Mastin et al.,

2011




Table VII . Lahars input parameters

parameter TITAN 2D VOLCFLOW
GIS data (DEM) X X
time X X
collapse equivalent angle X X
time X
internal friction angle X X
bed friction angle X X
viscosity X
turbulence X
discharge plane X
output format tecplot.plt, mshplot.plt, .avi, .dat
GMFG Viz,
XDMEF /Paraview,

reference

Web Viz, grass sites

Kelfoun et al.,
2005
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CHAPTER 8

Summary of results & Discussion

This Ph.D. Thesis consists of six research papers that represent the logical time
evolution of the research project, from the development of spatial and temporal
tools for assessing long-term volcanic hazard to their application in different mono-
genetic volcanic fields, until the design of a new spatial database for the evaluation
of volcanic risk.

The first tool was designed to evaluate volcanic susceptibility, that is the spatial
probability of the appearance of a future vent opening, based on the past activ-
ity of the volcanic area and their structural controls. Through QVAST (QGIS for
VolcAnic SuscepTibility) tool it is possible (a) to calculate the bandwidth (e.g.:
degree of randomness in the distribution of past vents) using different methods, (b)
to evaluate the probability density function (PDF) using a Gaussian kernel, (c) to
assign the weights to each PDF, and (d) to elaborate the susceptibility map. This
tool is very appropriate for monogenetic volcanism where volcanoes are commonly
clustered within fields and may occur in any geotectonic and environmental setting
(Connor and Conway, 2000; Valentine and Gregg, 2008; Kereszturi and Németh,
2012). The results show the importance of choosing the optimal bandwidth pa-
rameter and for this reason the strength of QVAST lies in the possibility to choose
between different methods. This manuscript “QVAST: a new Quantum GIS plugin
for estimating volcanic susceptibility” has been published on November 27th, 2013
in Natural Hazards and Earth System Sciences 13 (2013), 3031-3042, with Impact
Factor 1.826. Authors: S. Bartolini, A. Cappello, J. Marti, and C. Del Negro.

The second tool we have developed uses Bayesian Inference and event tree model
for long-term volcanic hazard assessment. In comparison with previous event trees
based on Bayesian methodology (e.g., BET EF and BET_VH (Marzocchi et al.,
2008, 2010)), the new model presented here overcomes their limitations by allowing
a larger set of future volcanic scenarios in their probability estimation, and thus

extending their use to a wide range of volcanic systems. HASSET (Hazard Assess-
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ment Event Tree) also permits to automatically update the probabilities when new
evidence arrives or the system becomes active and monitoring data on precursors
exist. Further, it determines the five most likely scenarios based on the information
given by the user. This new tool was created in a realistic, simple, and practical
way, focusing discussion and drawing attention to possible scenarios that otherwise
would go unnoticed or underestimated. Although this method was initially ap-
plied to the Teide-Pico Viejo stratovolcanoes in Tenerife, it can also be used with
other similar volcanoes and in monogenetic volcanic fields as it offers a wide struc-
ture and applicability. HASSET can be used to identify the relative importance of
several scenarios by comparing their probabilities and is useful for land use plan-
ning and preparedness actions. This manuscript “HASSET: a probability event tree
tool to evaluate future volcanic scenarios using Bayesian inference” has been pub-
lished online on December 6th, 2013 in the Bulletin of Volcanology 76 (2013), 770,
d0i:10.1007/s00445-013-0770-x, with Impact Factor 2.667. Authors: R. Sobradelo,
S. Bartolini, and J. Marti.

The third work is case study of these applications to El Hierro (Canary Islands).
The methodology presented is based on the characterization of past eruptions and
the compilation of the volcano-structural data to study the spatio-temporal prob-
abilities and to simulate different eruptive scenarios. Additionally, combining the
most probable scenarios, we provided the first total qualitative hazard map of El
Hierro. The result obtained from our approach shows that, although El Hierro is not
a highly populated island, some medium- and high-volcanic-hazard zones coincide
with some of the main inhabited areas. Furthermore, the results obtained offer the
basis on which to build the strategies that are required to successfully face up and
to minimise the impact of future volcanic eruptions on the island. This manuscript
“Long-term volcanic hazard assessment on El Hierro (Canary Islands)” has been
published on July 28th, 2014 in Natural Hazards and Earth System Sciences 14
(2014), 1853-1870, with Impact Factor 1.826. Authors: L. Becerril, S. Bartolini, R.
Sobradelo, J. Marti, J.M. Morales, and I. Galindo.

The fourth work was conducted at Deception Island, representing a step forward
in the evaluation of volcanic hazard on the island and the results obtained are
potentially useful for long-term emergency planning. The present hazard assessment
is relevant for the analysis of the adequacy of the current evacuation routes and

locations of the active scientific stations. The hazard probability map shows that
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the research stations could be affected by pyroclastic density currents and that a
large area of the island could be covered by ash fallout. Furthermore, the opening of
new fissures in the glacier zones could generate lahars that would reach the research
stations and affect evacuation routes. It should be added that the existing evacuation
routes were defined without any accurate hazard assessment and taking into account
only logistical considerations. Thus, the results presented here should encourage a
revision of the distribution and course of the evacuation routes. Moreover, it is worth
mentioning that this long-term assessment may help decision makers when faced
with difficult situations such as the allocation of resources for hazard prevention and
evacuation whose objective is to reduce the loss of life due to the potential impact
of volcanic hazards. This manuscript “Volcanic hazard on Deception Island (South
Shetland Islands, Antarctica)” has been accepted for publication in the Journal of
Volcanology and Geothermal Research on 11th August 2014, with Impact Factor
2.515. Authors: S. Bartolini, A. Geyer, J. Marti, D. Pedrazzi, and G. Aguirre-Diaz.

The fifth work evaluates the long-term hazard assessment of La Garrotxa Vol-
canic Field (NE Spain). In this work, an evaluation of different volcanic hazards
is computed, through an evaluation of the susceptibility, temporal recurrence rate
analysis, simulation of different eruptive scenarios, and obtention of a final hazard
map. As in most of the Quaternary monogenetic volcanic fields, the lack of data and
of recent eruptions could let us to assume that volcanic hazard and, consequently,
risk is inexistent or non-significant. Well the contrary, all geological indicators sug-
gest that the area is subjected to the same geodynamic conditions that favoured the
initiation and continuation of this volcanism, so that we must consider this volcanic
area as potentially active. The final hazard map shows La Garrotxa volcanic field
subdivided into four different levels of hazards and will be useful for a land use
planning and for the elaboration of an emergency plan for this volcanic area that
should help to minimise the impact of future volcanic eruptions. This manuscript
“Hazard assessment at the Quaternary La Garrotxa Volcanic Field (NE Iberia)” has
been submitted for publication to the Journal of Quaternary Science, with Impact
Factor 2.661. Authors: S. Bartolini, X. Bolds, J. Marti, E. Riera Pedra, and LI.

Planaguma.

The last research paper aims at designing a new spatial database, VERDI (Volcanic
managEment Risk Database desIgn). In fact, the first step in the evaluation of vol-

canic risk consists of obtaining and organizing all pertinent data derived from differ-
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ent disciplines such as geology, volcanology, geochemistry, petrology and seismology,
as well as vulnerability and socio-economic information relating to the elements that
are potentially at risk. In order to optimize the accurate evaluation of volcanic risk,
VERDI contains 12 information groups regarding past and current volcanic activ-
ity and the associated hazards and the potential vulnerability of the elements that
may be affected by such hazards. Some of the most relevant issues include how and
where to store the data, in which format should it be made available, and how to
facilitate its use and exchange. The objective of the VERDI database is to make sci-
entific research easier and to promote information-sharing for volcanic surveillance,
susceptibility, hazard and vulnerability. This manuscript “VERDI: a new Volcanic
managkEment Risk Database deslgn” has been submitted on May 16th, 2014 in the
Journal of Volcanology and Geotherma Research, with impact factor 2.515. Authors:
S. Bartolini, L. Becerril, J. Marti.

The results presented in this Ph.D. Thesis evidence the importance of the eval-
uation of the volcanic hazard but especially the development of free and easy-use
e-tools designed to obtain it. The potentiality of using QVAST and HASSET lies
on the fact that they are free tools and developed on accessible and dynamic graph-
ical user interfaces. The main advantage of using these tools is that new data or
new model results can be easily included in the procedure to update the hazard
assessment. Furthermore, the use of non-free tools makes difficult the exchange of
information and the opportunity to be tested in different volcanic fields by different
users. In addition, QVAST provides different methods for estimating the optimal
bandwidth parameter, such as the Least Square Cross Validation (Cappello et al.,
2012), the hopt score (Silverman, 1986), and the Sum of Asymptotic Mean Squared
Error selector (Connor et al., 2012), and new methods can be easily added. Whereas,
although some parts of the HASSET tool coincide with BET EF and BET VH
tools presented by Marzocchi et al. (2008, 2010), HASSET overcomes the limitations
of previous event tree models by allowing a larger set of future volcanic scenarios in
their probability estimation, considering different kinds of unrest episodes, taking

into account the kind of outcome, and the magma composition.

Statistical methodologies are useful when the information about the past erup-
tive history and present state of activity of the volcanic area is incomplete, and
much more effort is required before being confident to forecast its future behavior

precisely. Another important aspects are the input parameters that play a major
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role to determine the result of the models applied (Felpeto et al., 2007; Bartolini
et al., 2013). Nowadays, none of the existing databases is based on a simple ar-
chitecture that contains all the necessary information for volcanic risk analysis and
management (e.g. WOVOdat (Venezky and Newhall, 2007); LaMEVE (Crosweller
et al., 2012)). So, The rationale behind the VERDI architecture is based on the
principle that all the information concerning the evaluation of volcanic risk should
be comparable, consistent and available for future comparisons and data analyses.
This thesis has analyzed and computed a homogeneous and systematic method-
ology to evaluate volcanic hazard in monogenetic volcanic fields where no previous
studies or no accurate volcanic hazard assessment has ever been conducted. In fact,
in monogenetic volcanic fields are often regarded as non-active, so there is an alert
reduction. On the contrary, to consider these volcanic areas as potentially active and
to undertake volcanic hazard assessment for risk-based decision-making in land-use
planning and emergency management and, consequently, to improve the security
of the inhabitants and infrastructures. The suitability of the tools and methodol-
ogy designed in this Ph.D. Thesis, tested at different case studies, allows them to
be applied to other volcanic areas of similar characteristics and, consequently, will

contribute to reduce effectively volcanic risk.
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CHAPTER 9

Conclusions

Modern volcanology is an interdisciplinary science that aims at studying the process
behind volcanic eruptions and assessing volcanic hazard in order to reduce volcanic
risk. The application of available tools such as QVAST (Bartolini et al., 2013),
HASSET (Sobradelo et al., 2013), based on current knowledge of past eruptive
activity and using probabilistic methods, such as the kernel density estimation and
the Bayesian inference, and the possibility to simulate different eruptive scenarios,
allows us to obtain a long-term hazard assessment, which can be easily updated
and improved with the incorporation of new information such as a more complete
volcano-stratigraphy and geochronology. This is an essential purpose and these free
tools which should enable local authorities to apply more rational territorial planning
and to design more adequate emergency plans to face future volcanic crises.

In this work we have presented different statistical methodologies and used differ-
ent tools to interpret volcanic data and providing good examples to assess long-term
volcanic hazard in monogenetic volcanic fields, using El Hierro (Canary Islands,
Spain), Deception Island (South Shetland Islands, Antarctica), La Garrotxa (NE of
Spain) as case studies. We performed a statistical analysis to extract information
about the future behavior of the volcano by looking at the geological and historical
activity of the volcanic system in each case. The Bayesian event tree statistical
method HASSET was applied to calculate eruption recurrence, while the QVAST
tool was used in an analysis of past activity to calculate the possibility that new
vents will open (volcanic susceptibility). On the basis of these calculations, we iden-
tified a number of significant scenarios using the GIS-based tools (i.e. VORIS 2.0.1
(Felpeto et al., 2007), LAHARZ (Schilling, 1998)) and evaluated the potential ex-
tent of the main volcanic hazards to be expected on the volcanic areas. The results
obtained allowed to evaluate and generate volcanic hazard maps with different levels
of hazards.

These tools are part of a larger project consisting of several modules that will

237



CONCLUSIONS - CHAPTER 9

interact with each other to elaborate an analysis report on the current situation
of the volcano. Future research work includes to complete the spatial QVAST and
temporal HASSET tools with a short term probability, including monitoring data,
to be used during a volcanic crisis and to create other modules that allow also to
evaluate eruptive scenarios, the vulnerability, and the risk. This architecture could
be useful not only for the scientific community but also for decision making during
volcanic crises. Furthermore, model results should be updated when new volcanic
data and new geological records become available. We also suggest that all the basic
information required to conduct hazard and risk assessment should be available and
stored in a same database. A future role for a new database design, such as VERDI,
will be the publication of an interactive web site that will enable registered users
to access and share the information in the database, thereby allowing VERDI to
become more dynamic and to continue to develop. As the most important aim of
the modern volcanology is based on reducing the risk, our future research work will
be also addressed to create a complete multihazard tool that takes into account the

volcanic hazard not as an isolated process but as a set of natural hazards.
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Abstract. One of the most important tasks of modern vol-
canology is the construction of hazard maps simulating dif-
ferent eruptive scenarios that can be used in risk-based de-
cision making in land-use planning and emergency manage-
ment. The first step in the quantitative assessment of volcanic
hazards is the development of susceptibility maps (i.e., the
spatial probability of a future vent opening given the past
eruptive activity of a volcano). This challenging issue is gen-
erally tackled using probabilistic methods that use the calcu-
lation of a kernel function at each data location to estimate
probability density functions (PDFs). The smoothness and
the modeling ability of the kernel function are controlled by
the smoothing parameter, also known as the bandwidth. Here
we present a new tool, QVAST, part of the open-source geo-
graphic information system Quantum GIS, which is designed
to create user-friendly quantitative assessments of volcanic
susceptibility. QVAST allows the selection of an appropriate
method for evaluating the bandwidth for the kernel function
on the basis of the input parameters and the shapefile geom-
etry, and can also evaluate the PDF with the Gaussian ker-
nel. When different input data sets are available for the area,
the total susceptibility map is obtained by assigning different
weights to each of the PDFs, which are then combined via
a weighted summation and modeled in a non-homogeneous
Poisson process. The potential of QVAST, developed in a free
and user-friendly environment, is here shown through its ap-
plication in the volcanic fields of Lanzarote (Canary Islands)
and La Garrotxa (NE Spain).

1 Introduction

Volcano susceptibility is defined as the spatial probability of
vent opening (Marti and Felpeto, 2010) and constitutes one
of the first steps in the assessment of volcanic hazards and
the construction of hazard maps of eruptive products (e.g.,
lava flows, ash, and pyroclastic density currents). The exact
site of a new eruption — a central vent or a vent located on the
flanks of a stratovolcano, or at any other apparently randomly
distributed point in a larger monogenetic volcanic field — is
of critical importance in determining the potential outcome
of an eruption. For the same eruption, different eruption sce-
narios and, consequently, different potential impacts are to
be expected depending on the exact location of the vent and
on the geographic and demographic characteristics of the
area. Hence, evaluating where future eruptive vents are most
likely to open greatly influences volcanic hazard assessment
(Cappello et al., 2011a, b).

The exact path that the over-pressurized magma will take
from its accumulation site to the earth’s surface — and hence
the site of any new vent — will be determined by geological
structure and stress distribution inside the crust. We know
that the energetic investment by the magma on this path will
be the minimum and that it will be parallel to the trajectory of
the main principal stress and normal to the minimum princi-
pal stress (Gudmundsson, 2008, 2012). However, we do not
have any direct criteria that enable us to determine this route
a priori since we lack detailed 3-D knowledge of the stress
field of the area. In the long term it is possible to base some
approaches on the location of previous eruptions and on the
structural characteristics of the volcano or the volcanic area.
On the other hand, in the short term it is also possible to take
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into account monitoring data from the volcanic field. There-
fore, the estimation of the most probable vent site is not an
impossible task and can be undertaken as part of volcanic
hazard assessment. This is a less difficult task in stratovolca-
noes for which good knowledge of past eruptive history ex-
ists and where real-time volcano monitoring is currently be-
ing performed. However, volcano susceptibility assessment
is more complex in monogenetic volcanic fields, as has been
shown by the recent eruption at El Hierro (Marti et al., 2013),
where stress conditions may change from one eruption to an-
other.

Published works in this field (Connor and Hill, 1995;
Felpeto et al., 2007; Jaquet et al., 2008; Marti and Felpeto,
2010; Favalli et al., 2011; Connor et al., 2012; Cappello et al.,
2012, 2013) report the use of kernel density functions to eval-
uate susceptibility. However, this technique is based mainly
on the assumption that new vents will not form far from ex-
isting ones (Martin et al., 2004; Jaquet et al., 2008). This
is an a priori hypothesis for long-term hazard assessment,
in which the use of volcano structural alignments (eruptive
fissures, fractures, dykes) and the location of past centers
of emission assumes implicitly that the general stress field
has not changed significantly since the formation of these
structures. Conversely, when dealing with short-term haz-
ard assessment, monitoring data (Marti and Felpeto, 2010)
— which provide important information regarding the evolu-
tion of magma migration and its ascent to the surface — play
a major role in determining volcanic susceptibility.

A kernel function is a density function used to obtain
the intensity of volcanic events. It is based on the distance
from nearby volcanoes and a smoothing constant 2 (Martin
et al., 2004), which indicates the spatial probability that a
new eruptive vent will form. A Gaussian kernel is a kernel
function describing a normal distribution that is used in vol-
canology to estimate local volcanic event densities in vol-
canic fields (Martin et al., 2004; Connor et al., 2012; Cap-
pello et al., 2012).

The aim of this work is to (i) analyze different approaches
to evaluate the smoothing parameter 4 (also known as the
bandwidth), (ii) estimate for each approach the correspond-
ing probably density function (PDF) and (iii) assess long-
term spatial susceptibility in monogenetic volcanic fields. We
describe here a new user-friendly plugin known as QVAST
(QGIS for VolcAnic SuscepTibility) for the free geographic
information system Quantum GIS (QGIS), which can make
these calculations and help users to choose the best option
in each particular case (Fig. 1). We describe the QVAST in-
terface step by step via two different applications: the first
in Lanzarote (Canary Islands, Spain) and the second in La
Garrotxa (NE Spain). These two case studies show QVAST’s
great flexibility and its ability to identify the most likely
zones to host new eruptions in monogenetic volcanic fields.
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Fig. 1. Flowchart showing the main steps available in QVAST.

2 Optimal bandwidth in kernel density estimation

The probability distribution in a kernel technique is strongly
influenced by a smoothing parameter or bandwidth, which
determines how probabilities are distributed in terms of the
distance from the volcanic structures or vents. The smooth-
ness of the kernel density estimate is evident compared to the
discreteness of the histogram, as bin width of a histogram,
for continuous random variables (Scott, 1979). An optimal
smoothing bandwidth is based on the clustering behavior of
the volcanic structures and varies proportionally with the vol-
canic field size and vent density. Indeed, narrow bandwidths
accentuate densities near the locations of past events. Con-
versely, broad bandwidths may oversmooth the density es-
timate, resulting in unreasonably low density estimates near
clusters of past events, or overestimate densities at greater
distances from past events. In a Gaussian kernel function, the
bandwidth is equivalent to the variance of the kernel (Connor
etal., 2012).

In volcanic hazard applications, the choice of the optimal
bandwidth is difficult and depends on the field size and de-
gree of cluster determining the probability distribution at dis-
tance from volcanic structures or eruptive vents.

QVAST provides a number of different methods for es-
timating the optimal bandwidths. The least square cross-
validation (LSCV — Cappello et al., 2012) is made avail-
able for the volcanic structures with linear geometries (e.g.,
dykes, eruptive fissures, faults), and three methods are pro-
vided for the eruptive vents: the LSCV, the / score (Silver-
man, 1986) and the sum of asymptotic mean squared error
(SAMSE) selector H (Connor et al., 2012).

An exhaustive description of each of these methods is
hereinafter provided.

www.nat-hazards-earth-syst-sci.net/13/3031/2013/
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2.1 Least square cross-validation
(Cappello et al., 2012)

Least square cross-validation (LSCV) is a procedure that
uses an iterative approach to determine the optimal band-
width for fixed kernel functions. Initially proposed by
Rudemo (1982) and Bowman (1984), the LSCV uses the
minimization of the integrated square error between the esti-
mated distribution and the true distribution.

In our QGIS plugin, we used the version proposed by Wor-
ton (1995), defined as

1 1
LSCV) = —— 4+ ——
T ThIn T AmhZn?

d2
X 121<exp|:4h2 :| 4exp|:2h2 :|) (1)
i=1j

where £ is the smoothing factor, n the total number of histor-
ical data and d;; the Euclidean distance between the ith and
the jth points, when dealing with eruptive vents.

Conversely, if historical data consist of broken lines con-
taining a number of linear segments, QVAST uses a modified
version of LSCV (Cappello et al., 2012; Becerril et al., 2013;
Cappello et al., 2013), where d;; is the “minimax distance”
(i.e., the minimum value of the maximum distances between
each end point of the ith volcanic structure and all the end
points of the jth volcanic structure).

2.2 The hgpt score (Silverman, 1986)

The Silverman method determines the optimal bandwidth A
based on the assumption that the location of the vent opening
is a random variable. The generalization of the Silverman’s
rule of thumb (Silverman, 1986) in the multivariate case is as
follows (Scott, 1992; Hardle et al., 2004):

h =n/d+9g, ()
In the bivariate case d = 2, n is the length of the samples (x
and y are the Cartesian coordinates), and & is the standard
deviation. Thus, we obtain
o2+ 0)2,

2 9

h =n'/® 3)
where o, and o, are the standard deviations of the x and y
coordinates, respectively.

2.3 The sum of asymptotic mean squared error
selector (Connor et al., 2012)

The pilot bandwidth selector is a modified asymptotic mean
integrated squared error (AMISE) method developed by
Duong and Hazelton (2003) to evaluate the optimal band-
width in kernel density estimation.

Despite their mathematical complexity, SAMSE bivariate
bandwidth selectors can help find optimal bandwidths using

www.nat-hazards-earth-syst-sci.net/13/3031/2013/

actual data locations, and so remove subjectivity from the
process (Connor et al., 2012). In Duong and Hazelton (2003),
the bivariate kernel density is defined by

o H) =n"" Y Kn(x—Xo), )
i=1

where 7 is the sample size, x = (x1, x2)7, X; = (X1, Xi2)7,
fori =1,2,...,n,and K is the bivariate kernel that depends
on H, the bandwidth matrix that is symmetric and positive
definite. To measure the performance of f , @ SAMSE pi-
lot selector is used, which is simpler and more parsimonious
than the AMISE selectors.

The SAMSE selector is freely available within the “ks”
package of the R Project for Statistical Computing (Duong,
2007; Hornik, 2009) and can be expressed as follows:

H = Hpi(x,nstage, pilot =" samse’, pre =" sphere’),  (5)

where x is a vector or matrix of data (vents), nstage is the
number of stages in the plugin bandwidth selector, pilot is the
pilot estimation, and “pre” concerns the pre-transformations.

The spatial density estimates are based on the distribution
of past events within a volcanic field and the time period un-
der consideration, and can be used as the basis for estimating
the probability of the opening of new vents within a region.
Connor et al. (2012) define an event as the opening of a new
vent at a new location during a new episode of volcanic ac-
tivity.

The optimal bandwidth matrix obtained using Eq. (5) rep-
resents smoothing in E-W and N-S directions, the upper left
and lower right diagonal elements, respectively.

3 Kernel density estimation

Kernel density estimation is a well-known, non-parametric
approach to the estimation of probability density functions
using a finite number of samples. The shape of kernel func-
tion — be it Cauchy kernel (Martin et al., 2004), Epanech-
nikov kernel (Lutz and Gutmann, 1995) or Gaussian kernel
(Connor and Hill, 1995) — is important in probability calcula-
tions, even if it is less relevant than other parameters (Connor
and Hill, 1995; Lutz and Gutmann, 1995).

In the general case, if X; denotes samples of size n, then
the kernel density estimate of X in the point x is given by

1 n
Mo == K (x, X, (6)
i=1

where K} is a kernel function with bandwidth £, satisfying
the condition that f Kj(x,-)dx =1 to ensure that A(x) is a
density. In the Gaussian formulation,

Cefee( )
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4 Interface and tools of QVAST

Available open-source desktop GISs have notable differ-
ences in quality and performance (Sherman, 2008; Chen et
al., 2010). Quantum GIS (QGIS) is a free, open-source and
cross-platform software, distributed at www.QGIS.org. It in-
cludes all of the common GIS functions and features and
possesses an intuitive and user-friendly interface. One of the
great advantages of QGIS is the availability of plugins from
official and third-party repositories that provide a large num-
ber of additional functions. These features make QGIS the
most suitable software for our plugin.

QVAST is developed in Python script, an interpreted,
general-purpose, high-level programming language, whose
codes can be packaged into stand-alone executable programs
(using sub-process calls to R) and C++ codes. A graphical
user interface (GUI) is available to provide users with a dy-
namic graphical window in QGIS.

QVAST includes different methods for choosing the opti-
mal value for the bandwidth, which depends on the size of
the volcanic field and the degree of clustering in the avail-
able data. The PDF is constructed using a kernel density es-
timator, which is a function centered at each data sample
location that exerts an influence on the surrounding region
(Diggle, 1985). It is employed to estimate how the density
of new vent openings varies across a study area in accor-
dance with the distribution of past eruptions and the band-
width. Different types of kernels can be used to describe
the spatial density, e.g., the Cauchy (Martin et al., 2004),
Epanechnikov (Lutz and Gutmann, 1995), Gaussian (Connor
and Hill, 1995), or elliptical (Kiyosugi et al., 2010) kernels.
Here we use the Gaussian kernel, which responds well to the
clustering phenomena commonly observed in volcanic dis-
tributions (Weller et al., 2006).

Long-term spatial susceptibility is obtained through a non-
homogeneous Poisson process (NHPP), where the PDFs and
their relative weights are combined through a weighted sum.
QVAST allows users to assign different weights to each of
the PDFs depending on the relevance and reliability of data
sets. Once the user has installed the plugin in the QGIS plu-
gins folder, a new option called “Volcano” appears in the
QGIS menu bar where the QVAST model is installed.

The QVAST structure consists of three main modules

(Fig. 2):

1. Estimation of the optimal bandwidth starting from dif-
ferent geometric layers (points and polylines);

2. Evaluation of the Gaussian kernel and generation of
the PDF in the volcanic area under study;

3. Calculation of the susceptibility map from one or more
PDFs. In this latter case, QVAST allows users to assign
different weights to each layer.

Nat. Hazards Earth Syst. Sci., 13, 3031-3042, 2013

S. Bartolini et al.: QVAST: a new Quantum GIS plugin for estimating volcanic susceptibility

The first window that appears after launching the plugin is
the evaluation of the bandwidth. A drop-down menu contains
the shapefile layers added in the “Layers” menu in the QGIS
project. To estimate the optimal bandwidth in case of a group
of sample points (e.g., eruptive vents), QVAST offers three
different methods: LSCV, the h score and the SAMSE selec-
tor H. If the GIS layer consists of linear volcanic structures
(e.g., dykes, eruptive fissures, or faults), only the LSCV score
can be used. Otherwise, the plugin allows the user to intro-
duce the optimal value for the bandwidth by hand (if known)
and continue directly to the construction of the PDF.

Once the layer and the method for evaluating the band-
width have been selected, the value of the smoothing param-
eter is calculated using the “CALCULATE BANDWIDTH”
button.

The second window enables the PDF with the Gaussian
kernel to be evaluated using the calculated optimal band-
width. To evaluate the Gaussian kernel on the selected layer,
QVAST needs the following input parameters: the surface
area on which the calculation is to be performed (raster
layer), the grid resolution (which should be clearly smaller
than the size of the volcanic area under study), the bandwidth
value, the output name, and the output path where the results
are to be saved. The surface area can be less than the entire
digital elevation model (DEM) if the user is only interested
in a particular area. The result of the Gaussian kernel is a
PDF in GeoTIFF raster format, which is automatically added
as a new layer to the active QGIS project. The results show
the distribution of the PDF in the volcanic area related to the
input layer selected.

The third window enables simultaneously considering dif-
ferent layers to which different weights can be assigned and
thus calculate the final susceptibility map. Once the grid size
and the weight for each PDF have been defined, QVAST
calculates the weighted sum and evaluates the final raster
map that represents the spatial susceptibility. The map is pre-
sented in a GeoTIFF raster format and is added to the layer.

Hence, the steps needed to obtain the final susceptibility
can be summarized as follows (Fig. 1):

1. Gathering of all volcano structural data available;

2. Optimal bandwidth selection using different methods;
3. Application of the Gaussian kernel to obtain the PDF;
4. Assignment of a relative weight to each PDF;

5. Creation of the susceptibility map with an NHPP.

The functionality and flexibility provided by QVAST have
been demonstrated in Lanzarote and La Garrotxa volcanic
fields. Different methods were used to identify the optimal
bandwidth, and different results were obtained when differ-
ent weights to the PDFs were assigned.

www.nat-hazards-earth-syst-sci.net/13/3031/2013/
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Fig. 2. QVAST main interface: screenshots of the optimal bandwidth selection (1), for the parameter needed by the Gaussian kernel (2) and

for the assignment of weights to the different PDFs (3).
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5 Applying QVAST: Lanzarote (Canary Islands, Spain)
and La Garrotxa (NE Spain)

5.1 Lanzarote: geological context

Lanzarote lies in the northeast of the Canary Islands
archipelago (Fig. 3). It forms the emergent part of the so-
called East Canary Ridge (ECR), a NNE-SSW linear vol-
canic structure located on atypical oceanic crust, at least
11km thick (Banda et al., 1981), lying between the conti-
nental rise and the Canary Basin.

The geological evolution of Lanzarote involves two main
stages: the first pre-erosional during the Miocene—Pliocene
and the second — divided into two periods of volcanic ac-
tivity — post-erosional during the Quaternary (Marinoni and
Pasquaré, 1994).

Sub-aerial volcanic activity has been almost continuous
during the past 20 Myr and reveals that these islands are part
of a sector of the lithosphere in which the thermal and dy-
namic anomalies that lead to the production and ascent of
alkaline basaltic magmas have persisted for an exceptionally
long period (Coello et al., 1992; Blanco-Montenegro et al.,
2005).

In historical times eruptions on Lanzarote took place dur-
ing the 18th and 19th centuries. The eruption between 1730
and 1736 was one of the earth’s biggest ever historical erup-
tions. A large number of volcanic cones were formed along
an around 15km long fissure. During the eruption 3—5 km?
of lava were emitted, covering an area of approximately
200 km? (Carracedo et al., 1992; Felpeto et al., 2001).

The structural evolution results from a complex interaction
between the magmatism and both the regional stress field and
the local stress field generated during the growth of the island
itself. Hence, the present structural architecture is the result
of a complex magmatic and tectonic evolution characterized
by variations in the stress field that have been at work from
the Miocene to the present day (Camacho et al., 1991).

5.2 La Garrotxa: geological context

The Catalan Volcanic Zone (CVZ, NE Iberian Peninsula) is
one of the alkaline Quaternary volcanic provinces that form
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Fig. 4. Geographical and geological settings of the La Garrotxa vol-
canic field (Marti et al., 2011).

part of the European rift system (Fig. 4). The age of its vol-
canism has not yet been fully defined. Available data indi-
cate that volcanic activity started over 12 Ma ago and con-
tinued up to the beginning of the Holocene. Despite being
significant in both extension and volume, this volcanism —
whose eruptions continued up to the Holocene — is poorly
known in comparison to the contemporaneous alkaline vol-
canism in other parts of western and central Europe. Volcan-
ism in the CVZ lies predominantly in a NW-SE direction
corresponding to the graben system present in the area. Var-
ious vents in the area can be aligned in the same NW-SE
direction in parallel to the local fault systems. The volcan-
ism younger than 0.5 Ma is mostly concentrated in an area of
about 100 km? located between the cities of Olot and Girona.
This basaltic volcanic field exhibits scoria cones, lava flows,
tuff rings, and maars. Magmatic eruptions range from Hawai-
ian to violent Strombolian. Phreatomagmatism is also com-
mon and has contributed to the construction of more than
half of the region’s volcanic edifices. It is frequently asso-
ciated with Strombolian activity but has also acted indepen-
dently, thereby giving rise to a large variety of different types
of eruptive sequences (Marti et al., 2011).
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Fig. 5. Main volcano structural data (dykes, vent alignments and
emission centers) used to build the susceptibility map of Lanzarote.
The topographic base is 25 m resolution DEM.

5.3 Data sets and bandwidth estimation

DEMs created by the Instituto Geografico Nacional (IGN)
for Lanzarote and by the Institut Cartografic de Catalunya
(ICC) for La Garrotxa with a cell size of 25 x 25 m were used
in these analyses. Volcano structural data were retrieved by
the Instituto Geologico y Minero de Espafia (IGME, 1988)
for Lanzarote and by the Institut Geologic de Catalunya
(IGC, 2007) for la Garrotxa.

Volcanic susceptibility was estimated by studying sepa-
rately all structural data in order to identify different data
sets that could be used for the probabilistic analysis. Using
the available literature and geological maps, we were able to
identify vent locations, vent alignments, and dykes.

5.3.1 Application to Lanzarote

Volcanic structures on Lanzarote are shown in Fig. 5. Specif-
ically, we considered 256 dykes and two layers of vent align-
ments containing 75 older vent alignments and 30 more re-
cent vent alignments, formed during the Holocene. Since
both dykes and vent alignments can be represented as poly-
line shapefiles, QVAST used the LSCV method to calculate
the optimal values for the bandwidth, which were found to
be the following:

— 351 m for dykes,
— 3000 m for the oldest vent alignments,

— 2304 m for the most recent vent alignments.

www.nat-hazards-earth-syst-sci.net/13/3031/2013/

Fig. 6. Main volcano structural data (dykes, vent alignments and
emission centers) used to build the susceptibility map of La Gar-
rotxa. The topographic base is 25 m resolution DEM.
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Fig. 7. PDF of Lanzarote dykes calculated with the Gaussian kernel
using a bandwidth of 351 m.

As well, we identified a total of 187 emission centers
(Quaternary pyroclastic cones and eruptive vents), most of
which are distributed in the central part of the island in a
NE-SW direction (Marinoni and Pasquaré, 1994).

The evaluation of the bandwidth for the vent locations
was performed using the three methods available in QVAST
and the following results were obtained: (i) 333 m with the
LSCV method, (ii)) 3844 m with Silverman’s method, and
(ii1) 3934 m with the SAMSE selector.
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Fig. 9. PDFs of Lanzarote emission centers calculated with the Gaussian kernel using different bandwidths: 333 m as computed by the LSCV
method (a), 3844 m as by the hqpt score (b), and 3934 m as by the SAMSE selector (¢).

The PDFs for each layer evaluated using the Gaussian ker-
nel and a 500 m spaced grid are shown for dykes in Fig. 7, for
vent alignments in Fig. 8, and for emission centers in Fig. 9.

Given that the PDF generated using the bandwidth ob-
tained with the LSCV seems to provide the best reflection of
the current clustering of the emission centers observed, we
decided to use this method for the final susceptibility map.

5.3.2 Application to La Garrotxa

Volcanic structures in La Garrotxa are shown in Fig. 6.
Specifically, we considered vent alignments and emission
centers.

Given that the vent alignments can be represented as poly-
line shapefiles, QVAST used the LSCV method to calculate
the optimal value for the bandwidth, which was found to be
4012 m.

In addition, we identified a total of 45 emission centers
aligned in a NW-SE direction, parallel to the fault systems
(Marti et al., 2011).

Nat. Hazards Earth Syst. Sci., 13, 3031-3042, 2013

As on Lanzarote, the evaluation of the bandwidth for
the vent locations was performed using the three meth-
ods available in QVAST, which gave the following results:
(i) 2002 m with the LSCV method, (ii) 1774 m with Silver-
man’s method, and (iii) 1567 m with the SAMSE selector.

The PDFs for each layer evaluated using the Gaussian ker-
nel and a 500 m spaced grid are shown for vent alignments in
Fig. 10 and for emission centers in Fig. 11.

The PDFs obtained for the vent locations using differ-
ent bandwidth values generate similar local intensity results.
Taking into account isolated vents, we decided to use Silver-
man’s method for the final susceptibility map since it seems
to provide the best reflection of the degree of clustering cur-
rently observed.

5.4 Susceptibility map

The spatial probability of future vent openings is obtained by
applying an NHPP to each potential vent (x, y) as follows:

susc(x,y) = 1 —exp(—A(x, y)AxAy), ®)

www.nat-hazards-earth-syst-sci.net/13/3031/2013/
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Fig. 10. PDFs calculated with the Gaussian kernel for the vent align-
ments of La Garrotxa.

where Ax Ay is the size of the grid cell (500 m x 500 m) and
A(x,y) is the weighted sum of the four PDFs and their rela-
tive weights.

QVAST provides two opportunities for assigning the
weights that reflect the importance and reliability of each in-
put data set. In the first, the user does not assign any specific
individual weight and so QVAST defines the same constant
value for all PDFs in the computation of the final proba-
bility map. In the second case, weights are assigned using
expert judgment on the basis of structural criteria (Aspinall,
2006; Neri et al., 2008; Marti and Felpeto, 2010), which pro-
vides initial indicative probability distributions to be associ-
ated with each PDF.

In this case study, we demonstrated the flexibility of
QVAST by generating two different susceptibility maps.

In the first map, the same weight (i.e., 0.25) was assigned
to each PDF under the assumption that the probability of
all future vent openings is influenced equally by all volcano
structural data.

In the second case, we assigned to each of the PDFs the
following weights for Lanzarote:

0.05 for dykes,

— 0.15 for the oldest vent alignments,

0.3 for the most recent vent alignments,

0.5 for the emission centers;
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and for La Garrotxa, the following weights:
— 0.3 for the vent alignments,
— 0.7 for the emission centers.

On Lanzarote, the highest weight (50 %) was assigned to
the emission centers in the center of the island, where erup-
tions occurred in historical times. This means that new erup-
tions are given the greatest likelihood of occurring close
to the most recent eruptions. Decreasing importance was
awarded to the most recent vent alignments, the oldest vent,
alignments and dykes. Obviously, the total sum of weights
is equal to 1. In La Garrotxa, the highest weight (70 %) was
assigned to the emission centers.

The two final susceptibility maps for Lanzarote are shown
in Fig. 12 and for La Garrotxa in Fig. 13.

As it is obvious, on Lanzarote the susceptibility obtained
using the same weight for all PDFs (Fig. 12a) provides a
very homogeneous probability distribution, with the highest
values corresponding to exposed dykes. This is disputable,
since these dykes are volcanic structures that are clustered as
a wide swarm chiefly at the headwalls of the main landslide
and have probably been buried by recent volcanic products
in other areas. Hence it is not clear whether they have acted
as feeders or not (Becerril et al., 2013).

Conversely, the susceptibility map obtained using different
weights (Fig. 12b) would appear to be more accurate and reli-
able, and reflects coherently the recent distribution of align-
ments located in the central part of the island in a NE-SW
direction.

If we change the assigned weights, results differ for Lan-
zarote but not for La Garrotxa. In fact, in this latter vol-
canic field, the susceptibility maps obtained using the same
(Fig. 13a) and different weights (Fig. 13b) for the PDFs
are both coherent. The choice of the final technique for
constructing hazard maps depends on the reliability of the
method used to assign the weights.

6 Conclusions

The elaboration of a susceptibility map based on the quan-
tification of objective geological and geophysical data is the
first and most important step in the quantitative assessment
of volcanic hazard and risk. Here we have presented QVAST,
the new tool for calculating volcanic susceptibility that works
under QGIS, a free and user-friendly GIS environment.

QVAST is built to evaluate volcanic susceptibility, that is,
the spatial probability of the appearance of a future vent
opening, based on the activity of the volcanic area under
study. The main steps involved are as follows: (i) calcula-
tion of the bandwidth using different methods, (ii) evaluation
of the PDF using a Gaussian kernel, (iii) assignment of the
weights to each PDF, and (iv) evaluation of the susceptibility
map using an NHPP.
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Fig. 11. PDFs of La Garrotxa emission centers calculated with the Gaussian kernel using different bandwidths: 2002 m as computed by the
LSCV method (a), 1774 m as by the hopt score (b), and 1567 m as by the SAMSE selector (c).
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Fig. 12. Lanzarote susceptibility maps calculated assigning the same weights to all PDFs (a) and variable weights, i.e., 0.05 for dykes, 0.15
for the oldest vent alignments, 0.3 for the most recent vent alignments and 0.5 for the emission centers (b).
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Fig. 13. La Garrotxa susceptibility maps calculated assigning the same weights to all PDFs (a) and variable weights, i.e., 0.03 for alignments
and 0.7 for the emission centers (b).
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The comparison of different volcanic fields shows the im-
portance of choosing the optimal bandwidth parameters. The
strength of QVAST lies in the possibility of selecting var-
ious methods for evaluating the bandwidth parameter and
for obtaining the final susceptibility map. The volcanic fields
of Lanzarote and La Garrotxa are excellent case studies for
learning how to use this interface and for comparing the dif-
ferent results generated using different bandwidths for the
kernel; this thus allows an optimal bandwidth for the vol-
canic field to be chosen.

QVAST is part of a larger project consisting of several
modules (implemented in QGIS) that will interact and will
analyze the current situation of volcano fields as part of the
task of generating hazard maps.

In the cases of Lanzarote and La Garrotxa, although data
availability is somewhat restricted, the preliminary results
obtained are good enough to be used as a starting point
for generating eruptive scenarios that can aid local territo-
rial planning and risk-mitigation programs. Thus, we propose
that this tool should be used as a common way for determin-
ing the susceptibility of future volcanic eruptions in active
regions and as a necessary tool in the reduction of volcanic
risks.

Future work will include the spatiotemporal analysis of fu-
ture vent openings and the construction of volcanic hazard
maps, all of which will be of great help to the governmental
bodies in charge of territorial planning and the development
of mitigation plans.
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Abstract Event tree structures constitute one of the most
useful and necessary tools in modern volcanology for
assessment of hazards from future volcanic scenarios (those
that culminate in an eruptive event as well as those that do
not). They are particularly relevant for evaluation of long-
and short-term probabilities of occurrence of possible vol-
canic scenarios and their potential impacts on urbanized
areas. In this paper, we introduce Hazard Assessment Event
Tree (HASSET), a probability tool, built on an event tree
structure that uses Bayesian inference to estimate the prob-
ability of occurrence of a future volcanic scenario and to
evaluate the most relevant sources of uncertainty from the
corresponding volcanic system. HASSET includes hazard
assessment of noneruptive and nonmagmatic volcanic sce-
narios, that is, episodes of unrest that do not evolve into
volcanic eruption but have an associated volcanic hazard
(e.g., sector collapse and phreatic explosion), as well as
unrest episodes triggered by external triggers rather than
the magmatic system alone. Additionally, HASSET intro-
duces the Delta method to assess precision of the probability
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estimates, by reporting a 1 standard deviation variabil-
ity interval around the expected value for each scenario.
HASSET is presented as a free software package in the
form of a plug-in for the open source geographic informa-
tion system Quantum Gis (QGIS), providing a graphically
supported computation of the event tree structure in an
interactive and user-friendly way. We also include further
in-depth explanations for each node together with an appli-
cation of HASSET to Teide-Pico Viejo volcanic complex
(Spain).

Keywords Volcanic hazard - Event tree - Probability
estimation - Bayesian inference - QGIS

Introduction

Volcanic systems near urbanized areas require sound risk
evaluation to support decision makers during the critical
times of emergency management, as well as before the onset
of volcanic unrest, to build preparedness plans and define
land use management. Assessment of volcanic hazard from
future eruptive scenarios in probabilistic ways has become
a widely used technique for risk evaluation in recent years
(Newhall and Hoblitt 2002; Marzocchi et al. 2004, 2006,
2008, 2010; Aspinall 2006; Neri et al. 2008; Marti et al.
2008a, 2011; Sobradelo and Marti 2010; Sobradelo et al.
2011). Volcanic hazard is the probability of any particular
area being affected by a destructive volcanic event within a
given period of time (Blong 2000). So, to quantify volcanic
hazard, we need to estimate probabilities of occurrence of
a particular eruptive scenario in time and space. Despite
the limitations in the construction of an event tree usu-
ally imposed by the lack of knowledge about the past and
present behavior of active volcanoes, it is clear from the
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works previously cited and experiences from volcanic crises
(Aspinall and Cook 1998) that construction of an event tree
is extremely useful for hazard assessment.

Future probabilities of occurrence of an eruptive scenario
can be analyzed for both the short term and long term. Short-
and long-term forecasts of eruption are defined based on
the expected time interval over which the volcanic system
enters unrest and/or shows significant variations. For the
purpose of our analysis, long-term volcanic hazard refers
to the time window before the volcanic system goes into
unrest, and short-term volcanic hazard refers to the unrest
phase. Consequently, long-term forecasting is mainly based
on geological, historical and geochronological data, and
theoretical models, while short-term forecasting is comple-
mented with information from continuous monitoring.

The complexity of any volcanic system and its asso-
ciated eruptive processes, together with the lack of data
that characterize many active volcanoes, particularly those
with long intervals between events, make volcanic haz-
ard quantification very challenging, as there is often not
enough observational data to build a robust statistical model.
However, it is important to find a way to summarize the
uncertainty of a volcanic scenario in a structured and sys-
tematic way, so that when new evidence arrives, we can
update these uncertainties in a consistent and rigorous way.
This will allow paths to decisions to be documented and
later tracked, rather than being based on intuition or gut
feelings.

Bayesian inference is based on the principle that every
state of uncertainty can be modeled with a probability
distribution. It provides a numerical instrument, based on
rigorous mathematical modeling, to define and interpret
uncertainties. As more data arrives, the method incorporates
the new evidences in order to progressively reduce uncer-
tainty. The precision of the probability estimates for each
possible eruptive scenario will depend heavily on the avail-
able data. We begin with the state of total ignorance and
use noninformative priors to quantify our uncertainty before
observing the data, and later update these with the arrival of
new evidence from geochronological and geophysical data,
to get the posterior probabilities, which provide an esti-
mate of the uncertainty after observing the data. Due to the
poor and incomplete data catalogue often used when doing
eruption estimates, aleatoric (stochastic) and epistemic (data
or knowledge limited) uncertainties are significant, and we
need to find a way to correctly evaluate them.

The aleatoric (stochastic) uncertainty is a consequence
of the intrinsic complexity of a system, hence a limitation
to our ability to predict the evolution of the system in a
deterministic way. The aleatoric uncertainty introduces a
component of randomness in the outcomes, regardless of
our physical knowledge of the system. The epistemic uncer-
tainty is directly related to our knowledge of the system and

@ Springer

the quality and quantity of data we have about the system.
The more data we have, the better we know the system and
the lower the epistemic uncertainty (Woo 1999).

In this paper, we present Hazard Assessment Event Tree
(HASSET), a probability tool that uses Bayesian inference
in an event tree structure to assess volcanic hazard of future
volcanic scenarios. It evaluates the most relevant sources of
uncertainty in estimating the probability of occurrence of a
future volcanic event. HASSET is presented as a free soft-
ware package in the form of a plug-in for the open source
geographic information system Quantum Gis (QGIS), pro-
viding a graphically supported computation of the event tree
structure in an interactive and user-friendly way. It is built
on the Bayesian event tree model proposed by Sobradelo
and Marti (2010) and expanded further to include two addi-
tional and important nodes to account for the type and
extension of the hazard phenomena. Additionally, HASSET
introduces the Delta method to approximate the precision in
the probability estimates, by constructing a 1 standard devi-
ation variability interval around the expected probability
value for each scenario.

It is important to mention that some parts of our tool
overlap with the BET_EF and BET_VH tools presented by
Marzocchi et al. (2008, 2010). These tools use Bayesian
theory in an event tree structure. HASSET is built on
QGIS platform, taking advantage of additional features
of this geographic information system, and BET_EF and
BET_VH are presented in the form of an independent soft-
ware. The main differences are that HASSET evaluates the
hazard associated with magmatic and nonmagmatic unrest
episodes, by accounting for unrest induced by external trig-
gers (geothermal, seismic), as opposed to internal triggers
alone (magmatic) (this will be further described in the
next section). HASSET evaluates the hazard associated with
eruptive and noneruptive volcanic scenarios (e.g., phreatic
explosion and sector failure) and looks at the hazard for
different types of magma composition and different vent
locations, together with the geological hazard and its extent.
This allows for identification of important eruptive scenar-
ios which otherwise would go unnoticed. In this respect,
HASSET overcomes the limitations of previous event tree
models by allowing a larger set of future volcanic scenar-
ios in their probability estimation, and thus extending their
use to a wider range of volcanic systems, accounting for
aleatoric and epistemic uncertainties, and reducing the addi-
tional bias that the human decision component adds to the
use of alternative techniques for estimating event tree prob-
abilities (Aspinall 2006; Loughlin et al. 2002). In this paper,
we will focus on the long-term volcanic hazard assessment
of the system, so we will base our analysis on the past
behavior of the volcano.
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HASSET: Hazard Assessment Event Tree

An event tree is a tree graph representation of events in the
form of nodes and branches and it was first introduced to
volcanology by Newhall and Hoblitt (2002) as a tool for
volcanic hazard assessment. Each node represents a step
and contains a set of possible branches (outcomes for that
particular category). The nodes are alternative steps from a
general prior event, state, or condition through increasingly
specific subsequent events to final outcomes. The objec-
tive is to outline all relevant possible outcomes of volcanic
unrest, at progressively higher degrees of detail, and assess
the probability of each hazard scenario occurring within
a specified future time interval. HASSET uses this event
tree structure (Fig. 1a) to make these estimations based on
a statistical methodology, further described below, called
Bayesian inference (Rice 2007) (Fig. 1b, c). All nodes are
independent and the corresponding branches are mutually

exclusive and exhaustive. That is, they cannot happen simul-
taneously and they sum up to 1. These are initial conditions
set for simplicity and practical application of the Bayesian
inference methodology. In general, an event tree can have
any form or shape and the nodes need not be independent
or mutually exclusive, in which case a different mathemat-
ical approach is needed. Future work is needed to address
this issue and eliminate the dependency and mutually exclu-
sive restrictions to make a free form event tree structure.
However, it remains to be proven whether the presumed
accuracy increase in the probability estimates would justify
the additional complexity that dependency and nonmutu-
ally exclusive assumptions would introduce in the model
settings and calculations.

HASSET accounts for the possibility of flank vent erup-
tions (as opposed to only central), making it also useful for
monogenetic volcanism. A novelty of HASSET is that it
accounts for nonmagmatic unrest (geothermal or seismic),
as opposed to only magmatic, and for noneruptive scenarios

a - Dy s N B A By 4 N [ )
Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8
(Unrest) (Origin) (Outcome) (Location) (Composi- (Size) (Hazard) (Extent)

* Yes * Magmatic * Magmatic * Central tion) * Size 5+ « Ballistic * Short
* No  Geother eruption « North * Mafic * Size 4 * Fallout * Medium
mal * Phreatic « South * Felsic * Size 3 « PDC * Large
| * seismic .| explosion | |, E5ct “ | *Size 2- | elavaflow |-
* Other * Sector * West o Lahar
failure -
“lo * Debris
Erliption avalance
= Other
\ 5 S 5 e Y & Y 5 e T /

@PPPE@OBO
Cc

Fig. 1 HASSET event tree structure (a) formed by eight nodes and
corresponding mutually exclusive and exhaustive branches to account
for all possible scenarios likely to occur in a volcanic system. By
the condition of independence of the nodes, the probability of a

particular eruptive scenario, as a combination of branches across
nodes, is the product of the individual probabilities of occurrence of
each branch in that scenario (b). These probabilities are calculated
using a Bayesian inference approach (c). (See text for further details)
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(phreatic explosions or sector failure), as opposed to vol-
canic eruptions only. Also, it accounts for felsic or mafic
composition, and their associated volcanic hazards as possi-
ble outputs of an eruption, together with the extent reached
by each hazard.

Event tree structure

Each possible volcanic scenario is a combination of one
branch per node evolving from a more general node of
unrest (yes or no) to the more specific node of the extent of
the hazard. Below is a detailed explanation of each node and
corresponding branches (see Sobradelo and Marti (2010) for
further details on the event tree methodology). It is possible
to stop at a particular node if we want to evaluate the hazard
at a more general level. Each possible volcanic scenario is
made up from the following nodes:

Node 1, Unrest:  Yes or No. Given that we have the capac-
ity to differentiate the origin of the precursory signals,
we define unrest in a particular time window t as any
modification of the background activity of the volcano or
volcanic area recorded by the monitoring network, and
which may or may not be followed by an eruption of any
kind.

Node 2, Origin:  We define four possible sources of unrest,
which comprises events (above background) recorded
by the network, that are likely to happen, magmatic,
geothermal, seismic, and other. Assuming we can define
the precursors that identify the source of the unrest, it
is crucial in a complex volcanic system to differenti-
ate between unrest caused by internal triggers or caused
by external triggers, which ultimately may condition the
outcome and further development of the system. Every
eruption type, including a phreatic episode, requires the
presence of fresh magma at shallow depths in the vol-
canoes. However, we do not discard the possibility of
starting an eruption process from an unrest directly asso-
ciated with the hydrothermal system or even due to
external triggers, such as regional tectonics, if eruptible
magma is already present in the system. It is also impor-
tant to mention that the interior of a volcanic system may
react to changes in the regional stress field or regional
tectonics, so a seismic trigger for unrest cannot be ruled
out.

Node 3, Outcome: We consider here the outcome of the
unrest being of four different types, magmatic eruption,
sector failure, phreatic explosion (triggered by unrest of
any type, where no magma is expelled in the eruption),
no eruption (there is unrest but no further outcome devel-
ops). It is important to address the hazard associated
with noneruptive scenarios in the event of unrest. That
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is, the hazard could arise in response to internal or exter-
nal triggers that do not evolve into a magmatic eruption
but rather originate a sector failure or a phreatic episode.
These volcanic scenarios should not be left out when
assessing volcanic hazard, especially for a volcano with
a hydrothermal system or a shallow aquifer.

Magmatic eruptions can be preceded directly by mag-
matic unrest, which may or may not itself be preceded by
sector failure. A magmatic eruption can also be triggered
indirectly by geothermal or seismic unrest, in which case,
externally driven decompression of the shallow volcanic
system would be required. This could be achieved by sec-
tor failure or tectonic fracture opening. When the unrest
is geothermal or seismic, for a magmatic eruption to
occur, an initial sector collapse or fracture opening is
needed to decompress the whole system. In discussing
a magmatic eruption which was originated by geother-
mal or seismic unrest, we assume that a sector failure
or a tectonically induced fracture opening has previously
occurred.

Sector failure alone, triggered by magmatic, geother-
mal, or seismic unrest, corresponds with the sector col-
lapse itself, not being followed by an eruption. A sector
failure followed by a magmatic eruption is considered
in the previous branch (magmatic eruption), caused indi-
rectly by a magmatic unrest triggering a sector collapse
(see Sobradelo and Marti (2010)).

Node 4, Location: ~We segment possible locations for an
imminent eruption into five different areas, which can be
customized and named accordingly. By default, we have
named them as central, north, south, east, and west, and
the coverage area for each location would vary for each
volcanic system according to topography, surroundings,
and/or important topographic barriers which may impose
a different level of hazard and risk depending on what
side of the volcano the eruption occurs.

Node 5, Composition: Mafic or felsic. The magma com-
position will determine two main types of eruptions
associated with different hazard implications, as fel-
sic magmas are generally associated with more violent
eruptions than mafic magmas. The importance in distin-
guishing these two outcomes for node 5 is the different
level of hazard associated with each one (Marti et al.
2008b). For simplicity in the model, we will assume the
two branches are exclusive, an thus a branch for mixed
composition is left out. We are aware some compositions
can be a mix of both mafic and felsic magmas, but for the
purpose of the hazard estimation, we will assume that a
magma with felsic composition will fall in the category
of felsic, regardless of the proportion.

Node 6, Size: This node represents the size of the erup-
tion, assigned to one of four categories, size > 5, size 4,
size 3, size < 2. The size can be expressed in terms of
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either the volcanic explosive index (VEI), or simply the
magnitude of the eruption, as a function of the erupted
volume. Also, the four category groups can be modified
to better fit a particular volcanic system. For instance,
one may be interested in merging size < 2 and size 3 into
one group size < 3 and segmenting group size > 5 into
two additional categories, say size 5 and size > 6. Sim-
ilarly, as VEI is not necessarily an integer, the branches
could be defined as bins, e.g., VEI 5 could correspond to
3.5 < VEI < 4.5. The only condition is that the groups
are mutually exclusive and exhaustive.

Node 7, Hazard: This node and the following are a new

contribution of this paper to the event tree structure
from (Sobradelo and Marti 2010). Here, we list the most
relevant hazardous phenomena originating from a vol-
canic eruption, ballistic, fallout, PDC, lava flows, lahars,
debris avalanche, and include a seventh branch called
other to account for the remaining hazards, like direct
blast, to make the branches exhaustive (this is another
difference with BET_VH (Marzocchi et al. 2010) where
Node 6 phenomena is left open without an upper bound).
We assume, without loss of generality, that any two haz-
ards do not happen at exactly the same time (this is,
P(A; N Ay) = 0, where hazard A; could be ballistic
and hazard A, could be Fallout), but with a time interval
in between, so that the condition of mutually exclusiv-
ity still holds, and so does the condition of exhaustivity
of the branches, where P(A; U A, U ... U A7) =
P(A) + P(A) + ...+ P(A7) = 1,A1, Ay, ..., Ay
are the different branches in the node. This is a con-
servative assumption, as we may be overestimating the
total probability of two hazard events by not subtracting
the probability of the intersection (by definition P(A; U
Ay) = P(A1)+ P(Ay)— P(A1NAj3)). With this in mind,
we compute the probability of more than one hazard asso-
ciated with the same eruption by adding the individual
probabilities of each scenario alone. The issue of possi-
ble dependency of the branches does not affect us here as
we are analyzing scenarios with primary hazards alone,
as opposed to scenarios with secondary hazards. This
should be assessed in future work, as during a volcanic
eruption with multiple phases, the probability of a second
hazard being triggered after a primary one has happened
is strongly determined by the dependency of the hazards.
In this case, the issues of correlation and multicollinearity
of the different hazards should be addressed (Rice 2007).

Ballistic:  'We consider here blocks and bombs that are
sent ballistically and can happen in any eruption with
explosive phases, including phreatic phases (with-
out fresh magma), dome explosions, strombolian,
plinian, etc.

Fallout: Here, we include ashfall originating from
pyroclasts in strombolian eruptions as fire fountains,
to ash fall from an eruption column.

Pyroclastic density current (PDC):  This includes the
spectrum of currents from dense to dilute. Dense flows
will only have a runout since they are mostly small vol-
ume confined to the valleys, but the diluted ones and
large pyroclastic flows can have an important lateral
extension. In some cases, as frequently occurs with
dome collapse PDCs, the only measurable parameter
is runout, as they are mostly confined to the valleys,
but sometimes there are PDCs that have an important
extension so we must consider both.

Lava flows:  All types of lava flows of any composition
or theology.

Lahar: Debris flows and mudflows, related to ice melt-
ing, rain, etc.

Debris avalanche: We include here collapse of nonex-
plosive lava domes or sector collapses of the volcanic
edifice, regardless of their origin.

Other: So far, we have included what we consider to
be the six most likely hazards. There are additional
phenomena that could also occur (direct blast, gas
emissions, etc.), but they are not so likely to happen
as to justify their own branch, so we grouped them
all together. However, the branches in this node could
be easily renamed if there is evidence that alternative
hazards should be included instead.

Node 8, Extent: This node refers exclusively to the max-
imum distance and areal extent reached by a volcanic
hazard regardless of the nature and potential impact it
may cause. It is a measure of the expected zone that will
be affected by a particular hazard but it does not esti-
mate any degree of vulnerability. The extent has to be
estimated separately for each volcano or volcanic zone
by comparing the maximum and minimum extent of
each volcano or volcanic area, and should not be com-
pared among different volcanoes even when these might
show similar characteristics. This is an important node
for completion of a thorough hazard assessment because
the area affected by a particular eruptive scenario refers
to the spatial part of the definition of hazard. We consider
three types of mutually exclusive and exhaustive extents,
short, medium, and large, with respect to the eruptive
vent.

Each option will fall inside an area previously defined by
the user for that particular volcanic system, based on differ-
ent levels of exposure. For each analysis, the area covered
(and maximum distance reached) by each type of hazard
will be previously defined, so that a short, medium, or large
extent will refer, respectively, to the distance and area from
the source regardless of what type of hazard reaches there.
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In the case of single vents, the application is straightforward,
but in volcanic systems with an option for multiple vents,
we will consider the largest volcanic susceptibility values
(i.e., maximum probability of vent opening) and proceed in
the same way as with a single vent, assuming a larger area.
Obviously, the interpretation of the results will be different
if there is a large lava flow versus a large PDC, for example,
and this should be reflected on the conditional probabilities
computed later.

Probability estimates

We will use Bayesian inference to compute the probability
of occurrence for each scenario. The fundamental prin-
ciple of Bayesian statistics is that what is known about
anything that is incompletely or imperfectly known can
be described as a probability distribution. See Sobradelo
and Marti (2010) and references within for further details

on how the Bayesian methodology is applied to the event
tree. Our knowledge about a random variable 6 given the
observed data is expressed through its posterior distribution
p@|y) & p(@) x p(y|0). That is, the posterior distribution
is proportional to the prior distribution times the likeli-
hood. The prior distribution, p(6), expresses our uncertainty
about 6 before seeing the data. The posterior distribution,
p(0]y), expresses our uncertainty about 6 after seeing the
data. The likelihood function allows us to use the past
data (yx) at node k to modify the a priori beliefs or priori
distribution.

By the condition of independence of the nodes, the prob-
ability of a particular eruptive scenario, as a combination
of branches across nodes, is the product of the individual
probabilities of occurrence of each branch in that scenario
(Fig. 1b). For example scenario j, the probability of hav-
ing magmatic unrest that evolves into a central vent basaltic

Table 1 Volcanic data used for the Teide-Pico Viejo case study (see Sobradelo and Marti (2010) and references within for in-depth explanation
of the catalogue and corresponding source)

Eruption name Year Node 1  Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8
Unrest  Origin Outcome Location = Composition — Size Hazard Extent
Chahorra 1798 Yes Magmatic  Eruption M West Mafic VEI<2  Lava flows Short
Fallout Medium
Mta Reventada 895 bp Yes Magmatic  Eruption M North Mafic VEI<2 Lava flows Short
Fallout Short
Lavas Negras 1150 bp Yes Magmatic  Eruption M Central Felsic VEI <2 Lava flows Large
Roques Balancos 1714 bp Yes Magmatic  Eruption M North Felsic VEI 4 Lava flows Large
Mta Blanca 2000 bp Yes Magmatic  Eruption M East Felsic VEI 3 Lava flows Short
Fallout Medium
PV surges (2528-2000) bp  Yes Magmatic  Eruption M Central Mafic VEI <2 PDCs Ballistic ~ Short
Short
Hoya del Cedro (2528-2000) bp  Yes Magmatic  Eruption M North Felsic VEI 4 Fallout Medium
Mta Majua (2528-2000) bp  Yes Magmatic  Eruption M South Felsic VEI <2 Fallout Short
Mta de la Cruz (2528-2000) bp  Yes Magmatic  Eruption M East Mafic VEI <2 Lava flows Short
Fallout Short
Arenas Blancas (2528-2000) bp  Yes Magmatic  Eruption M East Felsic VEI <2 Lava flows Medium
Mta Los Conejos  (2528-2000) bp  Yes Magmatic  Eruption M East Mafic VEI <2 Lava flows Short
Fallout Short
Bocas de Maria (2528-2000) bp  Yes Magmatic  Eruption M East Mafic VEI <2 Lava flows Short
Fallout Short
Mta Las Lajas (2528-2000) bp  Yes Magmatic  Eruption M East Felsic VEI <2 Lava flows Short
Fallout Short
El Boqueron 2528 bp Yes Magmatic  Eruption M North Felsic VEI 4 Fallout Large
Cafiada Blanca (5911-2528) bp  Yes Magmatic  Eruption M Central Felsic VEI 3 Lava flows Medium
Abejera Baja 5911 bp Yes Magmatic  Eruption M North Felsic VEIL 4 Lava flows Medium
Abejera Alta 5486 bp Yes Magmatic  Eruption M North Felsic VEIL 4 Lava flows Medium
Pico Cabras (7900-5486) bp  Yes Magmatic  Eruption M North Felsic VEI 4 Lava flows Large
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eruption of VEI 4, generating a lava flow of short runout, in
the time interval (z, ty + T) is:

H; = 0] (unrest) x 05 (magmatic) x 63 (eruption)
x 0 (central) x 65 (basaltic) x 6 (VEI 4) (1)
x 67 (lavas) x 6 (short)

Where the posterior probability for a specific branch in
node k, denoted 6 for simplicity, is the expected value of
a random variable that follows a Dirichlet distribution of
parameters (o + yx) (Fig. 1c). The parameter oy is equal to
E[6k] (A + Jx — 1), where E[6;] is an input to the model
and corresponds to the prior weight. E[6;] is computed
from alternative physical models and a priori beliefs, and
accounts for the aleatoric uncertainty. Ji is the number of
branches in node k and Xy is the data weight, also input to
the model, and controls the confidence at which E[6;] is

considered a reliable estimate. A accounts for the epistemic
uncertainty. The choice of the Dirichlet (Beta) distribution
is itself rather subjective. In general, theoretical models, a
priori beliefs, and/or expert elicitation provide estimations
of the expected average of the prior distribution that repre-
sents the “best guess.” Further details on this choice can be
found in Marzocchi et al. (2004).

How precise are the probability estimates?

The probability estimate we assign to each scenario is, as
explained in the previous section, the product of the individ-
ual probabilities for each branch. This property is attributed
to the condition of independence of the nodes, which allows
us to write the expected value of the product as the prod-
uct of the individual expected values. The expected value

Table 2 *.csv file with volcanic data formatted and ready to upload into HASSET

Node # Node Branch Past events Prior weight Data weight
1 Unrest Yes 18 0.5 1
1 Unrest No 62 0.5 1
2 Origin Magmatic 18 0.25 1
2 Origin Geothermal 0 0.25 1
2 Origin Seismic 0 0.25 1
2 Origin Other 0 0.25 1
3 Outcome Magmatic Eruption 18 0.25 1
3 Outcome Sector Failure 0 0.25 1
3 Outcome Phreatic Explosion 0 0.25 1
3 Outcome No Eruption 0 0.25 1
4 Location Central 3 0.2 1
4 Location North 7 0.2 1
4 Location South 1 0.2 1
4 Location East 6 0.2 1
4 Location West 1 0.2 1
5 Composition Mafic 3 0.5 1
5 Composition Felsic 15 0.5 1
6 Size VEI> 5 0 0.25 1
6 Size VEI4 6 0.24 1
6 Size VEI3 3 0.25 1
6 Size VEI< 2 9 0.25 1
7 Hazard Ballistic 1 0.14 1
7 Hazard Fallout 10 0.15 1
7 Hazard PDC 1 0.14 1
7 Hazard Lava flow 14 0.15 1
7 Hazard Lahard 0 0.14 1
7 Hazard Debris avalanche 0 0.14 1
7 Hazard Other 0 0.14 1
8 Extent Short 15 4 1
8 Extent Medium 7 3 1
8 Extent Large 4 3 1
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(mean) is a measure of central tendency used to describe
a probability distribution (Dirichlet in this case), together
with the variance (or standard deviation). Unfortunately, the
same property does not apply to the variance, the measure
of dispersion around the mean, used to estimate the preci-
sion. Since the variance of the product cannot be written
as the product of the variance of each individual variable,
we have to use alternative methods to estimate or approxi-
mate this. One way is using the Delta method (Rice 2007).
Hence, to assess the precision in the probability estimate
for eruptive scenario H 7, we use the Delta method to esti-
mate the variance 5]2 and corresponding standard deviation
NG

Using the Delta method to determine the asymptotic
distribution of 6]2, we get:

" Var (9,:1)

Where,
Okn + Yin
E0)= ——M— 3)
() S (ki + i)
and
E|(6f | (1 — E[6Ff

A+ Jk

are the expected value and variance from the posterior dis-
tribution for 6" in branch n and node k. See Appendix
for details on how to derive Eq. 2. Hence, we have writ-
ten the variance for an eruptive scenario H; as a function
of the expected value and variances of the individual ran-
dom variables, 9,;",,, involved in that scenario. See Sobradelo

AJZ = E(H)? Z 0 (2)  and Marti (2010) Eq. (4)—(10) for further details on how to
o1 LE(98)] derive Eqgs. 3 and 4.
1®@00 HASSET —
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) wronasser
IMPORT DATA (.csv file)
CHOOSE THE COLUMNS IN YOUR .csv CORRESPONDING WITH PAST DATA - PRIORI WEIGHT AND DATA WEIGHT
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or add PAST DATA - PRIOR! WEIGHT - DATA WEIGHT values at each Branch of the Event Tree

Fig. 2 This is the main window of HASSET, where the user has to
define the input parameters of the model. A “Browser .csv file” button
allows the user to visualize only the *.csv files in the user computer
in order to import the data. The three drop-down menus allow the
user to import the information for past events, prior and data weights

@ Springer

Cancel

directly from the *.csv. The information can also be entered manu-
ally. The location names and the size bins need to be defined. The
“Dataset” total time and ‘“Probability estimate Time Windows” need to
be defined. The “Number of Time Windows” has to be the same as the
sum of “unrest” and “no unrest” episodes entered
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HASSET software: a QGIS plug-in to perform hazard
assessment using Bayesian event tree methodology

Geographic information systems (GIS) are increasingly
being used in environmental management as a powerful
tool to store, visualize, and model environmental processes
in support of management decisions (Longley et al. 2001;
Renschler 2005; Chen et al. 2010). Open source desk-
top GIS have been developed in different countries,
with some differences in performance (Sherman 2008;
Chen et al. 2010). We have decided to use the QGIS (www.
qgis.org) for its functionalities and the ability to run it on
Linux, Mac OSX, and Windows, as well as the open possi-
bility of connecting HASSET with a mapping format struc-
ture. Currently, the software has been developed for Mac
OS (tested on version 10.7.4 and above) and Linux (tested

on Ubuntu 10.10 and above). The version for Windows OS
is under development. HASSET is available upon request to
the authors or it can be downloaded online at the website of
the CSIC Group of Volcanology of Barcelona (http://www.
gvb-csic.es) on the “Software & Databases” tab.

The original R code for the Bayesian model was adapted
to a Python script, and the HASSET program was developed
and implemented in QGIS as an accessible and dynamic
graphical user interface (GUI) plug-in, which, once properly
installed following a few easy steps, creates a new option in
the QGIS menu bar called “volcano,” where the HASSET
model is installed. Along with HASSET, an html manual
(HASSET_-MANUAL) with step-by-step explanations on

how to use it is also provided.

:-XaNs) HASSET
! Data - Origin of the Unrest Outcome of the Unrest Location Composition Size Pazard Extent Scenarios |
PAST DATA PRIOR] WEICHT DATA WEICHT PROBARILITY ESTIMATE STANDARD DEVIATION ]
YES 18 05 1 02317 02436
NO 62 05 1 07683 02436
ME CHANT "UNREST™ FROBABILITY
INFO UNREST

RAYESLAN EVENT TREE - UNREST

[T

I

|
|
|
|

Fig. 3 The first result is represented by the probability estimated at
each node and by the corresponding precision. All nodes are visualized
with the individual results for each branch. In this example, we show
the results for nodes a unrest, b hazard, and ¢ extent. The results are

®# 00 + ¢ v @
Cancel

[ann ey

displayed as a numeric value, but also in a pie chart that can be zoomed
in, saved to a file or used to show a graphical view of the probability.
The node tabs contain an information button with further details and
the current node is highlighted on the event tree scheme
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HASSET implements the Bayesian event tree method
described earlier, where the user previously defines a fore-
casting time interval. The user provides all volcanological
data for the analysis, which HASSET then merges using the
Bayesian event tree approach described above and in the
Appendix. To do that, a user-friendly interface will guide
the user through all the steps. The first step, and most impor-
tant, is to enter all the data for the analysis. The second step
is to compute the probability estimates for each branch in
the event tree and corresponding variability. The third step
computes the total probability estimate for different scenar-
ios. It is important to highlight the advantages of having a
simple GUI that makes it easy for the user to input the data
parameters and generate results with the correct interpre-
tations. HASSET also allows the user to edit and save the
output in various formats (more details in the manual).

In the next section, we describe the tool using an exam-

ple. In summary, HASSET allows the user to easily:

— Browse the csv file and select input data or enter data
manually.

— Enter the dataset time window and decide the forecast-
ing time interval.

— Identify five different locations and size values relevant
to a particular volcanic system.

— Evaluate probability at each branch (RUN button).

— Calculate total probability for any particular scenario
and compare up to five different scenarios.

— Sum the total probability of the scenarios selected.

— Visualize the five most likely scenarios out of all the
possibilities for the selected nodes.

— Access the information in each step and locate where
we are in the event tree for each node.

8.0.0 HASSET
I 1 Data Unrest Origin of the Unrest Outcome of the Unrest Location Compaosition Size Hazard Extent -_
UNREST ORIGIN OUTCOME LOCATION COMPOSITION SIZE HAZARD EXTENT
Central
Emwmt gm.m: @ NZE>= 5 B
a173e
08636 05636 00455 Qoh0e SHORT
= O 05586
p— o348
CEOTHERMAL SECTOR FAILURE 03478 Emﬂc Bm-d 1 roc
0D4ss 00453 0.2000 ass2 00600 _
@".s south T | meDm
aznz .08 TC 0272
SEIMIC PHREATIC d FELSIC WIE= 3 GAsel a
00455 no4ss 0.8000 (STIT) Bl
fanr
o027
3043 DESRIS avalanche
ND ERUFTION - =
OTHER J| SIZE<m 2~
i 0.16%0
o 00455 00455 west 04545 " OTHER
a7ess e il
=] ] JOT Probabiliry Estimate Suandard deviavion |0 [
1
2 TOTAL SUM
4
5
N (1]
....................................... -
<y Cancel
.

i % EVALUATE TOT PROBALITY OF SELECTED SCENARIO

1 ves Magmatic Magmatic Central Mafic SIZE= 4
2 Yes Geothermal Magmatic Central Mafic SIZE= 4
3 Yes Seismic Magmatic Central Mafic SIZE= 4

4

5

[ O oeeeseraian |

Probability Estimate Standard deviation E' |
0.001912 0.003689 TOTAL SUM
0.000101 0.000283
0.000101 0.000283 Sandard deviaxion oi

Probability Estimate

0.002114 0.003711

o

Fig. 4 The “Scenarios” window represents the Event Tree structure
with all the nodes and branches. The results obtained in the first
analysis of HASSET, i.e., the probability values at each node, are also
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showed. Here, the user has the possibility to evaluate the probability
of different volcanic scenarios by choosing different combinations of
branches
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HASSET applied to Teide-Pico Viejo volcanic complex

Here, we use the existing data catalogue for Teide-Pico
Viejo (TPV) as shown in Table 1. More in-depth explana-
tion of the data can be found in Sobradelo and Marti (2010)
and references within.

In this example, we want to assess the long-term volcanic
hazard of TPV for the next 100 years, so we set T = 100.
For node 4, we consider five different locations: central,
north, south, east, and west, and for Node 6, we use VEI
to define four different sizes: VEI < 2, VEI 3, VEI 4, VEI
> 5 (see Sobradelo and Marti (2010)). All of the volcanic
data input for HASSET, as well as the prior distribution and
model beliefs, input as data and prior weights, are reported
in Table 2. Note that even if there are no records of unrest
with geothermal or seismic origin, we do not rule out this as
a possible future scenario, because in our example, there is a

hydrothermal system underneath the volcanic complex. We
account for these additional sources of volcanic hazard by
assigning positive weights to the corresponding branches,
and assume the lack of records in the dataset could be due
to incompleteness in the data catalogue. Not accounting
for these scenarios could underestimate the volcanic haz-
ard. The same applies to the noneruptive volcanic scenarios
(sector failure and phreatic explosion) despite no records in
the data catalogue. In this example, we assumed that every
unrest episode results in an eruption, as we do not have
records otherwise. Alternative models and expert elicitation
are used to adjust the input data and assign weights to the
priors and the data. Here, we assume maximum epistemic
uncertainty (i.e., the minimum data weight value of 1) and
proportional prior weights (refer to Sobradelo and Mart{
(2010) for further details).

8no HASSET
| Data Unrest Origin of the Unrest Outcome of the Unrest Location Composition Size Hazard Extent -—
EVALUA PROBABI NAR S __
UNREST ORIGHN OUTCOME LOCATION COMPOSITION SIZE HAZARD EXTENT
Mmﬂ: @ MAGMATIC i UTES= 5 sALIsTIC
08838 n8638 heri o .04 0.0600 | swoRt
M rauour o358
b 0A%48
CEOTHERMAL SECTOR FAILURE 3478 Mm STE 4 y
00455 CLO45S 0.2000 o318z . 00600
@m South Iﬁ R | meDiUM
QKLY I FHREATIC bt FELSIC UZE= 3 SA581 dri
OD45s QD455 0.8000 olas .IM
e o027
b o DEBNIS avalanche LARCE
OoTnER MO CRUFTION Ultem 2-
i WOZAT 0.16%0
aness Wesl
o - 04545 ) omen
07683 i 00297
e Probability Estimate sundard sevavion | D)) [+] :
1
TOTAL SUM
2
3 Provabiiity Estimate sundard devation [0
5 ;
5
O )
ST LIKELY SCENAR Bl
o Cancel
[ &% EVALUATET Y NAR) o]
" e EVALUATE TOT PROBALITY OF SELECTED SCENARIO Probability Estimate sundard geviavion | )| | m
1 ves Magmatic Magmatic East Mafic SIZE<= 2- FALLOUT LAVA flow 0.003780 0.004917 W,
2 Yes Geothermal Magmatic East Mafic SIZE<= 2- FALLOUT LAVA flow 0.000199 0.000389 L
3 Yes Seismic Magmatic East Mafic SIZE<= 2- FALLOUT LAVA flow 0.000199 0.000389 Probability Estimate Standard deviation |ﬂ
4 0.004178 0.004948
5

i ) Drlete scerarion

@

Fig. 5 The probability estimate for various volcanic scenarios can be
compared and visualized with the “EVALUATE TOTAL PROBABIL-
ITY OF SELECTED SCENARIOS” button. Only five scenarios can be

visualized at the same time and the “Delete scenarios” button is used
to erase the selected scenarios and perform a new scenario analysis
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A crucial determinor of the reliability of the results is the
data used in the study, and so it is the first step of introduc-
tion of the input parameters. The user has the possibility of
manually entering the data shown in Table 1 or uploading
it from a comma-separated (csv) file (Table 2), where the
input data for past events, priori weight, and data weight are
selected from a drop-down menu. Figure 2 shows a screen-
shot of the first window where the data are uploaded into
the HASSET GUIL

As mentioned earlier, the extent of a volcanic hazard is
a relative measure of the maximum distance reached, or the
area covered by a particular event. It has to be estimated sep-
arately for each volcano or volcanic zone by comparing the
maximum and minimum extent of each hazard in particular.

In the case of Teide-Pico Viejo, regardless of the type of
hazard reaching the area, we consider short extent any area
within 3 km of the volcanic region of study, medium extent
would be the area between 3 and 15 km, and large extent
any area further than 15 km. Impact may be assessed by
comparing a combination of hazard and extent, for instance
the hazard from a lava flow of medium extent compared to
a PDC of large extent.

As the time over which eruptions in our dataset took
place is 8,000 years and we want to estimate the probabil-
ity of at least one eruption in the next 100 years, we have
80 time intervals of data for the study. For each branch, we
count the number of intervals where at least one event of that
type has occurred. For example, out of 80 time intervals, 18
observed an episode of unrest and 62 did not.

Once the data is entered, HASSET computes a probabil-
ity estimate and corresponding standard deviation for each
branch of all the eight nodes, and displays them in table and
graphical format for simplicity. Figure 3a shows an example
of how the unrest tab displays the output on HASSET. The
initial beliefs are entered for this node in columns for prior
and data weight. We can see the 80 time windows of which
18 had an episode of unrest and 62 did not. With these data,
the probability estimate of having at least one unrest episode
in the next time window of 100 years is 23.17 %, versus the
complement 76.83 % of no unrest. The pie chart in Fig. 3
displays graphically these probabilities. On the event tree
graph (Fig. 3), we see the node of unrest highlighted in green
to show the user at what point of the event tree are we. The
same applies for all of the remaining seven nodes. Figure 3b

[-Nals) HASSET |
1 Data Unrest Origin of the Unrest Outcome of the Unrest Location Composition Size Hazard Extent !
EVALUATE TOTAL PROBABILITY OF SELECTED SCENARIOS b
MOST LIKELY SCENARIOS
UNREST ORIGIN OF THE UNREST OUTCOME OF THE UNREST LOCATION COMPOSITION SIZe

e |

Probability Estimate Standard deviation |D|

yes - magmatic - Magmatic_Eruption - North - Phonolitic = 2- - Lava Flow - Short 0.00556757 0.00816568

2 yes - magmatic - Magmatic_Eruption - East - Phonolitic - 2- - Lava Flow - Short 0.00487122 0.00725731

3 yes - magmatic - Magmatic_Eruption - North - Phonolitic - 2- - Fallout - Short 0.00408687 0.00613081

4 yes - magmatic - Magmatic_Eruption - North - Phonolitic - 4 - Lava Flow - Short 0.00389791 0.00596207

5 yes - magmatic - Magmatic_Eruption - East - Phonolitic - 2- - Fallout - Short 0.00357572 0.00544509
Cancel

Fig. 6 This window shows at each node (e.g., Extent) the five most likely scenarios, i.e., the ones with the highest probability estimates. See text

for explanations
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and ¢ show the results for the hazards and extent node,
where after observing the data, we compute that fallout and
lava flows account for nearly 80 % of the total probabil-
ity estimate of the occurrence of these particular hazards
in the next 100 years, while the possibility of any of this
hazard affecting a medium/large area is not far from 50 %
(22.26 and 18.74 %, respectively). Note that the variability
interval for each estimate is very wide, as we are assuming
maximum epistemic uncertainty and noninformative priors.
Figures 4 and 5 show the scenario selection tab, where the
entire event tree is displayed with all the nodes and corre-
sponding probability estimates for each branch. From this
window, we can now evaluate all scenarios of interest by
clicking on the desired branch. Note that some eruptive sce-
narios are formed of different combinations, as shown in the
bottom part of the figures, where a magmatic eruption can
be triggered by different types of unrest, and so HASSET
allows for computation and summing of all cases. Also note
that the hazards node allows the user to select more than
one option (Fig. 5), since the same eruption could produce
different hazards.

When studying a particular volcanic system, it could be
the case that we are not interested in a particular eruptive
scenario but more so knowing what the most likely eruptive
scenarios are. One of the prime features of HASSET is that
it includes an option to identify the five most likely scenar-
ios to occur up to a particular node. In Fig. 6, we see that
the most likely scenarios to occur are magmatic eruptions,
mainly of VEI 2 or less, on the north or east sides of the
volcano producing lava flows and fallout of short extent.

Discussion and conclusions

HASSET is a probability tool built on an event tree struc-
ture of possibilities that outlines possible future volcanic
scenarios, eruptive and noneruptive, originated by internal
or external triggers, and then uses Bayesian theory to esti-
mate a probability of occurrence for each scenario. Further,
it determines the five most likely scenarios based on the
information given. The main goal of this tool is to focus
discussion and draw attention to possible scenarios that
otherwise would go unnoticed or underestimated. The reli-
ability of the results will strongly depend on the reliability
of the volcanological information provided. With HASSET,
we wanted to create a realistic, simple, and practical tool
that brings a particular hazard assessment technique closer
to the decision maker or the monitoring expert, to help struc-
ture and focus discussion on the main aspects of the volcanic
hazard. This tool could be useful for land use planning and
preparedness actions.

The interpretation of the individual probability estimates
for each scenario is subjective. The absolute value of the

estimate will strongly depend on the accuracy and com-
pleteness of the data, as mentioned earlier, but also on the
starting assumptions of independence of the nodes and the
choice of mathematical technique to model the uncertainty
surrounding the corresponding volcanic system. We turn
to probability models when we want to make inferences
and decisions about the future in view of uncertainty. We
observe the past history of a volcanic system and assume
that the future behavior will be similar, and then, based
on the data provided, extract a probability model that may
guide decisions and make inferences about future scenarios.
The model selection is an additional source of uncertainty.
HASSET provides a systematic and structured way of using
all of the available information such as models, state of
the volcano, geochronological and historical data, expert
opinion and theoretical beliefs, to analyze the uncertainty
surrounding a volcano, based on robust and well-established
mathematical theory, that will enable us to rapidly update
our estimates when new evidence arrives.

HASSET is a probabilistic approach that accounts for
the epistemic (data or knowledge limited) and aleatory
(stochastic) uncertainties (given reliable input information),
providing a more realistic assessment of the probability
estimates.

HASSET can be used to identify the relative impor-
tance of several scenarios by comparing their probabilities
of occurrence, providing an important tool for the deci-
sion maker to redirect resources and prioritize emergency
plans, based on what is most likely to occur. Note that the
five most likely scenarios, identified through HASSET, may
very well not be the five most threatening, in terms of the
risk they pose, because the model does not consider what
is exposed to the hazards. The relative interpretation of the
probability estimates will depend on the decision maker, his
or her perception of risk, and the level of loss considered
acceptable.

HASSET is part of a larger project to build an archi-
tecture for decision making during volcanic crises, incor-
porating information from other relevant sources like cost,
loss, vulnerability, spatial hazards, etc. It represents the first
of several modules, temporal and spatial, that will also be
implemented in QGIS and will interact with each other to
elaborate an analysis report on the current situation of the
volcano. The next step of HASSET is to add monitoring data
to perform short-term volcanic hazard assessment.
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Appendix: Computation of the variance estimation
for a particular eruptive scenario

Let us use a general notation for simplicity. Let ¥ be a ran-
dom variable formed by the product of m random variables,
Y = X1.X5..... Xm. In our case, Y will be a particular
eruptive scenario whose variance we want to compute.

Then, the expected value E and variance V (also denoted
62 of Y, are:

E(Y)=EX\.Xs.... X)) = E[ [ Xi = [[ E(Xi)
i=1 i=1

and
VY)=V(X.X3..... Xm)

and so the expected value of a particular scenario is just the
product of the expected value (posterior Dirichlet) of each
of the m nodes. The same condition does not apply to the
variance. That is, the variance of the product is not the prod-
uct of the variances, so we use the Delta method, also called
propagation error, to approximate this variance by applying
a first order Taylor series expansion. We do a logarithmic
transformation of the variable, and we get:

m
log(Y) = ZlogX,'
i=1
and, now by the independence condition of X;
m
V(log(Y)) =) V(logX;) ©)
i=1

We apply the Delta method to approximate log(Y) and
log(X;), with g(8) = log(5), where § is the estimator, and
we get:

1

V(log(Y)) ~ V(Y)(S*2
Hence,
V(Y) =8V (log(Y)) (6)
and similarly for log(X;) ,

1
V(log(Xi)) ~ V(Xi)(s—2

i
Hence,

V(X;) = 87V (log(X:))

@ Springer

and so, by Egs. 5 and 6

V() =6 VdogX;) =8 %V(Xi)

i=1 i=1 i

For our particular case, we know that the estimator & is
modeled with the expected value of the random variable
for node k that follows a Dirichlet distribution of param-
eters o + yx (the posterior distribution of a particular
branch for node k). The estimator § is the expected value for
that particular eruptive scenario, and V (X}) is the variance
for the random variable in node k that follows a Dirichlet
distribution of parameters oy + yx. We thus derive Eq. 2:

m
. 1
F=EH)?Y ———V (6},
k_

1 [E (eljn)]

And so we have written the variance for an eruptive scenario
H as a function of the expected value and variances of the
individual random variables used to model each particular
node.
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Abstract. Long-term hazard assessment, one of the bastions
of risk-mitigation programs, is required for land-use plan-
ning and for developing emergency plans. To ensure quality
and representative results, long-term volcanic hazard assess-
ment requires several sequential steps to be completed, which
include the compilation of geological and volcanological in-
formation, the characterisation of past eruptions, spatial and
temporal probabilistic studies, and the simulation of different
eruptive scenarios. Despite being a densely populated active
volcanic region that receives millions of visitors per year, no
systematic hazard assessment has ever been conducted on the
Canary Islands. In this paper we focus our attention on El
Hierro, the youngest of the Canary Islands and the most re-
cently affected by an eruption. We analyse the past eruptive
activity to determine the spatial and temporal probability, and
likely style of a future eruption on the island, i.e. the where,
when and how. By studying the past eruptive behaviour of the
island and assuming that future eruptive patterns will be simi-
lar, we aim to identify the most likely volcanic scenarios and
corresponding hazards, which include lava flows, pyroclas-
tic fallout and pyroclastic density currents (PDCs). Finally,
we estimate their probability of occurrence. The end result,
through the combination of the most probable scenarios (lava
flows, pyroclastic density currents and ashfall), is the first
qualitative integrated volcanic hazard map of the island.

1 Introduction

The possibility of future eruptive activity, coupled with pop-
ulation growth and economic and cultural development in the
majority of active volcanic areas, means that mitigative mea-
sures against volcanic risk, such as the development of vol-
canic hazard analyses, must be undertaken. These types of
analyses are a fundamental part of risk management tasks
that include the developing of volcanic hazard maps, land-
use planning and emergency plans.

The volcanic hazard of a given area is the probability that
it will be affected by a process of a certain volcanic magni-
tude within a specific time interval (Fournier d’Albe, 1979).
Therefore, volcanic hazard assessment must necessarily be
based on good knowledge of the past eruptive history of the
volcanic area, which will tell us “how” eruptions have oc-
curred. It also requires the spatial probability of occurrence
of a hazard to be determined; i.e. “where” the next eruption
can take place (volcanic susceptibility) and its extent, as well
as its temporal probability, in other words “when” the next
eruption may occur in the near future.

The complexity of any volcanic system and its associated
eruptive processes, together with the lack of data that is typ-
ical of so many active volcanoes and volcanic areas (and in
particular those with long periods between eruptions), make
volcanic hazard quantification a challenge. Long-term hazard
assessment is necessary to know how the next eruption could
be. It is based on the past history of the volcano and the in-
formation needed comes from the geological record. Unlike
short-term assessment that evaluates hazards from days to a
few months, using data provided by monitoring networks,
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long-term assessment is estimated from years to decades,
where the main source of information is mainly structural
data from past eruptions (Marzocchi et al., 2006). Differ-
ent steps need to be followed sequentially in any long-term
volcanic hazard assessment. The first step consists of eval-
uating the likelihood of a future eruption, which will pro-
vide an indication of which areas are most likely to host
future vents (Marti and Felpeto, 2010). The long-term spa-
tial probability of vent opening can be estimated using struc-
tural data such as vents, dykes, faults, fractures and eruptive
fissure-alignments obtained from geological and geophysical
studies. These data can be converted into Probability Den-
sity Functions (PDFs) and then combined to obtain the fi-
nal susceptibility map (Martin et al., 2004; Felpeto et al.,
2007; Connor and Connor, 2009; Marti and Felpeto, 2010;
Cappello et al., 2012; Bartolini et al., 2013; Becerril et al.,
2013). Susceptibility maps show the spatial probability of
hosting new future eruptions. This term has been commonly
used during the last years by other authors in the volcanic
field (Felpeto et al., 2007; Cappello et al., 2010, 2011, 2012;
Marti and Felpeto, 2010; Vicari et al., 2011; Alcorn et al.,
2013; Bartolini et al., 2013; Becerril et al., 2013).

The next step corresponds to the temporal probability es-
timation of any possible volcanic event. Long-term forecast-
ing is based on historical and geological data, as well as on
theoretical models, and refers to the time window available
before an unrest episode occurs in the volcanic system. In
this regard, some authors use probabilistic statistical meth-
ods based on the Bayesian event tree for long-term volcanic
hazard assessment (Newhall and Hoblitt, 2002; Marzocchi
et al., 2008; Sobradelo and Marti, 2010), while some others
use a deterministic approach (Voight and Cornelius, 1991;
Kilburn, 2003; see also Hill et al., 2001).

Once spatial and temporal probabilities have been esti-
mated, the next step forward consists of computing several
scenarios as a means of evaluating the potential extent of
the main expected volcanic and associated hazards. Most
of these studies are based on the use of simulation models
and Geographical Information Systems (GIS) that allow vol-
canic hazards such as lava flows, PDCs and ash fallout to be
modelled and visualised (Pareschi et al., 2000; Felpeto et al.,
2007; Toyos et al., 2007; Crisci et al., 2008; Cappello et al.,
2012; Marti et al., 2012; Alcorn et al., 2013).

All of these steps should be undertaken to evaluate the
potential volcanic hazards of any active volcanic area. Sim-
ilar approaches have been applied in volcanic areas such
as Auckland, New Zealand (Bebbington and Cronin, 2011);
Etna, Sicily (Cappello et al., 2013); and Tenerife, Spain
(Marti et al., 2012); Pera (Sandri et al., 2014). Nevertheless,
other procedures have also been applied in order to assess
volcanic hazards in Campi Flegrei, Italy (Lirer et al., 2001);
Furnas (Sdo Miguel, Azores) Vesuvius in Italy (Chester et
al., 2002); and Auckland, New Zealand (Sandri et al., 2012).
Compared with these previous approaches, our study of-
fers a procedure that facilitates undertaking volcanic hazard
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assessment in a systematic way, which can be easily applied
to other volcanic areas around the world.

The Canary Islands are the only area of Spain in which
volcanic activity has occurred in the last 600 years, repre-
senting one of the world’s largest oceanic volcanic zones.
The geodynamic environment in which the archipelago lies
and the characteristics of its recent and historical volcan-
ism suggest that the volcanic activity that has characterised
this archipelago for more than 60 Ma will continue in the fu-
ture. Previous volcanic hazard studies conducted on the Ca-
nary Islands have not followed a systematic method. Most
work to date has focused on Tenerife and Lanzarote (Gomez-
Fernandez, 1996; Arafia et al., 2000; Felpeto et al., 2001,
2007; Felpeto, 2002; Carracedo et al., 2004a, b, 2005; Marti
and Felpeto, 2010; Sobradelo and Marti, 2010; Marti et al.,
2012; Bartolini et al., 2013), although other studies have been
carried out on Gran Canaria (Rodriguez-Gonzalez, 2009), El
Hierro (Becerril et al., 2013) and one for the Canary Islands
as a whole (Sobradelo et al., 2011).

In this study we focus on El Hierro and conduct a long-
term volcanic hazard assessment by taking into account spa-
tial and temporal probabilities. Despite being small and sub-
marine in nature (Marti et al., 2013), the most recent erup-
tion on El Hierro (October 201 1-February 2012) highlighted
the need for volcanic hazard studies, given the negative im-
pact on tourism and the local economy of any volcanic event.
Although this eruption was not different in terms of magma
volume and volcanic products from most eruptions that his-
torically occurred in the Canarian Archipelago, this eruption
marked the end of a 40-year period of quiescence in this vol-
canic region. El Hierro has a population of 10 960 inhabitants
(www.ine.es), or 0.51 % of the total population of the Canary
Islands. Its main economic resources are tourism and fishery,
two aspects that may be — and in fact were — seriously af-
fected by the impact of volcanic activity.

In this work we present a systematic analysis of the vol-
canic hazards present on this island that includes the fol-
lowing steps: (1) characterisation of past volcanism in the
study area; (2) estimation of spatio-temporal probabilities;
(3) simulation of the most probable eruptive scenarios such
as lava flows, pyroclastic fallout and pyroclastic density cur-
rents (PDCs); and (4) assessment of the volcanic hazard.

2 Geological setting

The Canary Islands extend for roughly 500 km in a chain
that has developed on the passive margin of the African
plate in the eastern central Atlantic Ocean (Fig. 1, inset).
The Canarian Archipelago is the result of long-term volcanic
and tectonic activity that started around 60 Ma (Robertson
and Stillman, 1979; Le Bas et al., 1986; Arafia and Ortiz,
1991; Marinoni and Pasquaré, 1994). A number of contrast-
ing models — including the presence of a hotspot, the prop-
agation of a fracture from the Atlas Mountains and mantle
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Figure 1. Geological map of El Hierro Island. At the left top part of the figure, location of the Canary Islands is presented where LZ
represents Lanzarote; FV represents Fuerteventura; GC represents Gran Canaria; TF represents Tenerife; LG represents La Gomera; LP
represents La Palma; EH represents El Hierro. Timanfaya eruption in Lanzarote has been coloured in red.

decompression melting associated with uplift of tectonic
blocks — have been mooted to explain the origin of the Ca-
nary Islands (Le-Pichon and Fox, 1971; Anguita and Hernan,
1975; Schmincke, 1982; Arafia and Ortiz, 1991; Hoernle
and Schmincke, 1993; Hoernle et al., 1995; Carracedo et al.,
1998; Anguita and Hernan, 2000).

Although all of the islands (except La Gomera) have been
witness to Holocene volcanic activity, volcanism has histor-
ically been restricted to La Palma, Lanzarote, El Hierro and
Tenerife (Fig. 1, inset). In all cases, historical eruptive activ-
ity has produced mafic eruptions ranging in intensity from
Hawaiian to violent Strombolian (Valentine and Gregg, 2008
and references therein) and have given rise to lavas and sco-
ria cones. Typically, the islands’ historical eruptions have oc-
curred in active rift zones along eruptive fissures and have
occasionally generated alignments of cones. Other than the
case of the Timanfaya eruption in 1730 in Lanzarote (Fig. 1,
inset), which lasted for 6 years, the duration of eruptions has
ranged from a few weeks to a few months. The total vol-
ume of erupted magma ranges from 0.01 to > 1.5km? (DRE,
dense rock equivalent), the upper extreme occurring in the
case of the Timanfaya eruption. In all cases the resulting vol-
canic cones were constructed during single eruptive episodes
(i.e. they should be referred to as monogenetic) that usually
involved several distinctive phases with no significant tempo-
ral separations between them. Monogenetic volcanic fields
consist of individual, commonly mafic volcanoes, built in
single, relatively short-lived eruptions. These volcanoes usu-
ally take the form of scoria cones, tuff rings, maars or tuff
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cones; scoria cones are the most common landform and show
a great diversity in size, morphology and eruptive products
(Valentine and Gregg, 2008; Kereszturi and Németh, 2012).
Individual volcanic edifices are characteristically small in
volume, typically <0.1km? of DRE, but the eruption can
be complex with many different phases and styles of activ-
ity (Németh, 2010). Situated in the southwestern corner of
the archipelago, El Hierro is the youngest of the Canary Is-
lands; its oldest subaerial rocks have been dated at 1.12 Ma
(Guillou et al., 1996). It rises from a depth of 4000 m to
around 1500 ma.s.l. and has an estimated total edifice vol-
ume of about 5500 km> (Schminke and Sumita, 2010). It cor-
responds to a shield structure formed by different volcanic
edifices and includes three rift zones on which recent volcan-
ism has been concentrated (Guillou et al., 1996; Carracedo et
al., 2001) (Fig. 1). Other relevant morphological features in-
clude the collapse scars of El Golfo, Las Playas and El Julan
(Fig. 1). The emergent parts of these rifts are characterised
by steep narrow ridges, corresponding to aligned dyke com-
plexes with clusters of cinder cones. Pre-historical eruptions
have been recognised on all three rifts on El Hierro (Guillou
et al., 1996; Carracedo et al., 2001).

Recent subaerial volcanism on El Hierro is monogenetic
and is mostly characterised by the eruption of mafic mag-
mas as well as the intrusion of subvolcanic bodies ranging in
composition from picrobasalts to basanites (Pellicer, 1977;
Stroncik et al., 2009), which have generally erupted along the
rift zones. Some felsic dykes and lava flows associated with
the older parts of the island have also been reported (Guillou
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et al., 1996; Carracedo et al., 2001) but are volumetrically
subordinate to the mafic material. In addition, an explosive
felsic eruption has been documented in association with the
final episodes of the construction of the edifice of El Golfo—
Las Playas (later than 158 ka), before it was destroyed by
a massive landslide (Pedrazzi et al., 2014). Mafic eruptions
typically occur from fissures, and produce proximal fallout,
ballistic ejecta and lava flows. PDC deposits have also been
reported in cases in which eruptions are related to hydromag-
matic episodes (Balcells and Gémez, 1997; Pedrazzi et al.,
2014).

The erupted volume of magma in eruptions on El Hierro
typically ranges from less than 0.0001 to 0.1 km?> (DRE),
values that are of the same order as most of the other his-
torical eruptions on the Canaries (Sobradelo et al., 2011).
One of the most important eruptive episodes in the last few
thousand years on El Hierro was the Tanganasoga eruption
(Fig. 1), which occurred inside the depression of El Golfo
along a N-S-oriented fissure, at most 20ka (Carracedo et
al., 2001). Several cones and emission centres formed, giv-
ing rise to one of the largest volcanic edifices on the island
via the accumulation of ankaramitic lavas and pyroclastic de-
posits (Carracedo et al., 2001) (Fig. 1). In addition to the sub-
aerial volcanism, bathymetric studies (Gee et al., 2001) have
revealed that a significant number of well-preserved volcanic
cones exist on the submarine flanks of the island, in partic-
ular on the continuation of the southern rift, which suggests
that significant submarine volcanic activity has also occurred
recently. As a confirmation of this observation, a submarine
eruption occurred from 10 October 2011 to the end of Febru-
ary 2012 on the southern rift zone, 2 km off the coast of El
Hierro (Marti et al., 2013).

3 Methods

The spatial probabilities of hosting new vents were estimated
using the study by Becerril et al. (2013) of volcanic sus-
ceptibility on El Hierro, which takes into account most of
the structural data (vents, eruptive fissures, dykes and faults)
available from the island. The temporal part of the long-
term volcanic hazard assessment was carried out with the
Bayesian-event tree-based software HASSET (Sobradelo et
al., 2014a) using geochronological data for El Hierro and his-
torical data from the whole archipelago. Hazard scenarios of
lava flows, fallout and PDCs were obtained with the VORIS
tool (Felpeto et al., 2007) since they are the most likely vol-
canic scenarios on the island. The data collection required for
each hazard assessment was divided into three parts (spatial,
temporal, and scenarios), according to the use made of each
data set.
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4 How: characterisation of the eruptions

The characterisation of past volcanic eruptions — typically
based on the determination of eruptive parameters derived
from the study of erupted products found in the geological
records — is crucial for understanding past eruptive behaviour
and for forecasting future volcanic activity.

Recent volcanic activity on El Hierro is largely charac-
terised by monogenetic mafic volcanism and the building of
more than 220 cones, most of which are scoria cones that
correspond to the most recent eruptive cycle (rift volcanism).

Hawaiian and Strombolian activity are the most common
eruptive styles observed on the island (Becerril, 2009), which
have formed extensive lava flow fields, spatter and cinder
cones made of scoria agglutinates and well-bedded lapilli
scoria and ash, respectively. Violent Strombolian activity
— refereeing to explosive activity that produces sustained
eruption columns up to ~ 10 km high (without reaching the
tropopause) and with the dominant clast sizes being ash to
lapilli (Valentine, 1998; Arrighi et al., 2001; Valentine and
Gregg, 2008) — has been also recognised through the pres-
ence of several distal ash deposits on the geological record
of the island. Phreatomagmatic episodes generating rhyth-
mic laminated sequences of coarse juvenile ash and lapilli-
rich beds with accidental lithic fragments also occurred at
the interior of the island but in less frequency than those
mentioned above. In addition, some hydromagmatic erup-
tions occurred along the coast, producing tuff ring deposits
on the western part of the island (Becerril, 2009). Eruptions
related to felsic magmas and producing either trachytic lava
flows (Guillou et al., 1996) or trachytic pyroclastic deposits
(Pellicer, 1977; Balcells and Gémez, 1997) have also been
described. In this sense, it is remarkable that the occurrence
of a base-surge-type explosive eruption that generated di-
lute pyroclastic surge deposits covering an area of more than
15km? around the Malpaso area (Fig. 1) (Pedrazzi et al.,
2014).

We also took into account the final constructive cycle
(158 ka—present) of the island to characterise of the size of
the eruptions. The volume of the cones was calculated us-
ing ARCGIS 10.0 (ESRI©) through the analysis of a dig-
ital elevation model (DEM), subtracting the current DEM
topography to the restored paleo-topography. The volume
of lava flows and distal pyroclastic deposits was calculated
taking into account their areal extent and thickness vari-
ations. This provided a first-order estimate of the erupted
volume, despite the lack of a precise paleo-topography. In
terms of the total volume of erupted material, the largest
eruptions that occurred during the final growing cycle on
El Hierro correspond to volumes of the order of 0.15—
0.042 km?> (Tanganasoga, Mt. del Tesoro, the latter was cal-
culated by Rodriguez-Gonzalez et al., 2012). A minimum
value is for Mt. Los Cascajos, with just 0.0016 km>. The vol-
canic explosivity index (VEI) (Newhall and Self, 1982) and
dense rock equivalent (DRE) derived from the volumetric

www.nat-hazards-earth-syst-sci.net/14/1853/2014/



L. Becerril et al.: Long-term volcanic hazard assessment on El Hierro (Canary Islands) 1857

data of the eruptions were also calculated. Most of VEI
values are in the range of 0-2, whilst the erupted volume
of magma (using mean magma density of 2.8 gcm™3, an av-
erage rock density of 2.44 gcm™ obtained from laboratory
analysis of El Hierro samples, and applying the equation:
DRE (km?)=volume of volcanic deposit (km?®) x density
of volcanic deposit (kgm™3)/magma density (kgm™2)) for
most of the recent eruptions on El Hierro lies within the
range of 0.0001-0.1 km3 (DRE). The DRE calculation was
based on the volume of exposed materials (lavas and py-
roclastic deposits) so our total volumes are minimum esti-
mates, but similar to those assigned to other monogenetic
fields, which normally have volumes between 0.0001 and a
few cubic kilometres for individual eruptions (e.g. Kereszturi
et al., 2013). For example, the erupted volume of magma on
the Canary Islands typically ranges from 0.001 to 0.2 km?
(DRE) (Sobradelo et al., 2011). In the Garrotxa volcanic field
(Spain) the total volume of extruded magma in each erup-
tion ranges from 0.01 to 0.2km? (DRE) (Bolds et al., 2014).
The volumes of basaltic eruptions on Terceira (Agores, Por-
tugal) range in size from 0.1km> to less than 0.001 km?
(DRE) (Self, 1976). In the case of Auckland (New Zealand),
monogenetic field volumes are in the range of 0.00007 to
0.698 km?> (Kereszturi et al., 2013).

By comparing pre- and post-eruption high-resolution
bathymetries, the total bulk volume erupted during the sub-
marine eruption of 2011-2013 was estimated at 0.33 km?
(Rivera et al., 2013).

Most of the lava flows on El Hierro that were emplaced
from cones located on and off the rift zones reached the sea.
Therefore, it was not possible to measure precisely the max-
imum lengths of past lava flows. Nevertheless, the Mt. del
Tomillar (Fig. 1) lava flow, which did not reach the sea,
has a total length of 8 km. However, for further simulations
(Sect. 6.1) we considered this value as a minimum length for
the lava flows and used 15 km as a more reliable length. The
mean thickness of lava flows was obtained from the average
value (3 m) of individual flows measured in the field.

5 Where: spatial analysis

An essential step in obtaining a volcanic hazard map is to
determine the most likely areas to host new eruption vents,
a task based on the drawing of susceptibility maps based
on geological, structural and geophysical data (Marti and
Felpeto, 2010). Structural elements such as vents, eruptive
fissures, dykes and faults are used to pinpoint areas where
next eruptions may most likely occur. A volcanic suscepti-
bility map shows the spatial distribution of vent opening for
future eruption and represents the basis for further temporal
and spatial probability analysis and the definition of erup-
tive scenarios. We used the susceptibility map developed by
Becerril et al. (2013) following the methodology employed
by Cappello et al. (2012) (Fig. 2). This map is based on the
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Figure 2. Onshore spatial probability distribution of future volcanic
eruptions map of El Hierro Island, showing the divisions of the sec-
tors. Modified from Becerril et al. (2013).

five data sets representing the volcano-structural elements on
El Hierro: (1) subaerial vents and eruptive fissures pertaining
to the island’s rift volcanism, which include sub-recent and
recent eruptions; (2) submarine vents and eruptive fissures in-
ferred from bathymetric data; (3) eruptive fissures and emis-
sion centres identified on the Tifior and El Golfo—Las Playas
edifices; (4) presence of dykes; (5) and presence of faults.

To carry out this spatial assessment, we subdivided the
spatial probability map into 5 sectors (Fig. 2) based on sus-
ceptibility values, topographic constraints and expected haz-
ards. First, we differentiated the subaerial and the submarine
area, taking into account differences in the expected hazards.
After that, the emergent part of the island was subdivided ac-
cording to areas with different structural controls (different
strike of the volcano-structures as dykes and fissures), differ-
ent topographical constrains (zones 1, 3 and 4 represent rift
areas, while zone 2 is an embayment), and different suscep-
tibility values according to the map developed by Becerril et
al. (2013). This map enables us to select the areas with the
greatest likelihood of hosting future scenarios.

6 When: temporal analysis

Temporal analyses were performed using HASSET
(Sobradelo et al., 2014a) a Bayesian event tree structure
with eight nodes representing different steps to evaluate
the temporal probability and evolving from a more general
node of unrest to the more specific node of the extent of the
hazard (Sobradelo and Marti, 2010).

We based the study of temporal probability on the cata-
logue of eruptions documented in Table 1. In all, 25 eruptions
are documented from the last 158 ka, data confirmed by the
relative stratigraphy established during our field work. Six of
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Table 1. The principal characteristics of the eruptions identified during the last constructive episode of El Hierro. The eruptions included in
this table are those for which geochronological data exist and that are consistent with the field-relative stratigraphy established in this study.
In addition to the geochronological data and the corresponding references, the rest of the information included in the table corresponds to
information related to the first nodes in the HASSET (Sobradelo et al., 2014a) event tree used in this study. See text for more details.

ID  Unrest Origin Outcome Location Composition Hazard Extent Reference

1 2011 magmatic  magmatic 5 Mafic lava flow medium Marti et al.
eruption (2013)

2 1793 seismic no eruption  ? Hernandez

Pacheco (1982)

3 2500+ 70 (BP) magmatic  magmatic 3a Mafic ballistic+ medium Carracedo et
eruption lava flow al. (2001)

4 4230 (BP) magmatic magmatic 3a Mafic ballistic+  short Fuster et al.
eruption lava flow (1993)

5 8000 £ 2000 (BP) magmatic  magmatic la Mafic ballistic+  short Pérez Torrado
eruption lava flow etal. (2011)

6 9000 (BP) magmatic  magmatic 3a Mafic ballistic+ medium  Rodriguez-Gonzalez
eruption lava flow et al. (2012)

7 12000 £ 7000 (BP) magmatic  magmatic 2a Mafic lava flow short Guillou et al.
eruption (1996)

8 15000+ 3000 (BP) magmatic magmatic 2a Mafic lava flow short Guillou et al.
eruption (1996)

9 15000 =+ 2000 (BP) magmatic  magmatic 4b Mafic lava flow short Carracedo et
eruption al. (2001)

10 210003000 (BP) magmatic magmatic 2a Mafic lava flow short Guillou et al.
eruption (1996)

11 310002000 (BP) magmatic  magmatic 4b Mafic lava flow short Carracedo et
eruption al. (2001)

12 38700+ 12600 (BP) magmatic magmatic 2b Mafic lava flow short Longpré et al.
eruption (2011)

13 410002000 (BP) magmatic  magmatic 4b Mafic lava flow short Carracedo et
eruption al. (2001)

14 44000 £ 3000 (BP) magmatic  magmatic 4b Mafic lava flow  short Guillou et al.
eruption (1996)

15 76000 =+ 6000 (BP) magmatic magmatic 3b Mafic lava flow short Guillou et al.
eruption (1996)

16 80000£40000 (BP) magmatic magmatic 3a Felsic lava flow medium—  Fuster et al.
eruption large (1993)

17 86600+ 8300 (BP) magmatic magmatic la Mafic lava flow short Longpré et al.
eruption (2011)

18 94500+ 12600 (BP) magmatic magmatic 4a Mafic lava flow short Longpré et al.
eruption (2011)

19 11530046900 (BP) magmatic magmatic 4a Mafic lava flow short Longpré et al.
eruption (2011)

20 126000 magmatic  magmatic 5 Mafic lava flow short Kliigel et al.
eruption (2011)

21 133000200 magmatic magmatic 5 Felsic lava flow short Van der
eruption Bogard (2013)

22 134000 (BP) magmatic  magmatic 3a Mafic lava flow short Széréméta et
eruption al. (1999)

23 142000+2000 (BP) magmatic magmatic 5 Felsic lava flow short Van der Bogard
eruption (2013)

24 145000 £4000 (BP) magmatic magmatic 3b Mafic lava flow short Guillou et al.
eruption (1996)

25 158000£4000 (BP) magmatic magmatic 3a Mafic lava flow short Guillou et al.
eruption (1996)
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these eruptions took place during the previous 11700 years
(Holocene), but only 2 unrest episodes have been docu-
mented in the last 600 years (historical period). The informa-
tion from these eruptions was used to characterise the past
eruptive activity on El Hierro and to estimate some of the
input parameters required for our hazard assessment.

However, due to the scarcity of dated eruptions and to the
certainty that not all the eruptions that occurred in this pe-
riod have been identified and/or dated, we also used in our
temporal analysis as data for the last 600 years (15th century
to 2013) the historical data set for the whole of the Canary
Islands (see Sobradelo et al., 2011). Therefore, using HAS-
SET we were able to estimate the probability that a volcanic
episode will occur in the forecasting time interval (the next
20 years). Given that the data set time window is 600 years,
we thus obtained 30 time intervals of data for the study pe-
riod. Here we restrict our data set to the historical period,
which includes the recent submarine eruption (2011) and the
seismic unrest of 1793. The remaining 23 eruptions in this
catalogue — referred to as pre-historical — will be used to as-
sign prior weights to nodes 2 to 8.

7 Input data for HASSET
7.1 Node 1: unrest

This node estimates the temporal probability of a reawak-
ening of the system in the next time window by examin-
ing the number of past, non-overlapping, equal-length time
windows that encompass an episode of unrest. Implicitly,
this node estimates the recurrence time with a Bayesian ap-
proach that does not use the time series. It did not take into
account the repose period between eruptions or the possi-
ble non-stationary nature of the data. However, Sobradelo et
al. (2011) used extreme value theory to study the historical
recurrence of monogenetic volcanism on the Canary Islands
since the first written records appeared at the beginning of the
15th century. By modelling the inter-period times with a non-
homogeneous generalised Pareto—Poisson distribution, this
study estimated as of 2010 that the probability of an erup-
tion of a magnitude > 2 anywhere on the Canary Islands in
the next 20 years was 0.97 4= 0.00024.

In order to compute the probability of having (at least) an
unrest episode in the next 20 years, we need two pieces of
information: (1) our starting beliefs or weights for each pos-
sibility (yes, no) and (2) the number of past events during the
period of study. As per the number of past events, it shows
that in the last 600 years (historical period), there have been
two episodes of unrest identified at El Hierro (a seismic un-
rest and the latest magmatic unrest in 2011 which resulted
in eruption). As per the starting weights for each option, if
we did not have any information at all we would start with
the state of total ignorance or total epistemic uncertainty, and
give 50/50 chance to each option. However, this is not the
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case, as in the study of the volcanic recurrence for the Canary
Islands as of 2010 (based on volcanic records from the is-
lands of Tenerife, La Palma and Lanzarote) (Sobradelo et al.,
2011), there is an estimated 97 % probability of at least one
eruption in the next 20 years, anywhere on the Canary Islands
(including El Hierro). Therefore, rather than starting with a
50/50 chance, this study allowed us to assign our a priori be-
liefs for the “unrest” node in the island of El Hierro (yes=97,
no =3), and then we used the 2 historical episodes of unrest
documented in El Hierro to update those initial beliefs.

The reason why we used the 2 historical events in the cat-
alogue of El Hierro, and not the remaining 23 pre-historical
events, was to avoid misleading results in the probability of
unrest. If we had used the entire catalogue we would have
said to the model that there was on average 1 eruption every
7900 years (158 000/20), which is not realistic, as the cat-
alogue is incomplete. For that reason we updated our prior
beliefs with the historical part of the catalogue that we were
most confident with. Given our confidence in these results,
we were able to assign an epistemic uncertainty of 50 to our
data weights, which means that new evidence regarding inter-
vals with non-eruptive behaviour will not significantly mod-
ify our prior assumptions. As shown by the posterior proba-
bilities in column 6 of Table 2, despite 28 intervals out of 30
(600 years/20 estimated time intervals) with no unrest, the
posterior probability of unrest in the next 20 years is still sig-
nificantly large.

7.2 Node 2: origin

We considered four types of unrest that could occur on El
Hierro: magmatic, geothermal, seismic and others. In spite
of the predominant magmatic and seismic behaviour in past
activity, we cannot exclude either geothermal activity or false
unrest. In fact, hydromagmatic deposits exist in the interior of
the island that were most probably associated with the pres-
ence of shallow aquifers. Some of these deposits also contain
hydrothermally altered lithic clasts, which also suggest the
existence of localised hydrothermal systems. Thus, it was im-
possible to rule out the possibility of geothermal unrest. False
unrest can occur when non-volcanic signals are recorded to-
gether with volcanic signals. For example, changes in the
gravity field, ground deformation or even seismicity unre-
lated to any volcanic activity could be associated with vari-
ations in the recharge and/or extraction of meteoric water
into/from aquifers in El Hierro. Even so, we still believe that
in monogenetic volcanism magmatic changes are the main
source of unrest and so we gave the greatest weight to mag-
matic unrest (0.96) and split the rest evenly among the other
options. The prior weights were assigned on the basis of a
priori beliefs and so we allocated a value of 10 to the epis-
temic uncertainty since we still expect the majority of unrest
to be of magmatic origin. However, it is still important to give
more weight to new evidence.
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Table 2. Input data for HASSET (columns 1 to 5) and output probability vectors and standard deviations (columns 6 and 7). Prior weights and
data weights are estimated using pre-historical data, a priori beliefs and published studies on global volcanic unrest during the last century.
Past data are based on the eruptions recorded in the last 600 years, considered as the historical period for the Canary Islands.

Node Event Past  Prior Data  Probability  Standard
name data weight weight estimate deviation
Unrest Yes 2 0.97 50 0.64 0.07
Unrest No 28  0.03 50 0.36 0.07
Origin Magmatic 1 0.94 10 0.88 0.09
Origin Geothermal 0 0.02 10 0.02 0.03
Origin Seismic 1 0.02 10 0.08 0.07
Origin Other 0 0.02 10 0.02 0.03
Outcome Magmatic eruption 1 0.64 10 0.62 0.13
Outcome Sector failure 0 0.12 10 0.10 0.08
Outcome Phreatic explosion 0 0.12 10 0.10 0.08
Outcome No eruption 1 0.12 10 0.17 0.10
Location Zone 1 1 0.16 50 0.17 0.05
Location Zone 2 0 0.07 50 0.07 0.03
Location Zone 3 0 0.29 50 0.28 0.06
Location Zone 4 0 0.16 50 0.15 0.05
Location Zone 5 1 0.32 50 0.33 0.06
Composition Mafic 1 0.87 10 0.88 0.09
Composition  Felsic 0 0.13 10 0.12 0.09
Size VEI 1— 0 0.31 1 0.25 0.19
Size VEI 2 1 0.62 1 0.70 0.21
Size VEI 3+ 0 0.07 1 0.06 0.10
Size n.a. 0 0 0 0.00 0.00
Hazard Ballistic 1 0.12 10 0.15 0.09
Hazard Fallout 1 0.05 10 0.09 0.07
Hazard PDC 0 0.03 10 0.03 0.04
Hazard Lava flow 1 0.8 10 0.73 0.11
Hazard Lahars 0 0 0 0.00 0.00
Hazard Debris avalanche 0 0 0 0.00 0.00
Hazard Other 0 0 0 0.00 0.00
Extent Short 0 0.87 10 0.80 0.11
Extent Medium 1 0.09 10 0.16 0.10
Extent Large 0 0.04 10 0.04 0.05

7.3 Node 3: outcome

A study of global volcanic unrest in the 21st century
(Phillipson et al., 2013) shows that 64 % of unrest episodes
lead to eruptions. On the other hand, in light of previous
studies on El Hierro (Carracedo et al., 2001; Pedrazzi et al.,
2014), we were unable to rule out the possibility that, aside
from a magmatic eruption, a sector failure or a phreatic ex-
plosion might also follow on from an episode of unrest.
Therefore, we assigned a weight of 0.64 to the magmatic
eruption and split the remaining 0.36 evenly between the al-
ternative nodes. As these weights were assigned based on
general studies and a priori beliefs that did not necessar-
ily include data from El Hierro, we gave a value of 10 to
the epistemic uncertainty. As with the previous node, we
did not give a total epistemic uncertainty, as we still believe
that the largest weight should be for the magmatic eruption
branch; however, we still want new evidence to be able to
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contribute significantly to updating our prior weights. The
two data points in our historical catalogue already include an
episode of unrest that did not evolve into an eruption and so
we should expect the prior weight of 0.12 assigned to the “No
eruption” node to be substantially increased after the new ev-
idence is entered in the model and the posterior probabilities
are computed (Table 2, column 6).

7.4 Node 4: location

We divided the island into 5 zones and 11 subzones to be
able to perform a volcanic hazard assessment of El Hierro
based on the past geological information described above
(Fig. 3). These five main zones were established according
to the structural (susceptibility) and topographic character-
istics of the island, whilst the subdivisions were made by
taking into account the potential occurrence of hydrovol-
canic episodes. Thus, subzones 1b—4b represent areas that
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Figure 3. Sectors and subsectors defined on El Hierro. Sectors 1-4
show onshore division while sector 5 represents the offshore area.
The division is based on differences in structural patterns, spatial
probability of hosting new vents and expected hazards. Subsec-
tors a—c take into account the potential occurrence of hydrovolcanic
episodes.

could include the focus of and/or be affected by hydrovol-
canic episodes caused by the interaction of seawater with the
erupting magma. Given the data, regarding such episodes in
the past geological record, we considered that the offshore
zone between the bathymetric line of 200 m and the onshore
area near the coast, which already includes several hydrovol-
canic edifices, was suitable for the occurrence of such pro-
cesses (Fig. 3). Moreover, subzones 3¢ and 4c¢ in the interior
of the island provide evidence of phreatomagmatic eruptions
in the past.

The susceptibility analysis of the island, based on the study
by Becerril et al. (2013) (Fig. 2), allowed us to assign the
prior weights to each node with a high degree of confidence,
as shown in Table 2. The reliability of the susceptibility map
enables us to assign a data weight of 50 (since the prior
weights were estimated using past data from El Hierro) ac-
counting for the uncertainties in the data catalogue. For this
reason, we felt very confident in the initial distribution of
the prior weights and any new evidence is likely to confirm
them. Of the two historical events, one was in zone 5 (2011—
2012 eruption). This unrest lasted 4 months before leading to
an eruption which was fully monitored by the Instituto Ge-
ografico Nacional (Lopez et al., 2012).The other one refers
to the 1793 seismic unrest whose location is uncertain, al-
though historical documents describe it as being in the north-
west submarine area, i.e. zone 5.

7.5 Node 5: composition

From the pre-historical set of 23 eruptions shown in Table 1,
87 % correspond to mafic events and 13 % to felsic events.
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As we were aware of the incompleteness of the data cata-
logue, especially in the oldest part, we were not confident if
this was indeed the proportion for the composition of prior
weights. Some — or many — felsic eruptions may not be doc-
umented for example, the Malpaso member, a felsic explo-
sive eruption, has been identified on the upper part of El
Golfo-Las Playas volcano (Pedrazzi et al., 2014) but was
not included in our catalogue because we lack a precise date.
The prior weights are not random, as they are based on well-
documented data. For this reason, we assigned an epistemic
uncertainty of 10 to our data weights so that if new evidence
arrives, these prior values are still accounted for (but more so
if there is new evidence), thereby ensuring that any new data
will contribute significantly to updating our prior beliefs.

7.6 Node 6: size

The erupted volume of magma on the Canary Islands typ-
ically ranges from 0.001-0.2km? (DRE) (Sobradelo et al.,
2011). Due to a lack of accurate volume data, we assumed
that volume values on El Hierro were of the same order
as in most of the historical eruptions in the Canaries. The
last eruption (2011-2012) was characterised by lava flows of
medium extent with VEI 2 and so, by using this information,
we were able to assign the weights for VEI 1, VEI 2 and
VEI 3, as 0.31, 0.62 and 0.07, respectively.

In the particular case of El Hierro, we observed cases of
hydrovolcanic episodes associated with PDC. This would
imply VEI sizes that are greater than those on which these
prior weights are estimated. Furthermore, the data docu-
mented in Sobradelo et al. (2011) is based on Magnitude
size, as there was not enough information to estimate the
corresponding VEI. For this reason and owing to the lack of
magnitude information for the catalogue of eruptions on El
Hierro, we were not confident of the prior weights assigned
and so an epistemic uncertainty value of 1 was the most ap-
propriate, and would also ensure that if new evidence arrives
for different sectors, it will contribute significantly to updat-
ing our prior knowledge. In this way, we gave more weight
to the new evidence than to our prior beliefs.

7.7 Node 7: hazard

Based on past activity, possible eruption products include
ballistic ejecta, fallout, PDCs and lava flows with the prior
weights shown in Table 2, computed using the 23 pre-historic
eruptions in Table 1. Most mafic eruptions generated lava
flows and proximal fallout. However, a revision of the de-
posits generated from past volcanic events also reveals that
some eruptions located close to the coastline correspond to
hydrovolcanic episodes generating PDC deposits. In a sim-
ilar way, some of the hydrovolcanic deposits found on land
near the coast in fact originated from very shallow subma-
rine eruptions. Thus, there is reason to include in subzone b
(Fig. 3) both coastal and offshore zones to a maximum depth
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of 200 m, based on the assumption that vents located in these
subzones could generate hydrovolcanic phases and produce
PDCs.

Of all the possible hazard products, we were confident that
ballistic ejecta, fallout, PDCs and lava flows could occur and
so we gave zero weight to the remaining options (lahar, de-
bris avalanche and others). However, for the same reasons
given for the composition weights (felsic vs. mafic), we as-
signed a value of 10 to the epistemic uncertainties, as these
data weights could change if we had a more complete data
catalogue; however, they are still not completely uninforma-
tive, as they are based on past records. In this way, we ensure
that new evidence will be well accounted for in new updates
and that prior weights are not fully dropped when this new
evidence arrives.

7.8 Node 8: extent

Extent refers to the distance reached by eruption products
(lava flows, ballistic ejecta, fallout and PDCs) from erup-
tion points that can be deduced from the geological record.
The extent of products from the eruptions documented on
El Hierro is comparable to those on the rest of the Canary
Islands. We considered small distances for those short lava
flows that reach up to 5 km, medium distances (5—15 km) for
PDC deposits, ballistics and lava flows that reach the sea,
and large extent mainly for fall out deposits that can expand
more than 15km. As with the previous node, on the basis
of data from the oldest eruptions (Table 1), 87 % of extents
are small, while 9 % are medium and 4 % large. We assigned
a positive weight to a scenario that gives rise to a large ex-
tent of products that will account for the potentially more
explosive eruptions seen in the geological record that relate
to felsic eruptions or even hydromagmatic eruptions. For the
same reasons given for the previous node, we assigned an
epistemic value of 10 to all branches.

8 Results

Columns 6 and 7 in Table 2 show the output from HASSET.
Although we started with 28 time windows with no unrest,
the posterior probability of unrest in the next 20 years is sig-
nificantly large (64 %; 36 % for no unrest), due to the high
value of the data weight. The same effect occurs with the
node location, in which the posterior probabilities remain in
the same proportion as the prior weights. The episode of seis-
mic unrest in 1793 has updated our prior beliefs from 2 to
8 %, given that we assigned low confidence levels to the ini-
tial values. In general, comparing columns 4 and 6 in Table 2,
we can see how past data can significantly change the prior
probabilities for which we assumed low confidence (10 or
less — large epistemic uncertainty), while prior weights as-
signed with high confidence remain consistent after new ev-
idence is entered in the model.
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Looking at the different scenarios (as a combination of
the first nodes and branches up to node location) (Table 3a),
we see that the 5 most likely scenarios are a basaltic erup-
tion with magmatic unrest in zones 5, 3, 1, 4 and 2 (in
that order) with probabilities of occurrence over the next 20
years of 0.11+0.04, 0.10+0.03, 0.06 £0.02, 0.05+0.02
and 0.02 £ 0.01, respectively, for any VEI and any type of
hazard or extent. However, although some of these estimates
have a large standard deviation due to sizeable uncertainties
in the input data, they are consistent with observations from
the past. Thus, using the information in the data catalogue,
we estimated the long-term probability of a basaltic eruption
with magmatic unrest in zone 5 (submarine area) occurring
in the next 20 years to be 0.11 = 0.04.

If we now look at the most likely scenarios that also in-
clude size, hazard and the extent of the eruption, the five next
most likely scenarios are basaltic eruptions of VEI 2 with
magmatic unrest that generate short lava flows. However, in
this case zone 2 is no longer among the 5 most likely scenar-
ios and an eruption in zone 5 with a VEI of 1 or less becomes
the fifth most likely to occur in the next 20 years (probabil-
ity of 0.01 £0.01). Once again, the standard deviation for
these estimates is large, implying that the variability due to
uncertainties in the input data is also large. In this case, we
estimated that the most probable scenario (0.04 +0.02) is a
submarine (zone 5) mafic magmatic eruption of VEI 2 gen-
erating short lava flows.

9 Eruptive scenarios

Hazard assessment must be based on the simulation of
different volcanic processes across the susceptibility map
(e.g. Marti et al., 2012). In order to illustrate potential fu-
ture eruptions on El Hierro, we simulated scenarios assum-
ing the results obtained with HASSET and considering the
most probable hazards (i.e. lava flows, fallout and PDCs) that
could occur in the event of such eruptions. We mainly con-
sidered eruptions that occur on land or in shallow submarine
environments (at a depth of less than 200 m) (Fig. 3). We did
not consider deeper submarine eruptions even though their
socio-economic impact may in fact not be negligible, as seen
in the 2011-2012 eruption. However, we assumed that the
direct impact of hazards caused by these deeper submarine
eruptions on the island was not relevant for the purpose of
this study.

For the simulations we used light detection and ranging
(LIDAR) technology based on the digital elevation model
(DEM) of the island with a cell size of 10 m generated by
the National Geographic Institute (IGN).

10 Lava flow scenarios

Bearing in mind the previously obtained susceptibility val-
ues (Fig. 2) (Becerril et al., 2013), we simulated lava flow
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Table 3. (a) Most likely scenarios for node location. (b) Most likely scenarios for node extent.

Scenario Probability ~ Standard
estimate deviation

1. Yes-magmatic-magmatic eruption-Zone 5 0.11 0.04

2. Yes-magmatic-magmatic eruption-Zone 3 0.10 0.03

3. Yes-magmatic-magmatic eruption-Zone 1 0.06 0.02

4. Yes-magmatic-magmatic eruption-Zone 4 0.05 0.02

5. Yes-magmatic-magmatic eruption-Zone 2 0.02 0.01

1. Basaltic eruption with magmatic unrest in zone 5, 0.04 0.02

VEI 2, that generates lava flows of short extent

2. Basaltic eruption with magmatic unrest in zone 3, 0.04 0.02

VEI 2, that generates lava flows of short extent

3. Basaltic eruption with magmatic unrest in zone 1, 0.02 0.01

VEI 2, that generates lava flows of short extent

4. Basaltic eruption with magmatic unrest in zone 4, 0.02 0.01

VEI 2, that generates lava flows of short extent

5. Basaltic eruption with magmatic unrest in zone 5, 0.01 0.01

VEI < 1, that generates lava flows of short extent

Lava Probability (log)

Value
0

Low - -3,B0807

Figure 4. Lava flow scenarios for El Hierro performed with
VORIS 2.0.1. Vents from lava flows that have been simulated rep-
resent those with the highest spatial probabilities (see susceptibility
map in Fig. 2). Red colours are those areas with the highest proba-
bility to be invaded by lava flows.

scenarios taking into account only those pixels located on
land (lava flows generated in submarine eruptions, even in
shallow waters, were assumed not to cause any direct impact
on the island). Lava flow simulations based on VORIS 2.0.1
rely on a probabilistic model that assumes that topography
is the most important factor in determining the path of a
lava flow (Felpeto et al., 2007 and references therein). As
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explained before, simulations of lava flows were conducted
on land and are based on the pixels that lie on the different
spatial probability values ranging from 0.00037 to 0.0068.

In the model, the input parameters for the lava flows were
constrained by maximum flow lengths and thicknesses taken
from field measurements. Considering that most lava flows in
the past reached the sea, we assumed flow lengths of about
15 km. The thickness used as input for the models was 3 m,
which was obtained from the average value of individual
flows measured in the field. The results provide a map that
gives the probability that any particular cell is invaded by a
lava flow (Fig. 4).

11 Scenarios for pyroclastic density currents (PDCs)

The pyroclastic density currents (PDCs) identified on El
Hierro are all associated with hydrovolcanic episodes and
mostly relate to mafic vents located in the coastal zone, or
episodes occurring at shallow submarine depths that gener-
ated deposits that are now exposed along the coast. However,
we also considered the possibility that this type of explosive
episode could occur on land with more evolved composi-
tions and larger run-out distances, as is the case of the Mal-
paso member identified in the centre of the island (Pedrazzi
et al., 2014). PDCs were simulated with an energy cone
model (Sheridan and Malin, 1983) using as input parame-
ters topography, the collapse equivalent height (H) and the
collapse equivalent angle (6), which is obtained through the
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arctangent of the ratio between H, and L, where L represents
the run-out length (Felpeto et al., 2007; Toyos et al., 2007).
Run-out distances were considered to be equivalent to the
most distal exposure of PDC deposits found on the island,
which were calculated to have lengths of 5, 1 and 0.5 km.
These distances are relative to the most distal deposits of the
studied PDCs.

Collapse equivalent heights were chosen in the range of
250-300 m above the possible vent site in order to constrain
the best Hec that matches real deposits. Based on the cali-
bration, a collapse equivalent of 250 and an angle of 11°
were determined for a pyroclastic flow deposit, resembling
the known Malpaso member felsic flow deposit. For those
vents located in the coastal zone or associated with mafic
eruptions, we simulated PDCs with a collapse equivalent of
250 m and angles in the range of around 4-27° (low values
for base surge explosions and high values for column col-
lapse phases) (Sheridan and Malin, 1983). Although the to-
pography of the area has been modified since the eruption
of the Malpaso member, the area and extent of the simu-
lated deposits were still similar to the real PDC deposit. With
these constraints, PDC simulations were carried out in the ar-
eas with the highest spatial probabilities (Fig. 5a). The areas
close to the PDC deposits of El Hierro were also selected to
simulate scenarios (Fig. 5b). Figure 5a and b show coverage
areas with different Heim coefficients and VEI values.

12 Fallout

Fallout from the eruptions on El Hierro was simulated by
assuming a violent Strombolian eruption (e.g. Tanganasoga
eruption, Fig. 1), characterised by the formation of an erup-
tive column up to 10km high (Arrighi et al., 2001), having
significant impacts over distances of several tens of kilome-
tres from the vent (Valentine and Gregg, 2008), which would
represent one of the most probable high intensity eruptions
that could occur on the island. Nevertheless, we do not rule
out the possibility of a subplinian eruption, characterised by
columns ranging between 10 and 20 km altitude, having po-
tential impacts over much larger regions and even globally
(Valentine and Gregg, 2008 and references therein) in the
event that more felsic magmas are involved in the process.
Simulations were conducted using an advection-diffusion
model based on the assumption that particle motion is con-
trolled by advection from wind, particle diffusion and their
terminal settling velocity (Pfeiffer et al., 2005; Felpeto et al.,
2007). All the simulations were conducted with one vent lo-
cated in the highest spatial probability area and another on
the eastern side of the island, the most vulnerable area for a
volcanic event and where the main villages, airport and port
are situated.

Data inputs of wind profiles were compiled from the
University of Wyoming Department of Atmospheric Sci-
ence sounding database (http://weather.uwyo.edu/upperair/
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Figure 5. PDC scenarios performed with VORIS 2.0.1. Covered ar-
eas with different collapse equivalent heights (H¢), collapse equiv-
alent angles (/) and VEI values (see the text for more detail).
(a) VEI 2 corresponding to felsic eruptions; (b) VEI 1 correspond-
ing to mafic eruptions.

sounding.html). We focused the attention of our study on
the fallout scenarios for the average wind value of each
season during the last decade. Wind direction and intensity
were chosen at different vertical heights (500, 1000, 2000,
4000 and 6000 m).

Input parameters for the simulation were obtained from
fieldwork and bibliographic data. Results are shown in Fig. 6,
with particle distribution in a 5 km high eruptive column re-
lated to a violent Strombolian eruption, generating 0.03 km?
of deposits. Particle sizes were considered in a range from
—6 to 2@, thereby covering the entire range of particle sizes
observed in the field.
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Figure 6. Ashfall scenarios from a violent Strombolian eruption
performed with VORIS 2.0.1. (1) Simulation at the highest proba-
bility vent; (2) simulation at an area close the main areas of popula-
tion. Both simulations were performed for summer, autumn, winter
and spring.

13 Total hazard map

Combination of the most probable scenarios related to
basaltic eruptions of VEI 2 that generate lava flows, fallout
and PDCs in case of hydrovolcanic events, provided the first
total qualitative volcanic hazard map of El Hierro (Fig. 7b).
The most probable areas to be affected by the three most
likely scenarios were used to define the areas with the great-
est and lowest overall volcanic hazard (Fig. 7b). This is an
approach similar to that taken by Lindsay et al. (2005) in
the Lesser Antilles. We distinguished four levels of hazard
depending on the number of individual hazards (Fig. 7a)
that overlap on each point (pixel) of the map. The superpo-
sition was done taking into account the spatial probability
and the extension of each scenario, given more weight to the
most probable scenario, i.e. lava flows originating from ar-
eas with high spatial vent opening probability. The resulting
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Figure 7. (a) Superposition of the most probable scenarios;
(b) qualitative hazard map of El Hierro (zones 1-4) constructed
from the combination of the most likely scenarios. This map shows
the overall integrated volcanic hazard zones for El Hierro based on
lava flows, PDCs and ashfall scenarios. We distinguish four levels
of hazard, from very low to high hazard, depending on the number
of individual hazards that overlap on each point (pixel) of the map
(see text for more explanation).

map shows that, although El Hierro is not a highly populated
island, some medium- and high-volcanic-hazard zones coin-
cide with some of the main inhabited areas. However, it must
be noted that this hazard level delineation is reliant on the
current information, which may be subject to further revision
thus implying possible changes in the hazard assessment.

14 Discussion and conclusions

Mafic monogenetic eruptions (Table 1) are the most common
eruption type to have occurred in El Hierro’s recent geologi-
cal past, especially over the last 158 ka (Pellicer, 1977, 1979).
Consequently, we assume that they also represent the most
likely eruption types in the near future. These eruptions gen-
erated small-size cones, lava flows, proximal scoria, fallout

Nat. Hazards Earth Syst. Sci., 14, 1853-1870, 2014



1866

and, occasionally, PDCs. The size of most of these erup-
tions ranged from typical Strombolian to violent Strombo-
lian (some of them associated with hydrovolcanic phases).
In Fig. 7a the most likely expected scenarios on the island
are represented together. The presence of a relatively recent
eruption of phonolitic composition of medium size called
Malpaso member and described as a PDC (Pedrazzi et al.,
2014) is also remarkable, as it opens up the possibility that
eruptions other than monogenetic magmatic and/or hydro-
volcanic mafic ones may also occur on El Hierro. Although
associated with much greater hazard intensities, this type of
eruption has a much lower probability of occurrence.

The catalogue of eruptions that have occurred on El Hi-
erro in the last 158 ka is far from complete. This is evident
when trying to establish the relative stratigraphy of volcanic
deposits, as there are a large number of units of known ori-
gin intercalated between the reported units. Although the es-
tablishment of a complete volcano-stratigraphy of El Hierro
(and, in particular, of its last constructive episode) is still re-
quired, the available number of reported eruptions (for which
the corresponding geochronology based on radiometric dat-
ing exists) is large enough to provide a preliminary volcanic
hazard assessment with a sufficient degree of confidence.

The application of available tools such as HASSET
(Sobradelo et al., 2014a) and VORIS 2.0.1 (Felpeto et al.,
2007), specifically designed to undertake volcanic hazard as-
sessment based on current knowledge of past eruptive activ-
ity and using probabilistic methods and simulation models,
allows us to obtain an initial long-term hazard assessment,
which can be easily updated and improved with the incorpo-
ration of new information such as a more complete volcano-
stratigraphy and geochronology. This is an essential tool that
should enable local authorities to apply more rational territo-
rial planning and to design more adequate emergency plans
to face future volcanic crises. The experience gained from
the last eruption on El Hierro in 2011-2012 showed that the
lack of tools such as the one described in the present study
can lead scientific advisors and decision-makers to consider
possible eruptive scenarios that have a very low probability
of occurrence, whilst ignoring others with a high probability
of occurrence — for example, the submarine eruption that in
the end turned out to be the true scenario. This lack of any
systematic study of past eruptive activity hampered the fore-
casting of the most probable scenarios and led to a certain
confusion regarding the potential outcome of the impend-
ing eruption. This in turn affected the way in which infor-
mation was transmitted to the population and to the scale of
the decisions made, some of which were unnecessarily over-
protective (Sobradelo et al., 2014Db).

The advantage of conducting a probabilistic hazard assess-
ment is that the results obtained can be updated whenever
new information becomes available. Such an approach per-
mits work to start even when only a little information ex-
ists and then enables results to improve over time. Thus, ap-
propriate mitigation policies can be based on less, but more
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precise and realistic information. In the case of El Hierro, de-
spite sufficient knowledge of past eruptive activity, the avail-
able information was not structured in a comprehensive way
that was easy to manage and be used by decision-makers
or even by the scientists who were providing advice. The
results obtained in the present study, that is, the develop-
ment of a probabilistic long-term volcanic hazard assessment
that includes dynamic scenarios and a qualitative hazard map
(Fig. 7a and b), offer basis on which to build the strategies
that are required to successfully face up to and minimise the
impact of future volcanic eruptions on the island.

Our approach offers a method that facilitates accomplish-
ing volcanic hazard assessment in a homogeneous and sys-
tematic way. The approach is based on the history of the vol-
cano being deduced from the geological record, which al-
lows determining how, where, and when the next eruption
could be. Similar approaches have been applied in other vol-
canic areas where the application of available tools similar
to ours have also allowed us to obtain an initial long-term
hazard assessment. This is the case of Auckland Volcanic
Field in New Zealand (Sandri et al., 2012) or Misti volcano
in Peru (Sandri et al., 2014), where a Bayesian approach us-
ing BET VH tool (Marzocchi et al., 2010) and other simu-
lation tools are applied to compute the temporal and spatial
probabilities. Our methodology uses different free tools that
have been developed to contribute to the long-term hazard as-
sessment, both in spatial (VORIS 2.0.1, Felpeto et al., 2007)
and temporal analyses (HASSET, Sobradelo et al., 2014a).
The main advantage of using VORIS 2.0.1 is that it creates
scenarios of different kind of hazards such as lava flows,
PDCs and ashfall. Other works have focused on the simula-
tion of only one scenario using non-free tools (e.g. lava flows
for Etna volcano: Cappello et al., 2010, 2011; Tarquini and
Favalli, 2010). On the other hand, although some parts of the
HASSET tool (that evaluate temporal probabilities) coincide
with BET EF and BET VH tools presented by Marzocchi et
al. (2008, 2010), HASSET is built on a Quantum Gis (QGIS)
platform and considers different kinds of unrest episodes
(seismic, geothermal, others), and moreover takes into ac-
count the kind of outcome (e.g. phreatic explosion and sector
failure) and the magma composition, overcoming the limita-
tions of previous event tree models (Sobradelo et al., 2014a).
Another important advantage of using these tools is that new
data or new model results can be easily included in the pro-
cedure to update the hazard assessment. Other works focused
on the evaluation of the potential hazards related to a specific
kind of hazard of a particular area (e.g. phreatomagmatic vol-
canic hazards; Németh and Cronin, 2011) could take the ad-
vantages of our methodology and implement it in an easy
and successful way for future and completeness of volcanic
hazard evaluation.
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Deception Island is the most active volcano in the South Shetland Islands and has been the scene of more than
twenty identified eruptions over the past two centuries. In this contribution we present the first comprehensive
long-term volcanic hazard assessment for this volcanic island. The research is based on the use of probabilistic
methods and statistical techniques to estimate volcanic susceptibility, eruption recurrence and the most likely fu-
ture eruptive scenarios. We perform a statistical analysis of the time series of past eruptions and the spatial extent
of their products, including lava flows, fallout, pyroclastic density currents and lahars. The Bayesian event tree
statistical method HASSET is applied to calculate eruption recurrence, while the QVAST tool is used in an analysis
of past activity to calculate the possibility that new vents will open (volcanic susceptibility). On the basis of these
calculations, we identify a number of significant scenarios using the GIS-based VORIS 2.0.1 and LAHARZ software
and evaluate the potential extent of the main volcanic hazards to be expected on the island. This study represents
a step forward in the evaluation of volcanic hazard on Deception Island and the results obtained are potentially

useful for long-term emergency planning.

© 2014 Published by Elsevier B.V.

1. Introduction

Deception Island is the most active volcano in the South Shetland
Island group (Antarctica) and more than 20 eruptions have taken
place there over the past two centuries (Orheim, 1972; Pallas et al.,
2001; Smellie, 2002a). Located at the spreading centre of the Bransfield
Strait marginal basin (Fig. 1), this island consists of a horse-shoe-shaped
composite volcanic system truncated by the formation of the collapse
caldera that occupies the central part of the island (Valencio et al.,
1979; Smellie, 1988; Marti et al., 2013) (Fig. 2a). The most recent erup-
tions took place in the late 1960s and 1970s and destroyed or severely
damaged the scientific bases operating on the island (Baker et al.,
1975; Roobol, 1982) (Fig. 3a, b). Interestingly, during the final eruption
strong winds and the unusually low tropopause in the area (Smellie,
1999) led to an important spread of volcanic ejecta that reached
distances of over 150 km (Pallas et al., 2001; Fretzdorff and Smellie,
2002; Pedrazzi et al., 2014).

Since its discovery in 1820, the island's natural harbours in Port
Foster Bay (e.g. Pendulum Cove and Whalers Bay) (Fig. 2b) have been
actively used during different peaks in the commercial exploitation of
the Southern Ocean (Roobol, 1982; Smellie and Lépez-Martinez,
2002a,b). Between 1905 and 1930, the island served as the shore base
for the Antarctic's most important whaling industry (Fig. 3c) and also
played a military role during World War I due to its strategic location

* Corresponding author. Tel.: +34 934095410.
E-mail address: sbartolini@ictja.csic.es (S. Bartolini).

http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
0377-0273/© 2014 Published by Elsevier B.V.

between the Atlantic and Pacific Oceans. This resulted in the construc-
tion of a British scientific station, which was occupied from 1944 until
it was destroyed in 1969 (Roobol, 1982; Smellie and Lépez-Martinez,
2002a,b) (Fig. 3a). Following the British initiative, Argentina and Chile
also established scientific bases on the island that, likewise, were either
destroyed or abandoned after the eruptions occurring between 1967
and 1970 (Fig. 3b). After occasional expeditions to Deception Island,
Britain, Spain and Argentina recommenced scientific activity in 1986.
Argentina re-occupied and reconstructed its station (Fig. 3f), while
Spain constructed a new station in 1989 (Fig. 3e); these two scientific
bases operate every year during the Antarctic summer.

The number of tourists that visit Antarctica has increased since the
first commercial cruise in 1966 and today over 30,000 visitors arrive
during the austral summer (2012-2013) (IAATO, International Associa-
tion of Antarctica Tour Operators) (Fig. 4a). Deception Island and Half
Moon Island (Fig. 4) are two of the most popular destinations; specifi-
cally, the Antarctic Specially Protected Area (ASPA) sub-site of Whalers
Bay (Fig. 2) receives over 15,000 visitors every year (Fig. 4b), while
other sectors such as Telefon Bay or Pendulum Cove (Fig. 2) are visited
by up to 5000 tourists annually (Fig. 4b).

The recent eruptions (1967, 1969 and 1970) have demonstrated that
volcanic activity on Deception Island may become a cause for concern
for tourists, scientists and the military personnel working on or near
the island. Livingston and Deception Islands host a total of five research
stations and three field camps, while Greenwich and King George
Islands are home to 10 all-year and two temporary research stations
(Fig. 2). For example, during the 1970 eruption, a considerable amount
of ash - including a fine ash fall deposit of 4 mm on Arturo Prat station

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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Fig. 1. a) Simplified regional tectonic map and location of the South Shetland Islands. HFZ: Hero Fracture Zone, SFZ: Shetland Fracture Zone. b) Location of Deception Island. Black and white
dots indicate nearby year-round and temporary (only austral summer) research stations, respectively. Grey dots correspond to temporary field camps.

Panel a: modified from Ibafiez et al. (2003); panel b: modified from Grad et al. (1992).

on Greenwich Island and about 1 mm on Bellingshausen station on King
George Island (Baker et al., 1975; Pedrazzi et al., 2014) - fell far from the
island.

Aside from a paper by Roobol (1982) and the relatively recent work
of Smellie (2002a), to the authors' knowledge no accurate volcanic haz-
ard assessment has ever been conducted for Deception Island. Further-
more, previously hazard maps were either restricted to a single hazard
(Roobol, 1982) (Fig. 5a) or were non-systematic (Smellie, 2002a)
(Fig. 5b). As pointed out by Smellie (2002a), as a popular destination
for tourists and an area of constant scientific research, properly elabo-
rated hazard maps and related assessments are now more necessary
than ever. The latter are indispensable for the elaboration of emergency
plans aimed at mitigating the potential human and economic losses of
any future volcanic eruptions on Deception Island.

In order to improve the hazard assessment on Deception Island, it is
important to estimate the temporal and spatial probabilities of future
eruptions. In this paper, we carry out a threat analysis for Deception
Island using the National Volcano Early Warning System (NVEWS) tem-
plate (Ewert et al., 2005) and compare it with other volcanoes of similar
characteristics. Then, we present a systematic analysis of the temporal
and spatial long-term hazard assessment of the island using available
geological data, including the past eruption record, stratigraphic in-
formation and volcano-structural data. We used HASSET (Sobradelo
et al., 2014) to estimate the probability that a volcanic episode will
occur within the forecast interval and to evaluate the long-term proba-
bility of different types of hazards on the island. For the spatial analysis
we applied QVAST (Bartolini et al., 2013) to obtain the susceptibility
map, and LAHARZ and VORIS (Hoblitt et al., 1995; Schilling, 1998;

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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Felpeto et al., 2007) to generate different eruptive scenarios such as
lahars, lava flows, pyroclastic density currents (PDCs) and fallout. The
ultimate aim of this work was to generate a qualitative hazard map
for Deception Island depicting the most probable scenarios and, conse-
quently, to understand the potential impact that future eruptions could
have on research stations, tourists, and ships in and around the island.

2. Geological setting

Deception Island is a sizeable active Quaternary volcano with a large
central collapse caldera that is located at the south-western end of the
Bransfield Strait, a marginal basin lying between the Antarctic Peninsula
and the South Shetland Islands (Fig. 1). The related volcanic ridge
has traditionally been interpreted as a Late Cenozoic extensional struc-
ture produced as a consequence of back-arc spreading (Roach, 1978;
Peccerillo et al., 1991) linked to subduction of the Phoenix Plate beneath
the Antarctic Plate (Gonzélez-Ferran, 1985). Deception, Penguin and
Bridgeman islands and a number of other submerged volcanic vents
are associated with the spreading centre. In particular, Deception Island
is located near the intersection between the axis of the Bransfield basin
and the extension of the Hero Fracture Zone (Fig. 1).

The construction of the island can be separated into three main
phases: pre-, syn- and post-caldera (Smellie, 2001; Marti et al., 2013).
The first phase was characterised by the construction of the volcanic

shield and is represented by the Basaltic Shield Formation, outcropping
mainly at Baily Head and along the nearly vertical caldera wall at Fuma-
role Bay (Fig. 2a). The Outer Coast Tuff Formation (i.e. syn-caldera phase
deposits) (Hawkes, 1961; Smellie, 2001; Marti et al., 2013) was depos-
ited unconformably over the shield-related units and forms an almost
continuous outcrop along the outer part of the island (Fig. 2a). The
post-caldera phase, which includes the recent historical eruptions,
consists of eruptive vents scattered across the whole island: all but
one are found along the structural borders of the caldera and most cor-
respond to previous regional tectonic faults (Fig. 2a) (Smellie, 2002a;
Marti et al,, 2013).

The magnetic polarity of the exposed rocks and K-Ar data indicate
that Deception Island is younger than 0.75 Ma (Valencio et al., 1979)
and that its subaerial part has mostly been constructed over the last
0.2 Ma (Keller et al,, 1992). Indeed, the correlation between the exposed
rocks and the tephras found elsewhere in the region suggests that these
rocks are probably even younger than 0.1 Ma (Marti et al., 2013).
The age of the collapse event remains unclear due to a lack of geo-
chronological data and the fact that none of the tephra layers
found in the various ice and marine/lacustrine sediment cores ex-
tracted around the Antarctic region appear to correlate with this
event (Smellie, 1999; Pallas et al., 2001). Since all the tephra related
to the post-caldera volcanism recorded in the region are from the
Middle Holocene or younger (Moreton, 1999; Smellie, 1999), Marti

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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Fig. 3. Remains of the British (a) and Chilean (b) bases in Whalers Bay and Pendulum Cove, respectively (see Fig. 2b for exact locations). Remains of the Norwegian whaling station in
Whalers Bay (c). Current Spanish Gabriel de Castilla (e) and Argentinian Base Decepcion (f) scientific bases (see Fig. 2 for exact locations). (d) Photograph of a tourist cruise ship entering
Port Foster through Neptune's Bellows (authors: A. Villasefior (a), (b) and (d); J. Galeano (c), (e) and (f)).

et al. (2013) speculate that the caldera may have formed in the late
Pleistocene-early Holocene.

3. Recent volcanic activity & volcanic hazards

The 1967, 1969 and 1970 eruptions on Deception Island have been
well documented (Gonzalez-Ferran et al., 1971; Orheim, 1972; Baker
et al, 1975; Roobol, 1982; Moreton, 1999; Smellie, 1999, 2002a,
2002b; Pedrazzi et al,, 2014). First-hand observations exist for the first

two as they occurred during austral summer. The December 1967
event created a new island around four aligned vents in Telefon Bay
and a land vent located 2.5 km to the east (Fig. 2b). The February
1969 eruption occurred when a 4-km-long fissure opened beneath
glacial ice along the eastern interior side of the caldera (Smellie,
2002a). This activity resulted in catastrophic floods and lahars, and the
construction of several small cinder cones (Baker et al., 1975; Smellie,
2002b). Unlike the two previous events, there were no eyewitnesses
to the 1970 eruption. Ash fell on the Chilean station Arturo Prat on

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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Greenwich Island on August 13, 1970 and during the early morning on
the same day near the Soviet station Bellingshausen on the King George
Islands.

The tephra record from Deception Island (Orheim, 1972) and
neighbouring islands (Pallas et al., 2001) and ice and sediment (marine
and lacustrine) cores reveal a series of over 30 post-caldera eruptions
during the Holocene (Tables 1 and 2). However, even the most detailed
record such as that provided by Mt. Pond glacier (Fig. 2a) probably only
records some of the post-caldera eruptions on the island (Orheim, 1972;
Smellie, 2002b) and a considerably higher number of eruptions may
well have occurred. The record of the eruptions from the eigh-
teenth to the twentieth centuries includes periods of great activity
(e.g. 1906-1912, 1818-1828) with several temporally closely spaced
eruptions, followed by decades of dormancy (e.g. 1912-1967) (Orheim,
1972; Roobol, 1982; Smellie, 2002b). Despite the inherent difficulties
involved in predicting the date of the next eruption on Deception Island,
it is still reasonable to expect further episodes to occur as part of these
most recent activity cycles (Shultz, 1972). The unrest episodes in 1992
and 1999 demonstrate that the volcanic system is still active (Ibafiez
et al,, 2003) and, as has been remarked in published research work, the
occurrence of a future eruption on the island cannot be ruled out.

All post-caldera volcanisms correspond to eruptions of small volume
(e.g. <0.05 km? for each of the 1967, 1969, and 1970 eruptions)
and their explosivity will have varied in terms of their consistent
phreatomagmatic nature. The interacting water may be simply seawa-
ter from Port Foster Bay, water from the underground aquifer or even

melt water from the glaciers. The presence of Deception Island tephra
in marine sediments in the Scotia Sea (e.g. Moreton and Smellie,
1998) or in ice cores from the South Pole (e.g. Aristarain and Delmas,
1998) suggests that some post-caldera eruptions may have been
much more violent than those experienced in recent centuries.

The main direct volcanic hazards identified on Deception Island
include (Smellie, 2002a) ash fall, pyroclastic density currents (main-
ly surges), lava flows and lahars, while indirect volcanic hazards
could involve (Smellie, 2002a) steam fields, fumaroles, heated
ground, structural collapses and rock falls, hydrothermal eruptions,
volcanic gases, earthquakes and tsunamis.

Due to the strong winds and the unusually low tropopause (8-
10 km) in the area (Smellie, 1999), ash fall deposits - even in historical
eruptions - are rapidly displaced over neighbouring islands and the
Antarctic continent. Indeed, ashes from the latest eruption on Deception
Island were observed on King George Island (> 150 km distance) (Baker
et al., 1975). Additionally, numerous layers of Deception Island ash are
preserved in marine sediments in the Scotia Sea (>800 km distance)
(Moreton and Smellie, 1998). Close to the vent, ash fallout can lead to
severe building damage, as in the case of the abandoned Chilean station
at Pendulum Cove (Fig. 3b). This base was covered (and burned down)
by ash from the 1969 fissure eruption, the closest vents of which
were 400-500 m away (Smellie, 2002b). Smellie (2002a) has point-
ed out that since the prevailing winds on Deception Island are main-
ly from the west, the eastern side of the island is highly exposed to
ash fall. Nevertheless, during the most recent eruptions, almost the
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Fig. 5. Hazard maps presented by Roobol (1982)(a) and Smellie (2002a) (b).

entire island received some ash fall (Baker et al., 1975; Smellie,
2002a).

In the first volcanic hazard assessment on Deception Island, Roobol
(1982) indicated that there were no relevant pyroclastic flows on the
island. Nevertheless, Smellie (2002a) specifies that pyroclastic flows
have occurred in the past but were only abundant during the caldera-
forming eruption (Outer Coast Tuff Formation). Even so, dilute pyroclas-
tic density currents (i.e. pyroclastic surges) are a characteristic feature of
many Deception Island post-caldera eruptions. In most cases, mapped
surge deposits extend for about 2 km from the vents (Pedrazzi et al.,
2014) and may travel across water (Smellie, 2002a).

Lava fountaining and flows have also been a common feature
throughout the eruptive history of the island (Roobol, 1982; Smellie,
2002a). The main hazard related to lava flows is the damage or destruc-
tion they cause by burying, crushing or burning as they progress. Even
though they tend to be confined to valleys and can be easily outrun,
the most important problem is that they can generate jokulhlaups,
i.e. floods of molten water released from the glacier due to the opening
of subglacial vents and the partial melting of the ice cover (Roobol,
1982; Smellie, 2002a,b). In fact, Baker et al. (1975) state that the most
recent eruptions demonstrate that these floods are the main hazards
to human life and property on the island. The same authors indicate
that the most suitable sites for scientific stations on the shores around
Port Foster are also the most vulnerable to the effects of this particular
hazard.

These lahars or volcanic mudflows consist of substantial volumes of
melt water, often highly charged with debris. Their great bulk density
and velocity make them highly destructive. In fact, the jokulhlaups pro-
duced by the 1969 eruption were responsible for the destruction of the
British scientific station at Whalers Bay (Baker et al., 1975). Lahars are

characterised by having well-defined topographical limits since they
are confined to valleys (Smellie, 2002a). Thus, the location of the
eruptive vent, i.e. in ice-free areas or below the permanent ice caps
on Mt. Kirkwood and Mt. Pond (Fig. 2b), is crucial for determining
the potential hazards to be expected during a future eruption on
Deception Island.

Other secondary hazards such as steam fields, fumaroles and ground
heating are also common on the island, and are mostly confined to the
inside of the caldera along the shores of Port Foster (Baker et al.,
1975; Roobol, 1980; Smellie, 2002a) (Fig. 2b). Ground temperatures
of <40-60 °C are common but at Pendulum Cove and Fumarole Bay,
they may reach up to 70 °Cand 100 °C, respectively (Smellie, 2002a).
These temperatures fluctuate daily, mainly with the tides. In 1920-21,
for example, sudden subsidence of the sea floor beneath Whalers Bay
caused the sea to boil and affected the ships in the area (Smellie, 2002a).

Seismicity may also be an issue in the area. During 1992 and 1999,
two seismic crises related to episodes of deep magma injection led to
the evacuation of the island (Ibafiez et al., 2003). In general terms,
current activity is characterised by strong hydrothermal circulation
and intense seismicity with frequent volcano-tectonic and long-period
events (Smellie, 2002a; Zandomeneghi et al., 2009).

In addition, tsunamis triggered by eruptions and slope failures have
occurred on Deception Island in the past (Smellie, 2002a). This is an im-
portant problem since they may block Neptune's Bellows, the only exit
from (and entry into) Port Foster and make it difficult or even impossi-
ble to sail through this narrow, shallow channel. On a smaller scale, rock
falls in strategically important places could cause major problems and,
for example, the collapse of Cathedral Crags could block Neptune's
Bellows and prevent ships from entering/leaving the island's interior
bay (Smellie, 2002a).

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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Table 1

Principal characteristics of the volcanic eruptions and unrest periods recorded over the last 372 years (1641-2013). Only eruptions of known age and consistent with the relative field

stratigraphy established in this study are included. Information about the nodes in the HASSET tool (Sobradelo et al., 2014) is also included. See text for more details.

Year Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8  Source
Unrest  Origin Outcome Location Composition ~ Size Hazard Extent
1999 Yes Geothermal No eruption - - - - - [1]
1992 Yes Geothermal No eruption - - - - - [1]
1970 Yes Magmatic Magmatic Telefon Ridge Mafic 3 Ballistic-fall out-PDC Large [2]113]
1969 Yes Magmatic Magmatic Mt. Pond Mafic 3 Lava flow-lahars-PDC Medium  [3]
1967 Yes Magmatic (?) seismic Magmatic Telefon Ridge & Port Foster Mafic 3 Ballistic-fall out-PDC Medium [3] [4]
1943 + 127 Yes Magmatic Magmatic Mt. Pond Mafic >3 - - [5]16]
1918 +£ 12 Yes Geothermal No eruption - - - - - [7]118]
1915 +£ 3 Yes Magmatic Magmatic - Mafic 3 Ballistic-fall out Large [6]19]
1892 + 64 Yes Magmatic Magmatic Telefon Ridge - <3 - - [5]
1879 + 49  Yes Magmatic Magmatic Mt. Pond - <3 Ballistic-fall out-lava flow - [10]
1869 + 40  Yes Magmatic Magmatic Mt. Pond Mafic <3 - - [5]
1842 Yes Magmatic Magmatic Mt. Kirkwood Felsic 2 Lava flow Small [7]1111][12]
1838-1839  Yes Magmatic Magmatic Mt. Kirkwood - >3 Lava flow - [6]17][13][14]
1827 £ 2 Yes Magmatic Magmatic Mt. Pond Mafic 4 - - [5117]1[15][16]
1820 £ 1 Yes Magmatic Magmatic - Mafic <3 Ballistic-fall out Large [17]
1795 £ 5 Yes Magmatic Magmatic Telefon Ridge - - - - [5]1[7][15][16]
1750 +£ 50  Yes Magmatic Magmatic Mt. Kirkwood Mafic >3 - - [6]
1700 Yes Magmatic Magmatic - - >3 - - [18][19]
1641 Yes Magmatic Magmatic - Mafic >3 Ballistic-fall out Large [20] [21]

[1] Ibafiez et al. (2003).

[2] Gonzdlez-Ferran et al. (1971).
[3] Baker et al. (1975).

[4] Valenzuela et al. (1968).
[5] Roobol (1973).

[6] Pallas et al. (2001).

[7] Roobol (1980).

[8] Roobol (1982).

[9] Hodgson et al. (1998).

[10] Smellie (2002a).

[11] Smiley in Wilkes (1845).
[12] Hawkes (1961).

[13] Whittle in Wilkes (1845).
[14] Birkenmajer (1991).

[15] Kendall (1831).

[16] Pallas et al. (2001).

[17] Palais et al. (1989).

[18] Moreton (1999).

[19] Smellie (1999).

[20] Aristarain and Delmas (1998).
[21] Delmas (1992).

2 Error according to the time interval provided by the bibliography.

Table 2

Additional geochronological data about the recorded volcanic eruptions on Deception Island between 35,400 B.P. and 450 B.P. This information provides the main characteristics of the
eruptive style of the island for the application of the Bayesian Event Tree method.

Year (B.P.) Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8 Source
Unrest Origin Outcome Location Composition Size Hazard Extent
450 Yes Magmatic Magmatic - Mafic >3 - Large [1]12][3]
750 Yes Magmatic Magmatic - Mafic >3 - Large [1]112] 3]
1050 Yes Magmatic Magmatic - Mafic >3 - Large [2]13]
1350 Yes Magmatic Magmatic - Mafic >3 - Large [1112][3]
1850 Yes Magmatic Magmatic - Mafic >3 - Large [2]113]
2100 Yes Magmatic Magmatic - Mafic >3 - Large [2] [3]
2250 Yes Magmatic Magmatic - - >3 - Large [2]13]
2500 Yes Magmatic Magmatic - Mafic >3 - Large [2]13]
2700 + 50° Yes Magmatic Magmatic - Mafic >3 - Large [1]112][3]
3500 Yes Magmatic Magmatic - - >3 - Large [2] [3]
4700 Yes Magmatic Magmatic - Mafic >3 - Large [1]112][3]
5200 Yes Magmatic Magmatic - Mafic >3 - Large [3114]
8700 (?) Yes Magmatic Magmatic - Mafic >3 - Large [3114]
10,670 Yes Magmatic Magmatic - Mafic >3 - Large [2] [3]
21,660 Yes Magmatic Magmatic - Mafic >3 - Large [2]113]
26,400 Yes Magmatic Magmatic - Mafic >3 - Large [2]13]
35,400 Yes Magmatic Magmatic - Mafic >3 - Large [2] [3]

[1] Bjorck et al. (1991).
[2] Moreton (1999).

[3] Smellie (1999).

[4] Mathies et al. (1990).

2 Error according to the time interval provided by the bibliography.
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4. Threat analysis

The quantification of the threat posed by volcanoes to their sur-
roundings is vital when trying to define the required monitoring
level for each volcano. In order to perform this quantification, Ewert
et al. (2005) developed the National Volcano Early Warning System
(NVEWS). The rationale behind NVEWS was to assess the threat
posed by volcanoes in the United States via an analysis scheme divided
into two main factor groups. First, those directly associated with the
volcanic hazard and second, those related to exposure of human, social
and economical elements potentially affected by the hazard. The indi-
vidual factors are summed into a hazard score and an exposure score,
which are then multiplied to generate the volcano's overall threat
score. The total threat score obtained classifies the volcanic threat into
one of five threat categories (Ewert et al., 2005): very low (6-0), low
(6-30), moderate high (30-63), high (63-113) and very high (>113).

In recent years several authors have applied the NVEWS analysis to
other volcanoes (e.g. Kinvig et al., 2010; Marti et al., 2012). Scores
given to each factor (labelled from (a) to (y)) and the final results are
given in Table 3. A brief explanation of the different scores is included
in the next section; full details and references for the NVEWS analysis
performed for Deception Island are included as a Microsoft Excel spread
sheet in Supplementary Material 1. For each factor we have tried to de-
termine the maximum and minimum scores in an attempt to quantify

Table 3
Deception Island NVEWS (National Volcano Early Warning System) scoring factors.
Score Score References
(max)  (min)
Hazard factors
(a)  Volcano type 1 1 [1][2] (3]
(b) Maximum Volcano Explosivity Index 1 1 [1]12][3]
(VEI)
(c) Explosive activity 1 1 [1]112]13]
(d) Major explosive activity 1 0 [1]112][3]
(e) Eruption recurrence 4 4 [3114][5]
() Holocene pyroclastic flows? 1 1 [3]
(g) Holocene lava flows? 1 1 [3]114]
(h) Holocene-lahars? 1 1 [3]
(i) Holocene tsunami (s)? 1 1 3]
) Hydrothermal explosion potential 1 1 [3]
(k) Sector collapse potential 1 1 [3]
Q) Primary lahar source 1 1 [3]14] [6]
(m)  Observed seismic unrest 1 1 [7]
(n) Observed ground deformation 1 1 [8]
(0) Observed fumarolic or magmatic 1 1 [7]
degassing

Total hazard factors (THF) 18 16
Exposure factors
(p) Volcano Population Index (VPI) at 30 km 3 1.7
(q) Population downstream or downslope 0 0
(r) Historical fatalities 0 0 [3]
(s) Historical evacuations 0 0 [7119]
(t) Local aviation exposure 1 1
(u) Regional aviation exposure 2 0
(v) Power infrastructure 1 1
(w)  Transportation infrastructure 1 1
(x) Major development or sensitive areas 1 1
(y) Volcano is a significant part of a 1 1

populated island
Total exposure factors (TEF) 10 6.7
Relative threat ranking (THF x TEF) 180 107.5

[1] Aristarain and Delmas (1998).
[2] Caselli and Agusto (2004).

[3] Smellie (2002a).

[4] Roobol (1982).

[5] Orheim (1972).

[6] Baker et al. (1975).

[7] Ibafiez et al. (2003).

[8] Prates et al. (2013).

[9] Smith et al. (2003).

the uncertainty caused by the lack of data in some cases. The obtained
threat score for Deception Island is between 107.2 and 180, which
corresponds to a high-to-very-high level of threat (Ewert et al., 2005).

4.1. Hazard factors

Deception Island corresponds to a composite volcanic system that
includes a central collapse caldera that was responsible for the creation
of Port Foster (a). Nevertheless, post-caldera volcanism is apparently re-
stricted to small-size eruptions up to VEI 4, as indicated by the deposits
on the island and the tephra records elsewhere in the region (b). Some
indices of bimodal volcanism and deposits found at distances of over
500 km away suggest that more powerful eruptions may have taken
place (e.g. Aristarain and Delmas, 1998; Smellie, 2002a; Caselli and
Agusto, 2004) (c) and (d).

The historical period in Deception Island is relatively short as it starts 3

in 1820. Since then, over 15 eruptions have occurred on the island at
Mt. Kirkwood (e.g. 1842, 1838-1839), Mt. Pond (e.g. 1969), Whalers
Bay (e.g. 1829-1908), Pendulum Cove (e.g. 1800-1828, 1830-1927,
1931-1955) and Telefon Bay (e.g. 1967, 1970). During the Holocene,
at least 30 eruptions occurred on Deception Island (Tables 1 and 2)
including all the volcanic hazards described in the previous section
(e). As mentioned above, there is evidence of pyroclastic surges and
flows (f), lava flows (g) and ash fall. The constant fumarolic activity on
the island and the evidence of phreatomagmatic eruptions fully justify
the hydrothermal potential of the island (Smellie, 2002a) (h). There is
also evidence of sector collapses (k) that may have led to tsunamis
(j) inside Port Foster or beyond the island (Smellie, 2002a). As well,
the permanent ice on Mt. Pond and Mt. Kirkwood also provide a primary
source for a lahar in the event of an eruption occurring underneath
these ice caps ().

In 1992 and 1999, an episode of volcanic unrest took place on Decep-
tion Island that was characterised by a great increase in seismic activity
(m) and changes in the hydrothermal system and fumarolic activity
(o) (Ibafiez et al., 2003). Ground deformation has been also observed
on the island during recent scientific surveys (e.g. Prates et al., 2013)

(n).
4.2. Exposure factor
When evaluating the threat on Deception Island it is important to

take into account the fact that it is only populated during the austral
summer. However, in neighbouring areas a few stations are inhabited

during the winter and there is a permanent population on King George :

Island (Fig. 1). Thus, the threat analysis presented here refers mainly to
the summer, especially for the maximum scores.
The first exposure factor is the volcano population index (VPI) with-

in a 30-km radius of the volcano summit or the most recent active event. :

On Deception Island, this distance consists of the entire island and in-
cludes the Spanish and Bulgarian bases on Livingston Island (Fig. 1).
These two bases, together with the ones on Deception Island itself,
may be home to 50-100 people (i.e. a VPI of 1.7-2) (p). However, as

one of the main Antarctic touristic destinations, we should also consider :

the possibility that a fully laden tourist vessel is present on the island,
with which the VPl increases to 3 or more. There is no population down-

stream of the volcano within the 30 km VPI circle (q) and no fatalities :

have ever been recorded during the eruptions on Deception Island (r).
The Chilean and British stations and the Argentinian and Spanish
bases were evacuated during the 1967 and 1969 eruptions and the
seismic crisis of 1992, respectively (Ibafiez et al., 2003; Smith et al.,
2003), and no permanent populations remain (s).

In terms of local aviation exposure, the only airport on the South
Shetland Islands is on King George Island, about 150 km away (t):
a maximum of two flights per day would represent around 100
passengers (u). The power infrastructures for both the Spanish and
the Argentinian bases and all accessible ports within Port Foster

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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(e.g. Whaler's Bay or Pendulum Cove) are located within the flowage
hazard zones (v), (w). Finally, several parts of the island are consid-
ered Antarctic Specially Protected Areas and the Holocene volcanic
deposits cover over 25% of the island landmass (x), (y).

5. Volcanic hazard assessment: spatial and temporal analysis

The main steps in the volcanic hazard assessment on Deception
Island (Fig. 6) can be divided into long- and short-term analyses.
Long-term hazard assessment is based on the past history of the
volcano and requires information from the geological record. This
analysis enables us to determine the eruption recurrence and the
possible nature of a forthcoming eruption. Short-term hazard assess-
ment, on the other hand, provides complementary information resulting
from the combination of a long-term analysis with real-time monitoring
data gathered during a crisis or an unrest episode, and helps forecast
where and when the eruption might take place and the most likely erup-
tive scenarios. To evaluate the long-term volcanic hazard, for this study
we carried out both temporal and spatial analyses: the former evaluates
in a probabilistic way possible outcomes of volcanic unrest within a
specific time frame, while the latter uses simulation models to predict
the most probable eruptive scenarios and which areas could be affected
by a future eruptive event. The susceptibility analysis enables us to iden-
tify which areas have the greatest likelihood of hosting new vents.

Since the results from these temporal and spatial analyses are highly
dependent on the data used, the selection of the data source is one of the
most important steps to be undertaken during a hazard evaluation.
Due to the logistic difficulties involved in performing repeated field
studies or other surveying in the area, only previously published peer-
reviewed information has been used in addition to our own data in

this systematic volcanic hazard assessment. In the coming sections we
provide a general overview of the different tools applied in this study,
as well as a careful description of the required input data. For further
detailed information regarding each specific tool, readers are referred
to the original papers.

5.1. Susceptibility analysis

The first step in a long-term spatial analysis is to evaluate the suscep-
tibility (probability of vent opening; Marti and Felpeto, 2010) of the
volcanic area. For Deception Island we paid special attention to recent
volcanic structural indicators such as vent locations and alignments,
fumarolic activity and heated ground sites (Fig. 2). Vent locations
were divided into post-caldera craters (no precise dating but recognisable
in the field and from satellite images) and the historical volcanism
described in the bibliography (Wilkes, 1845; Valenzuela et al., 1970;
Gonzalez-Ferran et al., 1971; Baker et al., 1975; Roobol, 1980; Smellie,
2002b; Pedrazzi et al., 2014). The lineament structures shown in Fig. 2a
are taken from the simplified structural map of Deception Island in
Marti et al. (2013). On the island, a NE-SW oriented regional tectonic
trend, almost parallel to the expansion axis of the Bransfield Strait, is
clearly predominant; NW-SE and N-S oriented faults are also present

414

(Marti et al., 2013). Fig. 2b also includes those areas with clear signals of 419

hydrothermal processes such as fumaroles or heated ground that can be
related to the heating of shallow aquifers by convection gaseous inflowing
from the underlying magma intrusions (Ortiz et al., 1987; Ramos et al,,
1989; Rey et al,, 1995; Lopez-Martinez et al., 2000; Patrick and Smellie,
2013).

Susceptibility is generally calculated using probabilistic methods
that estimate probability density functions (PDFs) by calculating a

O :
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Fig. 6. Flow chart for the volcanic hazard assessment. Tools used in this study are also indicated.
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Table 4

Bandwidth parameters for all the available datasets on Deception Island obtained using
the modified LSCV (Least Square Cross Validation) method (Cappello et al., 2013) in the
QVAST tool (Bartolini et al., 2013).

Bandwidth parameter

Layer h (m)
Post-caldera craters 1170

(field work, analysing orthophotos)

Historic volcanism 528

(Wilkes, 1845; Valenzuela et al., 1970; Gonzélez-Ferran et al., 1971;

Baker et al., 1975; Roobol, 1980; Smellie, 2002b; Pedrazzi et al., 2014)
Lineaments (Marti et al., 2013) 3294
Fumarolic activity (Lopez-Martinez et al., 2000; Smellie and 4071

Lopez-Martinez, 2002a,b)

Heated ground (Lopez-Martinez et al., 2000; 1001

Smellie and Lopez-Martinez, 2002a,b)

kernel function for each data location (Martin et al., 2004; Felpeto et al.,
2007; Cappello et al., 2012; Connor et al., 2012; Bartolini et al., 2013;
Becerril et al., 2013; Cappello et al.,, 2013). The smoothness and the
modelling ability of the kernel function are controlled by the smoothing
parameter or bandwidth h, which determines how the probabilities
spread out from the volcanic structures or vents (Diggle, 1985; Connor
and Hill, 1995; Lutz and Gutmann, 1995; Cappello et al., 2012). Thus,
for small h values, the kernel function gives high probability estimates
in the vicinity of the existing volcanic structures. Conversely, when

UTM Northing (m)
3019000 3023000

3015000

3011000

612000 616000

UTM Easting (m)

high bandwidth values are assigned, the probability estimates are
distributed in a more homogeneous way throughout the entire area
under study. The h values obtained for our dataset from Deception
Island are given in Table 4.

For the present work, the bandwidth and the corresponding
Gaussian Kernels and PDFs for all available datasets (vent locations,
vent alignments, dykes, etc.) were evaluated with QVAST (Bartolini
et al., 2013). We chose the modified version of the Least Square
Cross Validation (LSCV) method to evaluate h (Cappello et al., 2012,
2013) and computed the final susceptibility map (Fig. 7) assuming a
non-homogeneous Poisson process. To obtain the final susceptibility
map, we had to combine all the PDFs evaluated for each volcano-
structural data in a weighted sum. These weights were assigned using
expert elicitation judgement (see Aspinall, 2006; Neri et al., 2008) by
experts from the Group of Volcanology of Barcelona on the basis of
structural criteria (see Marti and Felpeto, 2010), which provide initial
indicative probability distributions associated with each PDF. We ob-
tained the following values: 0.4 for the historical volcanism, 0.4 for
the post-caldera craters, 0.1 for lineament structures, 0.05 for fumarolic
activity and 0.05 for heated ground.

5.2. Temporal analysis
The temporal analysis was computed using HASSET (Sobradelo et al.,

2014), an event tree structure that uses Bayesian inference to estimate
the probability of occurrence of a future volcanic scenario (Sobradelo

% Active bases

HIGH 0.00044

LOow 0

== Faults (Marti et al., 2013)
Fumarolic activity

A Historic volcanism
Post-caldera craters

Heated ground
620000

Fig. 7. Susceptibility map of future eruptions on Deception Island calculated with QVAST (Bartolini et al., 2013).
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and Marti, 2010) and to predict the five most likely scenarios. An event
tree is a probabilistic model that can be used to calculate the probability
of occurrence for any possible volcano-related event (Aspinall and Woo,
1994; Newhall and Hoblitt, 2002; Aspinall, 2006; Marti et al., 2008;
Marzocchi et al., 2008; Neri et al., 2008; Marzocchi et al., 2010;
Sobradelo and Marti, 2010; Becerril et al., 2014). This graphic represen-
tation of events in the form of nodes and branches depicts all relevant
possible outcomes of volcanic unrest in progressively greater levels of
detail.

Input data for the HASSET event tree model consists of geological
and/or physical models, past data, present and past monitoring observa-
tions, and expert opinion. Three parameters must be entered at each
branch to run the model: past data, prior weight and data weight
(Sobradelo and Marti, 2010; Sobradelo et al., 2014). Past data consists
of information about the volcanic area corresponding to observational
data or data collated from the bibliography. We assume that the future
behaviour of the volcano will be similar to its recent past history. In
probabilistic terms, prior weight represents uncertainty before data
are gathered and it is assigned on the basis of the a priori beliefs regard-
ing the volcanic area under study. Data weight represents how well we
know the system. This value represents the epistemic uncertainty relat-
ed to our knowledge of the system and the quality and quantity of data
we have about the system. The more data we have, the better we know
the system and the lower the epistemic uncertainty (Woo, 1999;
Sobradelo and Marti, 2010).

The study of temporal probability on Deception Island was based on
the catalogue of eruptions documented in Tables 1 and 2. Information
from these eruptions was used to characterise past eruptive activity
and to estimate some of the input parameters required for our hazard
assessment. Due to the certainty that not all post-caldera eruptions oc-
curred on Deception Island have been identified and/or dated, we com-
puted only those volcanic eruptions and unrest periods recorded for the
last 372 years (1641-2013), the period for which the available strati-
graphic record and geochronological data are most precise. Therefore,
using HASSET we were able to estimate the probability of a volcanic ep-
isode occurring within the forecasting time interval (the following
2 years). This forecasting time interval was chosen on the basis of the
model and represents the minimum time window range needed to
evaluate the probability of having at least one eruption in the range con-
sidered (see Sobradelo and Marti, 2010). The time window of the
dataset is 372 years and so we obtained 186 time intervals of data for
the study period. As we restricted our dataset to the last 372 years,
the eruptions in this catalogue were used to assign prior weights to
nodes 2 to 8. Table 5 shows the Bayesian event tree structure for Decep-
tion Island, as well as the input parameters for each branch. Fig. 8 shows
the probability for each event tree branch.

Furthermore, using HASSET it is possible to compute the total prob-
ability for any particular scenario and then compare results. Once all
probability density functions for each branch of each node and the con-
ditional probability assessment are calculated, all these probabilities can
be combined to estimate the total long-term probability of a particular
event. Thus, we evaluated the total probability for different eruptive
scenarios for the five different sectors that we established for Deception
Island according to susceptibility and topographic criteria, as is permit-
ted by HASSET and explained below (Fig. 9).

5.2.1. Node 1: unrest

This first node estimates the temporal probability that the system
will reactivate during the next time window. The probability that an un-
rest phase will occur (or not) during the next time window can be ob-
tained by analysing the number of past time windows that encompass
an episode of unrest. It does not take into account the periods of repose
between eruptions or the possible non-stationary nature of the data
(Sobradelo and Marti, 2010; Sobradelo et al., 2014).

As mentioned above, the existing eruptive record of Deception
Island may be incomplete. First, the island is uninhabited for most of

Table 5
Input data for HASSET (Sobradelo et al., 2014). Prior weights and data weights are estimat-
ed using data on Deception Island volcanic activity. Past data are based on the eruptions

recorded over the last 372 years.
Node name Event Pastdata Prior weight Data weight

1 Unrest Yes 19 0.30 10
1 Unrest No 167 0.70 10
2 Origin Magmatic 16 0.50 10
2 Origin Geothermal 3 0.40 10
2 Origin Seismic 0 0.05 10
2 Origin Other 0 0.05 10
3 Outcome Magmatic eruption 16 0.6 10
3 Outcome Sector failure 0 0.02 10
3 Outcome Phreatic eruption 0 0.08 10
3 Outcome No eruption 3 0.30 10
4 Location Mt. Pond 5 0.20 50
4 Location Telefon Ridge 4 0.25 50
4 Location Stonethrow Ridge 0 0.05 50
4 Location Mt. Kirkwood 3 0.28 50
4 Location Port Foster 1 0.22 50
5 Composition Mafic 10 0.95 50
5 Composition Felsic 1 0.05 50
6 Size VEI > 4 3 0.20 10
6 Size VEI =3 9 0.70 10
6 Size VEI < 2 3 0.10 10
6 Size - - - -

7 Hazard Ballistic 6 0.30 30
7 Hazard Fallout 6 0.30 30
7 Hazard PDC 3 0.20 30
7 Hazard Lava flow 4 0.12 30
7 Hazard Lahars 1 0.03 30
7 Hazard Debris avalanche 0 0.03 30
7  Hazard Other 0 0.02 30
8 Extent Short 1 0.10 50
8 Extent Medium 2 0.30 50
8 Extent Large 4 0.60 50

the year and so direct observations of unrest periods, whether a prelude
or not to a volcanic eruption, are clearly biased towards the period when
observers are present. Second, most of the information comes from ice-
core studies and reports from Antarctic expeditions. Thus, the number
of unrest periods occurring during the temporal window used in this
analysis may be underestimated. For this reason, we assigned an episte-
mic uncertainty of 10 to our data weights, which means that new
evidence on intervals with eruptive or non-eruptive behaviour will
modify our prior assumptions. We assigned a 0.30 prior weight to unrest
and 0.70 of prior weight to ‘no’ unrest.

5.2.2. Node 2: origin

The origin node takes into account four types of unrest that could
occur in a volcanic area: magmatic involving the movement of fresh
magma, geothermal, seismic and others. Two intense seismic crises in
1992 and 1999 have been registered in 15 years of monitoring (Ibafiez
et al., 2003). This high seismicity was probably associated with the
activity of the main geothermal system installed inside the caldera
depression (Marti et al., 2013). Despite the predominantly magmatic
character of past activity on the island, we cannot exclude the possibility
of geothermal behaviour without any associated fresh magma move-
ments as occurs in other caldera systems with high geothermal activity
(e.g. Campi Flegrei, Gottsmann et al., 2006; Nysiros, Gottsmann et al.,
2007). In this sense, we have to assume that seismo-volcanic signals
can also be associated with a shallow geothermal aquifer and deep hot
materials (but not necessarily fresh magma), which gives rise to the res-
onance of fluid-filled fractures (Ibafiez et al., 2003). In fact, these seismic
measurements are not continuous and have only been registered over
the past 15 years; there is thus a lack of seismic information and other
similar but unrecorded periods of intense seismic activity may have
gone unnoticed (Ibafiez et al., 2003). For this reason, we assigned 0.5
for magmatic origin, 0.4 for geothermal origin, and split the rest evenly
among the other options.

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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Fig. 8. Bayesian event tree structure for Deception Island including results for the probability estimate using the HASSET tool (Sobradelo et al,, 2014).

The prior weights are assigned on the basis of a priori beliefs and so
we assigned a value of 10 to the epistemic uncertainty since we still
expect the majority of unrest to be of magmatic origin. However, it is
important to give a certain weight to new evidence.

5.2.3. Node 3: outcome

A study of volcanic unrest in the historical period of Deception Island
shows that 84% of unrest episodes have led to eruptions. Only three doc-
umented unrest periods failed to generate volcanic activity. The lack of
information about seismic activity caused by hydrothermal behaviour
suggests that many other episodes of ‘no eruption’ could have occurred
in addition to the documented ones. For this reason, we assigned 0.60 to
magmatic eruption and 0.30 to ‘no eruption’. The remaining 0.10 was
split into the possibility of a phreatic explosion (prior weight of 0.8)
and a sector failure (prior weight of 0.2) following an episode of unrest.

Given that these weights were assigned on the basis of incomplete
data, we assigned a value of 10 to the epistemic uncertainty. We did
not assign total epistemic uncertainty as we still believe that the largest
weight should be for the magmatic eruption with no eruption branches;
however, we still want new evidence to be able to contribute signifi-
cantly to the updating of our prior weights.

5.2.4. Node 4: location
The location node divides Deception Island into five main zones ac-
cording to its topographic characteristics and the nature of past activity

(volcanic susceptibility and past hazards). The five zones are shown in
Fig. 9.

Mount Pond (zone 1) and Mount Kirkwood (zone 4) represent
zones with the presence of extensive glaciers on their summits. The
1969 subglacial eruption took place on Mount Pond (Smellie, 2002b)
and gave rise to the Costa Recta, a retreated scarp produced by a normal
NNW-SSE-orientated fault (Fernandez-Ibafiez et al., 2005). Mount
Kirkwood is characterised by the lava flows from the 1842 eruption. In
the vicinity of Mount Kirkwood there are two scientific-military bases,
the Deception base (Argentina) and the Gabriel de Castilla station
(Spain), both of which only operate during the Antarctic summer. The
eruptive episodes from 1967 and 1970 were located on Telefon
Ridge (zone 2) and Telefon Bay was largely filled by products from
these eruptions, although three new smaller bays were created in
flooded craters that formed during the final eruption in 1970 (Smellie,
2001). Stonethrow Ridge (zone 3) was formed after the caldera collapse
and is characterised by lava flows and deposits of red and black scorias
(Augusto et al., 2007). Port Foster (zone 5), the sea-flooded depression
formed by the caldera collapse, occupies the central part of the island
and is characterised by major normal faults bounding the caldera
depression (Maestro et al., 2007; Marti et al., 2013).

The susceptibility analysis of the island based on the methodology
described above allows us to assign prior weights to each node with a
high degree of confidence, as shown in Table 5. The reliability of the sus-
ceptibility map allows us to assign a data weight of 50 since the prior
weights were estimated using past data from Deception Island based

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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application HASSET (Sobradelo et al., 2014) are also shown (see text for more explanation).

on the volcano-structural data and on the location of past and current
hydrothermal activity. For this reason, we are confident of the initial
distribution of these prior weights.

5.2.5. Node 5: composition

Most of the post-caldera volcanic activity on Deception Island corre-
sponds to the eruption of basaltic and andesitic magmas (Gonzalez-
Ferran et al., 1971; Smellie, 2001), of which only one is of dacitic
composition (Table 1). Therefore, we assigned a wait of 0.95 for mafic
composition and 0.05 for felsic composition. We assigned an epistemic
uncertainty of 50, which means that new evidence regarding the com-
position of the historical eruptions will not modify substantially our
prior assumptions.

5.2.6. Node 6: size

The erupted volume on Deception Island ranges from 0.01 to
0.1 km® of magma, with post-caldera activity varying from magmatic
Strombolian to phreatomagmatic sub-Plinian in nature (Baker et al.,
1975; Smellie, 1988; Keller et al., 1992; Smellie, 1999). The values that
characterise this activity on the island can be linked to small batches
of deep-sourced magmas (Marti et al., 2013). Taking into account the
recorded data, we attributed to VEI < 2, VEI = 3 and VEI > 4, the values
of 0.10, 0.70 and 0.20, respectively. We assigned as a prior weight for

the epistemic uncertainty a value of 10 as new evidence on the volumes
or sizes of the historical eruptions will help significantly update our
prior knowledge.

5.2.7. Node 7: hazard

Post-caldera eruptions are characterised by the generation of ballis-
tic ejecta, scoria fallout, PDCs, lava flows and lahars. Based on informa-
tion on past activity, we assigned 0.3 for both ballistic ejecta and
fallout, 0.2 for PDC, 0.12 for lava flows, 0.03 for both lahars and debris
avalanches, and 0.02 for others. However, for the same reasons given
for the size weights, we assigned a value of 30 to the epistemic uncer-
tainties, as these prior weights may vary somewhat if an improved
data catalogue - especially based on studies of the ice record - of past
volcanic deposits can be obtained.

5.2.8. Node 8: extent

Node extent refers to the distance reached by eruption products
such as lava flows, ballistic, fallout, lahars and PDCs. The extent of the re-
cent volcanic products on Deception Island varies considerably and,
while lava flows may emplace only very close to the vents, ash fallout
can be carried over 100 km due to the strong winds and the character-
istic tropopause height of the area. In this analysis, we considered prod-
ucts located near the vents to be of small extent, products emplaced on

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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the island to be of medium extent, and products emplaced beyond
Deception Island to be of large extent. According to this and the geolog-
ical record, 0.1 of extents were small, while 0.3 were medium and 0.6
large. We assigned an epistemic value of 50 to all branches, as new
data will not affect significantly this information.

5.3. Eruptive scenarios

The second step is to simulate different eruptive scenarios using
information on the spatial probability of a new vent opening indicated
on the calculated susceptibility map. The result is a final qualitative
hazard map created by the superposition of the different analysed
scenarios. Simulations were conducted using VORIS 2.0.1 (Felpeto
et al., 2007; available at http://www.gvb-csic.es/GVB/VORIS/VORIS.
htm) and LAHARZ (Schilling, 1998; available at http://vulcan.wr.usgs.
gov/Projects/LAHARZ/framework.html), two automatic systems devel-
oped in a GIS framework (ArcGis®) that enable volcanic hazard maps
and eruptive scenarios based on geological record information to be
elaborated. The VORIS 2.0.1 tool generates quantitative hazard maps
for lava flows and PDCs and simulates fallout deposits for a single
vent. LAHARZ is able to map lahar inundation zones.

Eruptive scenarios were calculated using information from recent
historical eruptions and on the basis of the premise that future erup-
tions (if any) will be similar to those documented on the island from
1842, 1967, 1969 and 1970. Taking into account the main types of
primary volcanic hazards identified during the historical eruptions
(Smellie, 2002a), the eruptive scenarios predict the existence of ash
fall, lava flows, dilute pyroclastic density currents and lahars. Further-
more, as obtained in the Bayesian Event Tree analysis, we have also a
not null probability for ballistic ejecta and debris avalanche hazards. In
this first analysis, we have decided not to include these two hazards
due to the scarcity of input parameters to run the models.

5.3.1. Ash fall

Ash fall can be expected to occur on Deception Island in the event of
more than one type of eruptive style. The style considered in this study
was a violent Strombolian eruption, which coincides with recent erup-
tion styles and corresponds to the most significant hazard in terms of
probability of occurrence according to the long-term event tree con-
structed in Section 5.2 (Temporal probability). The input data regarding
the eruptive column and ash particle size were inferred from the 1967,
1969 and 1970 eruptions (Valenzuela et al., 1970; Gonzalez-Ferran
et al, 1971; Baker et al,, 1975; Roobol, 1980; Smellie, 2002b; Pedrazzi
et al., 2014), which were relatively small in volume (<0.05 km?®) with
eruptive columns that were probably less than 10 km high (Smellie,
2002b; Pedrazzi et al., 2014). Ash fallout simulations were based on
the advection-diffusion model (Folch and Felpeto, 2005), whereby the
vertical mass distribution is computed using Suzuki's approximation
(Suzuki, 1983; Felpeto et al., 2007). Wind data for the advection
model correspond to records from the Bellingshausen station and were
provided by the British Antarctic Survey (http://www.antarctica.ac.uk/
met/READER/upper_air/uawind.html). Monthly records were used to
calculate average annual wind velocities and directions at intervals of
about 1500 m up to an altitude of 20,000 m for a 30-year period (from
1969 to 1999). The wind roses for the time period considered are
included as Supplementary Material 2.

We focused our attention on the fallout scenarios corresponding to
the average wind velocity and direction values for each season. Up to
five different wind direction inputs and intensities at different vertical
heights can be used with the VORIS 2.0.1 tool. We chose data from alti-
tudes between 1500 and 12,000 m. Westerly winds prevail in general
throughout the year, but with a more north-westerly direction in sum-
mer and winter. This is due to the fact that the data used come from a
station that is strongly affected by the climatological low pressure that
forms over the Bellingshausen Sea that generates predominantly
north to north-westerly winds (Turner and Pendlebury, 2004). Wind

speed averages range between 20 and 50 m/s. All the simulations
were conducted assuming a single eruptive vent located in the area
with the highest spatial probability during each season.

Results are shown in Fig. 10, with particles distributed in a 5-km-
high eruptive column produced by a violent Strombolian eruption gen-
erating 0.03 km® of deposits. The column height and volume values are
the same as for the 1969 eruption (Ortiz et al., 1987; Smellie, 2002b).
We considered particle sizes ranging from —6 to 2 & (i.e. 64 mm to
0.25 mm), which cover the entire range of particle sizes observed in
the volcanic deposits of the 1970 eruption (Gonzélez-Ferran et al.,
1971; Shultz, 1972; Pedrazzi et al., 2014). It is clear that, as in the
1967 and 1969 eruptions (Smellie, 2002a), ash fall may also affect the
southern part of the island, thereby hindering the exit of ships sailing
from inside Port Foster (Fig. 3d). Moreover, as shown in Fig. 10, ash
fall may even cause problems for vessels operating several kilometres
away from Deception Island.

5.3.2. Lava flows

The lava flow (probabilistic) model applied is based on the assump-
tion that topography and flow thickness play major roles in determining
lava paths (Felpeto et al., 2007 and the references therein). Input pa-
rameters required by the model include a Digital Elevation Model
(DEM), maximum flow lengths and height correction (i.e. average
thickness of the flow). In the case of Deception Island, simulations
were run over a DEM with a cell size of 30 m. Small lava flows that ac-
cumulated near the eruptive vent and did not flow over long distances
were generated in the historical eruptions (Smellie, 2002a). The erup-
tion with the largest lava flow was that of 1842, from Mt. Kirkwood,
which reaches a maximum length of 5 km. Thus, we assumed flow
lengths in the range of 1-5 km. The thickness used as input data for
the models was 3 m, corresponding to the average value of individual
flows measured in the field. The simulations were run for all cells in
the DEM and the sum of the 5000 iterations provided a map with the
probability for any particular cell of being covered by a lava flow.
Fig. 11a consists of a lava-flow simulation probability map, which
shows that there is a high probability that the caldera interior around
the shores of Port Foster will be affected by lava flows. From this map
it is clear that both scientific stations on the island and the evacuation
routes proposed by the Spanish military staff (based on logistical
criteria) are all located in areas with a moderate-to-high probability of
being affected by lava flows.

5.3.3. PDCs

Pyroclastic density currents (PDCs) were simulated using the energy
cone model (Sheridan and Malin, 1983) with input parameters of to-
pography, the collapse equivalent height (Hc) and angle (0). The latter
is obtained by the arctangent of the ratio between Hc and L, where L
represents the run-out length (Felpeto et al., 2007; Toyos et al., 2007).
The output of the model is the maximum potential extent that can be af-
fected by the flow (Malin and Sheridan, 1982; Felpeto et al., 2007; Toyos
et al., 2007). The collapse equivalent height values range from 100 m up
to about 1000 m (for very large eruptions), while the angle values range
from about 4° for base surge explosions to 27° for column collapse
phases (Sheridan and Malin, 1983). The result of each simulation is
the area potentially attainable by a PDC.

On Deception Island, mapped surge deposits extend about 2 km
from known vents and are small in volume (Smellie, 2002a). Collapse
equivalent heights were chosen in the range of 200-500 m above the
possible vent site in order to constrain the best Hc matching real de-
posits. We simulated PDCs with a collapse angle of 12° calculated from
the ratio between the Hc and the run-out length. Results are shown in
Fig. 11b. The map obtained represents the sum of the simulation for
all cells in the DEM for a collapse column of 400 m and an inclination
of the energy cone of 12°. The map shows how the interior area of
Mt. Kirkwood has a high probability of being affected by dilute pyroclas-
tic density currents that would affect the scientific stations and the
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Fig. 10. Ash fallout simulations with a 5-km column height and volume of 0.3 km?. All four seasons are simulated using wind data from the Bellinghsausen station.

evacuation routes. In addition, Telefon Ridge has a moderate-high prob-
ability of being invaded by PDCs, which would also affect evacuation
routes.

5.34. Lahars

The LAHARZ semi-empirical code creates hazard-zonation maps that
depict estimates of the location and extent of areas inundated by lahars
(Hoblitt et al., 1995; Schilling, 1998). The input parameters of this
model are the Digital Elevation Model (DEM) and lahar volume, which
provide an automated method for mapping areas of potential lahar
inundation.

The lahar eruptive scenario was computed bearing in mind the fact
that, in association with subglacial eruptions, lahars affected Deception
Island during past activity (Smellie, 2002a,b). Based on the estimated
volumes from the 1969 eruption located under the Mt. Pond glacier
(Smellie, 2002b), simulations were run with a volume of few millions
of m? originating along fissures in the two principal glacier zones,
Mt. Pond and Mt. Kirkwood (Fig. 2a). These summits have extensive
thin glaciers that could represent a significant hazard, creating a large
and sudden discharge of melt water that would overflow the glacier.

Fig. 11c shows a lahar simulation with hazard gradations ranging
from low to high probabilities. The map shows how lahars could flood
and reach the sea, and seriously damage the Gabriel de Castilla station
on the way. From the map it is clear, as in the case of lava flows, that
evacuation routes are located in moderate-to-high probability areas.

5.4. Hazard map 799

Finally, we obtained a qualitative hazard map with four levels of haz-
ard (Fig. 12): very low, low, moderate and high. We established these 801
levels on the basis of a combination of simulations for an area invaded 802
by lava flows, lahars, and PDCs. The map shows that in the interior of 803
the caldera there is mostly a moderate-to-high risk of being affected 804
by one of the hazard scenarios considered. The highest hazard level is 805
confined to the north-eastern flanks of Mt. Kirkwood, Pendulum Cove 806
and the south-eastern slopes of Telefon Ridge (Fig. 12). The few areas 807
with only a very low hazard level are mainly limited to Baily Head and 808
Entrance Point (Fig. 12). From the hazard map it is clear that the two 809
scientific stations on the island are both located in moderate-to-high 810
hazard zones. Moreover, some of the evacuation routes run through 811
areas possessing very high hazard level. 812

800

6. Discussion 813

Deception Island is the most active volcanic complex in the South 814
Shetland Islands. Despite the important continuous research activity 815
and the increasing number of tourists per year, no detailed hazard 816
assessment has ever been conducted for the island. Two previous 817
attempts have been made: Roobol (1982) mainly focused on assessing 818
the zones threatened by lahars and constructed a model using topo- 819
graphic data and the extent of the ice cap, while Smellie (2002a) 820
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basically used observations of the extent of the products from the most
recent historical eruptions in 1842, 1967, 1969 and 1970.

It is clear that hazard assessment on Deception Island may be limited
by the lack of a complete geological record (e.g. chronological and
stratigraphic data). Nonetheless, the threat evaluation and the
spatio-temporal analysis presented here do provide a comprehensive
hazard assessment for the island. Despite the intrinsic limitations of
the methodology (partially due to the scarcity of data), we believe
that this first analysis - albeit subject to improvement by new data -
represents an important tool in management planning and in prepara-
tion for possible evacuations.

Even by assuming conservative values for some of the evaluated fac-
tors, the threat score obtained using the NVEWS test (Ewert et al,, 2005)
gives arange of 107.2-180, which places Deception Island in the catego-
ry of a volcano with a high-to-very-high threat, comparable to Crater
Lake, St. Helens, Novarupta and Katmai in the USA (Ewert et al., 2005).
According to Ewert et al. (2005), these high-threat volcanoes should
be closely monitored in real-time. In more detail, the monitoring
network must be able to track changes occurring in the system as they
happen and to apply models to the on-going and expected activity. On
Deception Island, Spanish seismologists monitor the island with five
seismometers and one array during the austral summer (Carmona
et al,, 2012). During some campaigns other scientific groups also mea-
sure ground deformation and temperature (e.g. Prates et al., 2013;
Peci et al., 2014). In light of the NVEWS recommendations, the
volcano-monitoring network on Deception Island should be improved,
especially considering the important tourist and scientific activity
occurring during the Antarctic summer.

The present hazard assessment is relevant as an analysis of the ade-
quacy of the current evacuation routes and locations of the active scien-
tific stations. From Fig. 12, it is clear that both Base Decepcion and Gabriel
de Castilla station are located in areas of moderate to high hazard. Previ-
ous work dealing with hazard assessment on Deception Island has
already advised against the construction of permanent buildings on
the shores of Port Foster (Roobol, 1982; Smellie, 2002a). Baker et al.
(1975) highlighted that it would be “evidently unwise” to construct
any new stations or any other kind of installation on the island.
Roobol (1982) proposed that the safest place would be along Kendall
Terrace outside the ring-fault zone (Fig. 5a) and argued that, if two
different constructions were installed there, it seemed extremely un-
likely that one would not survive the other in case of an eruption.
Fig. 12 demonstrates that the destroyed Chilean and British stations
were, indeed, located in areas with high hazard level.

As is clearly suggested by the range of volcanic hazards identified on
Deception Island, and given the increasing number of tourists and
scientific expeditions visiting the island and its surroundings, it is
important to identify escape routes in case of a sudden volcanic erup-
tion. The escape strategy provided by the Spanish military staff is illus-
trated in Fig. 12. However, the evacuation routes from both scientific
stations run through zones with high hazard level. Indeed, as Smellie
(2002a) remarks, all possible escape routes from the inner bay to the
outer coast are demanding since they include climbing up on to the
steep caldera walls. So, because the routes are physically arduous,
even fit persons may end exhausted. It should be added that it is almost
impossible to use ground vehicles to transport people and, if possible,
considerable skill and local knowledge of the routes are required
(cf. Smellie, 2002a).

All routes to the outer coast would take hours to complete — a
minimum of 2 h for the easiest route (Fig. 12, label 1) and over 3 or
4 h (or more) for the most difficult ones (Fig. 12, label 2). According
to Smellie (2002a), there are no recommended safe routes over snow
and ice because the inherent difficulties of travelling over glaciers
(e.g. crevasses, whiteout, slippery surfaces). So, glacier travel should

Fig. 11. Lava flow (a), PDC (b) and lahar (c) simulation probability maps. Evacuation
routes provided by the Spanish military staff are indicated by dotted lines.
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Fig. 12. Qualitative hazard map for Deception Island. The evacuation routes provided by the Spanish military staff and the best sites for helicopter uplift according to Smellie (2002a) are

also indicated.

be avoided unless with trained guides using suitable equipment,
although this is unlikely to be readily available in an emergency
(cf. Smellie, 2002a). It should be added that the existing evacuation
routes shown in Fig. 12 were defined without any accurate hazard
assessment and taking into account only logistical considerations.
Thus, the results presented here should encourage a revision of the
distribution and course of the evacuation routes.

The evacuation of the island would be difficult for a number of other
reasons. First, it is possible that the entrance to Port Foster would be
blocked or difficult to sail through due to the eruption, a tsunami or
any other hazards outlined here. Thus, all ships present within the bay
when an eruption begins should set sail immediately, preferably after
uplifting all people on the ground (Smellie, 2002a). Vessels should
also avoid sailing too close to Cathedral Crags given the possibility of
rock falls from these unstable cliffs.

Another aspect to be taken into account is that all rescue ships
and helicopters should avoid passing through or under the eruption
ash cloud due to the possibility of damage to machinery caused by
ash particles. This is an important difficulty during rescue operations
given that the hazard assessment developed in this study and, above
all, the eruptive simulations reveal the possibility that Neptune's
Bellows will be affected by ash fall. This would hamper any rescue
operation and navigation routes, as well as activity on other islands.
On the other hand, PDCs and lava flows are more constrained to the

area around the vents, but these could still affect the research sta-
tions and create a problem for the existing evacuation routes.

7. Conclusions

Here we present a long-term volcanic hazard assessment of Decep-
tion Island that takes into account both temporal and spatial probabili-
ties. The computation of the latter probabilities for the different eruptive
scenarios is important in the evaluation of the hazard level on different
parts of the island. These values can be easily updated and improved
with the incorporation of new information such as a more complete
volcanic stratigraphy and geochronological data.

The hazard probability map shows that the research stations could
be affected by PDCs and that a large area of the island could be covered
by ash fallout. Furthermore, the opening of new fissures in the glacier
zones could generate lahars that would reach the research stations
and affect evacuation routes. These results are useful for planning and
choosing suitable routes for evacuating the island during a volcanic
crisis in the Antarctic summer when the island is populated.

Finally, it is worth mentioning that this long-term assessment may
help decision makers when faced with difficult situations such as the
allocation of resources for hazard prevention and evacuation whose ob-
jective is to reduce the loss of life due to the potential impact of volcanic
hazards.

(2014), http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
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Abstract

La Garrotxa Volcanic Field (GVF), located in NE Iberian Peninsula, is
one of the Quaternary alkaline volcanic provinces of the European Cenozoic
Rifts System. This volcanic zone has been active during the last 12 Ma, being
the last dated eruption of early Holocene age. The volcanic activity varies from
Hawaiian to Violent Strombolian, showing numerous episodes of
phreatomagmatic activity, and has been controlled by the main regional normal
faults generated during the Neogene extension that affected the area. Despite
the potentiality for future eruptions and the fact that this is a densely populated
and industrialised area, volcanic hazard assessment has not been conducted
yet. In this work, we present the first comprehensive evaluation of volcanic
hazard at La Garrotxa Volcanic Field, through (1) an evaluation of the volcanic
susceptibility, (2) a temporal recurrence rate analysis, (3) a simulation of
different eruptive scenarios, such as lava flow, pyroclastic density current
(PDC), and ash fall, and (4) the elaboration of a qualitative hazard map. The
final hazard map shows La Garrotxa volcanic field subdivided into five different
levels of hazards and aims to become useful for land use management planning

and elaboration of emergency plans.

Keywords Garrotxa Volcanic Field - Volcanic hazard - Volcanic susceptibility -

Recurrence rate - European Cenozoic Rifts System
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Introduction

The impact of a natural event, as a volcanic eruption, can significantly
affect human life. Long periods of quiescence are quite common in many
volcanic areas and this often leads to a reduction of the alert level. The
consequence is not being prepared to deal with a volcanic crisis. For this
reason it is necessary to evaluate the possible hazards that could affect the
studied area and develop volcanic hazard and risk maps. Volcanic hazard
assessment is part of the scientific task to be achieved in an active volcanic
area where population could be affected by an eruptive episode. Possible future
volcanic activity can be understood and predicted by analysing the past eruptive
behaviour, through the study of the geological record.

Most of the hazard assessment studies conducted during last years refer
to composite or stratovolcanoes located close to populated areas, for which
volcanic threat is always present (e.g.: Somma-Vesuvio, ltaly (Lirer et al., 2001);
Campi Flegrei and Somma-Vesuvio (Alberico et al., 2011); Teide-Pico Viejo,
Canary Islands (Marti et al., 2008); Popocatépetl, Mexico (Siebe and Macias,
2006); Mt. Cameroon, Africa (Favalli et al., 2012); Etna, Italy (Cappello et al.,
2011)). However, monogenetic volcanic fields are commonly not regarded as
potentially dangerous and only a few studies concerning hazard assessment
have been conducted in such environments (e.g.: Auckland volcanic field, New
Zealand (Bebbington and Cronin, 2011), El Hierro, Canary Islands (Becerril et
al., 2014); Tohoku volcanic arc, Japan (Martin et al., 2004)). This is probably
due to the relative small size of their eruptions and their episodic recurrence,
sometimes separated by inter-eruptive periods of thousands to ten thousands
years. Nevertheless, numerous Quaternary monogenetic volcanic fields exist
around the World, covering periods of activity from several millions of years to
present, sometimes with high potentiality to erupt in the near future (Wood,
1980; Cas and Wright, 1987; Kereszturi and Németh, 2012). Examples of
monogenetic eruptions occurred in recent times after long periods of
quiescence are not uncommon (e.g.: Jorullo, Mexico (Guilbaud et al., 2011),
Paricutin, Mexico (Scandone, 1979), El Hierro, Canary Islands (Becerril et al.,
2014)). All this tells us that undertaking hazard assessment in Quaternary
monogenetic fields is also necessary as a precautionary measure to reduce

volcanic risk, even if no signals of volcanic activity are now present.
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La Garrotxa Volcanic Field (GVF) has been active from 0.7 Ma to early
Holocene (Arafia et al., 1983; Bol6s et al., 2014a). Since 2013, this volcanic
field is considered as an active volcanic area jointly to other Spanish volcanic
zones, such as the Canary Islands (see Spanish for Official Bulletin of the State
(B.O.E) of February 11" of 2013). In addition, this area is highly populated with
urban, agricultural, industrial and communication infrastructure including an
international airport. However, no studies have addressed the assessment of
volcanic hazard and risk, essential task that should enable local authorities to
apply more rational territorial planning and to design more adequate emergency
plans in order to face future volcanic crises.

The aim of this study is to obtain a qualitative long-term volcanic hazard
map of the GVF, taking into account that an important part of this zone lies
underneath the city of Olot (almost 40,000 inhabitants). This is a highly
industrialised and urbanised area covering about 30 km?. Recent studies (Bolos
et al., 2014a), (Bolos et al., 2014b), (Bolés et al., 2014c), have permitted to
obtain a detailed picture of the stratigraphic evolution and structural controls of
this volcanic zone, filling the gap of an incomplete knowledge due to urban and
industrial construction, and due to a dense carpet of vegetation covering most
of volcanic deposits.

Taking advantage of this new geological and volcanological knowledge of
the area, we conduct its hazard assessment assuming that the future eruptive
behaviour will be similar to the last eruptive activity, thus taking as the main
reference for a potential future eruption the eruption of Croscat, the last dated
(11-13 ka) of the GVF (Fig. 1a and Fig. 2). We first describe the main
geological, stratigraphic, structural, and volcanological features of the area.
Then we compute the volcanic susceptibility by identifying those zones with a
higher probability of hosting a new vent. This information is then used to
compute different simulations of eruptive scenarios. Finally, we obtain a
qualitative hazard map that allows us to identify different levels of hazard in the

study area.

General features of the GVF
GVF is the youngest part of the Catalan Volcaniz Zone (CVZ), situated in

the NE part of Iberian Peninsula (Fig. 1b). This basaltic monogenetic field is one
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of the Quaternary alkaline volcanic provinces belonging to the European
Cenozoic Rift System (Marti et al., 1992; Dézes et al., 2004). The CVZ ranges
in age from >12 Ma to early Holocene and it is mainly represented by alkaline
basalts and basanites (Marti et al., 1992; Cebria et al., 2000). GVF is
characterised by small-sized cinder cones formed along widely dispersed
fissure zones during monogenetic, short-lived eruptions. Hydromagmatic events
were also common. Each eruption was caused by an individual batch of magma
that was transported rapidly from the source region, each batch representing
the products of an individual partial melting event (Marti et al., 1992; Bolos et
al., 2014c). The magma ascent rates indicate that only a relatively short time
was required for magma to reach the surface (Bolés et al., 2014c). The
intermittent character of this volcanism (Marti et al., 1992) indicates that each
eruptive episode corresponds to an intermittent reactivation of the main fault
system every 5,000 — 20,000 years. These tectonic reactivations would permit
the ascent of deep magma and the opening of subordinate fractures in the
uppermost crust, which would erupt on the surface each time in a different
location in the volcanic field (Bolos et al., 2014c).

The GVF embraces two geographically distinct zones, the larger one
located in the north in the area of La Garrotxa and a southerly area that
contains fewer but larger and more complex volcanic edifices (Marti et al., 2011;
Bolos et al.,, 2014a) (Fig. 1a). Although both corresponding to tectonically
controlled depressions, the northern sector has a substrate of thick layers of
Tertiary affected by Alpine reverse faults and Quaternary sediments.
Geophysical data and volcano-structural analysis show that the previous Alpine
tectonic structures played no apparent role in controlling the loci of this
volcanism (Bolés et al., 2014c). In the southern sector is floored by
unconsolidated Quaternary sediments in combination with the Palaeozoic
basement.

GVF is formed by more than 50 well preserved monogenetic volcanic
cones, distributed along the fracture system of NNW-SSE direction (Barde-
Cabusson et al., 2014), corresponding to the Neogene extensional faults
system, associated to the main transtensional faults that constrain this volcanic
field (Bolos et al., 2014c).
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The total volume of extruded magma in each eruption is typical of the
monogenetic volcanism (0.01-0.2 km® Dense-Rock Equivalent (DRE))
(Cimarelli et al., 2013; Bolés et al., 2014a), suggesting that the magma
available to feed each eruption was also very limited. Strombolian and
phreatomagmatic episodes alternated in most of these eruptions giving rise to
complex stratigraphic successions composed of a wide range of pyroclastic
deposits (Marti and Mallarach, 1987; Marti et al., 2011).

Most volcanoes show different phases during the same eruptive event.
The activity varies from Hawaiian to Violent Strombolian, whereby we found
alternate deposits of phreatic phases produced by vapour explosions that only
erupted lithic clasts from the substrate, with typical phreatomagmatic phases
that generated a wide diversity of pyroclastic density currents and fallout
deposits, with typically Strombolian phases including explosive and effusive
episodes (Marti et al., 2011).

Methods

Long-term volcanic hazard assessment is defined as the evaluation of
the eruption recurrence and the possible nature of a forthcoming eruption,
based on the past history of the volcano and information from the geological
record (Marzocchi et al., 2006; Becerril et al., 2014; Bartolini et al., 2014). To
evaluate the long-term volcanic hazard, different steps need to be followed
sequentially (see Alcorn et al., 2013; Becerril et al., 2014; Bartolini et al., 2014).
In this study, we carried out both temporal and spatial analyses: the former
evaluates the recurrence rate of the volcanic activity in the studied area, while
the latter uses simulation models to predict the most probable eruptive
scenarios and which areas could be affected by a future eruptive event. Since
the results from these temporal and spatial analyses are highly dependent on
the data used, the selection of the data source is one of the most important
steps to be undertaken during the hazard evaluation.

The susceptibility analysis is the first step and enables us to identify
which areas have the greatest likelihood of hosting new vents (Marti and
Felpeto, 2010). Once the susceptibility analysis has been estimated, the next
step consists of computing several eruptive scenarios as a means of evaluating

the potential extent of the main expected volcanic and associated hazards. The
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evaluation of volcanic susceptibility and eruptive scenarios are based on the
use of simulation models and Geographical Information Systems (GIS) that
allow volcanic hazards to be modelled. Volcanic susceptibility was calculated
using QVAST tool (Bartolini et al., 2013), and modelling of eruptive scenarios,
which include lava flows, pyroclastic density currents (PDCs), and fallout, used
the VORIS 2.0.1 tool (Felpeto et al., 2007). For detailed information regarding

each specific tool, readers are referred to the original papers.

Characterisation of past eruptive activity

To forecast the future behaviour of the volcanic area under study we
need to know its past eruptive history. So, we need to characterise the past
volcanic activity through the determination of eruptive parameters derived from
the study of the erupted products. The last dated and well-studied eruptive
episode of La Garrotxa corresponds to the Croscat volcano, one of the most
representative edifices of the N sector of the studied area (Fig. 1a and Fig. 2),
so that we take it as the past eruption example to be used to define future
eruptive scenarios. This volcano is approximately 160 meters high and has a
base diameter of 950 meters and it has been dated in 11,500 £ 1,500 years
(Marti et al., 2011; Puiguriguer, 2012; Bol6s et al., 2014a).

Recent studies show as Croscat has a complicated eruptive sequence
(Marti et al., 2011; Bolos et al., 2014a). The Croscat volcano corresponds to the
cone building phase of a more complex eruption that occurred along the longest
eruptive fissure identified in this volcanic field (Fig. 2). This eruption also
created the Santa Margarida and La Pomareda vent sites at both end of the
fissure with the Croscat volcano in the middle of it. For the purpose of this study
we only consider the Croscat cone building phase. The Croscat activity
generated three main scoria fallout units (Di Traglia et al., 2009; Marti et al.,
2011) (Fig. 2). The lower one corresponds to a spatter deposit formed during a
Hawaiian phase that generated also the spatter deposit of La Pomareda at the
northern end of the eruptive fissure (Marti et al., 2011; Bolos et al., 2014a). The
middle unit conformably overlies the basal spatter and is formed by a several
metres thick, poorly stratified Strombolian coarse lapilli size scoria deposit with
several scoria bomb beds. The upper unit constitutes the main volume of the

Croscat cone and is formed by a well stratified to thinly laminated, medium to
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fine lapilli size scoria deposit, more than ten metres thick that contains sparse
scoria bombs and blocks and that forms most of the intermediate to distal
outcrops towards the east of the volcano, that can be recognised at distances
farther than 5 km. It also covers the Pomareda spatter and the
phreatomagmatic deposits and the explosion crater of Santa Margarida. The
topmost unit of the Croscat pyroclastic succession corresponds to a few metres
thick, lithic-rich, thinly laminated pyroclastic surge deposit, thus indicating the
return to phreatomagmatic activity towards the end of the eruption. This deposit
extends for several kilometres to the east, covering area of 8.4 km?.

The last eruptive phase of Croscat corresponds to a lava flow that
covered an area of 5 km? and flowed more than 10 km west, with an average
thickness of 10 m of the emplacement, which emplacement caused the
breaching of the western flank of the cone. The total volume of magma (DRE)

emitted during the Croscat eruption is of the order of 0.2 km®.

Volcanic susceptibility

The first step to undertake hazard assessment is to determine the
location of possible new eruptive vents, i.e. the susceptibility analysis (Felpeto
et al., 2007; Marti and Felpeto, 2010). In monogenetic volcanism volcanic
susceptibility contains a high degree of randomness caused by the changes in
regional and/or local stress fields originated by tectonic or lithological contrasts
(Marti et al., 2013). So, to reduce the uncertainty in the spatial forecasting, the
calculation of the probability of the opening of new emission centres should take
into account all available volcano-structural parameters (fractures, faults,
location of vents, eruptive fissures, etc...). In the case of the GVF, the input
parameters we used were the location of past recognisable eruptive vents and
fissures, but also structural elements related to this volcanism such as fractures
and faults identified in previous geological and geophysical studies (Barde-
Cabusson et al., 2014; Bolos et al., 2014b), (Bolés et al., 2014c).

Once all the input parameters are obtained, the next step is to apply
different statistical methods in order to obtain the corresponding probability
density functions (PDFs) required to obtain the final susceptibility map (Martin et
al., 2004; Felpeto et al., 2007; Connor and Connor, 2009; Marti and Felpeto,
2010; Cappello et al., 2012; Becerril et al., 2013; Bartolini et al., 2013). The
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PDFs for the GVF were obtained through the application of the QVAST tool
(Bartolini et al., 2013). The most important factor is the smoothing coefficient h
that determines the shape and, consequently, the resulting PDF. It depends on
a combination of different factors such as the size of the volcanic field and the
degree of clustering or density of the volcano-structural data (Cappello et al.,
2012; Becerril et al., 2013; Bartolini et al., 2013). The smoothing factor values
we used were: (a) 1568 m for Holocene and Upper Pleistocene volcanism vents
and fissures, (b) 1900 m for Middle Pleistocene volcanism vents and fissures,
(c) 363 m for normal and transtensional Neogen faults, and (d) 5856 m for
inferred faults. The PDFs obtained are shown in Figure 3.

Once the PDF is obtained for each type of structural data, we need to
combine them in a Non-Homogeneous Poisson Process (NHPP) to obtain the
final susceptibility map. These weights were assigned using expert elicitation
judgment (see Aspinall, 2006; Neri et al., 2008) by members from the Group of
Volcanology of Barcelona on the basis of structural criteria (see Marti and
Felpeto, 2010), which provide initial indicative probability distributions
associated with each PDF. We obtained the following values: 0.5 for the
Holocene and Upper Pleistocene volcanism (vents and alignments), 0.25 for the
Middle Pleistocene craters and lineaments, 0.15 for normal and transtensional
Neogen faults, and 0.07 for inferred faults.

The final susceptibility map obtained is shown in Figure 4. The map
represents those areas with more or less probability to host a new vent and is
important as input parameter in the eruptive scenarios simulation to localise the

starting point for simulating lava flows, PDCs, and ash fall.

Temporal recurrence rate

Temporal analysis to determine the recurrence rate of the volcanic
activity is an important issue in hazard assessment, as it allows to calculate the
temporal probability of occurrence of a new event.

The approach that we used to calculate the temporal recurrence rate A; is
based on the repose-time method (Ho et al., 1991; Connor and Conway, 2000).
In this method, the average recurrence rates of volcanic events depend only on
the measure of the relative activity of the Garrotxa volcanic field (for details of

volcanic events in the GVF see Table 2 in Bolés et al., 2014a). Average
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recurrence rates of volcanic events are a simple measure of the relative activity
in volcanic fields, defined using a maximum likelihood estimator that averages

events over a specific period of volcanic activity (Connor and Conway, 2000):

tv~t, (1)

where N is the total number of eruptions or vents, t, is the age of the oldest
event and {, is the age of the youngest event. For the GVF we obtain a long-

term average recurrence rate of 7.7*10”° volcanic events per year (v/yr).

Eruptive scenarios
Eruptive scenarios were computed using a VORIS 2.0.1 tool (Felpeto et
al., 2007; available at http://www.gvb-csic.es/GVB/VORIS/VORIS.htm),

developed in a GIS framework (ArcGis®), which enables to elaborate volcanic

hazard maps and eruptive scenarios based on geological record information.
The VORIS 2.0.1 tool generates quantitative hazard maps for lava flows and
PDCs and simulates fallout deposits for a single vent. A 50 m resolution digital
elevation model (DEM) was used for topography during the lava flow and PDC
simulations. The DEM was generated by the Institut Cartografic i Geologic de

Catalunya (ICGC, http://www.icc.cat).

In the following subsections we present the input parameters for the
models based on the eruptive behaviour of the Croscat volcano described

before.

Lava flow

Lava flow model is a probabilistic model based on the assumption that
the topography and flow thickness play major roles in determining the path
followed by the lava flow (Felpeto et al., 2007 and references therein). Input
data for the simulation are a Digital Elevation Model (DEM), the maximum flow
lengths and height correction (i.e. average thickness of the flow). The Croscat
lava flow flowed for more than 10 km, which is a distance in accordance to other
lava flows of the same area (Marti et al., 2011). Thus, we assumed maximum

flow lengths in our simulation of the order of 12 km. The thickness used as input
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data for the models was 10 m, corresponding to the average value of individual
flows (Croscat and others) measured in the field. We ran simulations for all cells
in the DEM and the sum of the 5,000 iterations provided a map with the
probability for any particular cell of being covered by a lava flow.

The result of the simulation in the GVF is shown in Figure 5. It consists of
a lava flow simulation probability map, which shows that there is a moderate-to-
high probability that the municipalities of Olot and Girona, two populated areas,

will be affected by lava flows.

Pyroclastic density current

Numerical simulation for PDCs is based on the concept of the energy
cone model (Malin and Sheridan, 1982; Felpeto et al., 2007; Toyos et al., 2007),
constrained by the topography, collapse equivalent height of the column, and
friction parameter, known as the collapse equivalent angle. The output of the
model is the maximum potential extent that can be affected by the PDC.

The eruptive constraints of the PDC simulation were estimated from the
extent of Croscat eruption, one of the best examples of a PDC from the GVF.
The runout length was considered equivalent to the most distal exposure of
Croscat uppermost phreatomagmatic pyroclastic density current deposit, which
lies about 5 km from the crater towards the southeast. To reproduce a PDC
deposit similar to that from Croscat, collapse equivalent heights of 400 m above
the vent were chosen together with an angle of 6°. The result shows that a PDC
could reach with high probability a large area (about 8 km diameter) around the

municipality of Olot (Fig. 6).

Ash fall

The numerical model for the simulation of ash fall is an advection-
diffusion model where the vertical distribution of mass is calculated using the
Suzuki approach (Suzuki, 1983; Felpeto et al., 2007). The main input
parameters are the volume emitted during the eruption, the height of the
column, the particles grain-size characteristics, and the wind data. The result of
the ash fall simulation is the thickness of the ash deposit in the analysed area.

The eruptive style considered in this study was a violent Strombolian

eruption, which coincides with the main magmatic phase of the Croscat
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eruption. The corresponding input data were obtained from distribution of the
fallout deposits, considering that the total volume of magma (DRE) emitted was
of the order of 0.2 km® (Marti et al., 2011). We assumed a volume of about 0.05
km? for the fallout phase and an eruptive column about 8 km high, considering
that the tephra deposits from this volcanic episode had reached Banyoles Lake
25 km towards the East (H6big et al., 2012). Westerly and southwesterly winds
prevail in general throughout the year at intervals of about 1500 m up to an
altitude of 9,000 m (Farnell and Llasat, 2013). Up to five different wind direction
inputs and intensities at different vertical heights can be set with the VORIS
2.0.1 tool. Data on particle size were obtained from field studies and grain-size
analysis of selected samples sieved in the laboratory.

The result shows that a fallout with the characteristics described above
and with W-SW predominant winds could affect a large area of the
northwesterly sector of the GVF around the municipality of Olot (Fig. 7),
according to the ash deposits found in Banyoles lake (H6big et al., 2012).

Discussion and conclusions

The long-term hazard assessment is a necessary task to be undertaken
at Quaternary monogenetic volcanic fields, even if eruptive activity has not been
recorded in recent (historical or pre-historical) times. Most of these volcanic
regions show very long recurrence periods, so that they are frequently regarded
as non-active. However, the fact that volcanic activity has been present a long
time ago, normally for several millions of years, and the fact that the same
geodynamic conditions that gave rise to these volcanisms in most cases still
prevail, constitute sufficient evidence to consider these areas with the
necessary caution to assume that future eruptions may have a low probability
but are not impossible. The demographic expansion of most of these areas
recommends undertaking hazard assessment as a precaution measure in order
to reduce the potential risk that could affect them.

The GVF is a typical monogenetic field in which the lack of data and the
absence of recent eruptions could lead us to assume that volcanic hazard and,
consequently, risk is inexistent. On the contrary, all geological indicators
suggest that the area is subjected to the same geodynamic conditions that

favoured the initiation and continuation of this volcanism, so that we must
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consider this volcanic area as potentially active. In fact the important socio-
economic development of the area and the high number of infrastructures,
including an international airport, requires to evaluate the potential hazard of the
zone and to identify those areas that could be affected by an eruption of the
same type than the ones occurred more recently.

Based on a susceptibility analysis and the identification of the most
common eruptive types and products from the geological record, we have
applied the available tools, such as QVAST (Bartolini et al., 2013) and VORIS
2.0.1 (Felpeto et al., 2007), designed to undertake volcanic hazard assessment
and to update the results whenever new information becomes available. These
tools allowed us to simulate different eruptive scenarios and to develop a long-
term qualitative hazard map of the area.

The volcanic hazard map of the GVF (Fig. 8) has been obtained using a
combination of the lava flow, PDC, and fallout eruptive scenario simulations,
and represents how the area could be affected by future eruptive events. This
first hazard map also takes into account the results of ash fall simulations
strictly dependent on the average of the wind directions and velocities, which
means that it will be updated if new data were available based on the
meteorological predictions. We have considered five different levels of hazard,
from very low to very high, thus indicating the relative probability for the area of
being affected by any of the hazards considered in this work. The final
qualitative hazard map (Fig. 8) will be useful to minimise the impact of future
volcanic eruptions in the area, allowing local authorities to use it as a reference

for land-use planning and for the elaboration of an emergency plan for the GVF.

Aknowledgements

This research has been partially funded by the European Commission
(FP7 Theme: ENV.2011.1.3.3-1; Grant 282759: VUELCO). We would like to
thank Jordi Zapata of the Museu dels Volcans d’Olot for his help with the

meteorological information.



406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

Journal of Quaternary Science

References

Alberico |, Petrosino P, Lirer L. 2011. Volcanic hazard and risk
assessment in a multi-source volcanic area: the example of Napoli city
(Southern ltaly). Natural Hazards and Earth System Science 11: 1-14.

Alcorn R, Panter KS, Gorsevski PV. 2013. A GIS-based volcanic hazard
and risk assessment of eruptions sourced within Valles Caldera, New Mexico.
Journal of Volcanology and Geothermal Research 267: 1-14.

Arafa V, Aparicio A, Martin Escorza C, Garcia Cacho L, Ortiz R, Vaquer
R, Barberi F, Ferrara G, Albert J, Gassiot X. 1983. Neogene-Quaternary
volcanism of Catalunya: structural, petrological, and geodynamic
characteristics. Acta Geologica Hispanica 18: 1-17.

Aspinall WP. 2006. Structured elicitation of expert judgment for
probabilistic hazard and risk assessment in volcanic eruptions. In Statistics in
Volcanology, Mader HM, Coles SG, Connor CB, Connor LJ (eds). Geological
Society of London: Special Publication of IAVCEI 1; 15-30.

Barde-Cabusson S, Gottsman J, Marti J, Bolés X, Camacho AG, Geyer
A, Planaguma LI, Ronchin E, Sanchez A. 2014. Structural control of
monogenetic volcanism in the Garrotxa volcanic field (Northeastern Spain) from
gravity and self-potential measurements. Bulletin of Volcanology 76: 788.

Bartolini S, Cappello A, Marti J, Del Negro C. 2013. QVAST: a new
Quantum GIS plugin for estimating volcanic susceptibility. Natural Hazards and
Earth System Science 13: 3031-3042.

Bartolini S, Geyer A, Marti J, Pedrazzi D, Aguirre-Diaz G. 2014. Volcanic
hazard on Deception Island (South Shetland Islands, Antarctica). Journal of
Volcanology and Geothermal Research, 10.1016/j.jvolgeores.2014.08.009.

Bebbington MS, Cronin SJ. 2011. Spatio-temporal hazard estimation in
the Auckland Volcanic Field, New Zealand, with a new event-order model.
Bulletin of Volcanology 73: 55-72.

Becerril L, Bartolini S, Sobradelo R, Marti J, Morales JM, Galindo |. 2014.
Long-term volcanic hazard assessment on El Hierro (Canary Islands). Natural
Hazards and Earth System Science 14: 1853-1870.



438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

Journal of Quaternary Science

Bolés X, Planaguma L, Marti J. 2014a. Volcanic stratigraphy and
evolution of the Quaternary monogenetic volcanism in the Catalan Volcanic
Zone (NE Spain). Journal of Quaternary Science 29(6): 547-560.

Bolés X, Barde-Cabusson S, Pedrazzi D, Marti J, Casas A, Lovera R,
Nadal-Sala D. 2014b. Geophysical exploration on the subsurface geology in the
monogenetic La Garrotxa Volcanic Field (NE Iberian Peninsula). International
Journal of Earth Science, http://dx.doi.org/10.1007/s00531-014-1044-3.

Cappello A, Vicari A, Del Negro C. 2011. Assessment and modeling of
lava flow hazard on Etna volcano. Bollettino di Geofisica Teorica ed Applicata
52(2): 299-308.

Cappello A, Neri M, Acocella V, Gallo G, Vicari A, Del Negro C. 2012.
Spatial vent opening probability map of Mt Etna volcano (Sicily, Italy). Bulletin of
Volcanology 74(9): 2083-2094.

Cas RAF, Wright JV. 1987. Volcanic successions (modern and ancient).
A geological approach to processes products and successions. Allen and
Unwin: London.

Cebria JM, Lépez-Ruiz J, Doblas M, Oyarzun R, Hertogen J, Benito R.
2000. Geochemistry of the Quaternary alkali basalts of Garrotxa (NE Volcanic
Province, Spain): a case of double enrichment of the mantle lithosphere.
Journal of Volcanology and Geothermal Research 102: 217-235.

Cimarelli C, Di Tragia F, de Rita D, Gimeno Torrente D, Fernandez Turiel
JL. 2013. Space—time evolution of monogenetic volcanism in the mafic Garrotxa
Volcanic Field (NE Iberian Peninsula). Bulletin of Volcanology 75: 758.

Connor CB, Conway FM. 2000. Basaltic Volcanic Fields. In Encyclopedia
of Volcanology. Academic Press; 331-343.

Connor CB, Connor LJ. 2009. Estimating spatial density with kernel
methods. In Volcanic and Tectonic Hazard Assessment for Nuclear Facilities,
Connor CB, Chapman NA, Connor LJ (eds). Cambridge University Press; 346—
368.

Dézes P, Schmid SM, Ziegler PA. 2004. Evolution of the European
Cenozoic Rift System: interaction of the Alpine and Pyrenean orogens with their
foreland lithosphere. Tectonophysics 389: 1-33.

Di Traglia F, Cimarelli C, de Rita D, Gimeno Torrente, D. 2009. Changing

eruptive styles in basaltic explosive volcanism: examples from Croscat complex



472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505

Journal of Quaternary Science

scoria cone, Garrotxa Volcanic Field (NE Iberian Peninsula). Journal of
Volcanology and Geothermal Research 180: 89—-1009.

Farnell C, Llasat MC. 2013. Proposal of three thermodynamic variables
to discriminate between storms associated with hail and storms with intense
rainfall in Catalonia. Tethys 10: 25-34.

Favalli M, Tarquini S, Papale P, Fornaciai A, Boschi E. 2012. Lava flow
hazard andrisk maps at Mount Cameroon volcano. Bulletin of Volcanology 74
423-439.

Felpeto A, Marti J, Ortiz R. 2007. Automatic GIS-based system for
volcanic hazard assessment. Journal of Volcanology and Geothermal Research
166: 106—116.

Guilbaud MN, Siebe C, Layer P, Salinas S, Castro-Govea R, Gardufio
Monroy VH, Le Corvec N. 2011. Geology, geochronology, and tectonic
setting of the Jorullo volcano region, Michoacan, México. Journal of
Volcanology and Geothermal Research 201: 97-112.

Ho CH, Smith EI, Feuerbach DL, Naumann TR. 1991. Eruptive
calculation for the Yucca Mountain site, USA: statistical estimation of recurrence
rates. Bulletin of Volcanology 54: 50-56.

Hobig N, Weber ME, Kehl M, Weniger GC, Julia R, Melles M, Fllép RH,
Vogel H, Reicherter K. 2012. Lake Banyoles (northeastern Spain): A Last
Glacial to Holocene multi-proxy study with regard to environmental variability
and human occupation. Quaternary International 274: 205-218.

Lirer L, Petrosino P, Alberico I. 2001. Volcanic hazard assessment at
volcanic fields: the Campi Flegrei case history. Journal of Volcanology and
Geothermal Research 101(1-4): 55-75.

Malin MC, Sheridan MF. 1982. Computer-assisted mapping of pyroclastic
surges. Science 217: 637-640.

Marti J, Mallarach JM. 1987. Erupciones hidromagmaticas en el
volcanismo cuaternario de Olot. Estudios Geoldgicos 43: 31-40.

Marti J, Mitjavila J, Roca E, Aparicio A. 1992. Cenozoic magmatism of
the Valencia trough (western Mediterranean): relationship between structural
evolution and volcanism. Tectonophysics 203: 145-165.

Marti J, Aspinall W, Sobradelo R, Felpeto A, Geyer A, Folch A, Teixido F,
Ortiz R, Baxter P, Cole P, Pacheco J, Blanco MJ, Lopez C. 2008. A long-term



506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

Journal of Quaternary Science

volcanic hazard event tree for Teide-Pico Viejo stratovolcanoes (Tenerife,
Canary lIslands). Journal of Volcanology and Geothermal Research 178: 543—
552.

Marti J, Felpeto A. 2010. Methodology for the computation of volcanic
susceptibility. An example for mafic and felsic eruptions on Tenerife (Canary
Islands). Journal of Volcanology and Geothermal Research 195: 6977 .

Marti J, Planaguma L, Geyer A, Canal E, Pedrazzi D. 2011. Complex
interaction between Strombolian and phreatomagmatic eruptions in the
Quaternary monogenetic volcanism of the Catalan Volcanic Zone (NE of Spain).
Journal of Volcanology and Geothermal Research 201: 178-193.

Marti J, Pinel V, Lopez C, Geyer A, Abella R, Tarraga M, Blanco MJ,
Castro A, Rodriguez C. 2013. Causes and mechanisms of the 2011-2012 El
Hierro (Canary Islands) submarine eruption. Journal of Geophysical Research:
Solid Earth 118: 823-839.

Martin AJ, Umeda K, Connor CB, Weller JN, Zhao D, Takahashi M.
2004. Modeling long-term volcanic hazards through Bayesian inference: an
example from the Tohuku volcanic arc Japan. Journal of Geophysical Research
109: B10208.

Marzocchi W, Sandri L, Furlan C. 2006. A quantitative model for volcanic
hazard assessment. In Statistics in Volcanology, Mader HM, Coles SG, Connor
CB, Connor LJ (eds). Geological Society of London: Special Publication of
IAVCEI 1; 15-30.

Neri A, Aspinall WP, Cioni R, Bertagnini A, Baxter PJ, Zuccaro G,
Andronico D, Barsotti S, Cole PD, Esposti Ongaro T, Hincks TK, Macedonio G,
Papale P, Rosi M, Santacroce R, Woo G. 2008. Developing an event tree for
probabilistic hazard and risk assessment at Vesuvius. Journal of Volcanology
and Geothermal Research 178(3): 397-415.

Puiguriguer M, Alcalde G, Bassols E, Burjachs F, Expésito |, Planaguma
LI, Safa M, YIl E. 2012. ™C dating of the last Croscat volcano eruption
(Garrotxa Region, NE Iberian Peninsula). Geologica Acta 10(1): 43-47.

Scandone R. 1979. Effusion rate and energy balance of Paricutin
eruption (1943-1952), Michoacan, Mexico. Journal of Volcanology and
Geothermal Research 6: 49-59.



539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572

Journal of Quaternary Science

Siebe C, Macias JL. 2006. Volcanic hazards in the Mexico City
metropolitan area from eruptions at Popocatépetl, Nevado de Toluca, and
Jocotitlan stratovolcanoes and monogenetic scoria cones in the Sierra
Chichinautzin Volcanic Field. Special Papers, Geological Society of America
402: 253.

Suzuki T. 1983. A theoretical model for dispersion of tephra. In Arc
Volcanism: Physics and Tectonics, Shimozuru D, Yokoyama | (eds). Terra
Scientific Publishing Company (TERRAPUB), Tokyo; 93 — 113.

Toyos GP, Cole PD, Felpeto A, Marti J. 2007. A GIS-based methodology
for hazard map- ping of small pyroclastic density currents. Natural Hazards 41:
99-112.

Kereszturi G, Németh K. 2012. Monogenetic Basaltic Volcanoes: Genetic
Classification, Growth, Geomorphology and Degradation. In Updates in
Volcanology - New Advances in Understanding Volcanic Systems, Németh K
(ed). Jeddah, Kingdom of Saudi Arabia.

Wood CA. 1980. Morphometric evolution of cinder cones. Journal of

Volcanology and Geothermal Research 7: 387—413.



573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

Journal of Quaternary Science

Figure captions

Figure 1: a) Simplified geological map of the GVF modified from Bolo6s et al.
(2014c). The sites of the historical volcanic vents, divided into Holcene-Upper
Pleistocene and Middle Pleistocene, fissures, normal and transtentional Neogen

faults, inferred faults, and reverse Alpine faults. b) Location of the study area.

Figure 2: Croscat volcano: 3D view with the main volcanic deposits (modified
from Bol6s et al. (2014a) and a panoramic view of an outcrop showing the main

deposits.

Figure 3: PDFs of the five different layers (a—e) considered for the susceptibility
analysis: (a) Holocene and Upper Pleistocene volcanism vents (dots) and
fissures (lines); (b) Middle Pleistocene volcanism vents (dots) and fissures

(lines); (c) Normal and transtentional Neogen faults; and (d) Inferred faults.

Figure 4: Susceptibility map of future eruptions on GVF calculated with QVAST
(Bartolini et al., 2013).

Figure 5: Lava flow simulation probability map.

Figure 6: PDC simulation probability map.

Figure7: Ash fallout simulations with a 8-km column height and volume of 0.05

km?.

Figure 8: Qualitative hazard map for GVF.
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Abstract:

One of the most important issues in modern volcanology is the assessment of
volcanic risk, which will depend — amongst other factors — on both the quantity and
quality of the available volcanic data and an optimum storage mechanism. This will
require the design of purpose-built databases that take into account data format and
availability and afford easy data storage and sharing, and will provide for a more
complete risk assessment that combines different analyses but avoids any duplication of
information. Data contained in any such database should facilitate spatial and temporal
analysis that will (1) produce probabilistic hazard models for future vent opening, (2)
simulate volcanic hazards and (3) assess their socio-economic impact. We describe the
design of a new spatial database structure, VERDI (Volcanic manEgement Risk
Database deslgn), which allows different types of data, including geological,
volcanological, meteorological, monitoring and socio-economic information, to be
manipulated, organized and managed. The root of the question is to ensure that VERDI
will serve as a tool for connecting different kinds of data sources, GIS platforms and
modelling applications. We present an overview of the database design, its components
and the attributes that play an important role in the database model. The potential of the
VERDI structure is here shown through its application on El Hierro (Canary Islands)
and the possibilities it offers in regard to data organization. The VERDI database will in
coming years provide scientists and decision makers with a useful tool that will assist in

volcanic risk assessment and hazard prioritization.

Keywords: database design, volcanic risk, decision making, El Hierro
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1. Introduction

Volcanic risk assessment and management are complex issues due largely to the
nature, variety and availability of the data they handle (De la Cruz-Reyna, 1996). The
quality of the data will determine the evaluation of the volcanic risk, which is an
essential part of risk-based decision making in land-use planning and emergency
management. The first step in the evaluation of volcanic risk consists of obtaining and
organizing all pertinent data derived from disciplines such as geology, volcanology,
geochemistry, petrology and seismology, as well as vulnerability and socio-economic
information relating to the elements that are potentially at risk. Some of the most
relevant issues include how and where to store the data, in which format should it be
made available, and how to facilitate its use and exchange. Thus, it is essential to design
an appropriate database that is specifically adapted to the task of evaluating and
managing volcanic risk.

The design of an appropriate database for risk assessment and management
should aim to organize all the available and necessary information on volcanic risk
assessment in a standardized way that is easy to consult and exchange.

As in any other field, the first step in designing a database for volcanic risk
assessment and management is the definition of its architecture. This must allow for
effective interaction between the different information fields and offer users a clear
vision of its internal organization and rapid access to its contents. Nevertheless, it will
be the quantity and quality of the information contained in the database that will
determine the reliability and validity of the final risk analysis. Subsequent steps will
consist of the creation, maintenance and updating of all data related to volcanic risk. It
is important to ensure that the database will be able to evolve freely from a simple to a
more complex structure and be updated when new data are available.

To facilitate its operability and the visualisation of the data the database must be
integrated into a GIS (Geographical Information System). A GIS is an organized
integration of software, hardware and geographic data designed to capture, store,
manipulate, analyze and represent georeferenced information (Longley et al., 2005). In
recent years, the use of GIS and the improvement of the modelling of volcanic
processes have become useful tools in volcanic hazard and risk assessment. In fact,

susceptibility, hazard, vulnerability and risk maps have been generated using GIS tools
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(Pareschi et al., 2000; Felpeto et al., 2007; Barreca et al., 2013) and can be represented
in a GIS environment as a support for spatial decision making (Cova, 1999).

Furthermore, thematic volcanic risk maps can facilitate land-use planning and
appropriate actions required during emergencies. In fact, hazard and risk maps are key
tools in emergency management: the former depicts the hazard at any particular
location, while the latter shows the spatial variation of both hazard and vulnerability
(Lirer et al., 2001).

To date, the databases used in volcanology have been created to store and
analyze different types of information and have been employed to analyze, for example,
(1) the impacts of volcanic phenomena on people (Witham, 2005); (2) potentially active
volcanoes situated in regions of high geodynamic unrest (Gogu et al., 2006); (3)
collapse calderas (Geyer and Marti, 2008); (4) volcano monitoring data that include
instrumentally and visually recorded changes in seismicity, ground deformation, gas
emission and other parameters (WOVOQOdat (Venezky and Newhall, 2007)); (5) global
volcanic unrest (Phillipson et al., 2013); and (6) active faults on Mt. Etna (Barreca et al.,
2013). In particular, efforts have been made to construct a Global Volcanic Risk
database of large magnitude explosive volcanic eruptions (LaMEVE (Crosweller et al.,
2012)). However, none of the existing databases is based on a simple architecture that
contains all the necessary information for volcanic risk analysis and management.

Here we present Volcanic managEment Risk Database deslgn (VERDI), the
architecture for a geodatabase for volcanic risk assessment and management. The
rationale behind constructing this database is the need to create a comprehensive
structure including all known or identified fields that might contribute to the assessment
of volcanic risk. The database also aims to make the task of volcanic risk management
easier for decision makers. Currently, relevant data are stored in a variety of different
formats and are not always easily accessible. Thus, this new way of compiling extensive
data aims to provide an accessible and useful structure that will facilitate information
sharing and risk assessment. This new database has been designed to work in a GIS
environment.

The ultimate aim of VERDI is to create a platform for expanding, updating and
sharing information that is open to the incorporation of new data. In the future, a web
site could be set up to make it a truly user-friendly application.

In this paper, we also present an example of the applicability of VERDI, taking
as example the island of El Hierro (Canary Islands, Spain). We show how all the

3
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available data necessary for conducting a preliminary risk assessment can be integrated
and discuss the limitations of existing data and the inherent advantages in storing data in

the proposed form.

2. VERDI architecture

A simplified version of the VERDI database design structure is shown in Figure
1. The full version of the VERDI structure and the user manual will be published online
on the website of the CSIC Barcelona Volcanology Group (http://www.GVB-csic.es/).

The design of the database has taken into account the type of data required and
possible inter-relationships in order to avoid duplication.

The first steps in the creation of the database model were the collection of
metadata, the analysis of the required features and the calculation of the expected output
responses. This phase included the creation of information groups and the definition of
the table fields and the relationships between tables.

In order to optimize the accurate evaluation of volcanic risk, VERDI contains 12
information groups regarding past and current volcanic activity and the associated
hazards and the potential vulnerability of the elements that may be affected by such
hazards. The information included in each group is recorded in individual tables.
Additionally, VERDI includes spatial features that can be visualized with a GIS
application. The rationale behind the VERDI architecture is based on the principle that
all the information concerning the evaluation of volcanic risk should be comparable,
consistent and available for future comparisons and data analyses.

In the following subsections we offer a brief description of each information

group and the type of data included therein.

2.1. GroupCore

GroupCore is the central group of VERDI and represents the metadata
information of all the actions that could be incorporated into the database as new data.
This group governs the recorded information added to each group of the database,
thereby controlling the insertion of new data.

The tables contained in this group are ACTION, ACTION TYPE, PROJECT,
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REPORT and SUPPORT (Fig. 2): ACTION and ACTION_TYPE correspond to actions
and the type of actions, respectively, that generate new data (volcanic event, fieldwork,
bibliography, etc.); PROJECT is a reference to a project undertaken by a institution such
as a ministry or an institute; the REPORT table describes the action and includes
information about the project related to the action; and SUPPORT adds information
about the entity that is managing or funding the project. Table 1 shows the structure and

field details of each table contained in this group.

2.2. GroupVolcano

This group contains information about the volcano or the studied volcanic area
and includes data on the volcanic event itself, the characteristics of the type of
volcanism and the magnitude of the event (Fig. 3).

The table VOLCANO provides general information about the location of the
volcano and volcanic area, which will normally be associated with spatial information
included in a shapefile of polygons or in raster images. Spatial features contain a folder
with additional information such as Digital Elevation Models (DEM), hillshades and
orthophotos.

VOLCANO_TYPE completes the information about the volcano and identifies
different types and features of volcanoes (stratovolcano, shield volcano, etc...).
ERUPTIVE _EVENT provides information about eruptive events including date and
location and enables the volcano-stratigraphy of the volcano and the study area to be
obtained. ACTIVITY TYPE characterizes the eruptive behaviour of the volcano thus:
Hawaiian, Strombolian, Vulcanian, Peléan/Plinian, Plinian, Ultra-plinian and/or
Caldera. The size and magnitude of the eruption is contained in the VEI. MAGNITUDE
table, which includes parameters such as volume, column height, fragmentation index,
dispersion index, Dense-Rock Equivalent (DRE), magnitude (Pyle, 2000) and the
Volcanic Explosivity Index (VEI) according to Newhall and Self’s (1982) classification
(Newhall and Self, 1982).

2.3. GroupSusceptibility

Volcanic susceptibility (i.e. the probability of vent opening) represents an

important step in simulating eruptive scenarios and developing hazard maps (Marti and
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Felpeto, 2010). Thus, GroupSusceptibility contains information on all structural
elements such as vents, dykes, faults, fractures and eruptive fissure-alignments obtained
from both geological and geophysical studies. The location of gas emissions or water
springs, as well as thermal anomalies related to the volcanic activity, are also included
in this group. All of these elements enable susceptibility maps in long-term analyses to
be generated. During volcanic unrest episodes, real-time monitoring information — in
particular regarding the location of the volcano-tectonic seismicity and surface
deformation — can be added to permit the susceptibility to be re-evaluated. This group
also contains a GEOPHYSICS subgroup with information on structural geophysics that
includes data derived from structural studies using different geophysical techniques
such as self-potential, tomography, magnetometry, magnetotelluric and gravimetry. This
type of geophysical data is useful in susceptibility analyses and in both short- and long-
term hazard evaluation. In addition, it is useful for studying dispersed volcanic fields
and their relation to local tectonics (Barde-Cabusson et al., 2014) and can thus facilitate
a complete analysis of the probability of future activity in monogenetic fields and
improve understanding of the internal structure of composite volcanoes (Rout et al.,
1993; Blakely et al., 1997; Connor et al., 2000; Kiyosugi et al., 2010).

Moreover, in both short- and long-term hazard assessment the monitoring and
interpretation of geophysical parameters such as temporal gravity changes, seismicity
and ground deformation can benefit from integration with structural geophysical data.

Figure 4 shows the organization of this group.

2.4. GroupHazard

GroupHazard contains basic data for computing volcanic hazards to be
employed in simulation models that take susceptibility information into account. This
group constitutes the information on which territorial and emergency plans should be
based and has been divided into LONG TERM and SHORT TERM subgroups (see Fig.
5).

The tables of the LONG TERM hazard subgroup contain mainly data regarding
the products generated during the past activity of the volcano. The information required
comes mainly from geological and historical records and laboratory analyses. This
subgroup includes the following information split into different tables: magma and

volcanic products (lava flows, pyroclastic deposits, etc.); petrological and geochemical
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data from volcanic rock samples; granulometry classification of pyroclasts based on
sieved samples; and morphometry.

The SHORT TERM hazard subgroup tables contain monitoring data collected
during an unrest episode. These data are useful for short-term hazard assessments. The
information is usually organized in terms of volcanic monitoring networks (seismicity,

deformation, gas, thermal, groundwater, remote sensing images, etc.).

2.5. GroupMeteorology

GroupMeteorology includes the information required for the analysis of wind
profiles, atmospheric parameters and precipitation data (see Fig. 6). These parameters
are very important as inputs for ash-fall simulations. Other important parameters
included in this group are related to the atmospheric diffusion coefficient, the eruption
style and the grain-size classification. Ash-fall simulations are very useful in volcanic
risk assessment and consider the impact of volcanic ash not only on the population and

infrastructures but also on aircraft safety (Johnson et al., 2012).

2.6. GroupLaboratory

GroupLaboratory contains information supplementing the GroupSusceptibility
and GroupHazard groups that relates to the laboratories in which sample analyses are
conducted. This group specifies the kind of samples used, the analytical tests applied
and the results obtained (see Fig. 7). This group is important for controlling the quality
of data used to characterise the expected type of eruption (e.g. lava composition) by

means of the analysis of past products.

2.7. GroupDevice

GroupDevice provides information about the measurement devices in tables
such as PETROLOGY, SELF POTENTIAL, MONITORING, and WIND. A large
amount of information in the database is obtained through the use of instruments such
as seismographs and microscopes and the DEVICE table (Fig. 8) contains the names,

models, types and functions of these devices.
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2.8. GroupVulnerability

This group includes all the elements that could be affected by a destructive
volcanic event.

Vulnerability is the potential of exposed elements to be directly or indirectly
damaged by a given hazard (Scaini et al., 2014). There are many types of vulnerability —
physical, infrastructural, social and economic — and in combination they constitute the
vulnerability of the system (Menoni et al., 2011). Physical vulnerability due to volcanic
activity has been widely observed and studied, in particular in recent decades (Blong
and McKee, 1995; Annen and Wagner, 2003; Spence, 2004; Baxter et al., 2005; Spence
et al., 2005; Gomes et al., 2006; Marti et al., 2008; Zuccaro et al., 2008; Scaini et al.,
2014).

Thus, the VERDI database includes administrative divisions, infrastructure
networks (TRANSPORT, ELECTRICITY, and WATER SYSTEM tables), as well as a
socio-economic table that includes POPULATION information, FACILITY, BUILDING
and LANDUSE (Fig. 9). A LAND USE classification is included because correct land-
use planning is fundamental in minimising both loss of life and damage to property
(Pareschi et al., 2000). The information contained in this part of the database is very
important in the organization of evacuation plans, the reduction of potential losses
caused by the impact of volcanic and associated hazards, the design of land-planning

measures, and the evaluation of potential economic losses.

2.9. GroupCosts

GroupCosts (Figure 10) represents the huge economic losses (human life,
infrastructure, property, productivity, etc.) that volcanic activity can cause. Estimating
the economic costs associated with volcanic eruptions is very difficult due to their
duration and the variety of the types of impacts (Annen and Wagner, 2003). However,
the quantitative estimation of economic losses is of primary importance when providing
mitigation recommendations aimed at reducing damage (Spence et al., 2005).

The ECONOMIC LOSSES and VOLCANO IMPACT tables refer to the
economic and human losses evaluated after a volcanic crisis and the economic impact
for a specific volcanic event. The third table, SCENARIO IMPACT, represents a

support table that allows a cost evaluation to be added when a volcanic hazard scenario
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is computed and enables the human losses expected during a volcanic crisis to be

calculated.

2.10. GroupManagement

GroupManagement (Figure 11) is a useful group for decision makers and risk
managers that should include ideally all types of emergency services (e.g. police, fire
department, Red Cross, NGOs, etc.), although in most cases Civil Protection bodies will
take responsibility during a volcanic crisis. Volcanic crises require continuous close
collaboration between civil protection bodies and scientists in order to best analyse
observational and monitoring data, to evaluate short-term hazards, to draw up plans for
optimizing existing monitoring networks, to install new instruments and to provide

advice in decision making (Bertolaso et al., 2009).

2.11. GroupReferences

GroupReferences contains contact information for key people and institutions, as
well as bibliographic references (see Figure 12) related to the data contained in the
database. This group is important for obtaining the reference for any input into the
VERDI database and thus enables the origin of the data to be known; in this way, if
necessary, the person or team in question can be contacted if there is any explanation

needed for the data introduced.

2.12. GroupModels

GroupModels contains examples of hazard-modelling tools. It includes the most
relevant available software and a summary of both the required main input parameters
and the output formats.

In recent years, new tools have been developed for generating hazard and risk
maps, evaluating long- and short-term hazards, simulating different eruptive scenarios
and designing evacuation plans. Examples of these tools include QVAST (Bartolini et
al., 2013), VORIS (Felpeto et al., 2007), a model for lava flow simulation (Connor et
al., 2012), HASSET (Sobradelo et al., 2014), BET EF (Marzocchi et al., 2008),
BET VH (Marzocchi et al., 2010), HAZMAP (Bonadonna et al., 2002; Macedonio et

9



294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327

al., 2005), FALL3D (Costa et al., 2006; Folch et al., 2009), TEPHRA2 (Connor et al.,
2001), PUFFIN (Patra et al., 2013), VOLCFLOW (Kelfoun and Druitt, 2005),
TITAN2D (Sheridan et al., 2005) and EJECT (Mastin, 2001).

Simplified schematic tables are given in the Supplementary Material with the

main input parameters required for the above-listed tools.

3. VERDI usefulness: case study of El Hierro

One of the main obstacles when attempting to develop a robust database is the
lack of quality, well-gathered data. This issue can be made simpler and easier in part by
selecting small areas in which to test the operability database. With this aim in mind, a
pilot project to check the feasibility of VERDI was set up with information available
from the island of El Hierro (Canary Island, Spain).

The last eruption on El Hierro occurred in 2011-2012 (Lépez et al., 2012; Marti
et al., 2013) and demonstrated the importance of reliable data and tools that can enable
scientific advisors and decision-makers to consider possible future eruptive scenarios.
Furthermore, this was the first ever eruption in the Canary Islands to tracked in real-
time (Lopez et al., 2012).

Most of eruptions occurring on El Hierro are similar in type and in size, and
consist of the emission of mafic lava flows, the ballistic projection of pyroclasts and
proximal fallout from low fire-fountains. Its simple volcanic history, relative
homogeneous petrology and the new data collected during the last eruption, among
other factors, prompted us to select El Hierro as a case study for testing the
methodology proposed here.

In order to show the functionality of the VERDI database, we describe here two
hypothetical phases in the volcanic risk assessment on El Hierro. We analyze the most
representative and necessary information in each of the two periods: (1) the pre-eruption
or emergency planning phase of the volcanic process and (2) the unrest episode itself. In
these examples we try to summarize the information required to complete a qualitative
volcanic risk analysis for the island, show how to find and to store data, and outline the
advantages of organizing the available data.

Indeed, we believe that the availability of a well-organized database at the
beginning of an unrest phase could become a very useful tool for decision-makers and

for the scientists that have to provide assessment.

10
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3.1. Emergency planning phase

The emergency planning phase is a moment of relative calm during the volcanic
activity in which long-term volcanic hazard and risk assessment become feasible.

During this phase, the research, compilation and interpretation of different types
of data should be carried out. Furthermore, available information should be organized
and stored in the database and completed by further fieldwork, library searches and
monitoring wherever data is lacking.

Once uploaded, the data must be filtered before being used as inputs for spatial
and temporal analysis and for defining eruptive scenarios. The results obtained from the
aforementioned analysis will become a useful tool for institutions such as Civil
Protection when developing their emergency plans.

We assume that the Canary Islands Civil Protection Organization needs to know
what impact the most likely eruption scenarios on El Hierro will have on the population
and the other exposed elements (property, infrastructures, communication networks,
etc.). For this analysis different data layers will have to be superimposed in order to
reach a final risk assessment. Figure 13 shows the different data and steps to be
performed in a GIS environment.

The first step is to obtain the Digital Elevation Model (DEM) of El Hierro and
general information about the volcanic area and the eruptive event (see GroupVolcano).
The DEM of this area can be freely obtained from the website of Spanish Instituto
Geografico Nacional (IGN,
http://centrodedescargas.cnig.es/CentroDescargas/index.jsp).

The second step involves the collection of volcano-structural data via new
fieldwork measurements and bathymetric information, as well as the analysis of
geological maps, orthophotos and aerial photographs (Becerril et al., 2013). Once the
whole volcano-structural elements have been assembled, they can be geo-referenced on
the DEM.

The susceptibility map, i.e. the spatial distribution of new vent openings, is
based on the analysis of the aforementioned volcano-structural data. One of the tools
that facilitates this type of analysis is QVAST (Bartolini et al., 2013) (the main input
parameters required are specified in the Supplementary Material).

All necessary data for conducting the susceptibility analysis is contained in

11
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GroupSusceptibility. In our example, we need to collect as much data as possible to
improve the accuracy of the spatial probability of a new vent opening. In the case of El
Hierro, data referring to past vent locations, dykes, eruptive fissures and faults are used.
To compile information related to vents, we refer to the table VENT in VERDI that
contains information about all known emission centres on the island. This table is linked
to a point shapefile that permits us to visualize the vents and use them in QVAST to
obtain probability density functions. This procedure can also be carried out with the
other volcano-structural elements.

The result will be a raster file (map) in which each pixel has a value that
represents the probability that it will host a new emission centre. In the specific case of
El Hierro, this map has already been published by Becerril et al. (2013).

Once the susceptibility map has been drawn up, eruptive scenarios for hazard
assessment can be computed. In Becerril et al. (2014), different eruptive scenarios such
as lava flow, ash fall and pyroclastic density currents (PDC) were considered and
enabled a qualitative volcanic hazard map to be generated.

VORIS (Felpeto et al., 2007), which requires different types of input data
parameters that are presented and organized in VERDI, was used to produce this map
(see Supplementary Material). All the information obtained during fieldwork, be it from
the bibliography or from devices (i.e. meteorological data), is vital in determining these
parameters.

Once the distribution of the eruptive scenarios has been developed, Civil
Protection is then able to evaluate the most likely eruption scenarios for the island and
their impact on the population and other exposed features. For this, relevant data on
elements such as population and transport networks must be obtained for analysis. For
example, Population data for El Hierro can be downloaded from the website of the

Spanish Instituto Nacional de Estadistica (INE, http://www.ine.es/). Data on transport

networks can be obtained from the IGN website and OpenStreetMap

(http://downloads.cloudmade.com/), the latter a tool used by public administrations,

NGOs and even Civil Protection bodies to manage in the aftermath of disasters such as
the Haiti earthquake.

The acquisition of this information allows evacuation routes and even a
preliminary evaluation of general losses due to volcanic hazards such as lava flows to be

calculated.
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3.2. Unrest phase

Entry into the unrest phase means that the volcanic system has reawakened.
During this phase, monitoring data plays an important role and is essential as a support
for decision making. For this reason, the VERDI database contains monitoring
information distributed in different groups and tables. GroupHazard contains precursor
data such as deformation, seismic activity and groundwater monitoring for short-term
hazard assessment; the MONITORING table summarizes all the monitoring networks
within a volcanic area.

The 2011-2012 eruption on El Hierro was preceded by three months of unrest.
From July 2011 onwards a dense multi-parametric monitoring network including
seismic and magnetic stations and GPS recorders were deployed throughout the island
by the Instituto Geografico Nacional (IGN). Data recorded during this unrest episode
contributed to the understanding of the reawakening of the volcanic activity on the
island. In general, this monitoring network assisted authorities in emergency
management (Ldopez et al., 2012) and prepared them for the eruption that finally started
on 10 October 2011, 2 km off the southern coast.

During an unrest phase, the updating of the possible eruptive scenarios
computed during the emergency planning is necessary, mainly because the arrival of
new data such as seismic information can change previous susceptibility analysis and,
consequently, eruption forecasts. This may involve a change in the direction taken by
the crisis management.

During an unrest phase economic losses may be estimated by using information

derived from spatial and temporal analysis.
It is imperative that data regarding possible costs, along with an a priori analysis of
losses, are stored right from the beginning of the process (Baxter et al., 2005). In
VERDI, we have added a support table (Table 2) for cost evaluation when a hazard
volcanic scenario is computed.

At the end of this phase, all the data obtained are uploaded to the database to

facilitate future risk evaluations.

4. Conclusions and final remarks
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VERDI is a new design for a database for risk assessment. Its logical structure
has been conceived in order to facilitate the interaction between data sets and to
guarantee the maintenance and evolution of the system. It is essential that the database
structure permits the exchange of standardized information and the updating of data in
order to prevent redundancy and repetitiveness. The VERDI database design aims to
make scientific research easier and to promote information-sharing for volcanic
surveillance, susceptibility, hazard and vulnerability. Its structure is linked to a spatial
database in a GIS environment, which is used to create susceptibility, hazard,
vulnerability, and risk maps.

VERDI has been conceived to be used as a source for modelling software
packages such as QVAST (Bartolini et al., 2013), HASSET (Sobradelo et al., 2014) and
VORIS (Felpeto et al., 2007). New geological hazard models related to volcanic
systems such as landslides, lahars and tsunamis could be included in order to complete
geo-risk databases. VERDI also helps to identify the basic information required to
conduct hazard and risk assessment. We thus suggest that all the information included in
VERDI should be available for each volcanic area. We also believe that it is important
that information is stored in the same structure and format.

A future role for VERDI will be the publication of an interactive web site that
will enable registered users to access and share the information in the database, thereby
allowing VERDI to become more dynamic and to continue to develop. However, we
cannot ignore the inherent limitations of available data and the effect that this may have
on the interpretation of the compiled information. It is therefore vital to acknowledge
that both data and interpretations are dynamic, that is, they have to be subject to
continuous revision and updating. For this reason, VERDI needs to be freely available
to all scientists interested in volcanic risk assessment since only contributions from all

will allow VERDI to grow and evolve into the useful tool we envisage.
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Figure captions

Figure 1: VERDI database design structure.

Figure 2: GroupCore structure.

Figure 3: GroupVolcano structure.

Figure 4: GroupSusceptibility structure.

Figure 5: GroupHazard structure.

Figure 6: Group Meteorology structure.

Figure7: GroupLaboratory structure.

Figure 8: GroupDevice structure.

Figure 9: GroupVulnerability structure.

Figure 10: GroupCosts structure.

Figure 11: Group Management structure.

Figure 12: GroupReferences structure.

Figure 13: Data layers in a GIS environment.
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Table captions

Table 1: GroupCore tables.

Table 2: GroupCosts: SCENARIO_IMPACT table.
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Click here to download Table: BARTOLINI_etal_TABLE1.docx

TABLE 1
Table Field Info Type
ACTION
action_id primary key AutoNumber
action_date date of the data entry dd/mm/yyyy
actionT_cd type of the new data entry (foreign Integer
key ACTION_TYPE table)
report_cd report reference (foreign key Integer
REPORT table)
project_cd project reference (foreign key Integer
PROJECT table)
support_cd who funds the action (foreign key Integer
SUPPORT table)
contact_cd contact reference (foreign key Integer
CONTACT table)
ACTION_TYPE
actionT_id primary key AutoNumber
actionT_info different types of data entry Text
(Volcanic Event, Fieldwork, ...)
PROJECT
project_id primary key AutoNumber
project_ref code of the project reference Text
project_name name of the project Text
project_start date when project starts dd/mml/yyyy
project_end date when project finishes dd/mml/yyyy
REPORT
report_id primary key AutoNumber
report_name name of the report Text
report_start date when report starts dd/mml/yyyy
report_end date when report finishes dd/mm/yyyy
report_info info report Text
SUPPORT
support_id primary key AutoNumber
support_info info about the entity that manages Text

or funds the project




Table 2

Click here to download Table: BARTOLINI_etal_TABLE2.docx

TABLE 2
Table Field Info Type
SCENARIO_IMPACT
scenariolmpact_id primary key AutoNumber
scenariolmpact_type type of scenario Text
simulation (lava, pdc,
ashfall, ...)
scenariolmpact_pop population affected by Integer
eruptive scenario
scenariolmpact_facility facility  affected by Integer
eruptive scenario
scenariolmpact_building building affected by Integer
eruptive scenario
scenariolmpact_landUse land use affected by Integer
eruptive scenario
scenariolmpact_transport transport affected by Integer
eruptive scenario
scenariolmpact_electricity electricity network Integer
affected by eruptive
scenario
scenariolmpact_waterSystem water system affected Integer
by eruptive scenario
population_cd foreign key Integer
POPULATION table
volcano_cd foreign key VOLCANO Integer

table
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To: "Stefania Bartolini" sbartolini@ictja.csic.es

From: "J. Volcanology Geothermal Research" volgeo-eo@elsevier.com
Subject: VOLGEO4376 - Editor decision - revise

Dear Dr. Bartolini,

I can now inform you that the reviewers and editor have evaluated the manuscript "VERDI: a new Volcanic
managEment Risk Database desIgn" (Dr. Stefania Bartolini). As you will see from the comments below and on
http://ees.elsevier.com/volgeo/, moderate revision has been requested.

Please consider the reviews to see if revision would be feasible. Should you wish to resubmit you should explain
how and where each point of the reviewers' comments has been incorporated. For this, use submission item
"Revision Notes" when uploading your revision. Also, indicate the changes in an annotated version of the revised
manuscript (submission item "Revision, changes marked"). Should you disagree with any part of the reviews,
please explain why. To facilitate further review, add line humbers in the text of your manuscript.

Please strictly follow the formatting requirements as presented in the Guide for Authors.
Given that the requested revisions are moderate the new version is required within six weeks.

To submit a revision, go to http://ees.elsevier.com/volgeo/ and log in as an Author. You will find your
submission record under Submission(s) Needing Revision.

When resubmitting, please present any figures, tables etc. as separate files. See the Artwork Guidelines on the
home page right menu for further file naming conventions, referencing and format issues.

I hope that you will find the comments to be of use to you and am looking forward with interest to receiving your
revision.

PLEASE NOTE: The journal would like to enrich online articles by visualising and providing geographical details
described in Journal of Volcanology and geothermal Research articles. For this purpose, corresponding KML
(GoogleMaps) files can be uploaded in our online submission system. Submitted KML files will be published with
your online article on ScienceDirect. Elsevier will generate maps from the KML files and include them in the online
article.

When submitting your revised paper, we ask that you include the following items:

Response to Reviewers (mandatory)

This should be a separate file labeled "Response to Reviewers" that carefully addresses, point-by-point, the issues
raised in the comments appended below. You should also include a suitable rebuttal to any specific request for
change that you have not made. Mention the page, paragraph, and line humber of any revisions that are made.
Manuscript and Figure Source Files (mandatory)

We cannot accommodate PDF manuscript files for production purposes. We also ask that when submitting your
revision you follow the journal formatting guidelines. Figures and tables may be embedded within the source file
for the submission as long as they are of sufficient resolution for Production. For any figure that cannot be
embedded within the source file (such as *.PSD Photoshop files), the original figure needs to be uploaded
separately. Refer to the Guide for Authors for additional information.

http://www.elsevier.com/journals/journal-of-volcanology-and-geothermal-research/0377-0273/guide-for-authors

Highlights (mandatory)
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Highlights consist of a short collection of bullet points that convey the core findings of the article and should be
submitted in a separate file in the online submission system. Please use 'Highlights' in the file name and include 3
to 5 bullet points (maximum 85 characters, including spaces, per bullet point). See the following website for more
information

http://www.elsevier.com/highlights

Graphical Abstract (optional)

Graphical Abstracts should summarize the contents of the article in a concise, pictorial form designed to capture
the attention of a wide readership online. Refer to the following website for more information:
http://www.elsevier.com/graphicalabstracts

Please note that this journal offers a new, free service called AudioSlides: brief, webcast-style presentations that
are shown next to published articles on ScienceDirect (see also http://www.elsevier.com/audioslides). If your
paper is accepted for publication, you will automatically receive an invitation to create an AudioSlides
presentation.

Please note that we allow 60 days for the first author revision and 30 days for any additional author revisions that
are required.

Thank you for submitting your work to this journal.
Kind regards,

Prof. Lionel Wilson
Editor
Journal of Volcanology and Geothermal Research

Important note: If a reviewer has provided a review or other materials as attachments, those items will not be in
this letter. Please ensure therefore that you log on to the journal site and check if any attachments have been
provided.

COMMENTS FROM EDITORS AND REVIEWERS

Editor: both reviewers of your paper have raised the issue of whether this work would be better presented in a
more applied Journal. I have no problem with this paper appearing in JVGR, so please do not worry about this
issue. The other issue mentioned by both reviewers is that your paper would be more appealing to JVGR readers
if it gave somewhat more detail about the application to the El Hierro eruption. This is probably true, so please
keep this in mind while you are responding to the other comments. As to the issues about the structure of the
paper, perhaps some material could be moved to an Appendix to streamline the text? I leave this for you to
judge.

Reviewer #1: This is a useful paper addressing core database issues involved in promoting coherent volcano risk
assessment.

It would be more insightful and instructive to the reader, (who is not a VERDI user), if this paper focused rather
more on the El Hierro application, to make clear and explicit the advantages and efficacy of the database design
chosen. In particular, this application might be specifically named in the title of the paper. Only a few pages are
given to an outline of this application. The integration of the various component packages is key to a successful
implementation, but there is no indication given on how the complex software interfaces and compatibility were
handled. Hazard and loss estimation packages are diverse in origin and challenging to coordinate for real-time
risk management. In particular, there are often multiple alternative models with contrasting assumptions for a
given segment of the risk analysis. It is unclear how choices are made between alternatives, and how the
associated uncertainties are treated.

These issues should emerge in a fuller account of the El Hierro application.

A formal verbal description of the database logic and design can never be convincing in its own right as a
practical software tool, recognizing that an actual website demonstration is really not just desirable but
necessary. Publication in a technical journal of database design or geoscience software might be more
appropriate for some of the material in the paper.
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Reviewer #2: Review of the manuscript: "VERDI: a new Volcanic managEment Risk Database desIgn" by S.
Bartolini, L. Becerril and J. Marti.

The manuscript proposes a new GIS-integrated geo-database designed to organize and store a great variety of
data as input to volcanic risk evaluation. Database tables are listed and their attributes synthetically described.
Finally, authors described a simple case study applied to El Hierro volcano, on the basis of some available data
and results published within the same working group of the authors.

In my opinion, such tools can provide a very important support in modern volcanology (as well as in any other
scientific branch) and I agree with the authors about the importance of developing a well-defined database to
organize and handle the increasing amount of available data for multi-disciplinary topics as volcanic hazard and
risk.

However, I would like to express my doubts about the aim of the manuscript with respect to the scope of the
journal. The manuscript could match point (6) in aim and scope: "volcano hazard and risk research: hazard
zonation methodology, development of forecasting tools; assessment techniques for vulnerability and impact".
But, if I understood well, VERDI is a well structured container of raw input data and it does not contain any
method to analyze, assess or perform hazard or risk analyses. Neither new data are presented or analyzed, since
in the example at El Hierro is shown how to visualize results coming from raw input data or from other tools (as
HASSET or QVAST).

My feeling is that the topic of this manuscript is more suited to other kind of journals, as, for example, the
Journal of Applied Volcanology or Computers and Geosciences. Nevertheless, I'm not an usual reviewer for JVGR,
so I prefer to let this decision to the Editor.

Independently on this possible mismatch with respect to the goal of the journal, I wrote here below some points
that, in my opinion, need to be addressed in order to improve the manuscript.

Major comments:

1) In its current form, the manuscript is more similar to a technical report than a research paper. Abstract and
introduction are well written, but I think that the overall structure needs some changes. Section 2 is just a list of
all the tables defined in the database and their attributes. I think that 11 figures (over a total of 13) of each table
are really too much. This is more appropriate for a user guide, but for a research paper I suggest to reduce this
section as short as possible, pointing out only the very important features/advantages of the DB architecture and
connections/compatibilities, if any, with existing volcanological DB (as WOVODAT).

On the other hand, I also suggest to expand the case study at El Hierro, describing (with some figures), for
example, how VERDI can be used in the frame of a GIS environment (I guess with QGIS, since both QVAST and
HASSET have been developed for this free GIS tool) and integrated with the already mentioned existing tools
QVAST, HASSET, etc. It could be also of interest to describe better, through the El Hierro examples, how the
visualization can help stakeholders. Risk evaluation is not so straightforward by just stating that all available data
will be stored and visualized through GIS layers. By looking figure 13 only, it seems quite difficult to understand
how these six layers can synthesize all data in rapid decisions for stakeholders. This is even more important
during the unrest phase that is, instead, too rapidly described: no examples of visualization are provided and
described for this phase.

2) In conclusions (lines 432-433) it is stated: "It is essential that the database structure permits the exchange of
standardized information and the updating of data in order to prevent redundancy and repetitiveness". Exchange
data formats are not mentioned. How data can be insert into VERDI? I'm not asking to describe all the standards
available for each field of volcanology, but if (and possibly how) in VERDI has been faced the issue of handling
standard data format to populate the database. Are there guidelines about this point for users? or tools included
in VERDI which support data exchanges?

3) I found strange that a database for volcanic risk do not contains any table to store and visualize values of

calculated risk or to visualize risk maps/plots/tables.

Minor comments:
1) I like the idea of publishing a web interface of VERDI as it is stated in the manuscript. The existence of this
interface could be a surplus value. Is such a tool in development?

2) The second part of the manuscript contains more English grammatical errors and the composition seems less
well-finished than the first part.
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