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SINTESI IN ITALIANO

STUDIO DELL’ATTIVITA SISMO-VULCANICA DEL MT. ETNA
MEDIANTE TECNICHE D’ARRAY

ABSTRACT

I vulcani mostrano una grande varieta di segnali sismici che solitamente si originano grazie
alle interazioni dinamiche tra il magma e i fenomeni di degassamento e pressurizzazione
del sistema di alimentazione. Le caratteristiche di tali segnali spesso forniscono
informazioni sui meccanismi di trasporto del magma e sui processi eruttivi. Infatti, la
localizzazione e I’analisi dei segnali sismo-vulcanici giocano un ruolo fondamentale nello
studio delle dinamiche che interessano un vulcano. Tuttavia, a causa delle caratteristiche
dei segnali sismo-vulcanici, tali studi richiedono 1’utilizzo di specifiche tecniche d’analisi
e/o di particolari geometrie delle reti di acquisizione dati. Negli ultimi decenni, gli array
sismici sono diventati uno strumento molto affidabile per la localizzazione della sorgente
dei segnali sismici registrati in aree vulcaniche. Le cosiddette tecniche d’array, basate sulla
stima del vettore “slowness”, hanno ricevuto una notevole attenzione soprattutto per scopi
di ricerca; tuttavia, tali tecniche ancora non sono utilizzate di routine per il monitoraggio
sismico nelle aree vulcaniche. Con lo scopo di affrontare queste problematiche, sono stati
analizzati 1 segnali sismici del tremore vulcanico e degli eventi a lungo (“Long Period”;
LP) e a lunghissimo periodo (“Very Long period”; VLP) registrati all’Etna durante il
periodo 2010-2011, utilizzando le tecniche d’array. Il lavoro di questa tesi ¢ stato articolato
in tre fasi: (i) analisi delle proprieta dei segnali sismici, per determinare le loro
caratteristiche principali € per valutare un intervallo di frequenza ottimale per 1’analisi in
tecnica d’array; (if) localizzazione della sorgente dei segnali sismici, per ricostruire
porzioni del sistema di alimentazione dell’Etna; (iii) implementazione di un software con
interfaccia grafica in ambiente Matlab, per fornire uno strumento “user-friendly” utile per
le routine d’analisi presso le sedi di monitoraggio sismico e vulcanico. Per queste attivita
di studio, sono stati utilizzati i dati acquisiti durante alcuni esperimenti sismici condotti
all’Etna durante il 2010 e il 2011, i quali prevedevano 1’installazione di array sismici nei
pressi dell’area sommitale etnea. Allo stesso tempo, questi dati sono stati integrati con
quelli registrati dalla rete permanente di stazioni sismiche gestita dall’Istituto Nazionale di

Geofisica e Vulcanologia, Osservatorio Etneo. Dai risultati ottenuti in questi studi, ¢



possibile dedurre che, durante I’attivita eruttiva all’Etna, le proprieta e le sorgenti dei
segnali sismo-vulcanici sono correlate temporalmente con i fenomeni di pressurizzazione
e depressurizzazione che interessano il sistema di alimentazione del vulcano. Inoltre, le
analisi condotte in questi studi potrebbero essere uno strumento valido ai fini della
valutazione della pericolosita vulcanica e dello sviluppo di sistemi d’allerta in vulcani

attivi.

CAPITOLO 1

Il primo capitolo di questa tesi espone gli argomenti relativi alle conoscenze di base
necessarie per lo studio del tremore vulcanico e degli eventi LP ¢ VLP. Nello specifico, si
compone di tre sezioni: la prima sezione introduce brevemente la sismicita vulcanica; la
seconda sezione descrive il vulcano Etna; la terza sezione € dedicata ad una descrizione dei

metodi d’analisi utilizzati per lo studio dei segnali sismici registrati al vulcano Etna.

L’introduzione alla sismicita vulcanica, oggetto della prima sezione, descrive le diverse
tipologie di segnali sismici che ¢ possibile osservare nei pressi di un vulcano attivo. Sulla
base degli studi piu recenti, ¢ stata effettuata una descrizione dei segnali sismo-vulcanici,

tra cui il tremore vulcanico e gli eventi LP e VLP.

La descrizione del vulcano Etna, oggetto della seconda sezione, ¢ stata effettuata prendendo
in esame i piu recenti studi al fine di mostrarne le principali caratteristiche geologiche,
strutturali ¢ geodinamiche. Particolare attenzione, inoltre, ¢ stata dedicata sia alla
descrizione delle caratteristiche dei segnali sismo-vulcanici, sia alla descrizione della

recente attivita, specie per quanto riguarda 1’attivita eruttiva osservata tra il 2010 ed il 2011.

Infine, la terza sezione ¢ stata dedicata alla descrizione dei concetti base necessari per
effettuare 1’analisi in tecnica d’array. Allo stesso tempo, particolare attenzione ¢ stata posta
alla descrizione dei metodi d’analisi necessari per la caratterizzazione dei segnali sismici,
come contenuto spettrale, ampiezza, polarizzazione e localizzazione della sorgente, e per

I’individuazione di segnali transienti come gli eventi LP ¢ VLP.



CAPITOLO 2

Il secondo capitolo di questa tesi ¢ dedicato all’analisi delle caratteristiche del tremore
vulcanico e degli eventi LP ¢ VLP registrati al vulcano Etna durante il periodo 2010-2011.

A tale scopo, il capitolo ¢ stato suddiviso in diverse parti.

In primo luogo, dopo una breve descrizione della letteratura concernente diversi casi studio,
sono state descritte le modalita di acquisizione dei segnali sismici e la copertura temporale
dei dati acquisiti. In particolare, sono stati utilizzati i dati registrati durante una campagna
di acquisizione condotta tra il 2010 e il 2011 dai ricercatori dell’Istituto Nazionale di
Geofisica e Vulcanologia (INGV), che ha previsto I’installazione di array sismici nei pressi
dell’area sommitale etnea. Questi dati sono stati integrati con quelli registrati dalla rete
sismica permanente gestita dall’INGV. Per lo studio del tremore vulcanico e degli eventi
LP e VLP, ci si ¢ focalizzati su diversi intervalli temporali, sulla base di: (i) periodo di
funzionamento delle stazioni che costituiscono gli array e della rete sismica permanente;
(i) attivita eruttiva dell’Etna, con particolare attenzione alla sequenza esplosiva osservata
durante I’estate del 2010 alla Bocca Nuova (BN) e ai 18 episodi parossistici verificatosi al

Nuovo Cratere di Sud-Est (NSEC) durante il 2011.

Successivamente, sono state descritte le modalita d’analisi e i risultati ottenuti per la
caratterizzazione del tremore e degli eventi LP e VLP durante i periodi oggetto di studio.
In generale, particolare attenzione ¢ stata dedicata alla variazione delle caratteristiche dei
segnali in concomitanza con le variazioni dell’attivita vulcanica. Per quanto riguarda il
tremore, ¢ stata affrontata una prima indagine mirata ad individuare l’intervallo in
frequenza ideale per 1’analisi in tecnica d’array, sulla base delle capacita degli array di
registrare un campo d’onda coerente. In un secondo momento, ¢ stata eseguita una serie di
analisi per la caratterizzazione del tremore in termini di ampiezza, contenuto in frequenza
e polarizzazione del segnale. Per quanto riguarda gli eventi LP e VLP, oltre alla
determinazione delle loro caratteristiche principali, ¢ stata effettuata un’analisi mirata alla

individuazione e classificazione in base alla loro forma d’onda.

Infine, oltre a riassumere i principali risultati ottenuti, sono state esposte varie

considerazioni e suggerimenti per eventuali lavori futuri concernenti studi analoghi.

Vi



CAPITOLO 3

Il terzo capitolo di questa tesi ¢ dedicato alla localizzazione di sorgente del tremore
vulcanico e degli eventi LP e VLP registrati al vulcano Etna durante I’attivita del 2010 e
del 2011. Anche in questo caso il capitolo ¢ stato suddiviso in sezioni, con una struttura
simile ai capitoli precedenti. In una prima parte introduttiva, ¢ stata descritta brevemente la
letteratura concernente lo stato dell’arte in materia di analisi in tecniche d’array. In seguito,
ci si ¢ focalizzati sulla descrizione delle modalita di esecuzione delle analisi in tecnica
d’array e sui risultati ottenuti per il tremore e gli eventi LP e VLP. Nelle sezioni finali, ¢
stata esposta, invece, ’interpretazione delle sorgenti sismiche in relazione alle dinamiche
eruttive osservate durante i periodi d’investigazione, nonché sono stati elencati alcuni

suggerimenti per eventuali lavori futuri.

Per la localizzazione del tremore vulcanico, € stata applicata una tecnica basata sulla stima
delle componenti del vettore “slowness”. A tal proposito, sono stati utilizzati
esclusivamente i dati sismici registrati dagli array durante il 2010 e i1 2011. Per gli eventi
LP e VLP, la localizzazione di sorgente ¢ stata effettuata mediante due approcci differenti.
I primo si basa sullo stesso metodo d’analisi che ¢€ stato utilizzato per il tremore; il secondo,
invece, sulla determinazione della posizione della sorgente mediante metodi che prevedono
una ricerca su griglia. In questo caso, sono stati utilizzati sia i dati sismici degli array che
quelli acquisiti dalla rete permanente etnea dell’INGV durante i periodi oggetti di studio.
Inoltre, sono state valutate le performance di alcune tecniche d’analisi mediante una serie
di segnali sintetici di eventi LP ¢ VLP, cercando di emulare il piu possibile le loro
caratteristiche. In tutti questi approcci, ¢ stata comunque eseguita una valutazione degli

errori mediante un metodo statistico basato su ricampionamenti sequenziali.

Particolare attenzione ¢ stata dedicata anche alle variazioni della posizione della sorgente
dei segnali sismici in relazione all’attivita esplosiva del 2010 e del 2011. Tenendo anche
conto dei risultati ottenuti nel Capitolo 2, si ¢ tentato di schematizzare pattern caratteristici
di episodi eruttivi come quelli delle fontane di lava o delle esplosioni minori. Dai risultati
ottenuti, sono state individuate alcune evidenze preeruttive relative allo stato di unrest del
vulcano Etna, specialmente per quanto riguarda lo sviluppo dell’attivita parossistica. In
particolare, alcune ore prima dell’attivita eruttiva, ¢ stato osservato che: (i) la frequenza del
tremore vulcanico si focalizza attorno a 1 Hz; (i7) ’ampiezza del tremore vulcanico e degli
eventi LP e VLP aumenta gradualmente con la ripresa dell’attivita eruttiva; (ii7) la sorgente

di questi segnali sismici migra verticalmente e/o lateralmente, spostandosi verso la

vii



porzione piu superficiale del sistema di alimentazione del vulcano; (iv) la sorgente di questi

segnali sismici genera onde P e SH-Rayleigh.

CAPITOLO 4

Il capitolo 4 rappresenta 1’ultimo capitolo di questa tesi. Oltre a riassumere i principali
risultati ottenuti nei precedenti capitoli, espone una serie di considerazioni e suggerimenti
per eventuali lavori futuri concernenti studi analoghi. Dai risultati ottenuti, ¢ possibile
dedurre che le proprieta e le sorgenti dei segnali sismo-vulcanici sono temporalmente
correlate con i fenomeni di pressurizzazione e depressurizzazione che interessano il sistema
di alimentazione del vulcano. Variazioni nel tempo delle proprieta e della posizione
sorgente dei segnali sismici, alcune ore prima lo sviluppo dell’attivita eruttiva, potrebbero
fornire informazioni sullo stato di attivita del vulcano sul breve periodo, specialmente per
episodi eruttivi come i parossismi. MISARA, software con interfaccia grafica in ambiente
Matlab (vedi Appendice A), potrebbe essere uno strumento valido ai fini della ricerca
scientifica e del monitoraggio vulcanico. Pertanto, questi risultati potrebbero contribuire
allo sviluppo di strategie per la valutazione della pericolosita vulcanica e dei sistemi

d’allerta presso aree vulcaniche.

APPENDICE A-MISARA

In questa appendice sono illustrati I’implementazione e il funzionamento di MISARA
(Matlab Interface for the Seismo-acoustic ARary Analysis), un software con interfaccia
grafica in ambiente Matlab, sviluppato per la visualizzazione, caratterizzazione,
individuazione e localizzazione di segnali sismo-acustici. In particolar modo, ci si €
focalizzati sulla struttura e sulle metodologie sui cui si fonda il software, prestando
attenzione ai vantaggi e alle limitazioni nel suo utilizzo, nonché alle possibili

implementazioni future.
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ABSTRACT

Volcanoes exhibit a large variety of seismic signals involved in dynamic interactions
between magma movements, degassing and pressurized conditions. Their characteristics
often provide important clues on the transport mechanisms and eruption processes. The
source localization and analysis of these signals play a key role in the study of volcano
dynamics, but they require specific techniques and/or networks geometries due to their
unique features. In the last decades, small aperture seismic arrays have become a reliable
and useful tool for tracking the seismic sources in volcanic areas. New methods of source
localization, based on estimations of back-azimuth and apparent velocity of seismo-
volcanic sources, have received considerable attention in volcano research, but were not
often used as operational routines for volcano monitoring. In order to address these
challenges, volcanic tremor, Long Period and Very Long Period events recorded at Mt.
Etna during eruptive activity in 2010-2011 were analysed through array techniques. In this
thesis, the research work was mainly divided into three different phases: (i) analysis of the
features of seismic signals, to determine their wavefield properties and the frequency range
of analysis reliable for the array processing; (ii) source location of the seismic signals, to
image the plumbing system of the volcano; (iii) implementation of a Matlab Graphic User
Interface, to provide a useful and user-friendly tool for analytical routines at volcanological
observatories. For these studies, we used the data archived during seismic array
experiments performed in the 2010-2011 period, integrated with those recorded by seismic
permanent network managed by Istituto Nazionale di Geofisica e Vulcanologia,
Osservatore Etneo. From the results obtained in these studies, we infer that variation of the
features of signals and source locations are time-related to pressurization and
depressurization dynamics of the plumbing system of Mt. Etna during the different phases
of eruptive activity. In addition, we argue that arrays methods could be considered as
additional and powerful tools in the hazard assessment and in the development of early-

warning systems of a volcano.

Keywords: seismology, Mt. Etna volcano, volcanic tremor, Long Period events, Very

Long Period events, lava fountains, array techniques, Matlab software with interface.



INTRODUCTION

Volcanoes are striking manifestations of magma rising from the depths of the Earth’s crust.
Human activity takes place near many volcanoes, which can produce violent explosive
eruptions, including ash and pyroclastic fragments. These eruptive events can certainly
have a catastrophic impact on society. However, eruptions are frequently preceded and
followed by volcanic and seismic phenomena, indicating strong variations in the dynamic
process caused by internal forces. Such pre-, syn- and post- eruptive indicators can be
measured by seismometers, providing very valuable tools for the monitoring of volcanic
areas. For this reason, volcanologists deal with a large variety of seismic signal involved
in dynamic interactions between magma movements, degassing and pressurized conditions.
Source localization and analysis of these signals can lead to a better knowledge of magma
transport mechanisms and eruption processes. In fact, the upward movement of magma
towards the volcano’s crater frequently breaks rocks and hence leads to propagation of
seismic waves (Dingwell, 1996; McNutt, 2005; Sparks, 2000). At surface, physical and
chemical properties of magma change and cause different processes that explain the
diversity of seismic signals recorded at volcanoes around the world. A fundamental goal of

volcano seismology consists of a better understanding of these mechanisms.

In the last two decades, improvements in digital data acquisition, seismic signal processing
and more precise and higher quality data, have allowed to improve the knowledge about
the structures and dynamics that characterized active volcanoes, such as Piton de la
Fournaise (Réunion island, France), Kilauea (Hawaiian, USA), St. Helens (Washington,
USA), Sakurajima (Japan), etc. Results obtained from these different sites show that the
magma dynamics in the plumbing system are reflected in the pattern of geophys-ical data
series, such as seismicity. The determination of the seismic source is very important, since
changes of wavefield properties or source position of seismo-volcanic signals are
frequently one of the first signs of volcanic unrest. For this reason, hundreds of volcanoes

are currently seismically monitored.

Recently, the use of broadband three component seismometers has significantly improved
the resolution and range of signals detectable at volcanoes, leading to the development of
new strategies for the interpretation and analysis of seismo-volcanic phenomena (Chouet,
2003; Wassermann, 2012). A great variety of seismic signals can be generally recorded on
active volcanoes. On the basis of their waveform features and frequency content, these

signals can broadly be classified into different groups (Chouet, 1996a,b; Neuberg et al.,



2006; Wassermann, 2012), including volcanic tremor and Long Period (LP) and Very Long
Period (VLP) events.

Seismo-volcanic signals such as volcanic tremor and LP and VLP events show sustained
or emergent nature and ambiguous seismic P- and S-phases. Due to lack of clear body-
waves phases, volcanic tremor cannot be located precisely using classical earthquake
hypocenter tools (Chouet et al., 2003). Localization of the source of LP/VLP events using
travel time inversion is possible, but the uncertainty of location is very large due to lack of
distinct S-phases and large error in first arrival picking. Because sources of these seismo-
volcanic signals are different from those of tectonic earthquakes, analysis techniques and
equipment configuration must be adapted to operate on these types of signals. For instance,
small aperture seismic arrays have become a reliable and useful tool for tracking the seismic
sources in volcanic areas (Rost and Thomas, 2002). For this reason, new methods of source
localization were developed in last decades, based on estimations of back-azimuth and
apparent velocity of seismo-volcanic sources. In the literature, most methods using seismic
sensor arrays have received considerable attention in volcano research (e.g. Métaxian et
al., 1997; Saccorotti et al., 2001; La Rocca et al., 2004; Almendros et al., 2004; Di Lieto et
al., 2007). In fact, an advantage of array methods is the ability to improve the signal-to-
noise ratio (SNR), allowing to estimate lateral and vertical migration of signal sources.
However, arrays are not often used as an operational tool for volcano monitoring, excepts

in some cases (e.g. Coombs et al., 2018).

Mt. Etna volcano (Sicily, Italy) is one of the most active and monitored volcanoes in the
world, characterized by the continuous acquisition of different geophysical data. The rapid
evolution of the eruptive dynamics that characterizes this volcano and the multiparametric
monitoring network, managed by the “Istituto Nazionale di Geofisica e Vulcanologia

(INGV)”, allow us to consider Mt. Etna as a natural laboratory.

The aim of this thesis is the study of seismic signals, generated by Mt. Etna volcano,
through array techniques, in order to provide both useful information about magma
dynamics in the plumbing system of the volcano and efficient tools for monitoring purposes
at volcanological observatories. In the chapters of this thesis the results, obtained by the
study of the activity that occurred at Mt. Etna during the 2010-2011 period, will be
presented. These years were characterized by an intense eruptive activity showing more
than 30 minor explosive events at Bocca Nuova crater (BN) and 18 paroxysmal episodes

at the New South East Crater (NSEC).



This study concerned the investigation of seismic signals recorded during the considered
period, focusing the attention on the features of volcanic tremor, LP and VLP events
(frequency content, amplitude, polarization attributes, source location). The following
work, was articulated in three different phases: (i) analysis of the features of seismic signals
recorded at Mt. Etna during 2010-2011 period, to define their wavefield properties in time
and a frequency range of analysis reliable for the array processing; (i7) source location of
the seismic signals recorded at Mt. Etna during 2010-2011 period, in order to localize the
source of the seismic signals and describe its mechanisms related to dynamics of injection
and transport of magma; (i) implementation of a Matlab GUI (Graphic User Interface),
based on the techniques used in (i) and (if), in order to provide an useful tool for analytical
routines at volcanological observatories. For these phases, we used the data archived during
seismic array experiments performed in the 2010-2011 period, integrated with those
recorded by INGV seismic permanent network. In particular, in the Chapter 1 of this thesis
the fundamentals regarding volcano seismicity, geological features and recent activity of
Mount Etna, as well as the principal analyses routinely performed on Etna seismo-volcanic
signals, have been briefly described. In Chapter 2 and Chapter 3, the features and the source
location of seismic signals, were described. Specifically, each of the two chapters was
divided into sections concerning general introduction, description of the results, discussion
and conclusions. Then, the Chapter 4 summarized the main results obtained with the studies
carried out in this thesis, providing some perspectives for possible future studies. Finally,
in the Appendix A, the main features of the Matlab GUI and its functionalities were

illustrated, discussing on the advantages and limitations of the software.



CHAPTER 1 - BACKGROUND AND STATE OF ART

1.1 VOLCANO SEISMOLOGY

Active volcanic areas generate several types of seismic signals, characterized by well-
defined features. Volcano seismology studies these signals, in order to understand the
nature and dynamics of the injection and transport of magma and related to hydrothermal
fluids (Chouet, 2003). They are traditionally classified based on waveform features and
frequency content. The commonly adopted classification schemes (e.g. Lahr et al., 1994;
Chouet, 2003; Wassermann, 2012; McNutt et al., 2015) distinguish different groups of
signals, depending on their frequency content. These are: high-frequency (HF) and low-
frequency (LF) earthquakes, volcanic tremor, hybrid events and volcanic explosions (Fig.
L.1).
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Figure 1.1. Waveforms and spectrograms of (a) HF earthquake, (b) LF earthquake, (c) volcanic tremor, (d)
hybrid event, and (e)-(f) volcanic explosions at Mt. Etna (From Patané et al., 2008).



1.1.1 HF EARTHQUAKES

HF earthquakes (Fig. 1.1a), also known as Volcano-Tectonic (VT) or A-type earthquakes,
are characterized by clear P-S wave phases and dominant frequencies spanning from 2 to
20 Hz. These types of events are similar to pure tectonic ones, except for the occurrence
patterns which are in swarms rather than the usual mainshock-aftershock sequences

(McNutt, 2002).

HF events are thought to be related to regional tectonic forces, gravitational loading, pore
pressure effects and hydrofracturing, thermal and volumetric forces associated with magma
intrusion, withdrawal, cooling or some combinations of any or all of these (McNutt, 2005).
In a volcano, HF seismicity can be generated by the propagation of the ascent of magma
and rock breaking. For this reason, variations in volcano tectonic seismicity can often
represent the earliest detectable precursors to volcanic eruptions (e. g Roman and

Cashman, 2006).

One of the main progresses in the investigation of VT events is represented by
implementation of a suite of techniques used to improve locations. These techniques
allowed to define many faults that are not discernible in usual locations (e.g. Prejean et al.,
2002; McNutt, 2005). Another technique of research is high-resolution tomography
developed to image subsurface volcanic velocity structures at scales of a few hundred
meters (e.g. Dawson et al., 1999; Patan¢ et al., 2006). In addition, these events allow to
determine stress orientations via study of focal mechanisms and stress tensor inversion (e.g.

Barberi et al., 2000; Waite and Smith, 2004).

1.1.2 LF EARTHQUAKES

LF earthquakes (Fig. 1.1b) are also called Long Period (LP) events or B-type earthquakes.
With frequencies ranging between 0.5 and 5 Hz, these events are usually interpreted as
precursors to an eruption (Chouet, 1996a), because volcano activity is often preceded and

accompanied by them.

Although their source processes are still not well understood, LF events may be attributed
to internal volcanic activities associated with fluid movement, heat and gas supply from
magma, and interaction between magma and underground water. The main model invokes
the resonance within a pressurized fluid-filled crack (e. g. Chouet, 1986), that is controlled

by the geometry/dimension of the crack and the impedance contrast between the fluid and



the host rock and the crack stiffness. Even if this model explains how the characteristics of
LP events could be produced, the trigger mechanism is still unknown and many volcanic

processes could be involved (e.g. Chouet and Matoza, 2013).

Magmatic-hydrothermal fluids interactions are one of the first trigger mechanisms
proposed for LP events generation (Chouet, 1986). LP seismicity could be generated via
boiling and depressurization of ground water (Leet, 1988; Matoza and Chouet, 2010),
cyclic collapse and recharge of pressurized hydrothermal cracks (Arciniega-Ceballos et al.,
2012; Matoza and Chouet, 2010; Matoza et al., 2009; Nakano, 2005; Ohminato et al., 2006;
Waite et al., 2008) or unsteady chocking of a supersonic flow of magmatic steam (Chouet

et al., 1994; Morrissey and Chouet, 1997).

Magmatic degassing has been recognized as trigger mechanism of LP events that is based
on the oscillation of the terminal part of the conduit system induced either by the chocking
of the flow or the explosive jet recoil (e.g. Ohminato et al., 1998; Chouet, 2003; Davi et
al., 2012).

Experimental and numerical studies have recently showed that highly viscous melts can
exhibit solid—like brittle behavior (Webb and Dingwell, 1990; Alidibirov and Dingwell,
1996; Dingwell, 1996; Ichihara and Rubin, 2010;) in conditions realizable in magma
conduits (Papale, 1999; Collier and Neuberg, 2006; Gonnermann and Manga, 2007; Hale,
2007; Thomas and Neuberg, 2012). The process is related to non-Newtonian behavior of
different melt compositions which could experience a transition from viscous-fluid-like to
solid-like mechanical behavior (Webb and Dingwell, 1990). The brittle behavior of part of
melt and crystals could result in shear-failure and trigger the resonance of the fluid filled

crack generating the LP signal (Neuberg et al., 2006).

Solid lava dome extrusion is another trigger mechanism proposed for the LP events
generation (e.g. Iverson et al., 2006; Moran et al., 2008). It is based on the existence of a
solid plug pulled upward by a constant flux of molten (bubbly) magma at depth in a conduit.
Each LP event would correspond to stick-slip motion of the lava plug. This stick-slip
motion would occur on the margins of the lava plug where extrusion is resisted by friction

forces.

Recently, Bean et al., (2014) proposed a new model for explaining shallow LP seismicity.
They attributed the apparent resonance of these low-frequency seismic events caused by
propagation effects and not being source related. Their model hypothesizes that these LP

events are consequence of failure in materials close to the brittle-ductile transition. The



brittle-ductile transition in shallow volcanic material is not supposed to be related to high
temperature and pressure, but to the low friction angles of the unconsolidated shallow

volcanic deposits.

In the last decades, the widespread use of broadband stations has allowed to observe a new
type of LF signals, known also as Very Long Period (VLP) events, at many volcanoes
around the world, such as Aso (Legrand et al., 2000), Merapi (Hidayat et al., 2000),
Stromboli (Neuberg et al., 1994; Chouet et al., 2003), Popocatépetl (Chouet et al., 2005),
Kilauea (Ohminato et al., 1998) and Etna (Cannata et al., 2009a; Zuccarello et al., 2013).
These events usually show a period spanning between 2 and 100 seconds (Neuberg et al.,

1994; Ohminato et al., 1998).

VLP events may provide important information about the geometry of the shallow portion
of the plumbing system and the temporal variations of the physical characteristics of
magma (e.g. Chouet et al., 2003). In fact, changes in their spectral, amplitude and waveform
properties could be associated to pressure variations within conduits, constituting a
potentially useful element to forecast eruptive activity (e.g. Saccorotti et al., 2007; Patané
et al., 2008; Cannata et al., 2009a; Chouet et al., 2010; Patané et al., 2013; Zuccarello et
al., 2013; Chouet and Matoza, 2013).

VLP signals are generally attributed to the elastic response of the volcano’s plumbing
system resulting from transient volumetric changes accompanying the transport of magma
and gases through the conduits or dikes-sills (e.g. Uhira and Takeo, 1994; Kaneshima et
al., 1996; Chouet and Matoza, 2013). Inversions of VLP waveforms have imaged crack
geometries in the form of dikes or sills (Ohminato et al., 1998; Yamamoto et al., 1999;
Chouet et al., 2003; Kumagai et al., 2003), as well as more complicated geometrical
configurations involving sill-dike composites (Chouet et al., 2005; Dawson et al., 2011;
Haney et al., 2012), composites of intersecting dikes (Chouet et al., 2008; Chouet and
Dawson, 2011), or two chambers connected to each other by a narrow channel (Nishimura

et al., 2000).

Some authors use also the term Ultra Long Period event (ULP) to refer events with period
longer than 100 s (e.g. Ohminato et al., 1998). These events are identified as precursor of
volcanic activity and, generally, they are interpreted as consequence of a tilt responding to
the volcano deformation during magma ascent and ejection (e.g. D’Auria et al., 2006;

Cesca et al., 2007; Sanderson et al., 2010).



The source localization of LF signals can greatly improve knowledge about the source
mechanisms and geometry of the plumbing system of a volcano. Since LF signals show
emergent P-waves and not detectable S-waves, classical travel-time inversion methods
cannot usually be applied to determine their source position, but it necessary to use other
techniques. For this purpose, several methods have been implemented, such as (i)
Semblance algorithm (e.g. Cannata et al., 2013), (ii) array analysis (Metaxian et al., 2002;
Inza et al., 2011, Almendros et al., 2014), amplitude decay (Battaglia et al., 2003) method,
(iii) coupled inversion location and moment tensor (Kumagai et al., 2002), (iv) cross-
correlation location (De Barros et al., 2009) and (v) time reversal method (O’Brien et al.,

2011).

1.1.3 VOLCANIC TREMOR

Volcanic tremor (Fig. 1.1¢) is a sustained seismic signal and it has been widely observed
at volcanoes throughout the world (Kostantinou and Sclindwein, 2002; McNutt, 2011). It
can be recognized as a common precursor of volcanic eruptions (e.g. Balmforth et al.,
2005). In several volcanos, the spectral content of tremor is usually focused on frequency
band ranging from 0.1 to 10 Hz through one or more dominant sharp peaks associated with
source effects (e.g. Fehler, 1983; Almendros et al., 1997; Hagerty et al., 2000). Generally,
the origin of volcanic tremor is related to the complex interplay between magmatic-
hydrothermal fluids and their host rocks (e.g. Chouet, 1986; Julian, 1994). Several models
have been proposed in order to account for tremor generation including free oscillations of
fluid filled cavities (Crosson and Bame, 1985; Fujita et al., 1995), jerky crack propagation
(Aki et al., 1977), flow-induced oscillations of volcanic conduits (Julian, 1994; Hellweg,
2000), and the resonance of fluid filled cracks and conduits (Chouet, 1986; Benoit and
McNutt, 1997; Garces and McNutt 1997).

Earlier models of tremor, based on the free oscillations of magma chambers, were able to
reproduce peaked harmonic spectra but often relied on unrealistic dimensions of the
resonating volumes (De Angelis and McNutt, 2007). Most recently, the study of tremor has
received increasing attention by volcano seismologists because of its potential as a
monitoring and forecasting tool for unrest at volcanoes, and more refined models have been
proposed. Aki et al. (1977) proposed that tremor is generated by the pressure driven motion
of fluids through a chain of cracks connected by narrow channels; the characteristics of
tremor are controlled by parameters such as the length of the cracks and the fluid pressure.

Chouet (1986) suggested that the resonance modes of a fluid-filled rectangular crack,



triggered by a localized pressure disturbance acting on the crack walls, correspond to the
peaks observed in the spectra of volcanic tremor. The predicted wavefield depends on
parameters that include the crack dimensions, the position and intensity of the pressure
disturbance and the impedance contrast between the fluid and the surrounding rocks. Julian
(1994) proposed that tremor results from the oscillations of slot-like channels with movable
elastic (damped) walls, induced by the flow of a viscous incompressible fluid. This model
is described by a third-order system of non-linear differential equations whose solutions
are controlled by the fluid flow pressure; increasing values of this parameter account for
steady flow without oscillations, short-lasting oscillations, sustained oscillations, period-
doubling cascades, and chaotic oscillations controlled by non-linear attractors. More
recently, Jellinek and Bercovici (2011) proposed a model for generation of volcanic tremor
based on magma-wagging. This model suggests that, in silicic systems, magma rises as a
relatively stiff column surrounded by a gas-rich annulus (Okumura et al., 2006, 2008;
Gonnermann and Manga, 2007). Specifically, lateral displacements of the magma column
from its central resting position compress or dilate the annulus, which acts as a semi-
permeable springy foam that restores the magma column to its resting state. The column’s
inertia causes an over-shoot of this resting position, leading to a wagging oscillation, whose

impulse is imparted to the conduit walls to cause tremor.

Harmonic tremor and spasmodic tremor represent two particular cases of general volcanic
tremor. The former is a low-frequency, often monotonic sinusoid with smoothly varying
amplitude, while the latter is a higher-frequency, pulsating, irregular signal (McNutt,
1996). There is also another type of volcanic tremor called banded tremor. Characterized
by regular cyclic increases of amplitude, it has widely been recorded during hydrothermal
activity (McNutt, 1992; Cannata et al., 2010), and its source processes have been modelled

(Fujita, 2008).

In many volcanoes, tremor shares the same frequency band and source processes with LP
events, although it is characterized by different duration: similar to that of earthquakes for
the LP events; minutes to longer than months for volcanic tremor. On the base of it, many
authors have concluded that tremor consists of a series of LF events occurring at intervals

of few seconds (Chouet, 1992).

The quantitative analysis of this kind of seismicity is very important for understanding and
distinguishing the different source processes. Other seismic signals with similar properties
to volcanic tremor can be also generated by several other processes such as subglacial

flooding (Eibl et al., 2020), lahars (Kumagai et al., 2009) or other surficial mass flows
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(Allstadt et al., 2018) and deeper slow slip earthquakes in subduction zones (Beroza and
Ide, 2011). Therefore, it is very important to determine the features and source location of
tremor to distinguish the processes underlying tremor generation. Owing to its emergent
and sustained nature and lack of clear body-wave phases, volcanic tremor cannot be located
through techniques based on travel time inversion, but it is necessary to use alternative
methods such as amplitude-based techniques (Battaglia et al., 2005; Cannata et al., 2015;
Morioka et al., 2017) or seismic array analysis (Almendros et al., 1997; Di Lieto et al.,

2007; Eibl et al., 2017a,b).

1.1.4 HYBRID EVENTS

Hybrid events (Fig. 1.1d) share signal and frequency characteristics of LF and HF events.
The spectral analysis of these signals reveals two distinct phases. The initial high-frequency
segment reaches frequency up to 40 Hz, while the low-frequency portion is very similar to
a LP event and peaks around 1-6 Hz. Before eruption o during phases of lava extrusion,

hybrid events can be generated as seismic warms (Lahr et al., 1994; Miller et al., 1998).

This kind of signals may be attributed a possible combination of source mechanisms from
both event types and additionally may reflect possible path effect (Harrington and Brodsky,
2007). However, the repetitive nature of hybrid events suggests also a spatially stable
source linked to the interaction between a plug of magma and the conduit walls (Iverson,

2006; Kendrick et al., 2014).

1.1.5 VOLCANIC EXPLOSIONS

Volcanic explosions (Fig. 1.1e-f) or explosion-quakes accompany explosive activity and
many of them are composed by air-shock phase in the seismic record (McNutt et al., 2015).
In the recent years, they have been largely investigated through the use of infrasonic
pressure sensors. The infrasonic signal consists of acoustic waves travelling in atmosphere
at frequency lower than the audible component of sound (<20 Hz). During the propagation,
especially in case of short paths, this kind of signal keeps its characteristics almost
unchanged, because the acoustic waves travel in an almost homogenous medium with no
structures that might scatter, attenuate or reflect them. Therefore, unlike the seismic signal,
acoustic wavefield is not strongly affected by topography and path effects, allowing to

acquire information on source location.
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The source mechanism of this kind of signal may be attributed to different phenomena,
such as (i) the acoustic resonance of magma in the conduit, triggered by explosive sources,
(Buckingham and Garces, 1996; Garces and McNutt, 1997; Hagerty et al., 2000), (ii) local
bubbles coalescence within a foam (Vergniolle and Caplan-Auerbach, 2004), and (iii)
Strombolian bubble vibration (Vergniolle and Brandeis, 1994, 1996; Vergniolle et al.,
1996, 2004). Methods for determining the relative acoustic and seismic contributions
during explosive eruptions were developed (Johnson and Aster, 2005; Andronico et al.,

2013).
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1.2 MT. ETNA VOLCANO

Situated in Eastern Sicily (Italy), Mt. Etna (Fig. 1.2) is one of the most active volcanoes in
the world. With a total area of 1250 km?, it is characterized by roughly elliptical base (38
x 47 km) and maximum elevation of about 3350 m a.s.l. (Branca et al., 2004). The summit
portion of the volcano currently consists of five main active craters: Bocca Nuova (BN),
North-East Crater (NEC), Voragine (VOR), South-East Crater (SEC) and New South-East
Crater (NSEC). In addition, about 350 crater or minor vents are situated in the flank of the

volcano, each of which erupted once.
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Figure 1.2. a) Map of Europe (From Google Earth). b) 3D elevation model of Etna. ¢) Map of Etna (redrawn

from Aiuppa et al., 2015). d) zoom on the summit area of the volcano (from https:/www.ct.ingv.it).
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1.2.1 GEOLOGICAL FRAMEWORK

According to recent geological investigation (Branca et al. 2004, 2008, 2011) and
geochronological data (De Beni et al., 2011), the geological history of Mt. Etna can be
divided in four main phases (Fig. 1.3): (i) the Basal Tholeiitic phase, (if) the Timpe phase,

(iii) the Valle del Bove centers and (iv) the Stratovolcano phase.

(9) The Basal Tholeiitic phase (Fig. 1.3a) began in the middle of Pleistocene, about 500 ka
ago (Branca et al., 2008), through fissure-type submarine eruptions within the Gela-Catania
foredeep basin. The products of these eruptions are situated in the area of Aci Castello
(Corsaro and Cristofolini, 2000) and they are composed of subalkaline pillow lavas,
hyaloclastic breccias and tholeiitic shallow intrusions (Branca et al., 2004). About 330 ka
ago, the first subaerial products of Mt. Etna were erupted from scattered fissure-type
eruptions in Simeto paleovalley (De Beni et al., 2011), because of uplifting of the area.
During this geological period, the main eruptive products were represented by tholeiitic

basalts (Branca et al., 2008).

(ii) The Timpe phase (Fig. 1.3b) took place between 220 ka and 129 ka ago (De Beni et al.,
2011) through repetitive effusive eruptions along Timpe fault system (Branca et al., 2011).
The main products of this period are attributed to a first primitive volcano structure, whose
evidences are exposed as a lava shield elongated 22 km on an NNW-SSE basis in
correspondence of the actual Acireale scarps on the east flank of the volcano (Branca et al.,
2008, 2011b). Volcanism was characterised by a transition from sub-alkaline to alkaline-

Na affinity (Corsaro and Pompilio, 2004; Branca et al., 2008).

(iti) During the Valle del Bove phase (110-65 ka ago-Fig. 1.3c), the volcanism was
focused on the actual Valle del Bove area, shifting from sporadic fissure eruptions to
central-type magma uprising mechanism with formation of several small polygenic
volcanic centres (De Beni et al., 2011). During this phase, the plumbing system started the
construction of the first stratovolcano edifice, reaching a maximal elevation of about 2600
m (Branca et al., 2011). The main activity was associated to Trifoglietto centre (~107 — 99
ka ago) on the southern flank of Valle del Bove. Its activity consisted of effusive lava flows
and explosive activity, which ended with a Plinian eruption which generated a thick
sequence of pumice and flow deposits (Branca et al., 2011). In general, volcanism of this

period varies from hawaiitic to benmoreitic composition (Corsaro et Pompilio, 2004).

(iv) In the Stratovolcano phase (Fig. 1.3d), the volcanism shifted 4 km NNW from previous
eruptive centres, marking the building of Ellittico crater (Coltelli et al., 2000) about 57 ka
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ago. Its activity was mainly characterized by explosive and effusive events from summit
vents and flank fissures, allowing the expansion of its flanks until it reached the actual
boarders of volcano (Branca and Ferrara, 2013) and a maximal elevation of about 3600 m
a.s.l. (De Beni et al., 2011). About 15.5-15 ka ago, the Ellettico activity ended with the
collapse of the summit area through four plinian eruptions, generating the Ellitico caldera
(Coltelli et al., 2000). Since 15 ka ago, the volcanic activity consisted of effusive summit
eruptions, that gradually filled the Ellittico caldera, and flank eruptions, that covered the
previous morphology (Calvari et al., 1994). This kind of volcanism contributed to the
construction of the actual morphological setting of Mt. Etna, called Mongibello volcano.
About 10 ka ago, the eastern flank of the volcano was involved in a collapse that generated
the depression of the Valle del Bove (Calvari et al., 2004). In the Holocene, explosive
activity of Mongibello led to the formation of the Cratere del Piano caldera (Branca et al.,
2011). In the last 2 ka, the effusive activity of the volcano allowed to fill the previous

caldera and to build the present summit area.

The current volcanism may be divided into persistent activity and flank eruptions. The first
one is linked to the summit craters, while the second ones are associated to fissures and
magmatic intrusions. The summit activity of the volcano is various and can involve
different types, such as degassing, strombolian or hydromagmatic explosions, lava filling
or collapses and low rate lava emissions (Cristofolini et al., 1988). Flank eruptions are
generally accompanied by lava flows (Harris et al., 2000) and explosion activity (Behncke
and Neri, 2003; Andronico et al., 2005). In the last decades, Mt. Etna was characterized by
a high level of activity, with a marked increase in effusive rates and in the frequency of
summit and flank eruptions (e.g. Tanguy et al., 1996; Behncke and Neri, 2003; Allard et
al., 2006; Di Grazia et al., 2006; Andronico et al., 2008; Bonaccorso et al., 2011; Behncke
et al., 2014, Cannavo et al., 2017).
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1.2.2 GEODYNAMIC AND STRUCTURAL FRAMEWORK

Mt. Etna is situated in a complex structural area in which there are different domains (Fig.
1.4). It is characterized by a N-S maximum compression and an E-W maximum extension,
due to the Euroasia-Africa plates collision and the development of the Malta Escarpment
(Bousquet and Lanzafame, 2004), respectively. In particular, the volcano belongs to
structural domain of Catania-Gela foredeep basin and it borders with three geostructural
units: (i) the Appenine-Maghrebian chain at Nord and West; (ii) the Iblean foreland at
South, belonging to the Pelagian block, the northrmost part of the African plate (Lentini et
al., 2006); (iii) the lonian basin at East, that represents an ocean basin developed between
the middle-late Mesozoic and the Tertiary (Catalano et al., 2001). The Aeolian Maltese
fault system ca be considered as the edge of two different crustal domains. This system
extends from Malta Escarpment to Tyrrhenian Sea (Fig. 1.4), crossing the south-eastern
coast of the Ionian Sea, the eastern portion of Etna (Timpe faults), the north-eastern Sicily
and the Vulcano-Lipari-Salina alignment. The Aeolian-Maltese fault system divides also
the Calabrian-Sicilian arc into two different sectors (Bousquet and Lanzafame, 2004): (i)
the eastern portion, characterized by the subduction of the Ionian basin under Calabria; (i7)

the western portion, in which there is a collisional regime.
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Figure 1.4. Structural setting of central Mediterranean Sea and location of Mt Etna (from Lentini et al.,2006).
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The structural framework of Mt. Etna is very complex and results from the interaction
between regional tectonic, flank instability and basement geometry (e.g. Bousquet and
Lanzafame, 2004; Norini and Acocella, 2011; Azzaro et al., 2013). The Etnean area can be
dismembered into different structural blocks that show homogeneous kinematic properties
(Bonforte et al., 2011). The main structural lineaments of the unstable flanks of Mt. Etna
are (Fig. 1.5): (i) Timpe fault system, (ii) Pernicana fault system, (iif) Mascalucia-
Trecastagni fault system, (iv) Ragalna fault system, (v) NE rift, (vi)) NNW-SSE fissure

system, (vii) N-S fissure system, (viii) Other structures and volcanic alignments.

(7) Timpe fault system consists of normal faults that dip towards the Ionian Sea. This system
trends SSW-NNE direction on the north-eastern area of the volcano, bending towards the
south-eastern flank with a right-lateral component of motion (Azzaro et al., 2012). Most
faults show steep escarpments, called Timpe and are associated with frequent shallow-
depth seismicity (Azzaro et al., 2000). The fault system trends also towards North, uplifting
the Ionian on-shore and reaching the Strait of Messina (Catalano and De Guidi, 2003). This
structural line divides the area into two different tectonic domains, which are characterized
by distinct seismogenic features: the eastern domain, seismically active, and the western
domain, related to very shallow seismic activity (Falsaperla, 1999). This system extends
also towards the base of Malta Escarpment (Bianca et al., 1999), dividing the relict

Mesozoic lonian basin from the Western Sicily.

(if) Pernicana fault system extends towards East from the NE rift to the coastline over a
distance of about 18 km (Neri et al., 2004). It represents the most active fault system in the
region (Neri et al., 2004; Bonforte et al., 2011). In general, Pernicana fault system can be
divided into two main domains, which show different mechanisms and seismic activity
(Azzaro et al., 1998; Neri et al., 2004). The first part develops from NE rift to Presa and is
characterized by normal dip-slip motion and shallow moderate seismic activity. The second
one, rather, trends from Presa to the coastline, with left strike-slip motion and absence of
seismic activity. Probably, these different deformation styles may be attributed to different
rheological properties of their substratum (Neri et al., 2004). Recently, some authors
(Cannata et al., 2021) identify four distinct domains of the fault, which show different
behaviour in terms of seismicity, repeating earthquakes and ground deformation.
According these authors, these different portions could be related to a segmentation of the
fault plane at depth, suggesting an episodic triggering mechanism on the basis of the

recurrence intervals of repeating earthquakes.
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(iii) Mascalucia-Trecastagni fault system consists of NNW-SSE-oriented faults, deployed
on the south-eastern flank of the Mt. Etna. The deformation mechanism is characterized by

shallow seismicity and strike-slip motion (Lo Giudice and Rasa, 1992).

(iv) Ragalna fault system trends in the lower south-western flank of the volcano and it is
composed by N-S striking faults (Azzaro et al., 2012). This system can be interpreted as
the western boundary of the unstable south flank (Neri et., al 2007).

(v) NE rift is located on the north-eastern side of summit area of the volcano. The main
structures of this system form a 5-km-long and 1-km-wide ridge across lavas and
pyroclastics. These fissures have generally a gradual clockwise rotation along the rift

towards NE (Tibaldi and Groppelli, 2002).

(vi) NNW-SSE fissure system trends S-SE direction on the south-western rim of the Valle
del Bove. The upper portion of this structure is formed by closely spaced normal faults.
The overall mechanism of the NNW-SSE system is associated to a right-lateral component

of motion (Monaco et al., 2005).

(vii) N-S fissure system extends on the southern slope of the volcano through a set of N-S
or SSW-NNE striking faults, covering a distance of about 10 km between the Montagnola
Area and Nicolosi. Generally, these structures are about 1-2 km long and they are

characterized by aligned cones or volcanic ridges (Monaco et al., 2005).

(viii) Other structures and volcanic alignments are radially distributed on the western flank
of the volcano. Their characteristics suggest that they are related to a local deformation
field affected by hydraulic load of the magmatic column in the central conduit (Villari et
al., 1988).
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Figure 1.5. Map of active tectonics of Mt. Etna (redrawn from Monaco et al., 2005).

The complex geodynamic and structural features of Mt. Etna have led to elaborate a great

number of models depicting its origin:

(i) According to some authors (Ritmann, 1973; Cristofolini et al., 1979; Lo
Giudice et al., 1982), the intersection of three main faults system, extending E-
NE, N-NW and W-NW, generate a weakness zone of magma uprising (Fig.
1.6a)

(ii) The entire volcanism of volcano is fed by a limited and continuous
differentiation of the magma accumulated near the mantle-crust interface, in
response to the asthenospheric upwelling and the melting of a mantle diaper

(Tanguy et al., 1997-Fig. 1.6b).
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(iii)

(iv)

v)

The magmatism of Mt. Etna can be related to the rollback of the lonian slab
underneath the Calabrian Arc (Gvirtzman and Nur, 1999-Fig. 1.6c). This leads
to the opening of a gap between the lonian lithosphere and the African plate,
which is filled through the melting of asthenospheric material. According to
other authors (Doglioni et al., 2001), the rollback process, rather, is affected
by the transtesional mechanism of the Malta escarpment, creating a zone of
magma ascent between the Sicilian and lonian segments of Appennines slab.
On the basis of structural, seismological and volcanological studies (Monaco
etal., 1997; Monaco et al., 2005), the conditions of magma uprising are heavily
related to the dilatational strain on the normal fault system located on the
Ionian shore (Fig. 1.6d).

The ascent of magma is attributed to the instability of the eastern flank of the
volcano (Fig 1.6¢). Considering seismic and geodetical data in agreement with
high deformation rate measured on the eastern or south-eastern slope of the
volcano, the eastern sector of Mt. Etna highlights a high dynamism
(Bonaccorso et al., 2006; Bonforte et al., 2011; Azzaro et al., 2013). In
particular, this unstable sector is bounded northward by the Pernicana fault,
westward by the North-East Rift and the South Rift, and southward by the
Mascalucia- Trecastagni fault system. These structures join with a
displacement plane located at a depth of about 1.4-4 km (Palano et al., 2008),
which corresponds to the maximum depth of the earthquakes recorded along
the Pernicana fault (Alparone et al., 2013). The sliding movement of this plane
is thought to reproduce the eastward motion of the eastern slope towards the
sea, facilitating the decompression of the plumbing system and the uprise of

magma to the surface (Neri et al., 2004; Privitera et al., 2012).
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Figure 1.6. a) Main sheaves of tectonic linear elements in the Etnean area (from Lo Giudice et al., 1982). b)
Schematic representation of Mt. Etna in Tanguy et al. (1997). c¢) Three-dimensional sketch of the south
Tyrrhenian subduction zone (from Gvirtzman and Nur, 1999). Red lines represent magma rising. Black arrows
represent local patterns of mantle flow driven by slab motion. d) Cartoon showing the kinematic interpretation

of major structures of Mt. Etna (from Monaco et al., 1997). e) Models of flank instability at Etna proposed by
Bonaccorso et al. (2006).
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1.2.3 VOLCANIC TREMOR AT MT. ETNA

Volcanic tremor is a seismic signal that is generally observed at volcanoes around the
world, such as Mt. Etna. It is frequently used to study volcanic activity, due to its close
relationships with magmatic and hydrothermal activity in the volcano’s plumbing system
(e.g. Kostantinou and Schlindwein, 2002). Several models have been developed to explain
the source mechanism of volcanic tremor, although most part of authors concord to attribute
its origin to the complex interplay among the magmatic-hydrothermal fluids and their host

rock (Chouet, 1986; Julian, 1994; McNutt, 1996; Fujita, 2008).

At Mt. Etna, the first instrumental observations of volcanic tremor were performed by
Schick and Riuscetti (1973). Successively, many different studies led to constrain
conclusion about its source mechanism, highlighting the complexity of the problem. One
characteristic aspect of this signal at Mt. Etna is its persistency in time, as observed at many
other basaltic volcanoes with persistent activity such as Stromboli (e.g. Langer and
Falsaperla, 1996). This type of volcanic tremor, defined as ordinary tremor, may be
accompanied or substituted by banded tremor, as occurred during March-May 1987
(Gresta et al., 1996) and in August-October 2008 (Cannata et al., 2010). According to these
authors, this kind of tremor showed different frequency content and source location
compared to the ordinary tremor, suggesting different sources for the two types of signals.
In particular, the banded tremor generation may be attributed to the action of the

hydrothermal fluids, while magma passively affects the phenomena, such as a heat source.

In general, volcanic tremor has always been observed in concomitance with degassing,
explosive and effusive activity from the summit or flank craters (e.g. Del Pezzo et al., 1993;
Falsaperla et al., 1994; Alparone et al., 2003; Privitera et al., 2003). Variations in amplitude,
frequency content, wavefield features and source locations occurred concurrently with
changes in volcanic activity (Di Grazia et al., 2006, 2009; Alparone et al., 2007; Carbone
et al., 2008; Patané et al., 2008; Cannata et al., 2009b; Viccaro et al., 2014; Cannata et al.,
2013,2015). In particular, during paroxysmal events, tremor amplitude is correlated well
with the height and duration of lava fountains (Alparone et al., 2003; Privitera et al., 2003;
Carbone et al., 2006; Patan¢ et al., 2013), while its source position undergoes both vertical
and lateral migration on the basis of the changes in paroxysmal activity (Patan¢ et al., 2013;
Viccaro et al., 2014; Cannata et al., 2013, 2015). In addition, the spatial distribution of
seismic amplitudes and polarization attributes of tremor also highlighted a contribution
from deeper sources (Alparone et al., 2003; Privitera et al., 2003; Di Grazia et al., 2006,
2009).
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1.2.4 LP AND VLP EVENTS AT MT. ETNA

Since 2003, the installation of the first permanent three component broad-band stations
allowed a better evaluation of the low frequency seismic activity, making LP and VLP
events as the most common signatures at Mt. Etna (Farsaperla et al., 2002; Saccorotti et al.,
2007; Lokmer et al., 2007, 2008; Zuccarello et al. 2013; Cannata et al., 2013,2015).
Generally, they develop in swarms or as independent events and they also occur during
both eruptive and non-eruptive periods of the volcano (Patang et al., 2008; Cannata et al.,
2009a; Patang et al., 2013 Cauchie et al., 2015; Cannata et al., 2015). On the basis of their
waveform similarities, low frequency events can be classified into families (e.g Falsaperla

2002; De Barros 2009, 2011; Zuccarello et al., 2013).

According to some authors, LP and VLP events were also characterized by almost constant
spectral and waveform properties in the long term, which were associated to a repetitive
non-destructive source mechanism (Farsaperla et al., 2002; Saccorotti et al., 2007; Lokmer
et al., 2007, 2008; Cannata et al., 2009a; De Barros et al., 2009; Cannata et al., 2013,2015).
Some of these authors have also found the LP and VLP sources in a volume located above
the shallow magma storage zone, over 2500-3000 and 2000-2500 metres above sea level,

respectively for LP and VLP events.

Due to their low frequencies, LP and VLP has allowed to perform a moment tensor
inversion of the seismic source at Mt. Etna, proving information about magma dynamics
and geometry of the shallower portion of the plumbing system (Lokmer et al., 2008,
Cannata et al., 2009a; De Barros et al., 2011,2013; Zuccarello et al., 2013; Trovato et al.,
2016). Therefore, for Mt. Etna., several models have been proposed to explain their source

mechanisms.

The generation of LP was generally attributed to one or more resonant fluid filled cracks
at relatively shallow depths (Falsaperla et al., 2002; Saccorotti et al., 2007; Lokmer et al.,
2008; De Barros et al., 2011). However, recently, Bean et al., (2014) have proposed a new
source model based on the deformation of weak, compliant material of the shallow portion
of the Etnean volcanic edifice. This interpretation was implicitly consistent with the recent
work of Cauchie et al. (2015), who imagined that stress changes associated to degassing

pulse could indirectly generate LP events.

The source processes involved in VLP events were thought to be related to magma
transport, gas slug ascent or dike resonance initiated by a fluid driven process (Aiuppa et

al., 2010; Patané et al., 2008). According to these authors, VLP events could be triggered
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by gas bubbles released from the aforementioned magma storage zone, exciting a crack or
system of cracks located in the upper portion of the shallow plumbing system of Mt. Etna.
Therefore, variations in the frequency, amplitude, and waveform characteristics of these
signals could be interpreted as pressure changes within the magmatic system (e.g.
Saccorotti et al., 2007; Patané et al., 2008; Cannata et al., 2009a; Patané et al., 2013,
Zuccarello et al., 2013).

Sometimes, LP and VLP seismicity are interlinked, although these relationships are not
systematic. Indeed, different authors recognized relationships between the shallower LP
and the deeper VLP, suggesting the presence of a common system of shallow cracks in
which both LP and VLP oscillation were originated (Patan¢ et al., 2008; Cannata et al.,
2009a). Other authors, rather, argued that the source trigger of VLP events was related to
mass transfer, while the subsequent mass injection in overlying cavities could have driven

the LP resonance in a reservoir filled of hydrothermal fluids (Saccorotti et al., 2007).

1.2.5 VOLCANIC FRAMEWORK DURING 2010-2012 ACTIVITY

In the early months of 2010, the summit area of Mt. Etna was relatively quiescent. The
resumption of volcanic activity began in March, through high-temperature degassing at
SEC (Andronico et al., 2013). Subsequently, in the remainder of year, more than 30 minor
explosive events occurred mainly at BN and secondarily at SEC (Table 1). These events
consisted of single explosions or series of explosions, developed within a few second of
each other and accompanied by minor and/or intense ash emissions. Comparing to the
previous similar periods of volcanic activity, this year was distinguished from others by the
high occurrence frequency of explosions. Most of these explosions were directly observed
by camera records or visual field observations, but, in some cases, they have been observed
through the ash fallout collection or the seismo-acoustic recordings (Andronico et al.,
2013). In particular, three of these events (8 April at SEC and 25 August and 22 December
at BN) were more intense than the others in terms of duration, height of eruptive column
and amount of tephra. Moreover, some of the events, that occurred on 14-15 November at
NEC, were characterized by continuous but low ash emissions and vigorous steam releases,

creating a weak eruption column above the volcano.

From January 2011 to the end of April 2012, Mt. Etna was characterized by intensification
of eruptive activity in the summit area, focused at NSEC through a series of brief episodes

of vigorous lava fountaining, ash emissions and generation of lava flows (paroxysms).
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Since the early days of January 2011, the increment of volcanic activity began with
Strombolian activity at the pit crater near SEC, culminating with a paroxysmal episode on
12 January at the same crater. Starting with first event, other 24 episodes occurred,
producing significant morphological changes in the summit portion of the volcano such as

the growth of the NSEC cone (Behncke et al., 2014).

During this period, these 25 paroxysms did not take place with a constant rate, but they
were characterized by different number and duration of episodes and frequency of
occurrence (Behncke et al., 2014; Table 2). In fact, the intervals between paroxysmal
episodes varied strongly, from a minimum of 5.5 days to a maximum of 58 days. In
particular, from January to May 2011, only 4 episodes of lava fountaining occurred. The
intensification of the occurrence of paroxysmal activity, rather, was observed between July
and November 2011, with the development of 14 episodes. After a period of relative quiet,
the volcanic activity culminated with 7 paroxysmal episodes during the early months of

2012 (January-April 2012).

Most part of these events ware characterized by similar dynamics or a common succession
of volcanic phases (Behncke et al., 2014; Viccaro et al., 2014): (i) reactivation phase,
which consisted of minor explosive activity and ash emissions; (ii) Strombolian activity,
with duration from a few hours to many days; (iii) lava emission, preceding the onset of
lava fountaining from a few tens of minutes to several hours; (iv) progressive intensification
of Strombolian activity until the development of lava fountaining, with duration from a few
tens of minutes to many hours; (v) end of episode, characterized by gradual decrease of the
lava fountaining intensity replaced by a weak Strombolian activity, ash emission and
draining of lava flow from the main channel. However, significant differences from this
main sequence can be found in the initial stages of some events. In fact, some episodes
were characterized by different paroxysmal schemes, in which the extrusion of lava
preceded the onset of the Strombolian explosions (15 November 2011) or started a few
minutes after the onset of lava fountaining (19 July 2011) or developed without any

explosive activity (23 April 2012).

During the same time interval, the other summit craters were interested only by persistent
degassing activity, except for the BN crater. From June to July 2011, this crater also showed
explosive activity, ash emissions, intra-crater Strombolian activity and emission of lava
flow (Behncke et al., 2014; Viccaro et al., 2014). The same kind of activity occurred at BN

craters during 2012, in the periods between June-August and October-November (Aiuppa
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etal., 2016). A schematic review of the activity recorded at Mt. Etna during 2011-2012 can
be observed in the Fig. 1.7.

Explosive events Failure Events Glowingepisodes Date Time (GMT) SEC BN NEC
1 08-apr 16:28 XXX
2 7 May 11:04 X
3 19June 06:22-06:52 X
1 29 June 13:15 glow
4 5July 05:01 X
8 August 10:01 X
5 25 August 13:09 XXX
6 25 August 17:28 X
7 25 August 23:25 X
2 26 August 22:20 glow
8 26 August 02:08 X
9 27 August 09:28 X
10 27 August 16:00 X
11 28 August 09:14 X
12 28 August 14:18 X
13 29 August  01:00-01:17 X
14 29 August 05:39 X
15 29 August 07:31 X
16 30 August 07:28 X
17 3 September / X
18 4 September 13:01 X
19 6 September 22:42 X
20 10 September 10:42 X
21 12 September 11:13 X
22 13 September 07:04 X
23 17 September 07:57 X
1 18 September / X
24 24 September 12:46
25 30 September 10:02
26 7 October 09:27
27 8-9 October 23:44 X
28 9 October 00:35 X
29 22 October 16:23 X
2 31 October 15:33 X
30 1 November 02:08 X
31 1-2 November 02:22 X
3 2-4 November / X
4 12 November / X
32 14-15 November 05:25 XX
33 7 December 14:30
34 22 December 04:46 XXX
35 29-30 December 16:28 X + Str. Act.

Table 1. List of the explosive events observed in 2010, subdivided into related to explosive activity and related
to the source vent (data from Andronico at al., 2013). Abbreviations: SEC, Southeast Crater; BN, Bocca Nuova;

NEC, Northeast Crater; X, minor ash emission; XX, prolonged ash emission; XXX, intense ash emission.

27



Episode

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

2/1/11 16.00
18/2/111.00
29/3/11 8.00
8/5/11 6.00
4/7/117.00
16/7/11 8.00
24/7/11 16.00
28/7/1120.00
5/8/1116.00
11/8/113.30
19/8/113.36
28/8/110.52
6/9/1112.00
16/9/1110.27
28/9/11 8.00
8/10/11 11.00
23/10/1117.13
15/11/11 6.00
4/1/12 8.00
27/1/1211.24
16/2/12 0.00
16/3/12 0.00
26/3/12 0.00
10/4/12 17.50
21/4/12 10.00

11/1/11 8.00
18/2/111.45
8/4/116.00
11/5/1117.00
7/7/1120.00
18/7/1117.00
24/7/11 18.00
30/7/117.50
5/8/1117.00
12/8/115.30
20/8/112.00
28/8/1118.00
8/9/115.30
19/9/11 2.00
28/9/1117.30
8/10/1111.24
23/10/1117.40
15/11/11 8.00
4/1/12 16.00
27/1/12 21.40
16/2/12 20.00
17/3/12 20.00
30/3/12 18.30
11/4/12 19.00
23/4/12 17.00

12/1/1120.10
18/2/1112.00
9/4/1117.55
11/5/1120.30
9/7/1112.05
19/7/110.00
25/7/111.30
30/7/1117.30
5/8/1120.15
12/8/117.50
20/8/112.55
29/8/113.15
8/9/116.50
19/9/116.30
28/9/1119.15
8/10/11 13.30
23/10/11 18.07
15/11/11 6.00
5/1/12 2.45
8/2/12 19.00
4/3/12 6.00
18/3/125.55
1/4/12 1.00
12/4/12 12.25
23/4/12 0.00

12/1/1121.50
18/2/113.30
10/4/118.05
12/5/113.20
9/7/1113.45
19/7/110.05
25/7/113.00
30/7/1119.35
5/8/1121.00
12/8/118.30
20/8/117.00
29/8/114.05
8/9/116.30
19/9/1112.20
28/9/1119.31
8/10/11 14.30
23/10/1118.30
15/11/1111.00
5/1/12 5.00
9/2/12 0.00
4/3/127.30
18/3/12 8.00
1/4/12 2.00
12/4/12 14.30
24/4/12 1.30

12/1/1123.50
18/2/1112.30
10/4/11 13.30
12/5/115.00
9/7/1114.45
19/7/111.30
25/7/115.00
30/7/1121.35
5/8/1123.00
12/8/11 10.00
20/8/117.30
29/8/114.40
8/9/118.30
19/9/11 13.00
28/9/1119.55
8/10/11 14.50

Start Reactivation Start Strombolian Start lava emission Start fountaining End fountaining End episode

13/1/112.00
18/2/1113.17
10/4/11 14.03
12/5/115.55
9/7/1115.30
19/7/113.00
25/7/115.30
30/7/1122.00
6/8/110.15
12/8/1111.00
20/8/117.50
29/8/115.15
8/9/118.45
19/9/1113.10
28/9/1120.10
8/10/1117.45

23/10/1120.30 23/10/11 21.15
15/11/1112.29 15/11/11 13.00

5/1/12 6.50
9/2/125.30
4/3/129.32
18/3/129.45
1/4/123.30
12/4/12 15.15
24/4/122.20

5/1/128.30
9/2/129.00
4/3/129.32
18/3/12 10.10
1/4/124.30
12/4/12 16.00
24/4/122.40

Episode duration (hh:mm:ss) Lava fountaining Duration (hh:mm:ss)

42:00:00
12:20:00
56:00:00
96:00:00
128:30:00
67:00:00
13:30:00
50:00:00
8:15:00
31:30:00
28:15:00
28:30:00
45:15:00
74:30:00
12:10:00
6:45:00
4:00:00
7:00:00
24:30:00
309:30:00
417:30:00
58:10:00
154:10:00
46:10:00
64:20:00

2:00:00
9:00:00
5:25:00
1:40:00
1:00:00
1:25:00
2:00:00
2:00:00
2:00:00
1:30:00
0:30:00
0:35:00
2:00:00
0:40:00
0:24:00
0:20:00
2:00:00
1:29:00
1:50:00
5:30:00
2:02:00
1:45:00
1:30:00
0:45:00
0:50:00

Table 2. Timing of the various phases recognized for each episode and duration both of the lava fountaining phases and the full episodes (Data from Behncke et al., 2014).
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Figure 1.7. Plot summarizing the eruptive activity during 2011-2012 at Voragine (VOR), Bocca Nuova (BN), North East Crater (NEC), South East Crater (SEC) and New South East

Crater (NSEC). (from Viccaro et al., 2014).
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1.3 SEISMIC ARRAYS AND METHODS OF ANALYSIS

An array consists of multiple, tightly clustered sensors arranged in a well-defined geometric
configuration and deployed outside the source area. The sensors have the same response
curve and they are time synchronized, in order to obtain a coherent spatial sampling of the

wavefield in time (Havskov, 2016).

They are used in geophysics in many fields of application. The deployment of the first
seismic arrays dates back to the beginning of the 1960s, when it was necessary to improve
the detection threshold of worldwide underground nuclear tests and to discriminate
between them and global natural earthquakes (e.g. Douglas et al., 1999, 2002). Since then,
thanks to their powerful potentiality, seismic arrays were also used for other scientific
purposes, such as estimation of the seismic phases vectors (e.g. Shyh-Jeng et al., 1993),
signal extractions and polarization analysis (e.g. Jurkevics, 1988; De Meersman et al.,
2006), characterization of a rupture propagation during an earthquake (Goldstein and
Archuleta., 1991), refining small scale structures in the Earth’s interior (e.g. Weber and
Wicks, 1996) or high resolution tomographic images on regional scales (e.g. Arlitt et al.,

1999).

In recent years, another application field has been represented by the array surveys
performed in volcanic areas, where conventional networks are difficult to use. Several of
these studies have provided insight into the nature of the seismo-volcanic sources, the
structures and the magmatic processes at different volcanoes in the world. One of the
earliest investigations dated back to the work of Furumoto et al. (1990), that characterized
the source of tremors recorded by a seismic array located near the caldera of Izu-Ochima
volcano, Japan. They observed post eruption activity by a 24 sensors seismic array,
revealing frequency features of the source tremor. Almendros et al. (2001a,b) located
source areas of LP and volcanic tremor seismicity observed at Kilauea, Hawaii (USA). This
seismicity was recorded in 1997 during a campaign through three seismic antennas
composed of one component seismometers. La Rocca et al. (2004) applied dense one-
component array techniques to locate explosive activity at Stromboli. Di Lieto et al. (2007)
used two dense one-component arrays of short period seismometers to track volcanic
tremor at Mt. Etna. Inza et al. (2011, 2014) analysed a series of 16 vulcanian explosions
occurred at Ubinas volcano (Pert) by using three component seismic arrays. Zuccarello et
al. (2016) recorded the seismic noise by using a temporary array installed around Pozzo
Pitarrone, NE flank of Mt. Etna. They investigated the local shallow structure, producing a

reliable shear wave velocity model of the area. Eibl et al. (2017a,b) estimated the vertical
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and lateral migration of source tremor recorded at Bardarbunga volcano (Iceland) through

a seismic array.

A seismic array differs from a sparse network of stations mainly by the techniques used for
data analysis. In a network, arrival times are determined at each station, while, in an array,
all sensors are processed together on the basis of the common waveform model (Aki e
Richards, 1980). The waveform at a given sensor depends on the source, path and site
effects. Considering a seismic array, the records share very similar waveforms, except for
time delay due to the different source-receiver distances across the array. In fact, path
effects, at least the frequencies/wavelengths of volcanic tremor and/or LP and VLP events,
are pretty much the same when sensors are separated by only tens of meters, and, therefore,
the array records share very similar waveforms. Slight differences in waveforms generally
appear at higher frequencies, mostly due to small differences in the installation of each
individual sensor within the array (e.g. Almendros et al., 2012). The use of array allows to
improve the signal-to-noise ratio (SNR) by time-shifting and summing all records, so that
the signal of interest is in phase across all channels of array. Even if there is the presence
of a non-local correlated noise, such as ocean generated noise, the time delay is not the
same for signal and noise, because of their different wavefield properties. This method can
be described by the same mathematical principles used in radioastronomy or radar science

(Harjes and Henger, 1973).

In array processing, ray spatial coherency is assumed, so that each wavefront keeps its
shape during the propagation across the array. For each spectral component, the phase
relation among points along the ray path is only related to their reciprocal distances. This
makes the size of any array as a function of the area homogeneity and the wavelengths of
interest, because earth heterogeneities destroy the wavefield coherency through wave
scattering and diffraction. In particular, the waveform similarity is wavelength-dependent
and the records are very coherent only for inter-station distances shorter than a few
wavelengths. Therefore, size, spacing and geometry of the array are decided based on the
wavelength range of interest. In addition, it is important not to neglect “spatial aliasing”,
that is the distortion or artifact that results when a signal reconstructed from samples is
different from the original continuous signal (Haldorsen, 2021). To avoid spatial aliasing,
the sensors of array must be separated by less than half of the shortest wavelength in the
signal of interest (Asten and Henstridge, 1984). According to Aster and Scott (1993), the
maximum reciprocal distance among array sensors should be about a quarter of signal

wavelength that we want to analyze. In particular, the best waveform coherence is achieved
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when the wavelength of interest ranges from two times the minimum array aperture to three
times the array maximum aperture (Tokimatsu, 1997). Most array methods assume a plane
wave arriving at array, representing a good approximation for far field investigations. In
this case, the source-sensors distances must be greater than one wavelength (Havskov,
2016). According to this relationship, a sparse network may be used as an array for those

events characterized by longer wavelength, such as LP or VLP events.

As mentioned above, seismic arrays are very useful to investigate the nature of volcanic
signals and to understand magmatic phenomena. However, a quantitative assessment of the
source signal processes must take into account all the other properties of wavefield, such
as spectral, amplitude and polarization features. In fact, temporal changes of these
parameters can provide insights on the relationship between the source mechanisms and
the volcanic activity, also allowing to improve the reliability of array analysis results (e.g.
Saccorotti et al., 2004). Therefore, in the next sections, we present not only the concepts
and the main methods used to perform the array analysis, but all algorithms used to perform

a complete analysis of seismo-volcanic signals properties.

1.3.1 BASIC ARRAY CONCEPTS

The propagation direction of elastic waves arriving at a seismic array can be described by

three parameters (Fig. 1.8; Fig.1.9):

(i) Back azimuth 6, that is the angle of wavefront measured clockwise from North

to the direction pointing towards the source.

(ii) Slowness u, that is the inverse of the apparent velocity vayp of wavefront across

the array.

(iii) Incidence angle i, that is the vertical angle of wavefront measured from the

vertical (0°<i<90°).

In spherical geometry (Fig. 1.9), all parameters are combined in the slowness vector u (Rost

and Thomas (2002):

w = ety uy) = (

sinf cosf 1
Y =
Vapp  Vapp tani PP
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—(sini sin@,sinicos @, cosi)
Vo

(1.0)
where vy is the medium velocity beneath the array. The magnitude of the vector u, also

called ray parameter P, and the back azimuth © are related to the horizontal components of
slowness (u. , uy; Chouet et al. (1997)):

6 =——tan" 1=
2 u,
(1.1)
— 2 2
P = /ux+uy
(1.2)
vertical plane
-
v ¥V VvV Vv North
Yy ¥V VvV Vv ¥V VvV VY :
\14 4 A A ri horizontal plane

East

wave front

b) epicenter A

Figure 1.8. a) The vertical plane of an incident wavefront crossing an array at an angle of incidence i. b) Sketch

of the horizontal plane of an incident plane wave arriving with a back azimuth © (from Rost and Thomas,
2002).

33




Figure 1.9. Representation of the slowness vector and its three components (from Rost and Thomas, 2002).

The propagation velocity of the waves depends on the physical and mechanical properties
of the medium. However, the time necessary for the propagation of the waves from source
to array sensors is related to medium velocity vy beneath the array and incidence angle i.
Considering an incident wavefront crossing an array (Fig. 1.8a), the effective distance
travelled by the wavefront is much shorter than that measured at Earth’s surface. Therefore,
the apparent velocity v, is always greater than or equal to the effective propagation

velocity vy (Rost and Thomas, 2002):

Vapp = Vo / Sini
(1.3)

Knowing the values of the ray parameter P and the medium velocity vy beneath the array,

the incidence angle i can be estimate as (Rost and Thomas, 2002):

i = arsin (vy P)

(1.4)

Arrays can be used to measure the apparent velocity or slowness and the back azimuth of
the wavefront that is moving horizontally across the stations, determining the type of phases
and the region of the Earth from where the seismic energy comes (Rost and Thomas, 2002).
As mentioned above, an important aspect of array methods is the separation of the coherent
signals and noise. Many methods have been developed for special purposes, but most of

them are based on the basic concept of array beam forming (Barlett,1948). Beam forming

34



uses the differential travel times across the array. If each record of array sensors is
appropriately time shifted for a certain back azimuth and slowness, all signals can be
summed constructively. Considering the geometrical center of the array, the incident

wavefield with coherent signal f{f) and noise n,(¢) is recorded as (Rost and Thomas, 2002):

Xcenter (£) = (&) + ny(£)
(1.5)

Given the various locations of array sensors, the incident wavefront has different travel
times to each station. The travel time difference is related to the slowness of the wavefront
and the station position. Therefore, the time series associated to with the i-th sensor with

the location r;can be expressed as (Rost and Thomas, 2002):

xi(t) = f(t — TiUpor) + ni(2)
(1.6)

where w0 is the horizontal slowness vector. Removing the time shifts with appropriate

slowness, the equation 1.6 can be written as (Rost and Thomas, 2002):
x'i(£) = x; (€ + 1Upor) = () + ny(t + rittnor)

(1.7)

Considering an array with M sensors, the summation of the time shifted traces provides an

evaluation of the signal coherence (Rost and Thomas, 2002):

M M
b)Y = 3 ) o= FO)+ 1M Y my(t 7% o)
i=1 i=1

(1.8)

In general, seismic arrays use these techniques or similar methods to amplify phases with
the appropriate slowness and to suppress incoherent noise and phases with different
slowness. However, most of the array methods shows some limitations. In fact, the noise
suppression is dependent on the number of stations used for the processing. At the same
time, the slowness estimation is affected by multiple factors, such as array characteristics,
wavelengths or frequencies analyzed, amount of coherence, noise content and topographic,

propagation and site effects.
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1.3.2 ARRAY RESPONSE

As mentioned before, any array method is based on a common waveform model of the
signal (Aki e Richards, 1980), requiring that the wavefield is sampled both in space and in
time. This means that each array sensor acquires the same waveform, except for a delay
time related to the propagation across the array. The results of array analysis depend on the
number of stations, the array aperture and configuration and the contribution of spatial
aliasing. The array response function is as a good tool to plan the array geometry required
to investigate a signal of interest. One of the best ways to compute the array response is to

use a modified version of the Beam Pattern relationship (Capon, 1969):

1 M
B(S,w) =+ Z et
j=1
(1.9)

where M is the number of stations, x their locations, w is the angular frequency, S the
slowness vector and i the imaginary unit. For a given slowness and angular frequency, the
function B (S, w) depends on only the station positions and it returns the array response of
a monochromatic plane wave with vertical incidence. It consists of a central peak of unit
amplitude and many secondary peaks at different locations in the slowness space. When
the amplitude of the secondary peaks is much smaller than the central one, the spatial
aliasing is negligible. An example is reported in figure 1.10 that show a small contribution
of spatial aliasing in the array response. Regarding the frequency range, the broad peak
observed at frequency 0.5 Hz indicates that the array resolution is poor at so low frequency
(Fig. 1.10a), as expected being the signal wavelength larger than the array extension (Fig.
1.10b). The upper frequency limit is more difficult to estimate in practice because it
depends on the station distances and by site effects, which reduce the coherence of the
seismic wavefield among the array stations. In this example, the results of array analysis

revealed to be reliable up to frequency of 4 Hz (Fig. 1.10a).
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Figure 1.10. a) Array response computed for a vertically incident wave at four different frequencies. b) array

configuration used in order to compute Beam pattern function.
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1.3.3 SPECTRAL AND AMPLITUDE ANALYSIS

To investigate the nature of seismic signals, it is necessary to analyse their frequency
content. The Fourier transform is one of the common frequency representations of signals,
because it breaks a signal into different harmonics providing information on power and
phase content at different frequencies. The main relationship to perform this type of

analysis is (Papoulis, 1987):

+ 00

X(w) = f x(t)e MWtdt

(1.10)

where ¢ is time, w is the angular frequency, i is the imaginary unit, x(¢) and X(w) are the
signal in time and frequency domains, respectively. An example of signal in time and

frequency domains is reported in figure 1.11.

However, an efficient representation of temporal variations of spectral amplitude and
frequency of the signals is given by spectrogram (Schlindwein et al., 1995). Its calculation
requires moving a sliding window over the whole length of the time series and estimating
the amplitude spectrum by performing an implementation of the Fourier transform, that is
the Fast Fourier Transform (FFT, Cooley and Tukey, 1965), for overlapping positions of

the window. An example of spectrogram is shown in figure 1.12.
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Figure 1.11. Seismic signal recorded at Mt. Etna showing a LP event (a) and its spectrum (b) obtained by
applying the FFT on a 20-second-long time window centred around the maximum peak-to-peak amplitude of

the event.
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Figure 1.12. Spectrogram (a) of seismic signal recorded at Mt. Etna showing volcanic tremor (b), obtained by

using 60-second-long windows. The colorbar on the top refers to spectral amplitude calculated in decibel.

Coheregram is an additional frequency representation, used mainly to evaluate the spectral
interval that maximizes the coherence among stations. Its calculation is very similar to the
spectrogram one, except for the basic function. In fact, it is based on the computing of the
Magnitude-Squared Coherence function (MSC; Welch, 1967). Given two signals x and y,
the MSC is a function of the power spectral densities, Py (f) and P,, (f), and the cross power
spectral density, Py, (f), of x and y (Welch, 1967):
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(1.11)

An example of signal coherence in time and frequency domains is reported in figure 1.13.
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Figure 1.13. MSC function (a) of seismic signals recorded at Mt. Etna through seismic array and showing a LP
event (b). The signal coherence is obtained by computing the MSC function on a 20-second-long time window

centred around the maximum peak-to-peak amplitude of the event.
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Considering an array or network with N elements, the equation 1.11 is applied for the N(N-
1)/2 independent pairs of signals and the results are averaged to obtain a normalized
function of coherence with values between 0 and 1. In this way, it is possible to extract
only in the coherent part of the examined wavefield. An example of coheregram is shown

in figure 1.14.
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Figure 1.14. a) Coheregram of volcanic tremor signals recorded at Mt. Etna through seismic array, obtained
by using 60-second-long windows. The colorbar on the top refers to MSC values. b) Seismic signal recorded

at Mt. Etna showing volcanic tremor.
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Another way to characterize the nature of the signals is represented by the Root Mean
Square analysis (RMS) of the amplitude (Kenney and Keeping, 1962). This kind of analysis
consists of the square root of the arithmetic average of the squares of the signal amplitudes.
Before computing the RMS, the traces are band-pass filtered, in order to compute their
amplitudes in different frequency bands. Given N points of the band-pass filtered traces x;,

the RMS is calculated as (Kenney and Keeping, 1962):

(1.12)

In addition, the RMS amplitude can be also computed in the frequency domain through
Parseval's theorem. In this case, performing the discrete Fourier transform on the signal x;,

the RMS is (Battaglia and Aki, 2003):

(1.13)

where X (k=0,1, ..., N-1) represents the spectrum of the signal x;. Considering a specific
frequency band, it is possible to compute the RMS as the sum over the selected part of the
spectrum. Generally, the RMS amplitude is much more stable than the peak-to-peak
amplitude, which may be strongly influenced either by a single peak in the signal or by a

technical glitch. An example of RMS of signal is shown in figure 1.15.
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Figure 1.15. Logarithmic RMS amplitudes (a) of seismic signal recorded at Mt. Etna showing volcanic tremor

(b), obtained by using 2-second-long windows. The tremor signal is filtered between 0.5 and 2.5 Hz.
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1.3.4 POLARIZATION ANALYSIS

Another tool to investigate the features of seismic signals is the polarization analysis.
Following Jurkevics (1988), it is possible to determine the polarization properties of the
traces by using eigen-decomposition of the covariance matrix of the three components of
ground motion over time windows sliding along the band-pass filtered traces. For a single
three component station, the covariance matrix S is evaluated as the following relationship

(Jurkevics, 1988):

XXT 1 N ] [Szz Szn Sze]

S, =—=1]— XiiXi =\S S. S.
jk N NZ ijrik zn nn ne
i=1 Sze Sne See

(1.14)

where X is the data matrix, x; is the i-th sample of the j-th component, N is the number of
samples. It is a 3x3, real and symmetric matrix, the terms of which represent the auto- and
cross-variances of the three components of motion. From the solution of the algebraic eigen
problem for S, it possible to obtain the principal axis directions and lengths of the
polarization ellipsoid, that is the best-fit to the data in a least-squares sense (Jurkevics,

1988):
(S—22Du=0
(1.15)

where [ is the 3x3 identity matrix, # and A are the eigenvectors and eigenvalues matrices,
respectively. The directions of the principal axes of the ellipsoid are provided by the
eigenvector, whereas the axes lengths are given by the eigenvalues. Sorting the
eigenvalues, the rectlinearity coefficient rect is calculated for quantifying the degree of
linearity of particle motion (Jurkevics, 1988):

rect=1-—
}\max

(1.16)

where Ai,; and A4 are intermediate and maximum eigenvalues of the covariance matrix,
respectively. The rect values are defined between 0 and 1, assuming theoretically 1 for
body waves and 0 for particle motion with no privileged direction. Instead, from

eigenvectors values azimuth and incidence angles are estimated. The first one is the angle
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measured from the horizontal orientation of the rectilinear motion, given by the largest

eigenvalue of u; (Jurkevics, 1988):

1 Upqsign(us1)

azimuth = tan™ -
uz;Sign(uqq)

(1.17)

where u;; (j=1...3) are the three direction cosines of eigenvector u;. The second one is
rather the angle measured from the respective vertical orientation as the vertical direction

cosine of u; (Jurkevics, 1988):
incidence = cos™! |uy |
(1.18)

An example of polarization parameters calculated on successive windows of seismic signal

is reported in figure 1.16.

For the evaluation of the polarization attributes with a three-component array this method
needs to compute the average covariance matrix of all array sensors. The three component
covariance matrix S for an array with M stations is given by the following equation

(Jurkevics, 1988):

(1.19)

where S, is the covariance matrix for the n-th sensor. Particle motion estimates are very
sensitive to timing errors between the component of the motion. Therefore, for the
covariance averaging it is necessary to remove the delay shifts between stations due to the

propagation of the arriving wavefront across the array.
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Figure 1.16. a) Polarization parameters, calculated by using 2.5-second-long window sliding every 1.25 s. b)

LP event recorded at Mt. Etna by a three-component station and filtered in the frequency range 0.5-1.2 Hz.
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1.3.S DETECTION ANALYSIS

One of most important aspect of volcano seismology is the detection of different events,
such as LP and VLP events and volcanic explosions. One of the common algorithms used
for automatic detection is the Short Term Average/Long Term Average method
(STA/LTA; Allen, 1978), isolating pieces of signal that contains a generic event. It
continuously calculates the RMS values of band-pass filtered signals x;in two consecutive

moving-time windows of N0 and Ny,g samples (Allen,1978):

STA

STA/LTA = —

with

STA = J L_yions  x2(t)  LTA= \/#Z’Lﬁ""’x?(t)

Nshort i=Nshort Nlong
(1.20)

where STA is the short term average window and L7T4 is the long one. ST4 is sensitive to
events, while L7A provides information about the temporal amplitude of the noise at the
site. When the ratio of both terms (S7A/LTA) exceeds a threshold value, an event is detected

and data starts being recorded (Fig. 1.17).
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Figure 1.17. a) Seismic signal filtered between 0.01 and 0.15 Hz, recorded at Mt. Etna and showing a VLP
event. b) STA/LTA series calculated on the signal reported in (a). The horizontal red line refers the threshold

chosen for the detection.
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Another method recently developed is the Subband-based Automatic LP Events Detection
algorithm (SALPED; Garcia et al., 2017). It is exclusively designed for the detection and
classification of LP events on the basis of their characteristic shape, duration, and frequency
band of activity. This algorithm, in fact, differentiates LP events from the rest of events,
such as volcanic tremor and VLP and VT events, that usually show different frequency
contents and duration. It applies a subband processing, including envelope detection, noise
reduction, undersampling and enhancement of spindle-shaped arrivals, in order to obtain a

characteristic function CF that contains all information for the LP detection (Fig. 1.18).

The main procedure includes several steps. First of all, SALPED algorithm band-pass
filters the vertical component of the seismograms, splitting the frequency content of the
signals into three frequency subbands: the central band xc (), specific for LP events; the
lower band x; (n), for the lower frequency components of the signal; the upper band xy (),
for the upper frequency components of the traces. For a generic subband x; (i = {L, C, U}
lower, central and upper subbands, respectively), the envelope of the signal is extracted as

(Garcia et al., 2017):

e'i(n) = Jxi(n)? + x;(n)?

(1.21)

where x;; (n) is the Hilbert Transform of x; (n) and # is the envelope duration. Each of these
envelopes are passed through linear low-pass filters and are downsampled, preserving the
envelope duration and eliminating the remaining noise in the band. Subsequently, the
background noise (BN) envelope is calculated by using the following equation (Garcia et

al., 2017):

epy(m) = (e,:(m) +ec(m) +ep(m )) * hyp(m)

(1.22)

where /zp (m) is the impulse response of a low-pass filter with a very low cutoff frequency,
* is convolution operator and m is the envelope duration. This step is oriented to obtain
robustness against noise, computing for the i-t4 subband a noise-robust envelope z; (m)

(Garcia et al., 2017):

Zoi(m) if Zoi(m) 2 Zthri
Zthri if Zoi(M) < Zepyi

ery(m)

31’31\1 (m)

zi0m) = |

with z,;(m) =

(1.23)
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where z4,: 1s a threshold value set as a percentile of the local normalized envelope z,; (m).
In the next step, the i-th noise-robust envelope is filtered through a discriminant detector,
that is a linear phase filter used to reinforce LP-like envelopes and to penalize long duration

envelopes with a negative impulse response % (m) (Garcia et al., 2017):

_(y(m) if p(m) =0

A ={outmy  if om) <0
with

2 _1m.;

Ym) = —— (1= ()0 77

i3

(1.24)

where y (m) is the discrete Mexican-Hat wavelet, L is the average duration of LP events

and f is the factor used to punish durations longer than L.
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Figure 1.18. Schematic diagram of the subband-based procedure to obtain the CF to detect LP events. bpf corresponds to band-pass filtering, in which the filters are used to split the signal
into subbands of frequency. /pf'stands for low-pass filtering, representing the filter used to smooth the envelopes and permit decimation. X is the decimation factor of the decimation block,

using the output of the low-pass filter as input to reduce its sampling frequency in a factor K (from Garcia et al., 2017).
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After filtering, in order to eliminate negative amplitudes and to punish long duration

envelopes with small amplitudes, a half-wave rectifier is performed to obtain the y; (m)

envelope (Fig. 1.19).
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Figure 1.19. Impulse response of the discriminant detector /(m). Example inputs z; (m) with durations of 4, 12,

16, and 18 s. Filter outputs for each example input after half-wave rectification y; (m) (from Garcia et al., 2017).

Finally, the CF (m) is calculated to emphasize short events with activity in the central

subband (Garcia et al., 2017):

CF(m) = yc(m) — My, (m) — Ny, (m)
(1.25)

where M and N are spectral penalty factors used to punish false positive detections of LP

events. When the CF (m) exceeds a threshold value, an LP event is detected and stored

(Fig. 1.20).
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Figure 1.20. a) Seismic signal filtered between 0.5 and 1.2 Hz, recorded at Mt. Etna and showing a LP event.
b) CF values calculated on the signal reported in (a). The horizontal red line refers the threshold chosen for the

detection.

1.3.6 LOCALIZATION ANALYSIS

Most of the array techniques assume a plane wave approximation, that it is realistic for
epicentral distances greater than four or five times the array aperture. They allow to retrieve
estimates of the propagation parameters of the wavefield, such as back azimuth and
slowness, providing information about the volcano processes and the geometry of the
magmatic system. As aforementioned, array methods utilize mainly beamforming,
improving the SNR by stacking the coherent part of the signals and suppressing noise in
the data (Bormann, 2012). However, many specific techniques were implemented in recent
years, improving the reliability of source localizations of signals recorded in volcanic areas.
Generally, they can be divided into two main categories, that are the time-domain and the

frequency-domain techniques.

The first kind of methods is based on the estimation of the delay times maximizing the
coherence among the seismic traces for a certain value of back azimuth and slowness. Zero
Lag Cross Correlation analysis (ZLCC; Frankel et al., 1991) fits perfectly this category.
Considering a plane wave x(f) propagating through an array, the normalized cross-
correlation coefficient between the i-t4 and the j-h stations is given by (Neidell and Taner,

1971):
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T

Zt=1x1'(t)xi(t+fji)

c(tj;) =

T

T
Zt=1 ij (t) Zt:1 xiz (t+Tji)

(1.26)

where ¢ is the time sample, T is the number of samples in the window analysis and 7 the
delay time. The ZLCC method consists of the application of the equation 1.26 between
station pairs over time windows sliding along the band-pass filtered traces. For N(V-1)/2
independent station pairs, these coefficients return the delay times of the impinging plane

waves that maximize the coherence among signals (Fig 1.21).
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Figure 1.21. Example of seismic signals recorded at Mt. Etna through seismic array and showing volcanic

tremor. The traces are time-shifted by using the delays time computed through ZLCC method.

According to the common waveform model, the time z; taken by the wave to propagate
from the -4 to the j-th station can be expressed as a function of the horizontal slowness u

and the position vector X of the array sensors (Olson and Szuberla, 2005):
T = u(X; — X))
(1.27)

Expressing in matrix form, the equation 1.27 can be written as (Olson and Szuberla, 2005):

54




with
T12 X 3
T 12 12
u, 13
m= uy s d = s G = . .
Ji Jt
Tji

(1.28)

where m is the vector of the components of horizontal slowness, d is the vector containing
the N(N-1)/2 estimations of delay times and G is the matrix of the sensor positions. The
estimation of the slowness vector m is performed by solving the previous system of

equations through the generalized inverse matrix (Olson and Szuberla, 2005):

m=(GT6)"1GTd
(1.29)
where T is the transpose operator and -/ is the inverse operator. Eventually, it is possible
to compute the average of the N(N-1)/2 cross-correlation coefficients, obtaining a

coherence function of the back azimuth and slowness. An example of estimation of back

azimuth and slowness is shown in figure 1.22.
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Figure 1.22. Example of back azimuth and ray parameter calculated by using 10-second long sliding window
in the 0.5-1.5 Hz frequency range. a) Time series of back azimuth (upper panel) and ray parameters (central
panel) related to volcanic tremor signal (lower panel) recorded at Etna volcano. b) Polar histogram of back

azimuth showed in (a). ¢) Histogram of ray parameter displayed in (a).

The second type of methods consists of the minimization between the theoretical phase
delays of planes waves passing through array with specific propagation parameters and the
phase differences measured at the different array positions. One of the common algorithms
used is the MUItiple SIgnal Classification (MUSIC; Schmidt, 1986). It offers the advantage
to resolve multiple, closely spaced sources simultaneously impinging at the array. This
method is based on some assumptions: (i) for an array with N sensors, the wavefield is
considered as the summation of M plane waves, with M<N, (ii) the M components of the
wavefield propagate across the array with the same amplitude and velocity; (iii) the

medium beneath the array is considered elastic and homogenous. The MUSIC method
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consists of the computation of the spatial cross-spectral matrix over windows sliding along
traces by averaging the Fourier coefficients over overlapped frequency bands. For each
time window and frequency band, the number of its eigenvalues provides the number of
source signals M arriving at the array, estimated by using the Akaike’s information
criterium (AIC; Wang and Kaveh, 1985). According to Chiou and Bolt (1993), the slowness

(1.30)

where u is the horizontal slowness vector, N is the number of array sensors, 4” is the
Hermitian of the array response vector for the i-¢h plane wave propagating with slowness
u, V:are the cross-spectral matrix eigenvectors spanning the signal subspace of dimension
M, D(u) is the null spectrum estimate. Applying the equation 1.30 over a square slowness
search grid, the slowness spectra are estimated. The dominant peaks of these spectra
provide the horizontal component of the slowness (i, u,), from which it is possible to

derive the back azimuth and the ray parameter (Fig. 1.23).
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Figure 1.23. Example of results obtained with MUSIC algorithm by analysing volcanic tremor recorded at Mt.
Etna through seismic array (From Saccorotti et al., 2004). a) Sample eigenvalues of the spatial cross-spectral
matrix evaluated over a 2.56-s-long window of tremor at the central frequency 1.95 Hz (circles). Continuous
line indicates the AIC function, whose minimum (arrow) indicates the number of signals propagating across
the array. b) Slowness spectrum, expressed as the logarithm of the O(u) function. The white line bounds the

region of the u plane for which the D(u) function takes values above the selected threshold (0.6). Only those
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peaks (indicated by circled crosses) which are located in this region are used to derive propagation back azimuth

and ray parameter of the detected plane waves.

Other kinds of array methods take into account the curvature of the wavefront and use
sometimes a slightly different approach compared to the previous ones. Unlike the previous
ones, these methods can be applied by using both arrays and sparse networks depending on
the wavelength of analyzed signals. A significant example is represented by the Semblance
algorithm (Neidell and Taner,1971). This represents a measure of the similarity of
multichannel data, not only in waveform but also in amplitude. Semblance is defined as

(Neidell and Taner,1971):

M .
B (S Ui + a0
- M .
N Zj:l Iiv=1 Ui(Ti +]At)2

So

(1.31)

where At is the sampling interval, ¢ is the origin time of the window sampling the i-th
channel, Uy(t+jAt)? is the j-th time sample of the signal U recorded by the i-th channel, M
is the number of samples in the window and N represents the number of channels. As
mentioned previously, a sparse network may be used as an array for those events
characterized by longer wavelength. Therefore, in order to underline only the similarity
among waveforms regardless of the amplitude, it possible to use a new definition of
Semblance in which the signals U; are normalized by their respective RMS (Almendros

and Chouet, 2003):

M .
ijl(Ziv:l Ui(r; + jAt)/0;)?

0= M .
N Yo Zita Ui +jAn)? /o

!

with

1 M
oi = MZ Ui +j40)?
]:

(1.32)

where o; is the RMS of the signal within the selected time window sampling the i-th

channel. Another way to enhance only the coherence among signals regardless of the
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amplitude consists of modifying some assumption of the amplitude-decay-based location
technique (Battaglia et al., 2005). Assuming that the amplitude of the traces decays with i-
th distance source-sensor r;, the amplitude U; measured at the i-¢4 station can be expressed

by the following general law (Battaglia et al., 2005):

nrif

Ui(f,r) = Ug(f)r; Pe Qv
(1.33)

where Uj is the amplitude at the source, fis the frequency, v is the velocity of the waves, b
is the exponent, which takes values of 0.5 or 1 for the cases of surface and body waves,
respectively, and Q is the ray-path-averaged quality factor. Therefore, in order to underline
only the similarity among waveforms regardless of the amplitude, the equation 1.31 can be

implemented by the measuring the amplitude at source (Battaglia et al., 2005):

nrif

Uo(f) = Ui(f,r) riPe Qv
(1.34)

Another modified definition of Semblance is represented by the Radial Semblance
(Kawakatsu et al., 2000), designed to take into account the three-component data. This
definition is very similar to the previous ones even if it uses the radial component of the
ground motion to calculate the Semblance values. In fact, it introduces a penalty function
in order to discriminate the weight of receivers for which highly rectilinear particle motions
are measured. The definition of Radial Semblance is given by the following equation

(Kawakatsu et al., 2000):

. 2 . .
T (L, UP (i +jAD)" = N XX, UP (3 + jAD)* + Ul (7 + jAt)?)
N XM B (U (7 + jAE)? + UP (13 + jAD)? + Ul (z; + jAt)?)

Siso =

(1.35)

where the superscript p represents the component of the ground motion in the source-sensor
direction, v and 4 are two mutually perpendicular directions contained in the plane
perpendicular to the p direction. As done before, to avoid the effect of the amplitude of
signals on the calculation, it is possible to normalize the traces by the RMS of three

component data g; (Almendros and Chouet, 2003):
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(1.36)

In order to scale S’is, to the range between 0 and 1, the equation 1.36 can be written as

(Almendros and Chouet, 2003):

M

N 2
Sio+1 1 N UP (zi+jae) Uy (t; + jAt)
S = iso — i (Tit] 2+N Z i i
0 2 2MN? E (; T (, y o; )
l=

j=1

(1.37)

However, both Semblance and Radial Semblance methods share the same main location
procedure that consists in finding a set of arrival times that yields a maximum Semblance
value for the N-channel data. It includes several steps. First of all, a three-dimensional grid
of assumed source positions is defined in order to determine the spatial extent of the region
of interest. The start time 7, is fixed as the time of the first arrival at a reference station,
chosen on the basis of the highest signal-to-noise ratio. For each node of the grid, the origin
time #) and the theoretical travel times ¢ are calculated, assuming a certain value of

propagation velocity of the waves v (Almendros and Chouet, 2003):
to=ts—1/v

ti = ri/v

(1.38)

where 7 is the distance between the reference station and the node of the grid and 7; is the
distance between the i-¢h station and the node of the grid assumed to be the source location.
Then, the traces at the different receivers are delayed to estimate the Semblance values for
every node position, by using the computed travel times and the time origin. Finally, the
source location is determined at the node where the delayed signals show the largest
Semblance value. Examples of Semblance and Radial Semblance applications are shown

in figure 1.24 and 1.25, respectively.
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Figure 1.24. a) Example of volume comprising the grid nodes with semblance higher than a certain value,
obtained by locating a LP event at Mt. Etna. b) Example of space distribution of semblance values calculated
by locating a LP event at Mt. Etna. (c) Seismic signals at the different stations shifted by the time delay that

allows obtaining the maximum semblance.
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Figure 1.25. a) Example of volume comprising the grid nodes with semblance higher than a certain value,
obtained by locating a VLP event at Mt. Etna. b) Example of space distribution of semblance values calculated
by locating a VLP event at Mt. Etna. (c) Seismic signals at the different stations shifted by the time delay that

allows obtaining the maximum semblance.

All these array approaches, however, share the common problem of the evaluation of the
uncertainties in the estimate of the source position or medium velocity. One way to assess
the stability of the localization solutions is provided by JackKnife method (Efron, 1982).
This technique is very helpful when the statistical distribution of the calculated parameters
is unknown. It is also called as “leave one out”, because it is a sequential bootstrap method.
In this procedure, estimates of an unknown parameter P (for example latitude, longitude,

and depth of volcanic source or back azimuth and slowness) are computed for each source
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location by omitting the i-tA station at a time. These estimates are used to compute the so-

called pseudovalues (Cannata et al., 2013):
Ji=nP-(m-1)P
(1.38)

where P is the parameter computed by considering all the stations, P; is the parameter
calculated by leaving out the i-¢h station and n is the number of stations. The standard
error of these values returns the bias affecting the observed parameter (Cannata et

al., 2013):

n

1 ,
85 = mzm —J(P))?

i=1
(1.39)

where ](P") is the JackKnife estimator given by the arithmetic mean of the i-th

pseudovalues.

Although these methods offer several advantages, they also suffer from some limitations.
Generally, in most part of the previous methods, the goodness of localizations depends on
different technical constraints (Chiou and Bolt, 1993; Almendros et al., 1999; Almendros
and Chouet, 2003; Cannata et al., 2009a; Inza et al., 2011; Almendros et al., 2014), such as
the length of analysis window, the frequency range, the size of slowness or spatial grid and
the propagation parameters (for example, velocity of the waves, quality factor, attenuation
coefficient, ecc...). At the same time, source estimation is affected by multiple factors, such
as array/network characteristics, amount of coherence, noise content and topographic,
propagation and site effects (e.g. Neuberg and Pointer, 2000; Almendros and Chouet, 2003;
Saccorotti et al., 2004; Kumagai et al., 2011; Cauchie and Saccorotti, 2013; Zuccarello et
al., 2016). JackKnife estimation is very useful to improve the quality of the results because
it allows to assess a general contribution given from each factor. However, it represents a
time consuming method and, it can only provide a measure of stability of the solutions (e.g.
Di Grazia et al., 2009; Cannata et al., 2013). Techniques such as ZLCC, Semblance and
Radial Semblance are not reliable to resolve multiple simultaneous sources and are
characterized by longer computing time (Neidell and Taner, 1971; Frankel et al., 1991; Del
Pezzo et al., 1997), in contrast to MUSIC one (Schmidt, 1986; Chiou and Bolt, 1993).

However, methods as MUSIC could fail with non-stationary, quasi-monochromatic signals
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or with restricted array configurations (Schmidt, 1986; Chiou and Bolt, 1993). In addition,
ZLCC and MUSIC methods are confined to only records from array and they show lower
resolution in the depth, especially by using only one seismic array (e.g. Almendros et al.,
1999; Almendros et al., 2014). Instead, techniques as Semblance and Radial Semblance
can be used for data from both arrays and sparse networks (e.g. Di Lieto et al., 2007;
Zuccarello et al., 2013), but they are more affected by the relationship between inter-station
distances and the wavelength signals or by the use of particle motion as in the case of the

Radial Semblance (Kawakatsu et al., 2000; Almendros and Chouet, 2003).
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CHAPTER 2 — FEATURES OF SEISMIC SIGNALS AT MT.
ETNA

2.1 INTRODUCTION

The quantification of the wavefield properties of seismo-volcanic signals represents one of
the most powerful tools for the study of the different phases of volcano activity. In fact, an
interesting feature of signals such as volcanic tremor, LP and VLP events is their close
relationship to changes in volcanic activity, highlighted by variations in amplitude, spectral
content, polarization attributes, waveforms, occurrence rate and source locations (e.g.
Gresta et al., 1991; Alparone et al., 2007; Patane’ et al., 2008; Di Grazia et al., 2009;
Cannata et al., 2010a; Zuccarello et al., 2013). One of the toughest challenges is the
determination of source position of signals recorded in volcanic areas, due to their sustained
or emergent nature. Thanks to the availability of different data and the ever-increasing
computing power, many different approaches were developed for a reliable interpretation
of the eruptive phenomena that characterize a volcano such as Mt. Etna (e.g. Battaglia et
al., 2003; Kumagai et al., 2002; De Barros et al., 2009; O’Brien et al., 2011; Marioka et al.,
2017). One of these strategies is represented by the array techniques.

As explained in the previous Chapter, array methods are based on the common waveform
model (Aki e Richards, 1980), allowing to improve the signal-to-noise ratio of the traces.
The reliability of array processing depends on different factors, such as the relationship
between array/network configuration and the signal wavelengths analyzed, the geological
homogeneity of area of interest and the influence of path and site effects and local noise on
wavefield (Tokimatsu, 1997; Almendros et al., 2012; Havskov et al., 2016). The evaluation
of the degree of wavefield coherence and the separation of path/site and source effects are
very important to ensure the best performance of array methods (e.g. Inza et al., 2014;
Zuccarello et al., 2016). Therefore, the determination of wavefield properties, such as
coherence, frequency features, particle motions and energy levels, can help obtain more
constraints about the source location of the signals and the magma dynamics in the
plumbing system (e.g. Saccorotti et al., 2004,2007; Zuccarello et al., 2013; Almendros et
al., 2014; Eibl et al., 2017).

Another important aspect of data processing is the detection of different volcanic signals.
In the past, experts carried out the manual individuation of seismo-volcanic events, such as
LP and VLP events. This is very tedious, especially with a great amount of data and the

presence of background and nonstationary noises (Ibanez et al., 2003). The ever-increasing
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amount of seismic data required the implementation of automatic processing tools (e.g.
Allen, 1982; Evans and Pitt, 1995; Kao et al., 2007; Rouland et al., 2009; Ciaramella et al.,
2011; Cortés et al., 2017; Bueno et al., 2020).

In the following paragraphs of this chapter, a study of volcanic signals recorded at Mt. Etna
during the 2010-2011 period will be illustrated. Considering the data recorded during some
seismic experiments by small-aperture arrays, as well as INGV permanent network, we
analysed the wavefield properties associated with volcanic tremor and LP and VLP events,
in order to assess their temporal evolution concurrently to the different states of volcano.
In addition, we applied methods to evaluate the coherence response of arrays and signal
wavefield, trying to define a frequency range in which the array processing could be
reliable. The chapter will be organized as follows: firstly, we will describe the experimental
set-up and the data collection procedures; then, we will present the array response function
of the seismic antennas; we will proceed by showing the spectral, amplitudes and
polarization properties of volcanic tremor signals in time; we then will illustrate temporal
variations of occurrence rate, energy and particle motions of the LP and VLP activity,
taking into account the waveform classification of the events; successively, basing on these
results, we will provide preliminary information about dynamics of magma extrusion in the
plumbing system of Etna volcano and frequency ranges retrieved for the best performance
of array processing, taking into account the technical limits of each method; finally, we
will discuss on the possible future works needed for improving the knowledge about the

wavefield properties of volcanic signals.

2.2 SEISMIC FRAMEWORK AND DATA

In order to investigate the volcano activity that characterized Mt. Etna between 2010 and
2011, we analysed data recorded during a seismic experiment conducted by “Istituto
Nazionale di Geofisica e Vulcanologia” (INGV) during 2010 and 2011 summertime. The
experiment consisted in the deployment of one dense, small-aperture (150-200 m) seismic
array at 1 km SW from SEC (Fig. 2.1a), nearby the single station called “Torre del
Filosofo” (ETFI). This array consisted of 6 vertical component receivers deployed in an
irregular pattern with an inter-spacing of 100 m (Fig. 2.1b). The array was equipped with
Lennartz® (LE-3D/20s) broad-band (0.05-40.0 Hz; sampling rate of 100 Hz) sensors
connected via cable to two 3-channel Nanometrics® “Taurus” data loggers (Tab. 3). In

2010, this array acquired efficiently seismic data during two main periods, spanning the 1
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July-20 October time interval. During this period, the array operated continuously,
suffering a major technical failure lasting from 24 July to 2 August (Fig. 2.2a). During 2011
summertime, this array was deployed in same area of the previous year, showing the same
geometry, location and instrumental features and acquiring data from 1 July to 24 August
(Fig. 2.3a). However, during this time interval, the seismic array was characterized by some
technical problems, leading poorly functioning of one of the two data loggers and some

sensors (Tab. 4). Unfortunately, the size of array is reduced to only 5 sensors (Fig. 2.1c).

In addition, we used data from seismic monitoring network managed by INGV. At Mt.
Etna, in 2010-2011 the seismic permanent network comprised 33 broadband and 12 short-
period stations. The analyses of seismo-volcanic signals are performed on the recordings
of 7 of these stations (Fig. 2.1a), each equipped with a broadband (40 s cutoff period),
three-component Trillium seismometer (Nanometrics®) and acquired in real time at
sampling rate of 100 Hz (Tab. 5). In this case, the seismic network operated efficiently in
the 2010-2011 period, allowing to complete/improve the array dataset (Fig. 2.2a and Fig.
2.2b). In particular, for the volcanic tremor investigation, we used data recorded during the
functioning periods of the two seismic arrays, including those from permanent network.
Instead, for the study of LP and VLP activity, we performed most of the analyses on the
data acquired by the sparse network shown in figure 2.1, integrating the results obtained
from arrays. Therefore, in this case, we completed the dataset with the sparse network data

recorded between June and October 2010 and along the whole year 2011.
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Figure 2.1. a) Digital Elevation Model (DEM) of the summit area of Mt. Etna with the main craters (white
circles; Bocca Nuova: BN; Voragine: VOR; North-East Crater: NEC; South-East Crater: SEC; New South East
Crater: NSEC), the INGV seismic permanent stations (black circles) and the array location (white triangle)
during 2010-2011 time interval. b) Array geometry in 2010. ¢) Array geometry in 2011.
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Name Station Sensor UTM Longitude (km) |UTM Latitude (km) Elevation (km)
ATF1.BHE |TaurusS/N 966 [LE-3D/20sS/N G133 499,7019 4177,0476 2,9730,
ATF1.BHN |Taurus S/N 966 [LE-3D/20sS/N G132 499,7621 4176,9811 2,9640
ATF1.BHZ |TaurusS/N 966 [LE-3D/20sS/N G139 499,7695 4177,1234 2,9850
ATF2.BHE |TaurusS/N 631 |LE-3D/20s S/N G129 499,6241 4177,0125 2,8480
ATF2.BHN |TaurusS/N 631 |LE-3D/20s S/N G128 499,6711 4176,9256 2,8400
ATF2.BHZ |TaurusS/N 631 |LE-3D/20s S/N G130 499,6432 4177,1013 2,9730,

Table 3. Array configuration and location of the sensors expressed in UTM geographic coordinate system

during 2010.
Name Station Sensor UTM Longitude (km) |UTM Latitude (km) Elevation (km)
ATF1.BHE Taurus S/N 966 |LE-3D/20s S/N G133 499,7019 4177,0476 2,9730
ATF1.BHN Taurus S/N 966 |LE-3D/20s S/N G132 499,7621 4176,9811 2,9640
ATF1.BHZ Taurus S/N 966 |LE-3D/20s S/N G139 499,7695 4177,1234 2,9850,
ATF2.BHE*** |Taurus S/N 631 |LE-3D/20s S/N G130 499,6241 4177,0125 2,8480
ATF2.BHN** |Taurus S/N 631 |LE-3D/20s S/N G128 499,6711 4176,9256 2,8400
ATFO.BHZ * |Taurus S/N 626 |LE-3D/20s S/N G203 499,6432 4177,1013 2,9730

Table 4. Array configuration and location of the sensors expressed in UTM geographic coordinate system

during 2011. * Poorly functioning of the data logger and sensor ATF2.BHZ. They were replaced and the

receiver was renamed. ** Bad acquisition of the seismic traces. This sensor was neglected during data analysis.

*#* Poorly functioning of the data logger and sensor ATF2.BHE. The sensor was replaced, while the data

logger was recovered. As consequence of some technical problems, the sensor was replaced with a three

components one, renamed as ATF2.BHZ3D.

Name Station Sensor UTM Longitude (km) |UTM Latitude (km) Elevation (km)

EBCN Trident Trillium/40s 498,7491 4178,3107 3,0900
EBEL Trident Trillium/40s 500,7313 4176,9460 2,8990
ECNE Trident Trillium/40s 500,1585 4179,7751] 2,9570
ECPN Trident Trillium/40s 498,8106| 4177,3898 3,0500
EPDN Trident Trillium/40s 501,4797| 4179,8418 2,8700
EPLC Trident Trillium/40s 498,7405 4179,7530 2,9680
ETFI Trident Trillium/40s 499,7269 4176,8683 2,9960

Table 5. INGV seismic permanent network configuration and location of the sensors expressed in UTM

geographic coordinate system during 2010.
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Figure 2.2. Temporal coverage of array (a) and permanent network (b) during 2010. The array acquired data
in continuous in the following periods: 01 July 12:00-23 July 03:00 and 03 August 11:00-20 October 08:00.
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2.3 DATA ANAYSIS

As mentioned before, the analysis of the seismo-volcanic signal plays a key role in the
performance of the array analysis or the localization techniques, because it provides
important information about wavefield composition and the dynamics involving eruptive
phenomena such as paroxysm or minor explosive events. In fact, taking into account the
assumptions seen in section 1.3.6 (Chapter 1), it is necessary to define the frequency range
in which the coherence among traces is maximized, making the localization analysis more
reliable. In addition, the characterization of the wavefield, in terms of spectral, amplitude
and polarization features, could represent an efficient tool to understand better the seismic
source mechanisms during volcanic activity. In the next sections, we will show the results
obtained through the analysis of the volcanic tremor and LP and VLP events recorded at

Etna during 2010-2011.

2.3.1 BEAM PATTERN

The results of array analysis are affected by different factors. Among them, the choice of
the number of stations, the aperture and the location of the seismic antennas may be crucial
in order to optimize their acquisition capabilities, especially in terms of coherence among
different waveforms. In fact, it necessary to distinguish between primary or secondary or
fictitious sources during the data processing. The array geometry, in turn, depends on the
geology of the situ and the azimuthal coverage of the area of interest, while the inter-
spacing of the array is related to the wavelength of the signal of interest. During the
experiment in 2010 and 2011, two arrays were deployed taking into consideration these
constraints. In particular, the arrays were located in a homogenous area from the geological
point of view, reducing the influence of the site effects on the coherence among signals.
Their geometry and location were studied in order to ensure as much as possible a good
azimuthal coverage of the summit area of Mt. Etna. Taking into account that the velocity
of seismic waves is about 1-3 km/s and the aperture of the arrays are about 150-200 m, the
dominant wavelengths of the signals are nearly 1 km, providing a good resolution of the
wavefield. In addition, as mentioned in the previous chapter (sectionl.3), source-array
sensors distances must be greater than one wavelength so that the wavefront arriving at
each array can be assumed as planar (Havskov, 2016). In this case, considering the velocity
and the frequency content of the seismic waves observed at Mt. Etna (e.g. Patan¢ et al.,
2013), the arrays were deployed at 1.5-2 km from summit area of the volcano, ensuring

reliable conditions for the use of array methods.
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One way to quantify the coherence capabilities of the arrays is given by the Beam Pattern
analysis (see the section 1.3.2, Chapter 1). The array response corresponding to the
configuration used at two arrays deployed in 2010 and in 2011 is shown in figure 2.4. This
function was computed for many different frequencies ranging 0.5 to 5.0 Hz with a step of
0.5 Hz. For the lowest frequencies, results indicated a small contribution of spatial aliasing
in the array response of the two configurations. In both cases, from the broad peak observed
at 0.5 Hz, it was possible to deduct that the arrays showed a poor resolution at low
frequency because of the signal wavelength larger than the array aperture. The upper
frequency limit depended on the array inter-spacing and site effects, reducing the coherence
among the seismic receivers. In both arrays, the results of Beam Pattern analysis revealed
that the arrays had a coherent response up to frequency of 3.5 Hz, while the influence of

the spatial aliasing was more prevalent for increased frequencies.
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Figure 2.4. Array response computed for a vertically incident wave at different frequencies and for the arrays
deployed in 2010 (left-hand of the diagram) and 2011 (right-hand of the diagram).
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2.3.2 VOLCANIC TREMOR

As explained before, the efficiency of the array analysis could be improved by analysing
the main properties of the wavefield, such as the frequency content, the amplitude and
polarization features. In fact, evaluating the frequency range in which most part of the
signal energy is radiated, is a better way to understand the nature and the origin of volcanic
tremor. At the same time, the determination of the polarization attributes contributes to this
purpose, because it is very helpful to investigate the kind of phases that composed the

wavefield.

Temporal variations of the spectral properties of the volcanic tremor can be observed by
the spectrogram calculation (see section 1.3.3, Chapter 1). During the periods of interest,
this representation was retrieved by computing FFT algorithm over 1-minute-long time
sliding window along recordings of the central station of the arrays. The window length
was chosen so that the spectra obtained showed good frequency-time resolution. The
spectra were successively averaged every 30 minutes and normalized, obtaining the
spectrograms shown in figures 2.5a and 2.6a. During 2010, the seismic radiation was
bounded in the 0.5-6.0 Hz frequency band, showing a complex distribution of primary and
secondary peaks. In particular, tremor spectra were mainly peaked at frequencies of about
5 and 6 Hz especially during the months of July and August. Instead, starting from the last
days of August, most of seismic energy was confined in the 1.0-2.0 Hz band in accordance
with the increase of the explosion activity at BN (Fig. 2.5b), remaining unchanged
throughout the remainder of period. In 2011 summertime, the frequency features of the
volcanic tremor were quite similar to the previous year, showing rather a different temporal
evolution. Here too, different spectral peaks were recognized in the 0.5-6.0 Hz frequency
band, especially during the quiescent periods of the Etna volcano. This complexity
probably was related to a combination of source and path/site effects. However, most of
the seismic radiation was bounded in the 1.0-2.0 Hz frequency range during the lava

fountaining at NSEC (Fig. 2.6b).
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Figure 2.5. Spectral properties of volcanic tremor during 2010. a) Spectrogram of traces of the central station

of the array (ATF1.BHE). The colorbar on the right-hand refers to the normalized values of the spectral

amplitudes. b) Volcanic activity observed at BN crater (data from Andronico at al., 2013).
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Figure 2.6. Spectral properties of volcanic tremor during 2011. a) Spectrogram of traces of the station of the
array ATF2.BHZ. The colorbar on the right-hand refers to the normalized values of the spectral amplitudes. b)
Volcanic activity observed at NSEC and BN crater. The legend on the upper right-hand of the diagram shows
the type of volcanic event: Exp= single explosions or series of minor explosions, minor and/or intense ash

emissions; Parox= Strombolian, lava effusion and lava fountaining activity (data from Behncke et al., 2014).
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As explained before, seismic waves propagating from the source to receivers are certainly
influenced by the medium, reducing the coherence of wave field recorded by the array.
However, the signal coherence can be also degraded by the array configuration, especially
with increased inter-station distance. The inter-sensor coherence of a seismic wavefield is
frequency dependent, limiting the optimal bandwidth for array processing. One way to
evaluate a frequency range reliable is represented by the calculation of the coheregram (see
section 1.3.3 Chapter 1). This representation allowed us to observe the temporal changes
of'the spectral coherence of the volcanic tremor recorded during 2010-2011. It was obtained
by the same procedure seen previously for the spectrogram, but sliding 60-minute-long
time window along the seismic traces of the array. In this case, the results were only
normalized. During the experiment of 2010, the tremor wavefield recorded by the array
was mainly coherent in the 0.1-2.0 Hz frequency range, keeping these features for the
whole period (Fig 2.7a). Generally, the maximum values of the spectra were bounded in
the 0.1-1.2 and 1.4-2.0 Hz frequency bands, although sometimes they were recognized for
higher values of frequency. One exception was represented by the minor peaks distributed
from September onwards, concurrently with the intensification of the volcanic activity at
BN crater (Fig 2.7b). In this case, it was possible to observe high values of coherence
between 2.5 and 3.0 Hz. In 2011, the array recorded volcanic tremor that showed similar
features to the previous case (Fig. 2.8a). In particular, the spectral coherence was focused
on the 0.1-2.0 Hz frequency band, showing higher values during lava fountaining activity

(Fig. 2.8b). The main peaks were rather bounded at the frequency of about 1 Hz.

78



6
0.8
§5
54 0.6
c
S
gs RUTSLLC ER—— 0.4
w5 |
" 0.2
1}
o 0
Ash emissions - . . . |
Explosions - cm— . . i 1
Aug Sep Oct
2010

Figure 2.7. Spectral coherence of volcanic tremor during 2010. a) Coheregram of traces recorded at array. The
colorbar on the right-hand refers to the normalized values of MSC function. The black marks indicate the
maximum values of the MSC function. b) Volcanic activity observed at BN crater (data from Andronico at al.,

2013).
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Figure 2.8. Spectral coherence of volcanic tremor during 2011. a) Coheregram of traces recorded at array. The

colorbar on the right-hand refers to the normalized values of MSC function. The black marks indicate the

maximum values of the MSC function. b) Volcanic activity observed at NSEC and BN crater. The legend on

the upper right-hand of the diagram shows the type of volcanic event: Exp= single explosions or series of minor

explosions, minor and/or intense ash emissions; Parox= Strombolian, lava effusion and lava fountaining activity

(data from Behncke et al., 2014).
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Another way to characterize the nature of the volcanic tremor is represented by the
calculation of the RMS of the seismic amplitude (see section 1.3.3, Chapter 1). The time
variation of the amplitudes was computed on 10-second-long time sliding windows along
the traces of central station of the two arrays. This analysis was performed in the 0.1-3.5
Hz frequency range, filtering the recordings in different frequency bands with a band-pass
cosine filter. The RMS amplitudes were also averaged in time by 3-hour moving average.
The results for 2010 and 2011 experiments are shown in the figures 2.9 and 2.10,
respectively. In the first case, we observed significant variations of the tremor amplitudes,
especially during the last two months of recording. At the same time as the occurrence of
the increase of the explosions at BN crater, the RMS amplitudes gradually increased up to
medium-low levels compared to those exhibited during quiescent periods, keeping these
features in the remainder of the period. The higher values of the seismic radiation were
observed in the 1.5-3.5 Hz frequency interval, while slightly lower values of the tremor
amplitudes were recorded in the remaining part of the considered frequency band. The
RMS patterns were very coherent in this frequency range, although they showed
differences between the 0.1-1.5 Hz and the 1.5-3.5 Hz bands. In the second case, the
volcanic tremor amplitudes presented similar features as shown previously in the 2010
experiment, especially during quiescent periods of volcanic activity. However, a gradual
increase in the tremor amplitude was observed in occurrence of the paroxysms, precisely
at the beginning of the Strombolian activity. At the same time as the intensification of the
explosive activity, the amplitudes increased abruptly, achieving high levels with the
development of the lava fountaining. When the phenomena disappeared, the RMS
amplitudes dropped abruptly, returning to the background levels exhibited before the onset
of the paroxysmal activity. Some exceptions were represented by the paroxysms of the 30
July and 20 August, when the tremor amplitudes gradually decreased just before the onset
of lava fountaining activity. The RMS time series presented high values of coherence in
the entire frequency range of analysis, especially during the paroxysms. Some differences
were recognized in the energy distributions. In fact, during the quiescent periods of the
volcano, the higher RMS amplitudes were focused on the 1.5-3.5 Hz frequency interval;
instead, in occurrence of lava fountaining, the seismic radiation was more bounded in the
0.1-1.5 Hz band. One exception was the episode of the 20 August. In this case, the higher
amplitudes and the lack of coherence were related to technical problems that occurred
during the maximum intensity of the lava fountaining. This was confirmed by the results

obtained by coherence analysis (Fig. 2.8a).
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Figure 2.9. Amplitude properties of volcanic tremor during 2010. a) Moving average of the RMS amplitude of

the tremor recorded at central sensor of array. The legend at the top right refers to the central frequency of

analysis bands, that are wide 1 Hz. The axes of plots are set in semi-logarithmic scale. b) Volcanic activity

observed at BN crater (data from Andronico at al., 2013).
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Figure 2.10. Amplitude properties of volcanic tremor during 2011. a) Moving average of the RMS amplitude
of the tremor recorded at ATF2.BHZ sensor of array. The legend at the top refers to the central frequency of
analysis bands, that are wide 1 Hz. The axes of plots are set in semi-logarithmic scale. b) Volcanic activity
observed at NSEC and BN crater. The legend on the upper right-hand of the diagram shows the type of volcanic
event: Exp= single explosions or series of minor explosions, minor and/or intense ash emissions; Parox=

Strombolian, lava effusion and lava fountaining activity (data from Behncke et al., 2014).
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As aforementioned, an additional tool that supports the signal processing is represented by
the polarization analysis. We determined the polarization properties of the wavefield by
using the eigen-decomposition of the covariance matrix of the three components of ground
motion (see section 1.3.4, Chapter 1). Considering the configuration limits of the two arrays
deployed in 2010-2011, the analysis was performed by using the traces recorded at the
permanent seismic station “Cratere del Piano” (ECPN). The polarization attributes were
evaluated over 10-second-long time windows along tremor signal, filtering the recordings
in different frequency bands (0.5-2.0 Hz, with a step of 0.5 Hz). In addition, the analysis
was supported by the inspection of particle motions computed over the same time windows
and frequency intervals at ECPN, ETFI (“Torre del Filosofo”) and EBCN (“Bocca Nuova”)
stations. The main results obtained for the 2010 and 2011 time intervals are shown in the
figures 2.11, 2.12, 2.13 and 2.14, 2.15, 2.16, respectively. During the first period, the
distribution of back azimuth, incidence angle and coefficient of rectilinearity revealed that
the polarization properties were quasi-stationary in time and changeable in frequency. At
ECPN station, for high values of rectilinearity (>=0.8), the back azimuths were mainly
clustered in the N70°E-N100°E interval, pointing toward the direction corresponding to
SEC, while incidence angles were representative of a quasi-horizontal particle motion (Fig.
2.17). Instead, considering lower values of rectilinearity, the wavefield resulted to be more
complex to analyze, especially at increased frequency ranges of analysis (Fig. 2.13). In fact,
the results were generally more stable in the 0.5-1.5 Hz frequency interval. Some
exceptions were recognized during the intensification of the explosion activity at BN crater,
when the back azimuth was also focused on the N100°E-N130°E interval (Fig. 2.17),
pointing toward the directions from BN crater. Further insights into the polarization
properties were gained from particle motion analysis. These were compatible with the
polarization directions observed previously, especially for the higher values of
rectilinearity. However, for those analysis windows in which the coefficient of
rectilinearity was lower, it was possible to observe elliptical orbits of the particle motions
(Fig. 2.19). During the 2011 experiment, the results were slightly different from what
shown previously (Figs. 2.14, 2.15 and 2.16). Generally, during the quiescent periods of
the volcanic activity, the polarization back azimuths were clustered in the N30°E-N60°E
interval with shallow angles and high rectilinearity values, pointing toward the direction
corresponding to BN crater. At the same time as the beginning of the Strombolian activity
of the paroxysms, the back azimuths migrated focusing on the N45°E-N75°E interval, up
to the N70°E-N100°E with the development of the lava fountaining (Fig. 2.18) and pointing
toward NSEC. At the end of the episode, the polarization attributes returned to the values
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observed before the paroxysm. During these paroxysmal phases, the rectilinearity values
were higher and stable, while the incidence angles were slightly shallower than quiescent
periods (Fig. 2.18). For the lower values of rectilinearity, the polarization properties were
very similar compared to those of 2010, showing elliptical orbits of the particle motions in
the whole period of interest (Fig. 2.20). However, here too, the results were more stable in
the 0.5-1.5 Hz, exhibiting a major complexity of the tremor wavefield with increased

frequencies of analysis.
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Figure 2.11. Temporal histogram of polarization attributes of three components of motion recorded by ECPN
station during 2010 (upper, central and lower panels). For each diagram, the colorbar on the right-hand refers
to normalized histogram probability. The analysis was performed in 0.5-1.0 Hz frequencies range. The lowest

panel of each diagram refers to volcanic activity observed at BN crater (data from Andronico at al., 2013).
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Figure 2.12. Temporal histogram of polarization attributes of three components of motion recorded by ECPN
station during 2010 (upper, central and lower panels). For each diagram, the colorbar on the right-hand refers
to normalized histogram probability. The analysis was performed in 1.0-1.5 Hz frequencies range. The lowest

panel of each diagram refers to volcanic activity observed at BN crater (data from Andronico at al., 2013).
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Figure 2.13. Temporal histogram of polarization attributes of three components of motion recorded by ECPN
station during 2010 (upper, central and lower panels). For each diagram, the colorbar on the right-hand refers
to normalized histogram probability. The analysis was performed in 1.5-2.0 Hz frequencies range. The lowest

panel of each diagram refers to volcanic activity observed at BN crater (data from Andronico at al., 2013).
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Figure 2.14. Temporal histogram of polarization attributes of three components of motion recorded by ECPN
station during 2011 (upper, central and lower panels). For each diagram, the colorbar on the right-hand refers
to normalized histogram probability. The analysis was performed in 0.5-1.0 Hz frequencies range. The lowest
panel of each diagram refers to volcanic activity observed at NSEC and BN crater. The legend on the upper
right-hand of these panels shows the type of volcanic event: Exp= single explosions or series of minor
explosions, minor and/or intense ash emissions; Parox= Strombolian, lava effusion and lava fountaining activity

(data from Behncke et al., 2014).
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Figure 2.15. Temporal histogram of polarization attributes of three components of motion recorded by ECPN
station during 2011 (upper, central and lower panels). For each diagram, the colorbar on the right-hand refers
to normalized histogram probability. The analysis was performed in 1.0-1.5 Hz frequencies range. The lowest
panel of each diagram refers to volcanic activity observed at NSEC and BN crater. The legend on the upper
right-hand of these panels shows the type of volcanic event: Exp= single explosions or series of minor
explosions, minor and/or intense ash emissions; Parox= Strombolian, lava effusion and lava fountaining activity

(data from Behncke et al., 2014).
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Figure 2.16. Temporal histogram of polarization attributes of three components of motion recorded by ECPN
station during 2011 (upper, central and lower panels). For each diagram, the colorbar on the right-hand refers
to normalized histogram probability. The analysis was performed in 1.5-2.0 Hz frequencies range. The lowest
panel of each diagram refers to volcanic activity observed at NSEC and BN crater. The legend on the upper
right-hand of these panels shows the type of volcanic event: Exp= single explosions or series of minor
explosions, minor and/or intense ash emissions; Parox= Strombolian, lava effusion and lava fountaining activity

(data from Behncke et al., 2014).
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Figure 2.17. Histograms of back azimuth (on the right-hand) and incidence angles (on the left-hand) during
2010. The data were representative for the 0.5-2.0 Hz frequency range of analysis, selecting those attributes for
which the coefficient of rectilinearity was larger than 0.8. For each diagram, the title refers to the month of

investigated period: 7=July; 8=August; 9=September; 10=October.
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Figure 2.18. Histograms of back azimuth (on the left-hand) and incidence angles (on the right-hand) during the main phases of paroxysms of 2011. The data were representative for the
0.5-2.0 Hz frequency range of analysis, selecting those attributes for which the coefficient of rectilinearity was larger than 0.8. For each diagram, the title refers to the period comprised

from the onset of a paroxysmal phase and the successive one (time interval from Behncke et al., 2014): Rea=Reactivation; Stromb=Strombolian activity; LE=Lava effusion; Foun=Lava

fountaining; EndEp=End of episode; Post=Post quiescent period.
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Figure 2.19. Example of particle motions in 2-s window on volcanic tremor signal recorded at ECPN station

on 12 August 2010 12:00. The analysis was performed in 0.5-2.0 Hz frequency range.
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Figure 2.20. Example of particle motions in 2-s window on volcanic tremor signal recorded at ECPN station

on 30 July 2011 20:00. The analysis was performed in 0.5-2.0 Hz frequency range.
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2.3.3 LP AND VLP EVENTS

As in the case of the volcanic tremor, the analysis of LP and VLP activity provides very
valuable information to model its source dynamics during volcanic phenomena and to
improve the successive localization analysis. Due to its importance, the automatic detection
of these events also represents a crucial element for the rapid and efficient processing of
the data. In order to overcome the limited temporal coverage of the two arrays, we
performed the successive analyses by using the seismic traces recorded by the INGV
seismic permanent network (see section 2.2, Chapter 2), in the period between June and
October 2010 and for the full year 2011. For the detection of the LP events during these
periods, we used the SALPED algorithm (see section 1.3.5, Chapter 1). In particular, LP
events were individuated by using the seismic traces recorded by the ECPN permanent
station, chosen on the basis of the best signal-to-noise ratio. Following the procedure
explained in the Chapter 1, we set the lower, central and upper subbands in the 0.1-0.4 Hz,
0.5-1.2 Hz and 3.0-10.0 Hz frequency ranges, respectively. The characteristic function was
calculated by using spectral penalty factors equal to 2 and 4. The determination of the LP
trigger times was completed by selecting all events with a characteristic function larger
than one. The events were also catalogued in a digital archive of 20 s long waveform
recordings, starting 10 s before the maximum peak-to-peak amplitude. For the detection of
the VLP events we performed the STA/LTA method by using the same seismic traces
recorded by ECPN permanent station. Following the procedure described in the section
1.3.5 (Chapter 1), we set the STA and LTA windows at 6 s and 60 s, respectively, filtering
the traces in the 0.01-0.15 Hz frequency band with band-pass cosine filter. From some
preliminary tests, we chose the value of 2.5 as detection threshold, extracting the VLP
events through 100-seconds-long seismic recordings around their maximum peak-to-peak
amplitudes. In this manner, we were able to detect more than 43,000 LPs and almost 10,000

VLPs between 2010 and 2011.

In order to gain further insights into low frequency activity, the waveform classification of
the LP and LP events was manually performed through the visual inspection of the
waveform events. In both periods, we recognized three main families and one unique
family of LP and VLP events, respectively. The stacked signals associated with the
different families are shown in figure 2.21. The LP waveform belonging to the first family
showed in displacement records a positive onset (up), followed by a greater downward
displacement (down). The second family of events was identical to the first one, except for

the onset that, in this case, was characterized by double up and down shapes. These two

95



families also showed the same M-shaped coda. Instead, the LP waveform belonging to the
third family was characterized by opposite pulses. In fact, in this case, the onset was
composed by a negative displacement followed by an upward pulse, so that the family
could be considered as the specular image of the first one. The VLP waveform showed in
displacement records a positive onset (up), followed by a greater downward displacement

(down).
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Figure 2.21. LP and VLP waveforms obtained from visual classification. These characteristic waveforms are

derived by delaying and summing the events belonging to each family. The events are displayed in

displacement. a) LP family waveforms filtered in the 0.5-1.2 frequency band. The red line underlines the LP

event in the 20-seconds-long time window used for the extraction. For each diagram, the title indicates the

seismic station used for the detection (ECPN), the type of family of events (F1, F2 or F3) and the component
of ground motion (Z=vertical, N=North or E=East). b) VLP family waveform filtered in the 0.01-0.0.15 Hz

frequency range. The red line shows the VLP event in a 100-seconds-long time window. For each diagram, the

title indicates the seismic station used for the detection (ECPN) and the component of ground motion

(Z=vertical, N=North or E=East).
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Considering the previous selected families, we refined the LP and VLP catalogues by
analysing the particle motions of the events through the covariance matrix method (see
section 1.3.4, Chapter 1). In this case, we filtered the LP and VLP waveforms in the 0.5-
1.2 Hz and 0.01-0.15 Hz frequency ranges, respectively. Considering the times series
obtained by the polarization analysis, a further event discrimination was performed by
selecting those LPs or VLPs for which the coefficient of rectilinearity is larger than 0.8.
Successively, we determined the main wavefield properties of the LP events (amplitude
estimates, polarization attributes) by using the same techniques applied during the
processing of volcanic tremor data (see the previous section). For the 2010 experiment, the
results are shown in the figures 2.22 and 2.23. Generally, for both type of events, the
polarization back azimuths were clustered in N10°E-N40°E range, pointing toward
direction corresponding to BN crater with shallow incidence angles (Fig. 2.22) and low
RMS amplitudes (Fig. 2.23). However, in the case of the LPs, it was possible to observe
some significant changes of wavefield properties with the intensification of the explosive
activity at BN crater. In fact, between August and October 2010, the signal amplitudes
gradually increased up to medium-low levels and the incidence angles became shallower
than those values exhibited during the previous month, especially with the development of
volcanic activity at Mt. Etna. The features of VLP events were generally quasi-stationary
in time and were uncorrelated with variations in the volcanic activity. The only exception
was represented by RMS values that gradually increased with the occurrence of the
explosion activity. In addition, the VLPs were characterized by lower incidence angles and
energy values than LP ones. Taking into account the frequency of occurrence of the LP and
VLP events (Fig. 2.23), we observed some interesting relationships with the volcanic
activity. While the VLPs were randomly distributed in time, the number of LP events
gradually decreased between June and August, reaching the minimum values at the starting
of the volcanic activity at BN crater, due to the increase of the background noise. With the
intensification of explosion events, the frequency of occurrence of LPs grew again up to

assume similar values to those observed in the previous period.
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Figure 2.22. Polarization attributes of LP and VLP activity obtained by analysing the events recorded at ECPN
station during 2010. All results are filtered selecting those values for which the coefficient of rectilinearity is
larger than 0.8. The diagrams (a) and (b) represent the temporal evolution of the polarization back azimuths
(upper panel) and incidence angles (lower panel) obtained by analysing LP and VLP events, respectively. The

red lines indicate 3-days moving averages. The diagram (c) shows volcanic activity observed at BN crater (data
from Andronico at al., 2013).
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(upper panel), expressed as stacked histograms, and RMS values (central panel) during 2010. These properties

are related to volcanic activity observed at BN crater (lower panel; data from Andronico at al., 2013).

Further insight into them can be obtained from the time distributions of the LP families
(Figs. 2.24 and 2.25). In particular, the first family occurred along the whole period, with
the highest occurrence during the first two months of recordings. One exception was from
the last days of July to the beginning of September, when the events were detected with
lower frequency of occurrence. The second family gradually increased at the beginning of
June and reached the maximum frequency of occurrence between mid-July and the last
weeks of September, disappearing in the month of October. However, these two groups of
events were characterized by similar properties that follow the temporal trends described
in the previous paragraph (Figs. 2.22 and 2.23). Instead, the third family was detected with
lower occurrence frequency than the previous ones, especially during the first three months
of recording. From the end of August, this family gradually reappeared, reaching higher
frequency during the month of October. In this case, we observed lower incidence angles
and higher amplitude values than the other families. However, in occurrence of the
explosive activity at BN crater, this family was dominated by the shallowest incidence
angles. In general, the wavefield properties of the LP and VLP can be summarized in the

figures 2.25 and 2.26, respectively.
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activity at BN in 2010 (data from Andronico at al., 2013). The event counts are calculated on daily scale.
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Figure 2.25. Statistical overview of the wavefield properties about LP Families recorded during 2010. a)
Boxplot of polarization back azimuths. b) Boxplot of incidence angles. ¢) Boxplot of RMS amplitudes. d) Bars

diagram of the number of LPs. For each diagram, the horizontal axis refers to the first 3 letters of the name of

month.

102




180 a 90 — ‘ ; b
o I 0§
_150r ol —
g s 0 & B B =
E12D ﬁ 60 1{ f g é—
5 g 50 s x
£ 9 £ 40l +
5 2
-é 60 i ; + ; ‘_é’ 30
@ F N T 20
0 == == = e == .
¥ T T T & 10
0 0
Jun Jul Aug Sep Oct Jun Jul Aug Sep Oct
2000 T c 2500 d
E 2000
1500 )
S : ¥ + 8 1500
8 I ¥ + | [=
E 1000 : . i + g
ha é : _ 1000
[
500 1
500
=== == — .
Jun Jul Aug Sep Oct Jun Jul Aug Sep Oct

Figure 2.26. Statistical overview of the wavefield properties about VLPs recorded during 2010. a) Boxplot of
polarization back azimuths. b) Boxplot of incidence angles. ¢) Boxplot of RMS amplitudes. d) Bars diagram of

the number of VLPs. For each diagram, the horizontal axis refers to the first 3 letters of the name of month.

During the 2011 (Figs. 2.27 and 2.28), we observed significant variations of some LP
wavefield properties, especially during paroxysmal activity. Instead, almost all VLP
properties were stationary in time, except for the frequency of occurrence. During the
quiescent periods of the Etna volcano or during the explosive activity at BN crater, the
polarization back azimuths were focused on the N10°E-N60°E and on N10°E-N40°E
intervals for the LP and VLP activity, respectively, pointing toward from BN crater. The
LP events were characterized by quasi-horizontal particle motions and low levels of RMS
amplitude, while the VLPs showed deeper incidence angles and smaller amplitudes than
LP events. In both cases, the frequency of occurrence was very high, reaching its maximum
between a paroxysm and another one. However, in some cases, LP or VLP activity resulted
almost absent during some quiescent periods of the volcano. With the development of
paroxysms, the LP/VLP wavefield was more complex to observe, showing also unstable
results due to the increase of the intensity of tremor linked to eruption. In fact, the

occurrence frequency of the events decreased as quickly as the intensification of explosive
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activity, so that few or no events were detected during lava fountaining due to the decrease
of the signal-to-noise ratio. In particular, for the LP events, RMS amplitudes gradually
increased in occurrence of paroxysms, reaching sometimes the same levels of the volcanic
tremor; the VLP amplitude values rather were no affected by the changes in the volcanic
activity. In both types of events, the polarization incidence angles became deeper with the
development of lava fountaining, although some polarization values were difficult to
interpret because of the reduced number of detected events. While the back azimuths were
almost stationary for VLPs, the LP events showed back azimuths focused on N60°E-
N110°E interval during the intensification of explosive activity at NSEC, pointing toward
NSEC. In general, brief resumes of the analysis results for LP and VLP events can be

observed in the figures 2.29 and 2.30, respectively.
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Figure 2.27. Polarization attributes of LP and VLP activity obtained by analysing the events recorded at ECPN
station during 2011. All results are filtered selecting those values for which the coefficient of rectilinearity is
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volcanic event: Exp= single explosions or series of minor explosions, minor and/or intense ash emissions;

Parox= Strombolian, lava effusion and lava fountaining activity.
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fountaining activity.
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Figure 2.29. Statistical overview of the wavefield properties

different phases of paroxysmal activity in 2011. a) Boxplot of polarization back azimuths. b) Boxplot of
incidence angles. ¢) Boxplot of RMS amplitudes. d) Bars diagram of the number of LPs. For each diagram, the
horizontal axis refers to the period comprised from the onset of a paroxysmal phase and the successive one

(time interval from Behncke et al., 2014): Rea=Reactivation; Stromb=Strombolian activity; LE=Lava effusion;

about all families of LP recorded during the

Foun=Lava fountaining; EndEp=End of episode; Post=Post quiescent period.
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Figure 2.30. Statistical overview of the wavefield properties about VLPs recorded during the different phases
of paroxysmal activity in 2011. a) Boxplot of polarization back azimuths. b) Boxplot of incidence angles. c)
Boxplot of RMS amplitudes. d) Bars diagram of the number of VLPs. . For each diagram, the horizontal axis
refers to the period comprised from the onset of a paroxysmal phase and the successive one (time interval from
Behncke et al., 2014): Rea=Reactivation; Stromb=Strombolian activity; LE=Lava effusion; Foun=Lava

fountaining; EndEp=End of episode; Post=Post quiescent period.

Generally, there were not significant differences among families of LP events in terms of
polarization attributes and amplitudes features. One exception was represented by the
distribution of the events in time (Fig. 2.31). The first and second families were detected
along the entire period, reaching their maximum frequencies of occurrence almost in the
same time intervals. In these cases, most of this LP activity was focused on the August-
December and March-June intervals, with some sporadic peaks during the remaining
periods. However, the second family was recorded with a lower frequency than the first
one. The third family was slightly different in terms of temporal distribution of the events
compared to what was seen previously. The frequencies of occurrence of this family shared
similar values and time trend to the first one, except for the peak activity. In fact, the first
and the second families reached maximum frequencies of occurrence during the months of

August and September, while the third one was characterized by a maximum peak of
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activity between November and December. However, each family of LP events showed the

same properties relating them to paroxysmal activity, as explained before for the general

trend.
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Figure 2.31. Temporal distribution of LP Families F1 (red), F2 (blue) and F3 (green) relating to the volcanic
activity at NSEC and BN crater in 2011. The event counts are calculated on daily scale The legend on the upper
right-hand of this panel shows the type of volcanic event: Exp=single explosions or series of minor explosions,
minor and/or intense ash emissions; Parox= Strombolian, lava effusion and lava fountaining activity (data from
Behncke et al., 2014).
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2.4 DISCUSSION AND CONCLUSIONS

What is illustrated in this chapter consists of a study of the main properties of the seismic
wavefield time-related to changes in the volcanic activity, focusing the attention to volcanic
tremor and LP and VLP events. This is very important not only for the determination of the
frequency range in which the successive localization analyses may be more reliable, but
for the interpretation of those dynamics of magma extrusion that lead to volcanic
phenomena such as paroxysms or sequences of explosions. In particular, this study was
focused on the activity of Mt. Etna that occurred between June and October 2010 and
throughout the 2011, when the volcano had been affected by a series of minor explosive
events at BN crater (Tab. 1, section 1.2.5) and by 18 episodes of lava fountaining at NSEC
(Tab. 2, section 1.2.5), respectively. In these cases, we referred to data recorded during
seismic experiments in the 2010 and 2011 summertime, when two seismic arrays were
deployed in summit area of the volcano, nearby ETFI permanent station (Fig. 2.1). In
addition, we integrated these data with those acquired by the seismic permanent network

managed by INGV (Fig. 2.1).

For the investigation of the nature and the properties of the seismo-volcanic signals, we
used different methods and/or algorithms, such as spectral, amplitude and polarization
analyses, as well as routines for the detection of seismic events such as LP and VLP events.
At the same time, we included those techniques used to assess the wavefield coherence of

the signals and to verify the capabilities of the arrays of recording coherent traces.

In order to perform the analysis of the volcanic tremor recorded during 2010-2011, six

different methods were used:

(i) Beam pattern analysis (Capon, 1969), for the evaluation of the array response
function, at different frequencies, of the two arrays deployed during the

experiments.

(ii) Spectrogram calculation (Schlindwein et al., 1995), for the determination of
the frequency range in which most of the seismic tremor radiation was

generated and for the study of its temporal evolution.

(iii) Coheregram calculation (Welch, 1967), enhancing the frequency range in

which the tremor wavefield is as coherent as possible.
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(iv) RMS amplitude (Kenney and Keeping, 1962), to track significant energy
changes of the tremor source in time and to verify the similarity of the

amplitude patterns among different frequency ranges of analysis.

v) Covariance matrix method (Jurkevics, 1988), to track variations in the

directional properties of tremor source during the volcanic activity.

(vi) Particle motion calculation, to obtain qualitative information about the type of
waves composing the tremor wavefield and further information about the

directional properties determined through the previous method.

Considering the results illustrated in the section 2.3, most of coherent wavefield was
recorded in the 0.5-1.5 Hz frequencies range (Figs. 2.7a and Fig. 2.8a). On the basis of the
two arrays deployed during 2010 and 2011, the theoretical response was reliable up to 3.5
Hz (Fig. 2.4); for increased frequencies, the arrays did not provide a unique solution due to
the spatial aliasing (e.g. Schweitzer et al., 2012; Zuccarello et al., 2016). Calculations of
the tremor coherence between the different elements of the seismic arrays allowed to
identify the optimal bandwidth for array processing. However, taking in account the results
obtained through coheregram calculation (Figs. 2.7a and 2.8a), the coherency decreased at
progressively higher frequencies, due to inter-sensors spacing and the scattering
phenomena generated by steep topography and strong structural heterogeneity of volcano
(e.g. Neuberg and Pointer, 2000; Kumagai et al., 2010, 2011; Qin et al., 2019). Therefore,
the maximum peaks of coherence were recorded at lower frequencies in both periods,
although significant values can be observed at slightly higher frequencies, due to the
increase of signal-to-noise ratio, during eruptive phenomena such as explosions or lava
fountaining (Figs. 2.7b and 2.8b). This can be also observed by comparing the time series
of RMS amplitude values (Figs. 2.9a and 2.10a) with those obtained from coheregram
(Figs. 2.7a and 2.8a): for lower energy values of seismic tremor radiation, the best
waveform coherence was confined in lower frequency portion of the spectrum; with the
increase of tremor energy, accordingly to the intensification of volcanic activity, high
waveform coherence of the seismic traces was also recorded for frequencies greater than
1.5 Hz. In general, by comparing the results obtained through these methods, we were able
to discriminate a reliable frequency band of analysis for the successive array processing.
However, it was not possible to obtain a complete solution of the coherence wavefield,
because of the limitations of array configurations and relationship between analysis

parameters and resolution/stability of the results.
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Regarding the tremor wavefield properties, we observed interesting relationships with the
temporal evolution of the volcanic activity during the periods of interest. In both periods,
these properties could be compatible with shallow seismic sources that mainly radiated a

complex wavefield composed by both body and surface waves.

From the results obtained through spectral (Figs. 2.5a and 2.6a) and RMS analyses (Figs.
2.7a and 2.10a), the most part of seismic radiation was focused around 1 Hz, especially
during the increase of the frequency rate of explosion events at BN crater (Figs. 2.5b and
2.9b) or during the paroxysmal episodes at NSEC (Fig. 2.6b and 2.10b) during 2010 and
2011, respectively. Averaging and normalizing the spectra in time (e.g. Saccorotti et al.,
2004; Inza et al., 2014), we were able to better highlight the frequency content associated
with tremor source, neglecting the influence of medium effects. It can be clearly observed
in occurrence of the increase of RMS values (Figs. 2.9a and 2.10a), due to better signal-to-
noise ratio related to the increase of the seismic energy of volcanic tremor. Taking into
account the length of time window chosen for the analyses, we obtained a good resolution
of spectral and amplitudes properties. The RMS amplitude analysis was very sensitive to
signal peaks or technical glitches, affecting the amplitudes of RMS values (Kenney and
Keeping, 1962; Battaglia et al., 2003). A good time and frequency resolution of the
spectrogram required a narrow window in time and a narrow filter in the frequency domain
(and then a large window in time), respectively. Unfortunately, Heisenberg’s uncertainty
principle prohibits the existence of a window with arbitrarily small duration and small
bandwidth (Harris, 1978; Leseage, 2002). Therefore, we set the analysis parameters in
order to obtain a good trade-off between resolution and reliability of results. For eruptive
phenomena at Mt. Etna such as lava fountains or minor explosive events, some studies on
volcanic tremor have evidenced similar properties to those shown previously (e.g. Alparone
et al, 2003; Cannata et al., 2008; Patané et al, 2008; Coltelli et al., 2012; Patané et al., 2013;
Cannata et al., 2013, 2015; Cannavo et al., 2017; Moschella et al., 2018), noting that
variation over time of the seismic RMS amplitude and frequency content was strongly
related to changes in volcanic activity and source location. Other studies showed how these
properties were not necessarily influenced by state of volcano (e.g. McNutt, 1992; Privitera
et al, 2003; Di Grazia et al., 2006; Andronico et al., 2013). However, most of these authors
concorded to attribute variations of the spectral and amplitude content of the volcanic
tremor recordings to tremor source changes; in fact, the tremor spectral and amplitude
content depended on the size of the resonant structure (Chouet, 1996a) and on the physical-
chemical features of the fluid in the structure (Morrissey and Chouet, 2001). However,

worldwide observations of volcanic tremor showed a large variability in time durations,
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signal amplitudes, and frequencies content. This wide variety could indicate that volcanic

tremor is probably the result of different processes (Chouet and Matoza, 2013).

Considering the polarization attributes, no significant variations were recognized along
2010 period (Figs. 2.11, 2.12 and 2.13), but they were almost stationary in time. Instead,
during 2011 period, particle motion estimates were more unstable and changed according
to variations in paroxysmal activity (Figs. 2.14, 2.15 and 2.16). In addition, the qualitative
analysis of the particle motion revealed that tremor wavefield was very complex to
interpret, because it was composed by both body and surface waves (Figs. 2.17 and 2.20).
Significant information could be retrieved by exploring the limits of the methods. The
quality of particle-motion information obtained for a given arrival depended on the
positioning of the analysis window and choice of frequency interval (Kanasewich, 1981;
Jurkevics, 1988). Hence, both window length and bandwidth were chosen on the basis of
the usual trade-offs between resolution and estimation variance. The covariance matrix
method was also less sensitive to largest-amplitude arrivals characterized by elliptical
orbits of particle motion (Jurkevics, 1988; Saccorotti et al., 2004). The energy associated
to these arrivals on radial plane was weak once compared to that observed on the transverse
one. Therefore, for this reason, the contribute of surface waves was detected during visual
inspection of particle motions rather than the covariance analysis. Covariance matrix
method was also very sensitive to the number of sensors used for the analysis (Jurkevics,
1988). Unlike polarization analysis of array (Jurkevics, 1988), the use of single station-
method could increase the variance and the instability of polarization attributes, making
them difficult to interpret especially for low values of rectilinearity. For this reason, to
decrease as much as possible this effect, we selected only properties computed during
intervals characterized by high rectilinearity. In addition, local earth heterogeneities could
introduce random time shifts and waveform distortions, affecting the accuracy and the
quality of the polarization parameters (e.g. Jurkevics, 1988; Neuberg and Pointer, 2000;
Saccorotti et al., 2004; Alparone et al., 2007). Therefore, the combination of these effects

could explain the complexity of the results.

Taking into account the previous analysis and the volcanological observations, similar
changes of polarization attributes, concurrently to those of the eruptive activity, have been
largely observed at Mt. Etna (e.g. Ripepe et al., 2001; Di Grazia et al., 2006; Carbone et al;
2006; Cannata et al., 2008). These properties could be interpreted as the result of a complex

wavefield, generated by the combination of source and path effects. In terms of source
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effects, a resonating fluid-driven crack has been demonstrated to contribute large P, SV
and SH components to the radiated wavefield (e.g. Chouet, 1988; Hagerty et al., 2000).
However, for instance, SH-Rayleigh components, observed in the records of tremor in the
past studies (e.g. Saccorotti et al., 2004; Alparone et al., 2007; Cannata et al., 2010) could
be due entirely to a path effect. In this case, a possible mechanism concerns a wave
conversion of P and SV energy impinging at the topographic and structural complexities
affecting the summit volcanic edifice (Ohminato and Chouet, 1997; Ripperger et al., 2003).
However, the results obtained in the previous analysis were not sufficient to discriminate
between source and/or path effects, but they need to be compared to those related to tremor
source positions. Therefore, further interpretations about these properties can be found in

the Chapter 3.

Regarding the study of LP and VLP events recorded during 2010-2011, five different

analysis steps were performed:

(i) Detection analysis (Allen, 1982; Garcia et al.,, 2017), for the automatic

identification of the events during the periods of interest.

(ii) Waveform classification, to distinguish different families of events on the basis

of their waveform.

(ii) Polarization analysis (Jurkevics et al., 1988), to track variations in the
directional properties related to only LP and VLP source during the volcanic

activity.

(iv) RMS amplitude analysis (Kenney and Keeping, 1962), to track significant
energy changes of the LP/VLP source in time.

v) Family characterization, for comparing the wavefield properties of the

different families of events accordingly volcanological observations.

As mentioned in the previous section, we applied the SALPED (Garcia et al., 2017) and
STA/LTA (Allen, 1982) algorithms to automatically detect the LP and VLP events,
respectively. The analysis parameters were set on the basis of the features of signals
observed at Mt. Etna in the recent years (e.g. Patan¢ et al., 2008; Di Grazia et al., 2009;
Cannata et al., 2013; Zuccarello et al., 2013), such as frequency content, signal duration
and waveforms. The detection thresholds were chosen taking into account the trade-off
between the amount of transients in the signal that must be included or excluded in our

calculations and the best signal-to-noise ratio. However, while the SALPED algorithm was
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very performant for LP individuation (Garcia et al., 2017), the STA/LTA method was more
sensitive to those energy transients which showed similar duration or frequency of VLPs
(such as earthquakes or transient noises). Therefore, the visual inspection of the waveforms
was also performed, not only for the waveform classification, but also to obtain a reliable
dataset of events. In addition, similar to volcanic tremor, LPs and VLPs were affected by
the effect of both free surface and complex stratigraphy (Neuberg and Pointer, 2000;
Almendros and Chouet, 2003). Concerning the former, the problem was more serious due
to the fact that volcanoes have generally pronounced topography, causing severe timing
and waveform perturbations. Unlike volcanic tremor, these effects were less pronounced
in the low frequency signals, especially for VLPs which can be considered relatively
insensitive to km-scale structures due to their long wavelength. For this reason, we selected
only those events characterized by highly rectilinear particle motions, trying to isolate as
much as possible only the source contributes. In addition, the parameters of polarization
and amplitude analyses were set to characterize the first two wave cycles of the events,
taking into account also the technical limitations explained before for the volcanic tremor

processing.

During 2010-2011 interval, the wavefield properties of LP and VLP events were closely
related to eruption activity (Figs. 2.22, 2.23, 2.27 and 2.28). In general, these features could
be associated with shallow seismic sources that generated body waves, accordingly to the
high rectilinear quasi-horizontal particle motions. Probably, considering the polarization
attributes, the VLP source was slightly deeper than LP one, although this was difficult to
prove without any localization information. Taking into account the volcanic activity in the
periods of interest, we observed significant variations about seismic amplitude, back
azimuth and incidence angle of particle motions and frequency of occurrence of the LP
events; on the contrary, the properties of VLPs were almost stationary in time and not
always correlated to volcanic activity (Figs. 2.22, 2.23, 2.27 and 2.28), showing similar
behaviour to LPs only during the paroxysmal activity in 201 1. During the quiescent periods
of Etna volcano, LP events were recorded with the highest occurrence frequencies and the
lowest amplitude and incidence values; the back azimuth angle indicated waves
propagating radially from summit area of volcano. Instead, the number of detected signals
gradually decreased with the intensification of explosion events at BN crater during 2010
(Figs. 2.22 and 2.23) or the development of paroxysmal activity at NSEC during 2011
(Figs. 2.27 and 2.28), showing progressively higher energies values and more horizontal
and/or tangential particle motions. Similar LP and VLP features were observed at Mt. Etna

in the last decades (e.g. Saccorotti et al., 2007; Lokmer et al., 2007;2008; Cannata et al.,
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2008, 2009a, 2013; Patané et al., 2008; Zuccarello et al., 2013). LP wavefield changes
observed during 2010 and 2011, as the same time as the eruptive activity, could be related
to a resonator system such as a fluid-filled crack, as suggested by other recent studies (e.g.
Chouet, 1996a; Nakano et al., 2003; Kumagai et al., 2006; Lokmer et al., 2007; De Barros
et al., 2009; Cauchie et al., 2015). However, the quasi-stationary behaviour in time and the
different amplitude and incidence values of VLPs suggested that these signals could be
triggered by mass transfer (e.g. Chouet et al., 2003; Saccorotti et al., 2007; Cannata et al.,
2009a, 2013).

As regards the properties retrieved for each family of events, we did not individuate
significant difference among families, except for LPs during 2010 (Figs. 2.24 and 2.25). In
fact, the frequency rates of the two first families were higher during the quiescent period
of volcano (Fig. 2.24); the third family mainly occurred with the highest rates during the
explosive sequence that occurred at BN crater (Fig. 2.24). In addition, in the first cases, the
amplitudes and the particle motion incidence angles gradually increased up to the end of
the explosion activity (Fig. 2.25); while those associated to the third family were clustered
around the highest values among the families only in the first part of the explosive sequence
(Fig. 2.25). The difference in wavefield properties and waveform shape could be caused by
a different source position and/or source mechanism, especially in the initial part of the
source time function (e.g. Cannata et al, 2009a; De Barros et al., 2009,2011; Zuccarello et

al., 2013).

In general, the time variation of LP and VLP properties could be interpreted as due to
pressurization/depressurization phenomena involving the shallowest magma storage zone
of volcano (e.g. Saccorotti et al., 2007; Aiuppa, 2010; Cannata et al., 2013; Zuccarello et
al., 2013). In addition, the repetitiveness of the features of these signals could be a clear
indication of the repeated action of non-destructive sources (Cannata et al., 2009a; Di
Grazia et al., 2009; Saccorotti et al., 2007; Patané et al, 2008, 2013; Zuccarello et al., 2013).
However, all these hypotheses will be further explored in the next chapter when source

location of events will be investigated.

2.5 SUGGESTED FUTURE WORK

In order to improve the knowledge about dynamics of injection and transport of magma

affecting the shallow plumbing system of Mt. Etna, future works could be aimed at:
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(1)

(ii)

(iii)

(iv)

v)

Installation of more than one three component array close to the summit area
of volcano, featuring a greater number of sensors with different spacing
(Saccorotti et al., 2004; Di Lieto et al., 2007; Almendros et al., 2014; Inza et
al., 2014). The deployment of many sensors could allow to use different sub-
geometries and, therefore, to extend the seismic wavefield investigation to a
larger wavelength range. The simultaneous use of more arrays could improve
the resolution of wavefield properties and better constrain the volcanological

phenomena.

Quantification of the propagation/site effects on the seismic signals by using
analysis techniques implemented for the evaluation of the variations of waves
velocity in the Etna volcano, the noise content of wave field and the seismic
response of the site (O’Brein and Bean, 2004; Chavez-Garcia et al., 2005,
Cauchie and Saccorotti, 2013; Zuccarello et al., 2016). This could improve the
stability and quality of results, diversifying as much as possible the source

contributes from the others.

Application of three component arrays methods for the assessment of seismic
wave field properties, especially for the polarization attributes (Jurkevics,
1988). The use of beamforming methods could improve the resolution and the
variance estimates on the features of signals by increasing the signal-to-noise

ratio of the traces.

Implementation of detection algorithms for the automatic individuation and
classification of different volcanic signals on the basis of their main
characteristics (Alvarez et al., 2013; Garcia et al., 2017; Bueno et al., 2019).
This could reduce time processing of the data and could better constrain the

features of signals such as volcanic tremor, LPs, VLPs, VTs, etc...

Application of these approaches to longer periods of volcanic activity of Mt.
Etna when similar eruptive phenomena, such as paroxysms and/or minor
explosions, have been observed. This could allow to create a large dataset
containing as much information as possible about the characteristic properties
of the volcanic signals and their short and long-term variations during volcanic

eruptions at Mt. Etna.
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A successful application of these analyses would not only improve the knowledge about
magma dynamics in the plumbing system of Etna volcano but could allow the development

of strategies able to provide a significant improvement in hazard assessment.
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CHAPTER 3 — SOURCE LOCATION OF SEISMIC SIGNALS
AT MT. ETNA

3.1 INTRODUCTION

Features of seismo-volcanic signals and their temporal changes are often related to eruptive
activity, providing insight on the physical processes controlling explosive eruptions
(Sparks et al., 2012; Chouet and Matoza, 2013; McNutt et al., 2015). At Mt. Etna, the
behaviour of seismic signals, such as volcanic tremor, LP and VLP events, strongly reflects
the evolution of explosive activity, also involving source location which generally becomes
shallower and closer to the eruptive vent during the explosive eruptions (e.g. Patan¢ et al.,
2013; Viccaro et al., 2014; Cannavo et al., 2017). Concerning the source location of these
signals, it is not always possible to use techniques based on the inversion of the arrival time
of the seismic phases. Except for the techniques based on spatial distribution of amplitudes
(e.g. Battaglia and Aki, 2003; Di Grazia et al., 2006; Kumagai et al., 2010; Jones et al.,
2011), most of the methods used to locate volcanic tremor and/or LP and VLP events are
based on array analysis (e.g. Neidell and Taner, 1971; Schmidt, 1986; Kawakatsu et al.,
2000; Rost and Thomas, 2002).

In recent years, the use of array techniques has progressively become more popular for the
analysis and interpretation of signals recorded at different volcanoes in the world, such as
Izu-Ochima vocano (Japan; Furumoto et al., 1990), Kilauea (Hawaii, USA; Almendros et
al., 2001a,b), Stromboli (Italy; La Rocca et al., 2004), Ubinas volcano (Peru; Inza et al.,
2014) and Bardarbunga volcano (Iceland; Eibl et al., 2017a,b). At Mt. Etna, array methods
have been demonstrated to be a power tool to track the source of complex signals such as
volcanic tremor (e.g Saccorotti et al., 2004; Di Lieto et al., 2007), LP (e.g. Cannata et al.,
2013) and VLP events (e.g. Zuccarello et al., 2013), obtaining further insight on magma

dynamics in the shallower portion of plumbing system.

As explained in the Chapter 1 (section 1.3), seismic arrays usually differ from sparse
networks of stations mainly by the techniques used for data analysis: in a network, the
arrival times are determined on each station, while, in an array, all sensors are processed
together on the basis of the common waveform model (Aki e Richards, 1980). However,
considering that array methods are wavelength-dependent (Havskov, 2016), a sparse
network may be used as an array, especially for events characterized by long wavelength,

such as LPs and VLPs.
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In the following paragraphs of this chapter, for the source localization of seismic signals
recorded at Mt. Etna between 2010 and 2011, we will illustrate the results obtained through
array methods. Using data recorded by seismic arrays and the permanent monitoring
network (for more details, see section 2.2, Chapter 2), we analysed the kinematic properties
of the tremor wavefield by applying ZLCC method. With kinematic properties, we refer to
parameters describing the propagation direction of elastic waves arriving at a seismic array,
that are back azimuth, ray parameter and incidence angle (for more details, see section
1.3.1, Chapter 1). For LP and VLP source localizations, we applied the Semblance and
Radial Semblance algorithms, respectively, integrating these results with their kinematic
properties of LPs and VLPs obtained through ZLCC analysis. Each of these techniques was
complemented by the application of the JackKnife method, to assess the stability of the
results. The choice of these localization methods was related to: (i) array and/or permanent
network features (geometry, number of available stations, inter-sensor spacing, etc...); (i7)
frequency/wavelength content of the seismic wavefield; (ii7) theoretical assumptions of
each method. Concerning these methods, we also set some input parameters on the basis of
average physical and mechanical properties of Mt. Etna edifice. In particular, for the
calculation of incidence angles in ZLCC analysis or the delay times in Semblance/Radial
Semblance methods (see section 1.3.6, Chapter 1), we assumed a velocity value of 1.6 km/s
of seismic waves, such as a trade-off of the velocity models obtained in the last years for
the shallowest portion of the volcano (e.g. Saccorotti eta 1., 2004; Cauchy and Saccorotti,
2013; Zuccarello et al., 2016); for the application of the equation 1.34 in the Semblance
method (see section 1.3.6, Chapter 1), we set the input parameters on the basis of some past
studies (e.g. De Gori et al., 2005; Di Grazia et al., 2006, 2009). However, these
assumptions, concerning the homogeneity of the propagation medium, increased the
uncertainty on source location of the seismic signals, due to the lack of a detailed velocity
model that allows to reconstruct a reliable tracing of the seismic rays across the volcano

edifice.

This chapter will be organized as follows: firstly, we will show the kinematic properties
of volcanic tremor signals, and compared them with the evolution in time of the eruptive
activity during 2010-2011; then, we will illustrate the locations and the temporal variations
of the seismic sources associated to the LP and VLP activity and will evaluate the
performance of the methods through some synthetic tests; successively, on the basis of
these results and those illustrated in the previous chapter, we will provide a conceptual
model about dynamics of pressurization and depressurization of the plumbing system of

Etna volcano during 2010-2011, trying to identify a source mechanism able to explain the
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observed wavefield properties and source locations; finally, we will discuss on the possible
future works needed for improving the knowledge about source position and mechanisms

of the seismo-volcanic signals recorded at Mt. Etna.

3.2 DATA ANALYSIS
3.2.1 VOLCANIC TREMOR

In order to evaluate the kinematic properties of the volcanic tremor, we performed the
ZLCC analysis (see section 1.3.6, Chapter 1) by using the seismic traces acquired from
arrays during 2010 and 2011 time intervals (see section 2.2, Chapter 2). In both the periods,
the analysis was performed by 10-seconds-long sliding window along the traces of the
arrays, which were filtered between 0.5 and 1.5 Hz through band-pass cosine filter. The
results mainly consist of time series of back azimuth and ray parameter, while the incidence
angles were retrieved by using a value of waves velocity of 1.6 km/s. To assess the stability
of these solutions, we also used the JackKnife method, computing the analysis errors
associated with kinematic parameters. In addition, we filtered the results by selecting those

values for which the average cross correlation coefficient is greater than 0.75.

The kinematic properties of the volcanic tremor obtained for the 2010 period are illustrated
in the figures 3.1 and 3.2. During this period, no significant changes were recognized in the
kinematic wavefield properties of the tremor, but all parameters were stationary and stable
in time (Fig. 3.1), nonetheless we observed important variations in the tremor amplitude.
In particular, the back azimuth was mostly focused in the 20°N-E40° range (Fig. 3.2a),
associated to directions of arrival encompassing the east slope of the SEC. Ray parameters
of these waves were clustered in the 0.5-1 s/km range (Fig. 3.2b), corresponding to apparent
velocities between 1.0 and 2.0 km/s. Most of the incidence angles were comprised between
60° and 70° (Fig. 3.2c). These solutions were also very stable and reliable in time, because
most of analysis error values did not exceed the values of about 7°, 0.15 s/km and 10° for
the back azimuth (Fig. 3.2d), ray parameter (Fig. 3.2¢) and incidence angles (Fig. 3.21),

respectively.
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Figure 3.1. Kinematic properties of volcanic tremor during 2010 for the 0.5-1.5 Hz frequency band. a)

Temporal histogram of back azimuth calculated on time and angular intervals of 3 hours and 10°, respectively.

The colorbar on the right-hand refers to the values of histogram probability. b) Temporal histogram of ray

parameter calculated on time and angular intervals of 3 hours and 0.1 s/km respectively. The colorbar on the

right-hand refers to the values of histogram probability. c) 3 hours moving average of the RMS amplitudes of

the tremor. The RMS amplitudes are calculated over 10-seconds-long sliding window along the traces of the

central sensor of array. The axes of plots are set in linear scale. d) Volcanic activity observed at BN crater (data

from Andronico at al., 2013).

122




330 04 30 a 20
0.3 S
300 60 @
0.2 T 15¢
S
0. =
270 90 N 10
=
[&]
m 1
@ !
. 5 ]
240 120 g E
Lu
210 150 0 1
180 Eb
0.5 b 0.4
=)
04+ =
203}
= 2
E 03F CIEJ
= 0.2 a
. >
% !
0.1 0.1 |
; —]
L
0 .
0 0.5 1 15 2 0 ——
RayParameter(s/km) Er
8 %1073 . . . . C 20
)
(3]
6 0 45|
(@)}
> 0]
= .
] 4 8 '
ﬁ 5 10 i
a 2 |
= !
2 § 5|
LI :
0 e
0 20 40 60 80 0 -
|

Incidence(deg)

Figure 3.2. Statistical overview of the kinematic properties of volcanic tremor during 2010 for the 0.5-1.5
frequency band. a) Polar histogram of back azimuth (bin=5°). b) Histogram of ray parameter (bin=0.1 s/km).
¢) Histogram of incidence angles (bin=10°) calculated with velocity=1.6 km/s. d) Boxplot of errors of back

azimuth. e) Boxplot of errors of ray parameter. f) Boxplot of errors of incidence angles.
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During the 2011 summertime, the kinematic properties of the volcanic tremor were
different form those obtained in the previous year (Fig. 3.3). In fact, in this case, they were
well correlated to the variations of the volcanic activity observed at NSEC and BN crater
and to the changes in the tremor amplitudes, especially during the time intervals around
paroxysms. In the quiescent period of the Etna volcano, the wavefield features were
stationary in time. The back azimuths were clustered in the N330°E-N10°E range (Fig.
3.4a), pointing toward BN crater, while the ray parameter was focused in 0.5-1.0 s/km
interval (Fig. 3.4b). Considering a wave velocity of 1.6 km/s, the incidence angles ranged
between 55 © and 75° (Fig. 3.4c). At the onset of the reactivation of the paroxysmal activity,
the back azimuths gradually migrated to N20°E-N40°E (Fig. 3.4a), corresponding to arrival
directions from NSEC and stabilising in this interval for the entire duration of the
paroxysms. The ray parameter values gradually increased up to range 0.7-1.2 s/km with the
development of the lava fountaining (Fig. 3.4b), while the incidence angles progressively
became shallower (65°-75°, Fig. 3.4c). Simultaneously with end of the paroxysmal episode,
the kinematic parameters gradually returned to the ranges exhibited before the onset of the
volcanic activity, although the back azimuth variation was more abrupt than the other
parameters (Fig. 3.4). In general, these results were very reliable in terms of error of
analysis, although they were more unstable than those observed in the 2010 experiment. In
fact, they did not exceed the values of about 12°, 0.15 s/km and 18° for the back azimuth
(Fig. 3.4d), ray parameter (Fig. 3.4e) and incidence angles (Fig. 3.34), respectively. In
addition, it was possible to observe how these parameters became more stable every time
the explosion activity or the tremor amplitude increased, showing a minor number of

outliers (Fig. 3.4).
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Figure 3.3. Kinematic properties of volcanic tremor during 2011 for the 0.5-1.5 Hz frequency band. a)
Temporal histogram of back azimuth calculated on time and angular intervals of 3 hours and 10°, respectively.
The colorbar on the right-hand refers to the values of histogram probability. b) Temporal histogram of ray
parameter calculated on time and angular intervals of 3 hours and 0.1 s/km respectively. The colorbar on the
right-hand refers to the values of histogram probability. ¢) 3 hours moving average of the RMS amplitude of
the tremor. The RMS amplitude values are calculated over 10-seconds-long sliding window along the traces of
the central sensor of array. The axes of plots are set in linear scale. d) Volcanic activity observed at NSEC and
BN crater. The legend on the upper right-hand of the diagram shows the type of volcanic event: Exp= single
explosions or series of minor explosions, minor and/or intense ash emissions; Parox= Strombolian, lava

effusion and lava fountaining activity (data from Behncke et al., 2014).
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Figure 3.4. Statistical overview of the kinematic properties of volcanic tremor during 2011 for the 0.5-1.5 Hz

frequency band. a) Boxplot of back azimuth. b) Box plot of ray parameter. c¢) Boxplot of incidence angles

calculated with velocity=1.6 km/s. d) Boxplot of errors of back azimuth. e) Boxplot of errors of ray parameter.

f) Boxplot of errors of incidence angles. For each diagram, the horizontal axis refers to the period comprised

from the onset of a paroxysmal phase and the successive one (time interval from Behncke et al., 2014):

Rea=Reactivation; Stromb=Strombolian activity; LE=Lava effusion; Foun=Lava fountaining; EndEp=End of

episode; Post=Post quiescent period.
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3.2.2 LP AND VLP EVENTS

As done in the previous chapter, the localization of low frequency events was performed
by using the seismic traces recorded by the INGV seismic permanent network (see section
2.2, Chapter 2), in a period comprised between June and October 2010 and for the full year
of 2011. In this case, we used the Semblance and Radial Semblance methods for the
individuation of the seismic sources associated with LP and VLP events, respectively. In
addition, we used the data acquired from the seismic array during their functioning periods
(see section 2.2, Chapter 2). Therefore, we determined the kinematic properties of LP and
VLP wavefields by performing the ZLCC analysis. All of these algorithms were also
implemented through JackKnife method (see section 1.3.6, Chapter 1), to evaluate the

largest number of solutions potentially reliable and then their uncertainties.

Following the procedure explained in the section 1.3.6 (Chapter 1), LP events were located
by using a 3D grid-search of 5x5x2 km® (E-W, N-S and vertical directions) centred on the
volcanic edifice and with a vertical extent from 1 km a.s.l. to the top of the volcano. The
horizontal and the vertical grid spacing was 100 m. The events, previously archived in 20
s long waveform recordings, were filtered in the 0.5-1.2 Hz frequency band, that was the
same one used for their detection. For each waveform, the first emergent arrival of the LPs
was fixed on 2.5 s long time window by performing the manual picking of the recordings
at ECPN station, chosen on the basis of the highest signal-to-noise ratio. In addition,
assuming that amplitude of the trace decays with the distances between the grid points and
the stations, we fixed the quality factor, the central frequency and the waves velocity at 40,
1.0 Hz and 1.6 km/s (e.g. Di Grazia et al., 2006; Cannata et al., 2013), respectively,

considering that the wave field was mainly dominated by body waves.

For the VLP events, we performed the localization through the same 3D grid-search used
for the LPs one, with a different algorithm (see section 1.3.6, Chapter 1). In this case, the
100 s long VLP recordings were filtered in the same frequency range used for their
identification (0.01-0.15 Hz). The picking of their first arrivals was performed at the same
station used previously for LPs, ECPN, fixing the phases of interest on 10 s long time
window. In order to avoid the effect of the signal amplitudes on the calculation, we

normalized the traces by the RMS amplitude of three component data.

In order to define the maximum probability region where the events were spatially located,
firstly we selected only those LPs and VLPs for which the Semblance/Radial Semblance
results were very stable (semblance values >=0.6, latitude and longitude errors <=0.4 km

and altitude errors <=0.6 km). Finally, semblance distributions obtained for all these events
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were averaged, determining the node coordinates with the largest beam value and the
volume whose semblance values were higher than 90 % of the absolute maximum. For the
events detected during 2010 and 2011, the results thus obtained are shown in figures 3.5,
3.6 and 3.7. In terms of spatial probability distribution, we did not identify significant
differences among families of events. In general, LP and VLP epicentres were permanently
located in the south-western sector of the summit area (Figs. 3.5 and 3.6; Tab. 6),
approximately on the BN crater. In both type of events, the errors of source location had a
magnitude on the order of hundreds of meters, although the VLP semblance distribution
was slightly larger than LP one (Tab. 6). The extension in altitude was much wider, ranging
between 2.0 and 3.0 km a.s.l. (Fig. 3.5 and Fig 3.7). On average, the centroids of LP and
VLP clusters were located at about 2.9 and 2.8 km a.s.1., respectively.
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Figure 3.5. Three sections of Semblance and Radial Semblance grids passing through the largest value node.
The results represent the average distributions calculated on 1868 LPs and 400 VLPs recorded between 2010
and 2011 and chosen on the basis of the best errors of analysis. The grids are interpolated to the DEM of Mt.
Etna. The colorbars on the right-side refer to the normalized values of the Semblance/ Radial Semblance. The

black marks represent the station locations.
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130



Altitude (km)

s
—
@

UTM latitude (km) 4176 dor UTM longitude(km)

VLP

g0 - —
4179 : _—
N/' 09
4177 498

UTM latitude (km) 4176 497 UTM longitude(km)

Figure 3.7. Probability source regions (blue and red volumes for LPs and VLPs, respectively) calculated on
the basis of the results shown in figure 3.5. The results consist of the 10% Semblance/Radial Semblance

distributions around the largest solutions. The black marks indicate the station positions.

131



LP VLP
Maximum semblance value 0.79 0.66
UTM Longitude (km) 499.50 499.40
UTM Latitude (km) 4178.20 4178.10
Altitude (km a.s.l.) 2.90 2.80
Error longitude (km) 0.11 0.11
Error latitude (km) 0.10 0.12
Error altitude (km) 0.32 0.11

Table 6. Weighted average of localization parameters of LP and VLP during 2010 and 2011.

Once the major probability region of source locations has been defined, we tried to identify
important temporal relationships between LP/VLP seismicity and the volcanic activity.
Also in this case, we selected only those events characterized by stable source parameters,
filtering for semblance values greater than 0.6, latitude and longitude errors smaller than
0.4 km and altitude errors smaller than 0.6 km. As seen before, during the 2010, the
epicentres of both type of events were well located in close proximity of the BN crater,
without evidencing significant variations in time or among different families of events (Fig.
3.8). Important temporal changes in the source parameters were recognized rather in the
hypocentres of LPs and VLPs, especially in terms of altitude. In particular, the altitude
variations of the LP/VLP source locations were shown in figure 3.9. Generally, the altitude
of the events gradually increased along the whole period, reaching the highest values in
occurrence of explosion activity at BN crater (Fig. 3.9b). The LP altitudes averagely were
focused between 2.4 and 3.0 km a.s.l., showing a major variability and large localization
errors overcoming the hundreds of meters. Instead, those of VLPs were almost stationary
and stable in time, clustering mainly around 2.8 km a.s.l. and showing errors much lower
than the previous ones. The altitude of LP locations showed also important differences in
time among the different families (Fig. 3.9a). Altitudes of the first and second families were
distributed with the major variability (2.4-2.9 km a.s.l.), following approximately the
general trend displayed in the figure 3.9b. For the third family of LPs, the altitude values
ranged between 2.7 and 3.0 km a.s.1., clustering close to 3.0 km a.s.l. during the final part

of the explosive sequence at BN crater.
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errors of localization. b) 3-days moving average of source locations altitude (km a.s.l.) and corresponding
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observed at BN crater (lower panel; data from Andronico at al., 2013). In the right-hand of the upper diagram,

the legend refers to the type of events displayed, while the coloured bands indicate the average errors of

localization.

As mentioned before, in order to obtain further information about the source locations

during 2010, we determined the kinematic properties of the LP/VLP wavefield trying to

identify important relationships between the seismic and the volcanic activity. In this case,

we performed the ZLCC method on the same analysis windows and frequencies used for

the previous localizations, selecting only those kinematic properties for which the cross

correlation coefficient is greater than 0.75. The results of array analysis for these events are
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illustrated in figures 3.10 and 3.11. In terms of back azimuth and ray parameter, we did not
observe any significant difference between LPs and VLPs or among the LP families. In
fact, the back azimuths were stably focused on the N340°E-N350°E (Fig. 3.10a),
corresponding to arrival directions from BN crater. The ray parameter ranged mainly in the
0.6-0.8 s/km interval (Fig.3.10b), corresponding with 1.25 and 1.66 km/s in terms of
apparent velocity. The major temporal differences were observed in the incidence angles,
calculated considering a wave velocity of 1.6 km/s (Fig. 3.11). In general, for both types of
events, the incidence angles were very shallow, clustering between 70° and 80°, although
those of VLP sometimes showed values slightly smaller (3.10b). In this case, for both LPs
and VLPs, the incidence values gradually increased reaching the highest values with the
development of explosion activity at BN crater. However, unlike before, they became
deeper in the last part of the explosive sequence. This can be mainly observed in the
temporal distributions associated with the LP families (Fig. 3.11a). In fact, while the first
and the second families described temporal trends of incidence very similar to those shown
previously, the third one was characterized by the deepest incidence angles among the

families.
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Figure 3.10. Statistic overview of LP (a) and VLP (b) kinematic properties during 2010. The upper diagrams

are polar the histograms of back azimuth (bin=5°), while the lower ones are the histograms of ray parameter

(bin=0.1 s/km).
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Figure 3.11. Temporal variation of LP and VLP kinematic properties related to the volcanic activity in 2010.

a) 3-days moving average of incidence angles and errors of different LP families. The title refers to the type of

family (F1, F2 and F3). For each diagram, the coloured bands indicate the average errors of analysis. b) 3-days

moving average of incidence angles and errors of LP (upper panel) and VLP (central panel) events and time

distribution of the main volcanic events observed at BN crater (lower panel; data from Andronico at al., 2013).

For the upper and central diagrams, the coloured bands indicate the average errors of analysis.

Considering the results obtained for 2011 interval through Semblance and Radial

Semblance methods, the source parameters of LPs and VLPs were more unstable than those

of 2010. It was not possible to retrieve a sufficient number of reliable source parameters

for the definition of their temporal evolution. In this case, we used the seismic array data

for evaluating variations of LP/VLP wave field in occurrence of the changes of the volcanic
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activity. The ZLCC method was performed by using the same input parameters set in the
2010 experiment, selecting only results that shown coherent wavefield (cross correlation
coefficient greater than 0.75). The results thus obtained are showed in figures 3.12 and
3.13. During the 2011 summertime, we did not observe any significant difference among
the kinematic properties of LP families and VLP events. In general, back azimuth values
were stationary in time, ranging in the N330°E-N340°E and N345°E-N355°E intervals for
LPs and VLPs, respectively (Fig 3.12a). However, all angles corresponded to those
directions pointing approximately toward the area of BN crater. As for the previous
experiment, most of ray parameters values were clustered between 0.6 and 0.8 s/km,
although, in this case, the contribution of slower apparent velocities was more evident (Fig.
3.11b). The incidence angles rather were more affected by the changes in the volcanic
activity (Fig. 3.13). Generally, for both types of events, incidence angles ranged between
50° and 80°, although VLPs were more focused on deeper values than LP ones.
Considering that the number of events reduced as quickly as the intensification of
paroxysmal activity, we did not observe coherent kinematic properties during the lava
fountaining episodes. However, in the case of LPs (Fig. 3.13a), it was possible to note how
the incidence angles gradually increased at the onset of reactivation of the paroxysmal
phase of each episode, clustering around 80 °. When the volcanic phenomena disappeared,
the number of stable parameters increased, showing incidence angles progressively
returning to those values exhibited during quiescent periods of volcano (around 60°). For
the VLPs (Fig. 3.13b), the evolution of incidence angles were more difficult to evaluate,
because of the minor number of coherent and stable results. However, the incidence values

were apparently stationary during the period of interest.
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In order to analyze the performance of the Semblance and Radial Semblance method, we
generated synthetic LP and VLP seismograms for the same sparse network used in the
previous analyses. Assuming that the network was embedded in an infinite homogeneous
medium with constant velocity (1.6 km/s), we considered an isotropic source with source
time function given by (Almendros and Chouet, 2003):

u(t)=4 (i)n exp (— %) sin (27 ft)

to
(3.0)

with 4=2.2 and 0.22 pm/sec, n=3 and 4, #=0.3 and 6 s and /=1 and 0.05 Hz for LP and
VLP, respectively. The source signals had spindle-shaped envelopes and they consisted of
a few monochromatic oscillations, mimicking the LP and VLP events observed previously
at Etna volcano (see section 2.3.3, Chapter 2). LP amplitude at the considered stations was

calculated on the basis of the distance source-receiver (1), by using the following equation
(Battaglia et al., 2005):
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where U, is the amplitude measured at the i-#4 station, Uy is the amplitude at the source, f°
is the frequency, v is the velocity of the waves, b is the exponent, which takes values of 0.5
or 1 for the cases of surface and body waves, respectively, and Q is the ray-path-averaged
quality factor. We assumed the propagation of only P waves, generating the LP
seismograms by fixing the values of b, O and fat 1, 40 and 1 Hz, respectively. Instead,
assuming radial propagation away from an isolated isotropic source, we expressed the

three-component VLP seismograms as (Almendros and Chouet, 2003):

_ rik D2

Tk
7 =7l 17 —7?

Uk =u(t - t)

3.1)

where k=1, 2, 3 is an index representing the east, north and vertical directions, respectively,
7 and 7, are the positions of the source and i-th receiver in the network, D is the distance

between the source and the closest receiver.

To better understand the capabilities and the limitations of the Semblance, Radial
Semblance and JackKnife methods, firstly, we generated 300 LP and 300 VLP synthetic
seismograms from isotropic sources uniformly distributed in a volume 5x5x0.5 km (E-W,
N-S and vertical directions) centred on the BN crater with a vertical extent from 2.5 km
a.s.l. to the top of the Etna volcano. Considering the same procedures performed in the
previously analyses, we relocated these events trying to define the region in which the
source events were clustered. The results of the synthetic tests are shown in the figures 3.14
and 3.15. In both cases, the methods allowed to locate the events with good resolution and
errors of analysis. The average centroids of LP and VLP clusters matched the theoretical
source position of the synthetic signals, showing errors of analysis with magnitude on the
order of hundreds of meters. The Semblance method was more affected by the altitude of
source locations, losing resolution and showing the highest analysis errors (about 300 m)
along the vertical direction of the semblance distribution. The Radial Semblance method
rather was more sensitive to latitude and longitude source coordinates, obtaining a
semblance distribution much widespread on horizontal directions. The errors of
localization coordinates were very similar among them, focusing around 100 m.

Considering also the volume whose semblance values were higher than 90 % of the
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absolute maximum, the two methods were characterized by different spatial resolutions. In
the case of LP localizations, the probability source region consisted of 0.2x0.2x2.5 km
volume (E-W, N-S and vertical directions) centred on the average source position of the
events. Instead for VLP ones, it was confined in a 1x1x1.5 km (E-W, N-S and vertical
directions) 3D distribution. However, in both cases, the results were compatible with the

theoretical volume of sources generated during the tests.
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Successively, we fixed the source location of the synthetic LP and VLP events in the
summit area at different depths (1.0, 1.5, 2.0, 2.5 and 3.0 km a.s.l.) by using the same
parameters set in the previous test for the event generation. Therefore, we located the source
of the synthetic LP and VLP events by using Semblance and Radial Semblance methods,
respectively, using different velocity values (Figs. 3.16 and 3.17). By plotting the highest
semblance/radial semblance value versus the velocity value, we observed similar trends,
that consisted of bell shapes reaching the maximum value in correspondence of the fixed P
velocity. The results obtained by the Radial Semblance (Fig. 3.17) method were very

reliable and steady. In fact, the Radial Semblance method was less affected by the wave
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velocity and the location errors. Instead, the Semblance method (Fig. 3.16) was more
affected by the P waves velocity in terms of both semblance value and errors of analysis.
However, in both methods, the minimum value of errors, and then the best location of the
source, was obtained when we used the velocity value characterised by the maximum

semblance/radial semblance value.
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3.3 DISCUSSION AND CONCLUSIONS

As shown in the previous chapter, the study of volcanic tremor and LP and VLP events,
occurring at Mt. Etna between 2010 and 2011, has evidenced periods characterised by
steadiness of the features of signals, alternating with important time variations. The
investigation of the time variability of the source position of these seismo-volcanic signals
allowed to obtain further information about the magma transport leading to volcanic
phenomena such as paroxysms or sequences of explosions. For this type of study, we used
data recorded by the two seismic arrays deployed nearby the summit area of the volcano,
integrated with data acquired by the INGV seismic permanent network (see Chapter 2,
section 2.2). For the localization analysis, we used different array methods on the basis of

data availability and the features of signals described in the Chapter 2.

In order to retrieve information about the tremor source position during 2010-2011, two

different methods were performed:

(i) ZLCC (Frankel et al., 1991), to track variations in the kinematics properties
(back azimuth, ray parameter and incidence angle) of the tremor wavefield at

the same time as the changes in the eruptive activity.
(ii) JackKnife method (Efron, 1982), to quantify the uncertainty of the results.

Considering the results illustrated in the section 3.2, the kinematic properties of volcanic
tremor were compatible with shallow seismic sources that mainly radiated a complex

wavefield composed by volume and surface waves.

During 2010, these properties were stationary in time, without showing any significant
changes concurrently the increase of RMS amplitude (Fig. 3.1c) or the intensification of
explosive activity at BN crater (Fig. 3.1d). Most of back azimuths pointed toward the east
slope of SEC (Figs. 3.1a and 3.2a), with shallow incidence angles (Fig. 3.2¢). The ray
parameters values (Figs. 3.1b and 3.2b) corresponded to apparent velocities compatible
with the propagation of body waves. In addition, comparing the polarization attributes,
shown in the previous chapter, with those retrieved from array processing, the tremor
wavefield was mainly composed by P waves. In fact, the polarization back azimuth and
incidence angle values (Figs. 2.11,2.12,2.13 and 2.17, section 2.3.2) were quasi-consistent
with the time series of the slowness analysis, showing high grade of rectilinearity. The
qualitative analysis of the particle motions (Fig. 2.19, section 2.3.2) revealed also the
irradiation of Rayleigh waves related to the lowest values of rectilinearity and the highest

values of ray parameters. Moreover, considering the equation 1.3 (Chapter 1, section 1.3.1),
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it was possible to estimate approximately the waves velocity beneath the array by using the
polarization incidence angles calculated at seismic permanent station ETFI and the ray
parameter values obtained from ZLCC analysis in the same analysis windows. In this case,
a value of velocity of about 1.6 km/s could be considered reliable to compute the incidence

angles associated to tremor source.

Unlike 2010, the kinematic properties of tremor wavefield changed during the 2011
summertime at the same time as the variation in the eruptive activity (Figs. 3.3 and 3.4).
During the quiescent periods of volcano, the back azimuth corresponded to directions
pointing toward the BN crater (Figs. 3.3a and 3.4a), with deep incidence angles (Fig. 3.4¢)
and ray parameters values consistent with the propagation velocity of body waves (Figs
3.3b and 3.4b). With the intensification of eruptive activity (Fig. 3.3d), 4-5 hours before
the onset of Strombolian activity, the back azimuths “migrated” pointing toward the NSEC
for the whole duration of the paroxysmal episode; the incidence angles became
progressively shallower and the ray parameters highlighted seismic wave velocities typical
of both volume and surface waves. At the end of the episode, these parameters gradually
returned to those values exhibited before the onset of eruptive activity (Figs. 3.3 and 3.4).
Taking into account the results described in the Chapter 2, these parameters were well
correlated with the spectral (Fig. 2.6a, section 2.3.2), amplitude (Fig. 2.10a, section 2.3.2)
and polarization (Figs. 2.14, 2.15, 2.16 and 2.18, section 2.3.2) changes of tremor
wavefield. In addition, comparing these kinematic parameters with those retrieved from
polarization and particle motion analysis (Figs. 2.18 and 2.20, section 2.3.2), the tremor
wavefield was mainly dominated by both P and Rayleigh waves, especially during the lava
fountaining activity. Also in this case, following the same procedure explained in the
previous paragraph, a value of 1.6 km/s could be considered reliable to evaluate the

variations of incidence angles.

As also illustrated in the previous chapter, the important variations of volcanic tremor in
2010-2011 consisted in spectral and wavefield changes, most of which occurred at the same
time as changes of source location and eruptive activity. Even if we have not always
identified significant changes of the source location or polarization attributes (for example
during 2010), spectral and wavefield variations could be attributed to changes in source
features, and in particular to the resonant phenomena of a fluid-filled crack (e.g. Chouet et
al., 1996a; Morrissey and Chouet, 2001; De Barros et al., 2011; Davi et al., 2012), due to
the relationship among spectral features of volcanic tremor, size of the resonant structure

and the physical properties of the magmatic fluid. This type of resonating structure could
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also explain the irradiation of P waves (e.g. Chouet, 1988; Hagerty et al., 2000), while the
observation of elliptical particle motion could be related to path effects. In fact, the body
waves could interact with the topographic and structural complexities affecting the Mt.
Etna edifice, generating surface waves such as Rayleigh waves (e.g. Ohminato and Chouet,
1997; Ripperger et al., 2003). Taking into account that the tremor source was tracked in the

shallower portion of the volcano, our data support this hypothesis.

These data were compatible with those retrieved in some studies in which localization
methods different from array techniques were used, such as the spatial amplitude
distribution-based one (Battaglia et al., 2005). In fact, assuming epicentral distances of 1.5-
2.5 km from array location to summit area of volcano, for incidence angles of 60-90° (Figs
3.2c, 3.4c) the tremor source was placed at 1.0-3.0 km a.s.l. According to studies of some
authors (e.g. Andronico et al., 2013; Patan¢ et al., 2013), from June to November 2010,
volcanic tremor sources were mainly located East of the summit area at altitude 1.5-2.0 km
a.s.l., roughly below the fissure of the 2008—2009 eruption. Concerning the paroxysmal
activity observed during 2011, important and short-lived changes, time related to the lava
fountaining episodes, were identified (e.g. Patané et al., 2013; Cannata et al., 2013; Viccaro
et al., 2014; Moschella et al., 2018). As shown by these authors, the volcanic tremor source
was fairly stable at 1.0-2.0 km a.s.l. below NEC, while, during such paroxysmal episodes,
the tremor sources migrated toward NSEC at shallow depths (roughly 3 km a.s.l.). Similar
changes in the source location were also observed during other periods of eruptive activity
of Mt. Etna (e.g. Privitera et al., 2003; Patané et al., 2008; Cannata et al., 2015; Spampinato
et al., 2015).

About the source position of volcanic tremor during 2010-2011, further insights could be
obtained by highlighting the limits of the methods used for the slowness analysis. As
mentioned in the previous paragraphs, we were able to track a tremor source, fairly stable
during 2010 but affected by a phenomenon of migration during 201 1. However, techniques
such as ZLCC are not reliable to resolve multiple simultaneous sources sharing the same
frequency content (e.g. Frankel et al., 1991; Saccorotti and Del Pezzo, 2000; Saccorotti et
al., 2004). Therefore, we could make two hypotheses: (i) the observed wavefield was
generated by the combination of multiple seismic sources, sharing similar frequency
content but different source locations and energy values (e.g. Almendros et al., 2014); (i)
the tremor wavefield was the results of vertical and lateral migration of one seismic source
(e.g. Eibl et al., 2017a,b). Considering also the source investigation of the infrasonic signals

at Mt. Etna (e.g. Ripepe et al., 2001; Sciotto et al., 2013; Diaz-Moreno et al., 2019), the
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first hypothesis could be more plausible. However, our data do not allow us to exclude any
of these hypotheses. Another important aspect consisted of the resolution and accuracy of
the results. As shown in the previous chapter, both window and frequency band of the
analysis were chosen to obtain a tremor wavefield as coherent as possible. In addition, we
filtered the results selecting only those back azimuth and ray parameter values showing
average cross correlation coefficient greater than 0.75. In this way, we were able to obtain
reliable values of these properties, as also confirmed by the error of analysis (Figs. 3.2d,e,f
and 3.4d,e,f). However, it was not possible to obtain further information about the source
position for two reasons. The first one was related to the deployment of only one single
array, preventing of maximizing the azimuthal and incidence coverage of the summit area
of Mt. Etna (e.g. Saccorotti et al., 2004; Di Lieto et al., 2007; Inza et al., 2014). The second
one depended on the absence of a detailed velocity model of the shallower portion of
volcano (e.g. Patané et al., 2013; Cauchy and Saccorotti, 2013; Zuccarello et al., 2016). In
fact, as explained previously, the incidence angles were computed by assuming that tremor
wavefield propagated in a homogenous medium with constant velocity. Therefore, these
estimates did not provide the real angle of incidence of the waves impinging at array, but
only a qualitative evaluation of the source position. In addition, the propagation of elastic
waves through the complex volcanic terrain is severely conditioned by complications
associated to the medium heterogeneity and the rough topography, as already observed in
some recent studies (e.g. Almendros et al., 2001a,b; 2002; Saccorotti et al., 2001a,b;
Ripperger et al., 2003). Even if the JackKnife method allowed to improve the stability of
the results compared to other localization methods (e.g. Di Grazia et al., 2009; Cannata et
al., 2013; Moschella et al., 2018), it did not separate the source and path effects, but it
allowed to reduce the bias when extreme scores are present in the dataset and/or the

statistical distribution of the underlying population is unknown (Efron, 1982).

Concerning the source location of LP and VLP events during 2010-2011, four different

methods were applied:

(i) Semblance (Neidell and Taner,1971), to define the LP source region and to
track variations in source location time-related to the changes in the eruptive
activity.

(ii) Radial Semblance (Almendros and Chouet, 2003), to evaluate the source
location of VLPs and their temporal and spatial evolution concurrently the

variations in the volcanic activity.
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(iii) ZLCC (Frankel et al., 1991), to determine the kinematic properties of the LP
and VLP events, compared with the source location retrieved through the
methods (i) and (ii), respectively.

(iv) JackKnife method (Efron, 1982), to quantify the uncertainty of the results
obtained through the previous methods.

Taking into account the results obtained in the previous section, LP and VLP events shared
the same source region (Figs. 3.5, 3.6 and 3.7) both in 2010 and 2011, fairly stable at 2.0—
3.0 km a.s.l. below BN crater. Averagely, the VLPs were slightly deeper than LPs (Tab. 6),
although the LP cluster was broader and affected by greater errors. Focusing on the
temporal changes of the altitude of seismic sources, LP events shallowed as the same time
as the intensification of eruptive activity, moving averagely from 2.4 km a.s.l. to 3.0 km
a.s.l. (Figs. 3.9). This was also observed through the migration of incidence angles during
2010 (Fig. 3.11) and 2011 (Fig. 3.13). Instead, during 2010, the VLPs were very stationary
in time and were clustered around 2.8 km a.s.l. (Fig. 3.9), although the slowness analysis
has highlighted changes in the time series of incidence angle concurrently with the increase
of the frequency of the explosive events at BN crater (Fig. 3.11); during 2011, the behaviour
of these events was very similar to LPs, although the reduced number of detected VLPs did
not provide a clear temporal pattern (Fig. 3.13). Considering the polarization attributes
obtained in the previous chapter (Figs. 2.22 and 2.27), the polarization incidence angles
were more compatible with those retrieved through slowness analysis (Figs. 3.11 and 3.13);
the back azimuth and rectilinearity values suggested the propagation of both P and SH
waves for LPs, especially during the lava fountaining activity (Figs. 2.25 and 2.29), and the
irradiation of only P waves for VLPs (Figs. 2.26 and 2.30). Concerning the families of LP
events, we did not observe any significant difference in the source location, except during
2010 (Figs. 3.9 and 3.11). In this case, the third family of events, that “appeared”
concurrently with the eruptive activity at BN crater, was slightly shallower than the first
one, especially during the first part of explosive sequence. In addition, following the same
procedure used for the volcanic tremor, a velocity value of 1.6 km/s could be reliable to
perform the Semblance/Radial Semblance methods and/or the calculation of incidence

angles.

Taking in account the features of LP and VLP events (section 2.3.2, Chapter 2), variations
of wavefield properties suggested a change in the source position, as well as illustrated in
this chapter. On the basis of these results, LP could be attributed to a resonant fluid-filled
crack (Aki et al., 1977; Chouet, 1996a, 2003; Neuberg and Pointer, 2000; Nakano et al.,
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2003; Jousset et al., 2003). At Mt. Etna, similar observations are shown in different studies,
some of which based on the waveform inversion (e.g. Lokmer et al., 2007; De Barros et
al., 2009, 2011). In addition, our results were compatible with other investigations about
the seismo-volcanic activity observed during 2010-2011 (e.g. Andronico et al., 2013;
Patan¢ et al., 2013; Cannata et al., 2013), in terms both source location and error of analysis.
This type of source mechanism could also explain the irradiation of P and SH waves (e.g.
Chouet, 1988; Hagerty et al., 2000), although the propagation of SH waves could be reacted
to path effects (e.g. Aki and Richards, 1980; Ohminato and Chouet, 1997; Ripperger et al.,
2003). However, our data did not allow to exclude other possible types of mechanisms (e.g.
Bean et al., 2014; Cauchy et al., 2015). Concerning the VLP events, the source mechanisms
could be related to those of LPs. For example, Saccorotti et al. (2007) recognized a
correlation between LP and VLP signals. They argued that the source trigger of the deeper
VLP events was relied to mass transfer. The subsequent mass injection in overlying cavities
could have driven the pressurization of a reservoir filled of hydrothermal fluids, thus
triggering the LP resonance. A similar interpretation was given by Cannata et al. (2009a)
who found slightly different locations for the shallow LP and the deeper VLP events. They
suggested that two different interconnected sources could explain this difference. In their
model, slow movements of fluids between connected cracks could have driven pressure
transients in a shallower dyke. They supported their hypothesis by the fact that the onset of
the VLP events preceded slightly the LP record. Considering our results, one of these
hypotheses could be plausible. Concerning the differences between the first and the third
family of LPs during 2010, we were not able to identify a mechanism explaining their
different waveform, due to similar source location and temporal pattern. At Mt. Etna,
similar LP features were observed in the last decades (e.g. Falsaperla et al., 2002; Patane
et al., 2008; De Barros et al.., 2009, 2011, O’Brein et al., 2011). In particular, De Barros et
al. (2011) performed Moment Tensor inversion (MT) identifying two different
interconnected source mechanisms. In their model they hypothesized that two orthogonal
cracks located below the summit could be excited by the injection of gas coming from the
main conduit. They supposed that the summit degassing and the flank lava flow drained
the cone, producing a decrease of pressure and a consequent destabilization of those
fractures. However, these authors were not able to determine if MT inversion results were
real or due to artifacts in the moment tensor inversion. Therefore, we did not exclude that

this hypothesis could be wrong.

Other information about LP and VLP source location could be retrieved by limitations of

localization methods. Concerning the slowness analysis, the limits of ZLCC analysis and
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JackKnife method were the same as those discussed before for the volcanic tremor. The
results of Semblance or Radial Semblance depended on different factors (Neidell and
Taner,1971; Almendros and Chouet, 2003): (i) window length, (if) noise contributions, (iii)
configuration of network, (iv) velocity of the medium, (v) grid spacing. In our analyses, we
set the parameters trying to minimize as much as possible these effects, trying to obtain the
best trade-off between maximum semblance and stability. From our synthetic test (Figs.
3.14, 3.15, 3.16 and 3.17), Semblance approach was more sensitive to velocity of medium
and relationship between configuration network and source position compared to Radial
Semblance one. However, as demonstrated by some studies (Kawakatsu et al., 2000;
Almendros and Chouet, 2003), Radial Semblance results are affected by the use of the
radial components of the ground motion. In fact, particle motions, even if produced by an
isotropic source and recorded by a seismometer located at the surface, may not necessarily
point to the source because of the effect of both free surface and complex stratigraphy
(Neuberg and Pointer, 2000; Almendros and Chouet, 2003). In order to reduce all these
effects on localization, we used only stations at close epicentral distances (Neuberg and
Pointer, 2000) and selected only those events characterized by low error of analysis.
However, it is worth noting that a major knowledge about the path effects on the signals is
needed (e.g. Bean et al., 2008; Kumagai et al., 2010; Trovato et al., 2016; Montesinos et
al., 2021).

Finally, comparing the results of volcanic tremor with those of LP and VLP events, we

could conclude that:

(i) During 2010, significant variations in the seismo-volcanic signals occurred,
with an increasing trend of several parameters such as the RMS amplitude of
the volcanic tremor, the amplitudes and frequency of occurrence of LP events.
More sustained seismo-volcanic activity has commonly been interpreted as
due to pressurization of volcanic plumbing systems, at Etna (e.g. Patan¢ et al.,
2008; Di Grazia et al., 2009; Cannata et al., 2015) and at other volcanoes
around the world (e.g. Chouet et al., 1994; Moran et al., 2008; Varley et al.,
2010). The explosive sequence of August-September 2010 at the BN crater
could be considered as the response to slow but continuous pressurization of
the shallower portion of the plumbing system (Andronico et al., 2013; Patané
et al., 2013). This hypothesis was particularly corroborated by seismic data of
LP and VLP events. In addition, including also volcanic tremor features and

source location, these results could be interpreted as precursory to the onset
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(ii)

of a new eruptive phase characterizing Mount Etna's summit craters in 2011

(Andronico et al., 2013; Patané et al., 2013).

During 2011, seismic data of volcanic tremor and LP and VLP events were
used to image the shallower portions of the plumbing system at Mount Etna.
As already observed in other studies (e.g. Patan¢ et al., 2008, 2013; Aiuppa et
al. 2010; Cannata et al., 2009a,b, 2013, 2015), volcanic tremor source is
associated with the presence of a shallow magma storage zone located below
the summit area at 1-2 km a.s.1., cyclically feeding the lava fountain activities
at NSEC; LP and VLP sources, placed above this shallow magma storage
zone, could be triggered by gas bubbles, feeding surface gas emission; the
release of gas bubbles from this magma batch could have triggered the 2011
eruptive events. In addition, these sources were located between the eastern
border of a low-velocity zone and the western border of a high-velocity body
(Patané et al., 2013) that some authors supposed to represent a path for rising
and accumulating magma (e.g. Aloisi et al., 2002; Patan¢ et al., 2003, 2006,
2013).

3.4 SUGGESTED FUTURE WORK

In order to improve the knowledge about source position and mechanisms of the seismo-

volcanic signals recorded at Mt. Etna, future works could be focused on:

(1)

(i)

Installation of more than one three-component array close to the summit area
of volcano, featuring a greater number of sensors. The deployment of many
sensors could allow to use methods able to resolve multiple simultaneous
sources sharing the same frequency content (e.g. Inza et al., 2014). The
simultaneous use of more arrays could improve the azimuthal and incidence
coverage of the edifice of the volcano and the constraints about the source

position (e.g. Métaxian et al., 2002).

Evaluation of the influence of the path effects on the seismic signals and
localization methods (e.g. Bean et al., 2008; Montesinos et al., 2021). This
could improve the accuracy and quality of results, separating as much as

possible the source contributes from the others.
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(iii) Application of techniques based on waveform inversion (e.g. Lokmer et al.,
2007; De Barros et al., 2009, 2011), to obtain more information about source

mechanisms of seismo-volcanic signals.

(iv) Investigation of the acoustic signals (e.g. Ripepe et al., 2001; Sciotto et al.,
2013; Diaz-Moreno et al., 2019), to obtain further constraints on volcanic

processes.

v) Application of these techniques to a larger dataset containing eruptive episodes
such as those observed in this thesis. This could provide more consistent
information about short and long-term variations of source locations and

mechanisms.

A successful performance of these methods could lead to a better understanding of the
source mechanisms of the seismo-volcanic signals. In addition, it could provide a

significant improvement in hazard assessment and volcano surveillance.
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CHAPTER 4 — CONCLUSIONS

4.1 GENERAL SUMMARY

During 2010-2011, an intense activity at the summit craters of Mt. Etna, characterized by
more than 30 minor explosions and 18 episodes of lava fountaining at the NSEC
(Andronico et al., 2013; Behncke et al., 2014), was observed. Understanding the dynamics
of volcanic activity at Mt. Etna by array analysis of volcanic tremor, LP and VLP events

during the considered period was the main goal of the conducted research.

For this purpose, two types of analysis were carried out. A first investigation was based on
the analysis of the features of volcanic tremor and LP and VLP events recorded between
2010 and 2011, while a second study was focused on their source location through array
methods. The first study was applied to highlight the wavefield properties of volcanic
tremor and LP and VLP events (for example, frequency content, amplitude properties and
polarization attributes, waveform features), which allow us to describe the dynamics of
transport and injection of magma in the plumbing system of Mt. Etna, and to obtain a
frequency range of analysis reliable for the array processing. The second study, instead,
was applied to determine the source location and the kinematic properties of these seismo-
volcanic signals and to obtain more information about the source mechanisms and the
dynamics involving interplay between magmatic-hydrothermal fluids and their host rock
during eruptive activity. For these studies, we referred to the data acquired during some
seismic array experiments performed in the 2010-2011 period, integrated with those

recorded by INGV seismic permanent network.

From the results obtained from these studies, we can draw some conclusions. Changes of
the wavefield properties and source locations of volcanic tremor, LP and VLP events, at
the same time as the evolution of eruptive activity, suggested variations in the physical and
chemical condition of magmatic fluids filling the resonant structures inside volcanoes (e.g
Chouet et al., 1996a; Saccorotti et al., 2007; Cannata et al., 2009a; Davi et al., 2012; Chouet
and Matoza, 2013). During paroxysmal activity, pre-eruptive evidence about the variations
of the depressurization and pressurization dynamics of the volcano was given by: (i)
focusing of the frequency content of volcanic tremor around 1 Hz (e.g. Moschella et al.,
2018); (if) gradual and/or abrupt increase of the RMS amplitude of volcanic tremor, LP and
VLP event and progressive reduction of the detected number of LP/VLP events due to the
decrease of signal-to-noise ratio (e.g. Andronico et al., 2013; Patané et al., 2013); (iii)

vertical or/and lateral migration of signal sources, moving toward shallowest portion of
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plumbing system of the volcano (e.g. Cannata et al., 2013 and references therein); (iv)

irradiation of P and SH-Rayleigh waves (e.g. Hagerty et al., 2000; Ripperger et al., 2003).

Concerning the volcanic activity of Mt. Etna during 2010-2011, we can draw other
considerations. During 2010, the reactivation of the eruptive activity at BN crater,
following the long-lasting 2008—2009 flank eruption, could be considered as precursory to
the onset of a new eruptive phase characterizing Mount Etna's summit craters in 2011
(Andronico et al., 2013; Patané et al., 2013), and, in particular, as the response to slow but
continuous pressurization of the shallower portion of the plumbing system. This could be
corroborated by the source location of volcanic tremor and low frequency events, as well
as their wavefield properties. During 2011, the lava fountain activity at NSEC was
cyclically fed by a shallower magma storage zone located below the summit area at 1-2
km a.s.l.; the release of gas bubbles from this magma batch could have triggered the 2011
eruptive events as illustrated by volcanic tremor and LP and VLP locations (e.g. Patane et

al., 2013; Cannata et al., 2013; Moschella et al., 2018).

Further, another goal of the conducted research consisted of providing a useful and user-
friendly tool for the analytical routines at volcanological observatories. In this regard, we
developed MISARA (Matlab Interface for the Seismo-acoustic ARary Analysis, see
Appendix A), an open source Matlab GUI that supports the visualization, characterization,
detection, and localization of different volcano signals. Successfully tested on the seismic
data recorded during 2010-2011 period, the software has demonstrated the power of
seismic arrays as additional tool for the volcano monitoring and a better understanding of

unrest at active volcanoes.

Considering the studies performed in the framework of this PhD thesis, future works could
be aimed at reducing the uncertainties and the limits, that characterized the used methods
and procedures, as well as at extending the dataset. In particular, the use of more one than
one well-arranged three-component arrays, as well as the use of three component array
methods, could extend the seismic wavefield investigation, in terms of wavelength, and
improve the resolution of wavefield properties and signal source position (e.g. Métaxian et
al., 2002; Inza et al., 2014). The quantification of the propagation/site effects on signals
could improve the stability and quality of results of analysis (e.g. O’Brein and Bean, 2004;
Bean et al., 2008; Cauchie and Saccorotti, 2013; Zuccarello et al., 2016; Montesinos et al.,
2021). The application of techniques based on waveform inversion (e.g. Lokmer et al.,
2007; De Barros et al.,, 2009, 2011) could provide more information about source

mechanisms. The further implementation of MISARA, for example in terms of real-time
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signal processing (e.g. Smith and Bean, 2020) and/or automated algorithms (e.g. Alvarez
et al., 2013; Bueno et al., 2019), could reduce time processing of the data and provide a
powerful tool for different purposes such as research, volcano monitoring and field surveys.
A successful combination of these approaches could lead to a better understanding of the
source mechanisms involving seismo-volcanic signals. In addition, it could provide a

significant improvement in hazard assessment and volcano surveillance.

In conclusion, the array analysis of volcanic tremor and LP and VLP events allowed to
obtain information about the magma dynamics in the plumbing system of Mt. Etna during
the 2010-2011 activity. Temporal changes of the features of signals and source location
some hours before the onset of the eruptive activity, evidenced through array methods and
more, could allow to identify information on the state of Etna volcano in the short term,
especially for eruptive episodes such as lava fountaining. The implementation of MISARA
could represent an efficient tool for volcano monitoring and research purposes. Therefore,
these results could allow the development of strategies able to provide a significant

improvement in hazard assessment and/or early warning systems.

159



APPENDIX A — MISARA

As explained in the section 1.1, volcano seismology and infrasound deal with a large variety
of seismo-acoustic signals (see e.g. Mc Nutt et al., 2015). Monitoring these events plays a
key role in the surveillance of the volcanic environments and provides important
information about magma and hydrothermal dynamics in the plumbing system of a volcano
(e.g. Sparks et al., 2012; Chouet and Matoza, 2013; McNutt et al., 2015). One of the major
challenges is the investigation of their wavefield properties, especially the determination
of the source type and its location. As seen in the previous chapters, it is difficult
(sometimes impossible) to apply the classical travel-time inversion methods to data from
sparse networks, especially in case of emergent or sustained signals such as LP or VLP
events and volcanic tremor. Due to the nature of these signals, other localization methods
have been also used in recent years such as amplitude-based techniques (Di Grazia et al.,
2006; Cannata et al., 2013; Morioka et al., 2017) or array methods. As attested before, array
techniques are frequently used to estimate vertical and lateral migration of volcanic sources
for research purposes (Saccorotti et al., 2004; Cannata et al., 2013, Inza et al., 2014; Eibl
et al., 2017b), but they are not often used as an operational tool for volcano monitoring,

except in some cases (i.e., Coombs et al., 2018).

Over the past 30 years, the volume of seismo-acoustic data has increased exponentially, as
aresult of increased coverage and improved detection capability from both array and sparse
networks (Messina et al., 2011; Chunquan Yu eta al., 2017). Analyzing great amounts of
data is a very difficult task without an efficient processing tool, allowing to automatically
obtain the information extraction. In the past decades, many packages or tools for the signal
processing have been developed in different programming environments, such as Python
and MATLAB platforms. Most of these packages are either command-line-style utility
toolboxes or designed for particular purposes, such as ObsPy (Beyreuther et al., 2010),
SEIZMO (http://epsc.wustl.edu/~ggeuler/codes/m/seizmo/) and GISMO (Thompson et al.,

2018). In order to analyze different seismo-acoustic signals, there are also several tools that
provide an interactive Graphic User Interface (GUI). Some of them were designed to ensure
partially the signal processing, supporting spectral or amplitude analysis and detection or
basic algorithms (Lesage, 2009; Messina et al., 2011; Bueno et al., 2020). Other tools,
instead, were developed to perform specific array analyses or routines on a few types of

signals (Pignatelli et al., 2008; Smith and Bean, 2020).

Inspired to the design of GSpecDisp tool (Sadeghisorkhani, et al., 2017), we developed
MISARA (Matlab Interface for the Seismo-acoustic ARary Analysis), a MATLAB GUI
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that supports the visualization, characterization, detection and localization of different

volcano signals. In the next sections, we first introduce the main features of MISARA and

its functionalities. Finally, we resume the advantages and limitations of the software,

suggesting the future works that could improve the software and the signal processing.

A.1 OVERVIEW OF MISARA

MISARA is an open-source Matlab Interface, that has been originally implemented in order

to support the users with the application of array techniques on different volcanic signals.

It is characterized by an intuitive and modular structure. Based on their major

functionalities, this interface could be grouped into five different classes of modules (Fig

A.l):

The Home window.

The Data preparation window.

The Instrumental analysis modules.
The Signal features analysis modules.

The Array analysis modules.

Beam Pattern
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Signal Viewer
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Figure A.1. Schematic overview of MISARA. a) Data preparation window, for formatting the Input data. b)

Home window, the main panel for the management of all the utilities of MISARA. c¢) Instrumental analysis
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modules, for the data quality control. d) Signal features modules, for those analytic routines that support the
array techniques, such as spectral, amplitude, polarization and detection analysis. ) Array analysis modules,

for the source localization methods based on the multichannel techniques.

The Home window (Fig. A.2) represents the control panel of the software, because it allows
to manage every aspect of the data processing, such as configuration/formatting the data
source and setting Input/Output options and parameters for different type of analysis or
routines. This panel has 4 dynamic menus, able to manage independently saving and
importing settings of the latest or default analysis parameters, that are contained in the
appropriate repository. In addition, it allows to access to the main modules of MISARA,

each of which is dedicated to the application of specific routines or algorithms.

(®) General Management
General Info
Pa rameter O istrumental
Coordinate fie F:\DA RA 1 ray_2011\coordinate\coordinate_|
MenUS O Preiminary Analysis a
O Array Analysis Wap file F\Dottorato\MISARA 1.0\etna_10_meter tif "
Station reference  ATF1
- Create Dataset
it Component/Channel Qz On @®E QF
Data preparation
Comp/Chan QO Comp @ Chan
ZLce
Data file
MUsIC =
Input Folder FAD RA 1 ray_2011 A
. -~ Managemen
Output Folder F:\DottoratoWISARA 1.0\Data\outputiarray_2011 B = a age e t
MISARA Semblance = of the
Output Format @ mat O bt P i ol
« parameters
Modules
Radial Semblance
ot — &« o y
Default Latest Save
Signal Viewer
Beam Pattern Spectrogram Spectral coherence Polarization STALTA Salped

Figure A.2. Example screenshot of the Home window, showing some of the configurable input parameters, the

buttons for the management of them and the buttons to access to modules used for data formatting or analysis.

In order to ensure the correct functioning of the software, MISARA has an entire module
dedicated for the automatic creation of appropriate data structures, that is Create Dataset
module. In fact, MISARA works with seismo-acoustic traces expressed in a specific Matlab
format (structure arrays) and with specific file and folder names. These files contain all the

information about the trace (e.g. station name, station coordinates, amplitude of the signal
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etc...). In addition, MISARA modules work through some Matlab files/structures linked to
the station coordinates and the parameters for the instrument response correction. To
address these issues, the software can operate in two modes, depending on whether the data
source is archive or web data. In the first mode, the user can read and automatically convert
different file formats from a customizable user directory, such as Seismic Analysis Code
(SACQ), the Standard for the Exchange of Earthquake Data (SEED) and DSS-Cube/Data-
Cube3 file format. In the second mode, the user can access to data stored within the IRIS-

DMC via FDSN services (https://www.iris.edu/hq/), retrieving waveforms with channel

metadata. While in the first case it is necessary to set manually the station coordinates and
the parameters for the instrument response correction, in the second case all formatting

processes are automated.
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Figure A.3. Example screenshot of Create Dataset module, showing the configurable parameters for the
conversion of the Input files, the creation of the main data structures of the software and to retrieve waveforms

and channel metadata.

The other modules share similar design and workflow processes. Generally, both of them
allow rapid and easy selection of the Input traces. Analysis parameters or optionally
subroutines can be dynamically managed during data processing, including calculation,
visualization and saving of the results (Fig. A.4). However, all of them present different

functionalities for specific types of analysis. The Instrumental analysis modules permit to
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Axes figure «

check data quality, to correct traces based on instrument response parameters and to
evaluate the array geometry and response function by performing the Beam Pattern
algorithm. The Signal features analysis modules are based on the most popular routines
used for the volcano signal processing, such as the calculation of spectrogram and
coheregram, the RMS, polarization analysis, the STA/LTA method and the SALPED
algorithm. The Array analysis modules support the most commonly used algorithms
developed for the source localization of seismo-acoustic signals by performing array
methods. In this tool, we have included Zero Lag Cross correlation analysis, MUSIC
algorithm, Semblance and Radial Semblance methods. For the evaluation of the
uncertainties in the estimate of the source position, most of them have implemented
JackKnife method. All of these techniques of analysis have been illustrated in the section
1.3.6. For more details about MISARA utilities, we suggest you to refer its user manual

from a Zenodo repository at https://doi.org/10.5281/zenodo.4642026.
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Figure A.4. Example of generic structure of MISARA modules. a) Axes figure, showing the main results. b)
Reading files buttons, for the reading of the seismo-acoustic traces. c¢) Supplementary routines, for the
management of additional analysis (for example, the calculation of the analysis error, the selection of the output
results, the type of picking, etc...). d) Setting temporary parameters, for the management of those parameters
that affects the analysis and the graphic elements. ¢) Command buttons, to control any process in the module,
such as the calculation and visualization of the results, the saving of the Output data and figures and the
calculation and visualization of secondary results. f) Text window, showing any information about the data

processing through error, warning or command messages.
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A.2 ADVANTAGES, LIMITATIONS AND SUGGESTINGS FOR FUTURE
WORKS

The current version of MISARA is intended specifically to perform analysis of different
seismo-acoustic signals. The most popular algorithms implemented for the volcano signal
processing have been unified into one single GUI interface, giving greater attention to array
techniques. They could represent efficient tools supporting sparse networks during the
routine analysis at volcanological observatories. Therefore, the software could be suitable
for several applications, such as academic/research uses, temporary surveys and

operational purposes.

Although MISARA has been developed for these specific aims, it can be easily used or
modified for any research purposes, because it is open-source and free to public. Thanks to
its modular structure, it was possible to integrate many other functionalities supporting
array methods, such as spectral, amplitude, polarization and detection techniques. Every
module of MISARA is independent. The modules were designed to easily manage every
step of the data processing and to quickly inspect the results. The main advantage, in fact,
consists of the possibility to reset some parameters directly from the module itself, allowing
to repeat many times the analysis. Other fundamental aspects of this modular structure are
the rapid and easy selection of different formats of Input traces, the systematic saving of

the results and the optionally activation of many subroutines.

The processing and calculation time for any type of analysis is crucially important,
especially when there is the necessity to rapidly analyse a great amount of data. At the same
time, the efficiency of automated data processing is crucial for the parameter extraction.
MISARA is also developed to meet these requirements. Most of the processes is automated,
reducing user’s errors and efforts and speeding up the assessment of the parameters of
interested. Abilities of MISARA has been successfully tested by performing the same
analyses shown in the Chapters 2 and 3. In these cases, considering the array/network
configuration and routines used for the elaborations, the processing time is of the order of
a few seconds/minutes on a laptop with intermediate specifications (4x Intel Core i5-

6198DU, 8 GB RAM).

Although MISARA has several advantages, it does not provide comprehensive solutions
for all signals analysis. The quality and volume of the input data affect the goodness of the
results and the duration of the processing time, respectively, as well as the setting of Input
parameters (analysis windows, frequency ranges, threshold of selection, size of slowness

or spatial grid, etc...) and the limitations of each technique. At the same time, the error
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estimation is affected by multiple factors, such as array/network characteristics, amount of
coherence, noise content and topographic, propagation and site effects. JackKnife
estimation is very useful to improve the quality of the results, but it represents a time
consuming method, compromising the ability of the software to rapidly process data,
especially with a significant number of sensors. In addition, although all MISARA
processes are automated, some routines include also manual or semi-automatic phases.
These features improve the data quality control and the goodness of the results compared
to exclusively automatic ones, but sometimes this can be an obstacle to fast analysis of the

data, such as the manual classification or picking of LP and VLP waveforms.

As mentioned before, MISARA is designed for the investigation of different seismo-
acoustic signals, especially for the array analysis of signals recorded in volcanic areas. The
software shows many advantages and can be easily modified for different research or
operational purposes. In addition, it allows to process quickly seismic or acoustic data,
reducing user’s efforts. However, taking into account the previous limitations, this software
could be considered as an efficient tool supporting partially the analysis and the study of
volcanic phenomena, rather than a complete package. Therefore, in order to improve the
capabilities of MISARA and to provide a solution more comprehensive of volcano signals,

future works could be aimed at:

e Simplifying the design and the structure of the software, providing a GUI even
more user-friendly. The GUI could be structured in a unique panel from which
controlling any aspect of the tool, such as the management of the I/O parameters,
the creation of data structures, the processing of the signals and the visualization

of the results.

e Implementing the existing algorithms or routines in order to improve the time
processing and the reliability of the results obtained. The software could be
improved by deepening the technical limits of each method and by automating

every phase of the data processing as much as possible.

e Adding further methods for more complete investigation of volcanic or
seismological phenomena. This tool could be modified by adding routines for the
site characterization of the stations location and the investigation of levels of back
ground noise in the wavefield. In addition, it could be implemented through
statistical or algebraic methods for a better representation of the results of the

analyses.
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Adapting the GUI for real- time data processing and the using from Web
platforms. This may facilitate the access to a larger number of users and it may

be a great resource for the continuous monitoring in volcanic areas.

Testing the software with a larger dataset that includes different types of signals
and cases of study. In this way, the validation of the methods of analysis and the

capabilities of MISARA could be efficiently verified.
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Figure 2.21. LP and VLP waveforms obtained from visual classification. These
characteristic waveforms are derived by delaying and summing the events belonging to
each family. The events are displayed in displacement. a) LP family waveforms filtered in
the 0.5-1.2 frequency band. The red line underlines the LP event in the 20-seconds-long
time window used for the extraction. For each diagram, the title indicates the seismic station
used for the detection (ECPN), the type of family of events (F1, F2 or F3) and the
component of ground motion (Z=vertical, N=North or E=East). b) VLP family waveform
filtered in the 0.01-0.0.15 Hz frequency range. The red line shows the VLP event in a 100-
seconds-long time window. For each diagram, the title indicates the seismic station used

for the detection (ECPN) and the component of ground motion (Z=vertical, N=North or

Figure 2.22. Polarization attributes of LP and VLP activity obtained by analysing the
events recorded at ECPN station during 2010. All results are filtered selecting those values
for which the coefficient of rectilinearity is larger than 0.8. The diagrams (a) and (b)
represent the temporal evolution of the polarization back azimuths (upper panel) and
incidence angles (lower panel) obtained by analysing LP and VLP events, respectively.
The red lines indicate 3-days moving averages. The diagram (c) shows volcanic activity

observed at BN crater (data from Andronico at al., 2013)........cccceeeeiiiiiieciiieciee e, 99
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Figure 2.23. Comparison between LP (blue) and VLP (red) events in terms of daily
frequency of occurrence (upper panel), expressed as stacked histograms, and RMS values
(central panel) during 2010. These properties are related to volcanic activity observed at

BN crater (lower panel; data from Andronico at al., 2013). ......ccccoeeeveiieiiiiiiieeeeeee, 100

Figure 2.24. Temporal distribution of LP Families F1 (red), F2 (blue) and F3 (green)
relating to the volcanic activity at BN in 2010 (data from Andronico at al., 2013). The event

counts are calculated on daily scale. .........ccceevieviiiiiiiiieeeee e 101

Figure 2.25. Statistical overview of the wavefield properties about LP Families recorded
during 2010. a) Boxplot of polarization back azimuths. b) Boxplot of incidence angles. c)
Boxplot of RMS amplitudes. d) Bars diagram of the number of LPs. For each diagram, the

horizontal axis refers to the first 3 letters of the name of month. .........cccccoeeeeeeeeeennnnne. 102

Figure 2.26. Statistical overview of the wavefield properties about VLPs recorded during
2010. a) Boxplot of polarization back azimuths. b) Boxplot of incidence angles. ¢) Boxplot
of RMS amplitudes. d) Bars diagram of the number of VLPs. For each diagram, the

horizontal axis refers to the first 3 letters of the name of month. .......c.ccooovvvvvvvvinnnnnenn. 103

Figure 2.27. Polarization attributes of LP and VLP activity obtained by analysing the
events recorded at ECPN station during 2011. All results are filtered selecting those values
for which the coefficient of rectilinearity is larger than 0.8. The diagrams (a) and (b)
represent the temporal evolution of the polarization back azimuths (upper panel) and
incidence angles (lower panel) obtained by analysing LP and VLP events, respectively.
The red lines indicate 3-days moving averages. The diagram (c) shows volcanic activity
observed at NSEC and BN crater (data from Behncke et al., 2014). The legend on the upper
right-hand of this panel shows the type of volcanic event: Exp= single explosions or series
of minor explosions, minor and/or intense ash emissions; Parox= Strombolian, lava

effusion and lava fountaining aCtiVILY. ........cceevverieerieierieerieesiesreere e ere e e seeeseneereeses 105

Figure 2.28. Comparison between LP (blue) and VLP (red) events in terms of daily
frequency of occurrence (upper panel) , expressed as stacked histograms, and RMS values
(central panel) during 2011. These properties are related to volcanic activity observed at
NSEC and BN crater (lower panel; data from Behncke et al., 2014). The legend on the
upper right-hand of this panel shows the type of volcanic event: Exp= single explosions or
series of minor explosions, minor and/or intense ash emissions; Parox= Strombolian, lava

effusion and lava fountaining aCtiVILY. ........cceevvereeiieeiieesieeseecre e e ere e ereeanes 106
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Figure 2.29. Statistical overview of the wavefield properties about all families of LP
recorded during the different phases of paroxysmal activity in 2011. a) Boxplot of
polarization back azimuths. b) Boxplot of incidence angles. c) Boxplot of RMS amplitudes.
d) Bars diagram of the number of LPs. For each diagram, the horizontal axis refers to the
period comprised from the onset of a paroxysmal phase and the successive one (time
interval from Behncke et al., 2014): Rea=Reactivation; Stromb=Strombolian activity;
LE=Lava effusion; Foun=Lava fountaining; EndEp=End of episode; Post=Post quiescent
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Figure 2.30. Statistical overview of the wavefield properties about VLPs recorded during
the different phases of paroxysmal activity in 2011. a) Boxplot of polarization back
azimuths. b) Boxplot of incidence angles. ¢) Boxplot of RMS amplitudes. d) Bars diagram
of the number of VLPs. . For each diagram, the horizontal axis refers to the period
comprised from the onset of a paroxysmal phase and the successive one (time interval from
Behncke et al., 2014): Rea=Reactivation; Stromb=Strombolian activity; LE=Lava effusion;
Foun=Lava fountaining; EndEp=End of episode; Post=Post quiescent period .............. 108

Figure 2.31. Temporal distribution of LP Families F1 (red), F2 (blue) and F3 (green)
relating to the volcanic activity at NSEC and BN crater in 2011. The event counts are
calculated on daily scale The legend on the upper right-hand of this panel shows the type
of volcanic event: Exp= single explosions or series of minor explosions, minor and/or
intense ash emissions; Parox= Strombolian, lava effusion and lava fountaining activity

(data from Behncke et al., 2014) .......cccieiriiiiiiiieiiecie ettt sene v eane s 109

Figure 3.1. Kinematic properties of volcanic tremor during 2010 for the 0.5-1.5 Hz
frequency band. a) Temporal histogram of back azimuth calculated on time and angular
intervals of 3 hours and 10°, respectively. The colorbar on the right-hand refers to the
values of histogram probability. b) Temporal histogram of ray parameter calculated on time
and angular intervals of 3 hours and 0.1 s/km respectively. The colorbar on the right-hand
refers to the values of histogram probability. ¢) 3 hours moving average of the RMS
amplitudes of the tremor. The RMS amplitudes are calculated over 10-seconds-long sliding
window along the traces of the central sensor of array. The axes of plots are set in linear

scale. d) Volcanic activity observed at BN crater (data from Andronico at al., 2013) .. 122

Figure 3.2. Statistical overview of the kinematic properties of volcanic tremor during 2010
for the 0.5-1.5 frequency band. a) Polar histogram of back azimuth (bin=5°). b) Histogram
of ray parameter (bin=0.1 s/km). c) Histogram of incidence angles (bin=10°) calculated
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with velocity=1.6 km/s. d) Boxplot of errors of back azimuth. e) Boxplot of errors of ray

parameter. f) Boxplot of errors of incidence angles...........ccoceeeieieiieiienienenieneee. 123

Figure 3.3. Kinematic properties of volcanic tremor during 2011 for the 0.5-1.5 Hz
frequency band. a) Temporal histogram of back azimuth calculated on time and angular
intervals of 3 hours and 10°, respectively. The colorbar on the right-hand refers to the
values of histogram probability. b) Temporal histogram of ray parameter calculated on time
and angular intervals of 3 hours and 0.1 s/km respectively. The colorbar on the right-hand
refers to the values of histogram probability. ¢) 3 hours moving average of the RMS
amplitude of the tremor. The RMS amplitude values are calculated over 10-seconds-long
sliding window along the traces of the central sensor of array. The axes of plots are set in
linear scale. d) Volcanic activity observed at NSEC and BN crater. The legend on the upper
right-hand of the diagram shows the type of volcanic event: Exp= single explosions or
series of minor explosions, minor and/or intense ash emissions; Parox= Strombolian, lava

effusion and lava fountaining activity (data from Behncke et al., 2014) .......c...cccec..... 125

Figure 3.4. Statistical overview of the kinematic properties of volcanic tremor during 2011
for the 0.5-1.5 Hz frequency band. a) Boxplot of back azimuth. b) Box plot of ray
parameter. ¢) Boxplot of incidence angles calculated with velocity=1.6 km/s. d) Boxplot of
errors of back azimuth. ) Boxplot of errors of ray parameter. f) Boxplot of errors of
incidence angles. For each diagram, the horizontal axis refers to the period comprised from
the onset of a paroxysmal phase and the successive one (time interval from Behncke et al.,
2014): Rea=Reactivation; Stromb=Strombolian activity; LE=Lava effusion; Foun=Lava

fountaining; EndEp=End of episode; Post=Post quiescent period.............cccccverrerreenenn 126

Figure 3.5. Three sections of Semblance and Radial Semblance grids passing through the
largest value node. The results represent the average distributions calculated on 1868 LPs
and 400 VLPs recorded between 2010 and 2011 and chosen on the basis of the best errors
of analysis. The grids are interpolated to the DEM of Mt. Etna. The colorbars on the right-
side refer to the normalized values of the Semblance/ Radial Semblance. The black marks

represent the station 10CALIONS. .......ccuviviieiiiiiiiie ettt e e saaeeareeare s 129

Figure 3.6. LP (blue marks) and VLP (red marks) epicentres on the three sections of the
DEM of Mt. Etna. The results represent the average distributions calculated on 1868 LPs
and 400 VLPs recorded between 2010 and 2011 and chosen on the basis of the best errors

of analysis. The black marks represent the station locations. .........c..cccceveeveneneenennenne. 130
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Figure 3.7. Probability source regions (blue and red volumes for LPs and VLPs,
respectively) calculated on the basis of the results shown in figure 3.5. The results consist
of the 10% Semblance/Radial Semblance distributions around the largest solutions. The

black marks indicate the station POSItIONS.........ccueeeeuiieeiieeiiieriee e ecree e esveeevee e 131

Figure 3.8. LP and VLP average epicentres on the DEM of Mt. Etna during 2010-2011.
The clusters of events are determined by 3-day moving averaging the source parameters
(latitude and longitude) during all periods of interest. The red diamonds indicate the station
positions used for the localization. In the upper right-hand of the diagram, the legend refers

to the type of event represented: blue for LP events; red for VLP events ...................... 133

Figure 3.9. Temporal variation of LP and VLP localization related to the volcanic activity
in 2010. a) 3-days moving average of source locations altitude (km a.s.l.) and
corresponding errors of different LP families. The title refers to the type of family (F1, F2
and F3). For each diagram, the coloured bands indicate the average errors of localization.
b) 3-days moving average of source locations altitude (km a.s.l.) and corresponding errors
of LP (blue) and VLP (red) events (upper panel) and time distribution of the main volcanic
events observed at BN crater (lower panel; data from Andronico at al., 2013). In the right-
hand of the upper diagram, the legend refers to the type of events displayed, while the

coloured bands indicate the average errors of localization. .............ccceeevvevvereervenneennn, 134

Figure 3.10. Statistic overview of LP (a) and VLP (b) kinematic properties during 2010.
The upper diagrams are polar the histograms of back azimuth (bin=5°), while the lower

ones are the histograms of ray parameter (bin=0.1 s/km). .........ccccoeeievieiieninniinieenen. 136

Figure 3.11. Temporal variation of LP and VLP kinematic properties related to the
volcanic activity in 2010. a) 3-days moving average of incidence angles and errors of
different LP families. The title refers to the type of family (F1, F2 and F3). For each
diagram, the coloured bands indicate the average errors of analysis. b) 3-days moving
average of incidence angles and errors of LP (upper panel) and VLP (central panel) events
and time distribution of the main volcanic events observed at BN crater (lower panel; data
from Andronico at al., 2013). For the upper and central diagrams, the coloured bands

indicate the average errors of analysis ........cocceverierininieniiniieeeee e 137

Figure 3.12. Statistic overview of LP (a) and VLP (b) kinematic properties during 2011.
The upper diagrams are polar the histograms of back azimuth (bin=5°), while the lower

ones are the histograms of ray parameter (bin=0.1 s/km). ..........ccceevvevieviienienieereennn. 139
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Figure 3.13. Temporal variation of LP and VLP kinematic properties related to the
volcanic activity in 2011. 3-days moving average of incidence angles and errors of LP
(upper panel) and VLP (central panel) events and time distribution of the main volcanic
events observed at NSEC and BN crater (lower panel). For the upper and central diagrams,
the coloured bands indicate the average errors of analysis. The legend on the upper right-
hand of these panels shows the type of volcanic event: Exp= single explosions or series of
minor explosions, minor and/or intense ash emissions; Parox= Strombolian, lava effusion

and lava fountaining activity (data from Behncke et al., 2014) ........ccoocorieiinininnnnenne 140

Figure 3.14. Localizations of synthetic signals generated by uniform distributions of
artificial isotropic sources of 300 LPs and 300 VLPs. Three sections of Semblance and
Radial Semblance grids passing through the node with the highest value. The titles on the
top indicate the average position of the synthetic events and that calculated by using
Semblance or Radial Semblance and the analysis errors expressed in kilometres. The
colorbars on the right-side refer to the normalized values of the Semblance/ Radial

Semblance. The black marks represent the station 10cations ............cceceeeveeeveeneerieeennnne 143

Figure 3.15. Probability source regions (red volumes) calculated on the basis of the results
shown in figure 3.14. The results consist of the 10% Semblance/Radial Semblance

distributions around the largest solutions. The black marks indicate the station positions

Figure 3.16. Maximum semblance value (a) and (b, c, d) errors of analysis versus the
velocity model used to locate the source. The legend on the top of the diagram (a) indicates
the best velocity value for source location (dashed black line) and the results obtained by

fixing five different source depths (1.0, 1.5,2.0, 2.5 and 3.0 km a.s.l)....cccccccvvrvrrnrnnen. 146

Figure 3.17. Maximum radial semblance value (a) and (b, c, d) errors of analysis versus
the velocity model used to locate the source. The legend on the top of the diagram (a)
indicates the best velocity value for source location (dashed black line) and the results

obtained by fixing five different source depths (1.0, 1.5, 2.0, 2.5 and 3.0 km a.s.l)....... 147

Figure A.1. Schematic overview of MISARA. a) Data preparation window, for formatting
the Input data. b) Home window, the main panel for the management of all the utilities of
MISARA. ¢) Instrumental analysis modules, for the data quality control. d) Signal features
analysis modules, for those analytic routines that support the array techniques, such as
spectral, amplitude, polarization and detection analysis. ¢) Array analysis modules, for the

source localization methods based on the multichannel techniques ...........ccccccveevvennenns 161
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Figure A.2. Example screenshot of the Home window, showing some of the configurable
input parameters, the buttons for the management of them and the buttons to access to

modules used for data formatting or analysis ........c.ccceceerieniieniiiiiieeeee e 162

Figure A.3. Example screenshot of Create Dataset module, showing the configurable
parameters for the conversion of the Input files, the creation of the main data structures of

the software and to retrieve waveforms and channel metadata .........cccccvveeevvivvennnnnenen. 163

Figure A.4. Example of generic structure of MISARA modules. a) Axes figure, showing
the main results. b) Reading files buttons, for the reading of the seismo-acoustic traces. c)
Supplementary routines, for the management of additional analysis (for example, the
calculation of the analysis error, the selection of the output results, the type of picking,
etc...). d) Setting temporary parameters, for the management of those parameters that
affects the analysis and the graphic elements. ¢) Command buttons, to control any process
in the module, such as the calculation and visualization of the results, the saving of the
Output data and figures and the calculation and visualization of secondary results. f) Text
window, showing any information about the data processing through error, warning or
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