UNIVERSITA DEGLI STRIWATANIA

DIPARTIMENTO DI SNZE BIOLOGICHE, GBGICHE ED AMBIENTALI
SEZIONE SCIENZE BHIHRRA

Dottorato di ricerca in Scienze della Terra

XXVI ciclo

Investigation on Mt. Etna dynamics by seismic and acoustic signals

(August 2007¢ December 2010)

Dott.ssa Laura Spina
Coordinatoe: Prof. Carmelo Monaco
Tutor: -tutors: Co
Prof. Stefano Gresta Dott. Andrea Cannata

Dott. Eugenio Privitera

DICEMBRE 2013






PREFACE

Volcanoes are the most intriguing challenge amé&mgth Science

Indeed, volcanic activity is the most dreadful and fascinafingerprint of Earth inner activity
Neverthelessthe occurrence of eruptions not exclusively a matter of interest tife scientific
community, but it ratherhas huge consequence®n the comma life of people Populatiors
leaving nearbyindeed, are exposed to several kinds of hazakttsveverthe influenceof volcanic
activity may benot exclusivelyrestrictedat local scaleas showrnn recent yearsy the effect on
the aviation and air trHic played byentrained ash in the stratosphereTherefore, it is
fundamental to investigat¢he mechanisns and achieve more knowledge on theoodybehavios
of volcanoes With this aim, he analysis of infrasound signalsroduced by volcanogshas
acqured growing importance iast decades

In this thesis infrasound signals from Mina, continuously recorded from August 2007 to
December 2010, are analyze@ur goal is to mvestigae the shallow plumbing system and the
relations among eruptive ventsybacoustic and seismic datBurthermore, we ainalsoto define
the source mechanism of infrasound signafsMt. Etna In addition,acousticsignals from a
temporary experimentcarried out atMt. Yasurvolcanoare analyzed in order toompare the
dynamicsof Mt. Etna with other basaltic volcanoes.

The thesis is structured ifour chapters.In Chapter 1la brief introduction regarding volcano
monitoringandthe mainseismeacousticsignalgproduced by volcanoess givenfirst (sections 1.1
and 1.2). Succesively the analytical methods applied in th&udy are describedsection 1.3.
Chapter 2 which comprises the main body of the thesisegards signals recorded at Mt. Etna.
Initially a wide background on the regional setting, volcanic activityl aacousic studies,
previouslyperformed on thevolcanq is given(section 2.). Successively, data from Aug@§t07
to December 2009 are analyzdslection 2.3. A dedicated sectiofocuses onsignals recorded
from the eruptive fissure of the 2068009 eruption(section 2.3. Finallythe analyses carried out
on signals recorded during 2010 adepicted (section 2.4. Chapter 3contains a description of
acoustic signals recorded at Mt. Yasluring a temporay experiment. Firstthe volcano is
contextualized in & geographical and tectonmetting €ection 3.3, then the characteristics of the
experiment and theperformedanaly®s are describedséctions 3.2, 3.3. 3.4, 3 S-inally Chapter

4 summarize the conclusionsvhich are more widely discussed in the preus chaptersin order

to give a general overview of the achievemeat the work.



Please note that several part of this manuscript has been drawn from published or submitted

papers, of which theindersigneds respectively cauthor or author.
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Chapter 1: Introduction



Chapter 1

1.1 Seismic and acoustic signals: source models and relevance for

research and monitoring purpose

1.1.1 Volcanic hazard and monitoring s ystems

Volcanoes are undoubtedly one of the majwazardson the Earth, representing a multifaceted
challenge for risk management and life safeguard during volcanic crisis.

Indeed, most of the volcanic areas are characterized by favourable weather iconddr
agricultural activities, and provided of fertile lands, thanks to the nutrients deriving from the rapid
weathering of volcanic ejecta [Dahlgren et al., 1989]. It was estimated that 10 % of the global
population lives near active or potentially aati volcanoes [Peterson and Tilling, 2000]. The
hazards, they might be exposed to, are several. Amongst others, the most striking reports come
from sites covered by falling pyroclastic flows or surges or lahars. Well known examples are the
eruption at Mt. Relée, Martinique, in 1902, with 29000 victims, or the 1902 eruption of St. Maria,
Guatemala, killing 6000 people [Nakada, 2000]. Luckily, in well monitored volcanic areas, the
knowledge of volcanoes mechanisms and behaviour, together with a dense mogitwtwork,

has strongly limited the loss of life. A famous example is given by Mt. Monserrat eruption, 1999
2004, where most of the people have been preventively evacuated from dangerous areas before
the major paroxysms, in 1995 [Kokelaar, 2002; Bgell]. Nevertheless the cost of this exodus in
terms of social and economic aspect of the island was terrible, as in early 1998 roughly 70 % of the
population has left the island [Kokelaar, 2002].

Moreover, volcanic eruptions may also trigger other catastiop phenomena, such as
earthquakes and tsunami, and release abundant quantity of ash in atmosphere. Regently
response to the growing amount of flight traffithe hazard posed to aviation from the presence

of ash in atmosphere has been object of seVestudies. Volcanic ash could travel along
considerable distances and are totally gbeough to the radar of the aircraft. The injection of ash
particles into the engine is known to have caused several times the loose of thrust of the hit
engine [Miller ad Casadeval, 2000].

Quantitative forecasting of volcanic eruptions is far from being a real solution for such issues.

Nevertheless, researches on the behaviour of each specific volcano, joined with the development
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of a surveillance system nearby, are pgdvto be-so far an effective way to mitigate risk. During
its asent toward the surface, the owtoming magma may produce different kinds of
perturbations of the surrounding medium. The detection of such perturbations reveals the

renewal of volcanic aatity. Among these, the most important are seismicity, ground deformation

and release of magmatic gases [Sparks, 2003].

Figure 1.1: Image from the destroyed city of Plymouth, once capital of Montserrat. Buildings that are holding up where dbcate
at the margin of the impacted area. The main part of the city was destroyed and completely buried foyroclasticflow.

Seismic signals are temporal series, recordhmg shaking of the ground at the surfacdue to
seismic vaves travelling from the sourcelhereis a variety of eruptive processes, related to
magma movement at depth, alternativelyoccurring during the emission at the surface of the
solid, liquid, or gaseous products, able to generate different seismic signals [Zobin, 2012]. Volcano
tectonic sesmicity often occurs before the majority of eruptions. Once the background activity for
a given volcano is well known, the rate of occurrence, location and characteristic of volcano
seismic signals give indications about the dynamics of the ongoing emugtar instance, it is
possible to gain information about the physic condition of magmatic fluid in the system, or
regarding their position into the volcano edifice [el§ymagai and Chouet, 1999; Morrissey and
Chouet, 2001; Aimendros et al., 2002; Balitagnd Aki, 20013 or identifyactive faultingorocesses

as well as the spatial position of the fault plane [Azzaro, 1999]. Recently, an increasing number of

broadband seismic network have been deployed, allowing for an improvement of data quality.
3
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Furthermore, in the last decades, a new branch of seismology has developed, thanks to the many
observations of the acoustic field in volcanic environment [é=gstov and Kravchenkd 996;

Ripepe et al., 199@ohnson and Lees, 2000ndeed, the recordings afolcanic acoustic emission,
which are mainly in the infrasound range, are proved to be really efficient in terms of source
location, and they can also provide several information on the explosive and degassing source
dynamics [e.g., Ripepe et al., 2007].

Geodetic monitoring is undoubtedly another milestone of the surveillance system of active
volcanoes. Surface displacements occur in response to the movement or increase of volume of
magmatic bodies at depth. Consequently, the pattern and rate of the displant reveal
fundamental information such as depth and rate magma accumulation. Furthermoreyhile

rapid changes are likely to be linked to an individual eruptimmg term variations of the
displacement are linked to processes taking place on loagale such as subsidence [Dvorak and
Dzurisin, 1997]. The geodetic network may comprise traditional EDM (electronic distance
measurement) theodolites, GPS (Global position system) stations, as well as extensimeters and
titmeters. Recently, interferometeanalyses have been done on images periodically taken by
satellites, the SAR (Synthetic Aperture Radar) techniques.

The geochemistry approach is based on the evidence that any change of the volume or position of
the magma, is reflected by variation in theoperties of the volatiles discharged during magma
degassing. Thus, monitoring should focus on fumaroles, diffused soil degassing, degassing
associated with geothermal waters and plumes [Inguaggiato et al., 2011]. However, direct
sampling of the gas at th&ource is commonly not safe for hot volcanic plumes, especially during
the ongoing activity. In order to solve this problem, remote sensing technigues have been
developed, as the COSPEX (Correlation Spectrometer) and TOMS (Total Ozone Mapping
Spectromete) for Sulfure Dioxide emissions, and FTIR (Fourier Trasform Infrared) to obtain the
N}¥GA2 o0SGsSSYy GKS YlIye 20KSNJ IFa aLISOASa w{dGA
Finally, surveillance systems can avail themselves of gravimetric and magnetic observations, which
hasbeen found to be capable of detecting precursory changes of the incoming eruption, especially
if they are provided on a wide area and combined together [McNutt et al., 2000].

In the following pages, we provide a brief focus on seksmoustic volcanic sigls, on their

source mechanisms and the analytic methods commonly used to analyze them.
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1.2 Characterization of the signals

Volcano seismology deals with different kinds of seismic and acoustic signals produced by
volcanoes. Despite the proliferation &érms to define them, there is a general consensus on a
frequency based classification. In the following paragraphs, the characteristics, as well as the main

source models proposed for the different seismic events and for infrasound, are described.

1.2.1 Volcano Tectonic Earthquakes

Volcano Tectonic (VT) Earthquakes are characterized by a frequency content above 5 Hz and up to
15-20 Hz, and clear arrivals of both P and S waves [Zobin, 201Bigseke2% Higher frequencies

may be generated at the sourcbut they are not recorded because of instrumental limitation or
local attenuation [McNutt, 2005]. They derive by shéaiture or slip on faults, thus they can be
used to determine stress orientations using focal mechanisms and stress tensor injergion
Moran, 2003; Sanchez and McNutt, 2004; Waite and Smith, 2004]. The main difference between
VT and tectonic earthquake consists in their rate of occurrence. Indeed, VTs occur in swarms, with
less than 0.5 of difference in magnitude between the largestthquake and the second one
[McNutt, 2005]. The stress that triggers the seismic release is likely to be linked to different
phenomena, such as regional tectonic forces, gravitational loading, pore pressure effects or hydro
fracturing, thermal and finajl volumetric forces associated with magma intrusion, withdrawal,
cooling [McNutt, 2005].

According to some authors [Wassermann, 2009], a second type-efifiquakes occur at very
shallow depth (above-2 km).The relatively superficial position of theypocenter determines a

large amount of scattering, especially at higher frequencies, thus lowering the dominant frequency
content to 15 Hz.

Finally, although the source mechanism of VTs is generally doobjde source, everal papers,
dealing with theinversion of the seismic moment tensor, showed a significant contribution of non

double-couple parts [Dahm and Brandsdottir, 1997].
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Figure 1.2: Seismic traces and spectrograms of a) VT earthquaKeLP event from Mt. Merapi, and c) volcanic tremor frofft.
Semeru. Modified from Wasserman [2009].

1.2.2 Long Period Events

Long period (LP) events, also called low frequency (LF) events, are characterized by frequency
content comprised between 0.5 and 5 Hz, absence of a clear and distinct S arrivalfteand
emergent P wave arrivalF({g. 1.2b). Commonly, they occur in families, with a high level of

steadiness of the waveforms [Zobin, 2012]. Furthermore, they display longer codas than common
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seismic signals [McNutt, 2005]. According to Chouet [2003], dineple decaying harmonic
oscillations nature of these signals is due to movement of a-filkdl oscillator in response to
time-localized excitation, i.e. a crack resonating because of pressure disturbances active during
magma ascent toward the surfac®ther authors [Seidl et al., 82] propose as source model the
resonance of the magma body, triggered by transient in the ffiaid mixture. In felsic volcanoes,

LP events were interpreted as seismic energy released from brittle failure of magma at thatcon
wall, with the long tail representing energy trapped in the conduit [Neuberg et al., 2006]. More
generally, they are likely to be linked to processes involving the movement of fluids at depth,
transfer of magma, gas and heat or finally magweter interaction at depth.Therefore, heir
occurrence rate suggests an evaluation of magma and gas flux in the conduit [Neuberg, 2000].
However, despite their pervasiveness, their source mechanism is still matter of debate.

Recently, the installation of an in@sing number of broadband seismic network, has allowed for
the identification of another type of LP events, the so called Deep LP events, occurring beneath 20
km of depth. Even though their frequency content could be due to filtering effect of the travel
path through the fluid rich deep crust, some studies linked their occurrence with anomalous
content of CQin volcanic area [Hill, 1996; Wassermann, 2009], suggesting possifukections

with fluid release and pressure at the depthlhey have been recordeat different volcanoes

[e.g., Aki and Koyanagi, 1981asegawa and Yamamoto, 19%i4tt and Hill, 1994; White, 1996;
Nakamichi et al., 2003]JFor instance, it has been found that 9 volcanoes out of 27 in Alaska
produce this kind of signals [Power et 2004]. Such widespread diffusion of Deep LP observation

suggessthat this kind of signals must be focused in the future studies.

1.2.3 Very long period events

Seismic signals with periods in the range P00 s (frequencies between 0.5 and 0.01 Hz) are
defined very long period (VLP) events [Chouet, 2009]. They are characterized by impulsive onset
(seeFig. 1.3%, and they are usually recognized by low filtering the signal. Like LP signals, families
of VLP are commonly observed at several volcanoes asmBwudi [Chouet et al., 2003],
Popocatepetl [Arcinieg&eballos et al., 1999], Erebus [Aster et al., 2008], among others. Some
studies [i.e., Kawakatsu et al., 1994] demonstrate that the source area of VLP is particularly small,
and consequenththey exhibt a departure from the linear behavior. Several different source

mechanisms have been proposed. According to Chouet [1999], they are resulting from inertial
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forces associated with perturbations in the flow of magma and gases through condtigsso
Volcaro, they have been interpreted as draining of sugaturated crack at shallow depth
[Kawakatsu et al., 1994; McNutt, 2005], whereas at Stromboli they are believed to be caused by
upward movement of gas slugs [Neuberg et al., 19Bdither, an almost comiuous signal, where

the single pulses were merging into a tremor like signal, was foun8itedmboli, and calletbng

period tremor This long lasting signal was interpreted as linked to the interaction of hot magma
fluid with an overlying aquifer [Aso Yéano; Kawakatsu et al., 2000]. Finally at Kilauea, VLP have
been interpreted agonnected to the movement gdulses of magma through sdfack [Ohminato

et al.,1998].
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Figure 1.3: a) Band pass filtered (630 s) and b) raw signals for VLP events re@atdat Santiaguito volcano.
Images in ¢) show the corresponding volcanic adyivModified from Zobin [2012].

1.2.4 Volcanic tremor

Volcanic tremor is @ersistent seismic signal, lasting from several minutes to several days or even
months, often precedig or accompanying volcanic eruptions [eKpstantinou and Schlindwein
2002]. Even if the frequency content may be characteristic of the individual volcano, volcanic
tremors are generally characterized by similar frequency content to LP signals, rimagindy 0.55

Hz. Furthermore, in some cases, it is plolesto identify a fundamental frequen@nd the relative

8
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harmonics; the corresponding signa called volcanic harmonic tremorin most cases the
wavefield is composed of Rayleigh and Love wavasjtas strongly affected by path effects [e.qg.,
Kostantinou and Schlindwei2002], but some studies prodethat a mixed composition of both

body and surface waves may be dominant at other volcanoes [i.e., Deception Island, Almendros et
al., 1997] Accoding toKostantinou and Schlindwe{2002), several interpretations of the volcanic
tremor source mechanism are possible: for instance, fluid oscillation induced by external causes to
the fluid, i.e. like fracturing of the surrounding bedrock and formatdm new feeding branch, or

a sudden variation in the fluid supply [St Lawrence and Qamar, 1979; Ferrick et al., 1982]. Aki et al.
(1977) proposed that tremor is due to the vibration of a crack chain as the magma ascent to the
surface through the networkChouet [1986, 1988] proposed as a source of tremor the wall
vibration of a magma filled crack, due to a pressure disturbance. In hydrothermal area, tiikenor
signals are likely to be due to water boiling processes at depth [Kieffer, 1984; Kedarl6©6].,
Crosso and Bame [1985] found, by realizing a model of a spherical cavity in the hosting rock
containing a smaller gas filled cavity, that tremor at Stromboli could be explained as magma
resonance in consequence of the expansion of the slug.

It is noteworthy that onset, evolution and conclusion of the summit paroxysmal activity are
typically welicorrelated with the pattern of the volcanic tremor. However, the relationship
between amplitude variations of volcanic tremor and magmatic activity isunotocal. Indeed, in
some cases there is a good correlation between the occurrence of the former and the renewal of
shallow volcanic activity, as reported for a few volcanoes [e.g. Kil@uwemak and Okamurd 985;
Pavlof, McNutt, 1986; Etna,Cannata et b, 2008]. Alternatively, the variation in amplitude of
volcanic tremor may be related to the movement of fluid at great depth and not accompanied by

any variation in observable volcanic activifkand Koyanagil981].

1.2.5 Infrasound signals

Acousticwaves are longitudinal waves due to the compresss@pansion of the medium in which
they propagate, in response to the vibration of the source of sound. For frequencies below 20 Hz,
the threshold of hearing of human being, they are called infrasounctavioes radiate acoustic
energy mainly in this range of frequencies. Infrasound was first recobyeshicrobarometes

after the violent 1883 eruption of Krakatau [Strachey, 1888], which induced low frequency

oscillations that propagated around the Earth SeMJ f (G AYSax | a | faz2 | dzR



Chapter 1

Jdzy UNK¢ +ta FIENI Fa pnann 1Y lFtele w{AYlAY YR C
decades, infrasound has become a widespread method of investigation and monitoring of
volcanoes.Infrasonic transiats (hereafter: infrasonic events) have beé&mequently recorded.

During paroxysmal activity or during intense degassing, the can merge giving rise to an almost
continuous signals named infrasonic tremor [Montalto et al., 2010].

Several processes have baecognized as sources of infrasound.

A group of source models for infrasound events deals with phenomena linked to explosions of
strombolian bubbles. For instance, Vergniolle et al. [2004] suggest that infrasound is produced
from the oscillation of gaslwys prior to the bursting, when they reach the free magma surface.

This model will be used to fit some data in the following pages, thus it is worthy to add some more
information about it. According to the authors, bubbles reach the surface with somesgxce
pressures. As a consequence, strong volumetric vibration of the bubble ealiegponding to a

thin layer of magma), pushed by variation of pressure inside the bubble prior to bursting, occur
producing sound. The bubble shape is approximated by adpdrarical head and a cylindrical tail,

as expected in slugow [Vergniolle et al., 2004]. The propagation of pressure waves is radial and
GKS g1 @STF2N¥Y 2F (GKS NBadzZ GAy3a AYFNIaz2dzyR airdy
of one cycle (or e cycle and a half), corresponding to the bubble vibration, followed by a second
part with weaker oscillations [Vergniolle et al., 2004]. The experimental data may be fitted by
synthetic waveforms olatined by the equation [Vergniolle and Brandeis, 1996]:

” lY (‘)
i

|
Ao oy o g Yo ligye lig =

@
where the first term is excess pressure in &irs time,r is the distance souresensor,c is the
sound speed in aiRis the bubble radiusral “ 4 is the air density.
It is worth noting that several parameters are needed to solve this equation: density of magma,
thickness of magma above the vibrating bubble, magma viscosity, length of the bubble and initial
overpressure [an exhaustive dissien can be found in Vergniolle and Brandeis, 1986}wever,
some of them (i.e. viscosity and density of theagma) can be derived from complementary
studies.Concerning the thickness of the magma wall, for instance, it is likely to be on the same
order d magnitude of the diameter of the ejecta, thus it can be easily inferred [Vergniolle et al.,
2004].Onceall the parameters are fixed, we can easily calculate the characteristic features of the

bubble (overpressure, length and radius) by equatin (

10
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Another model based on volcanic slugs suggests that very large bubbles are forming at the shallow
part of the conduit for coalescence processes. The escape of gas through a tiny hole, that breaks
the bubble walls, produces a low monochromatic sound [Vergnald Caplan Auerbach, 2004].
Differently, there is a class of models that links infrasound sources with resonance phenomena.
Acoustic resonance can be defined as the acoustic response of a contained region to pressure
disturbances, a feature of a pertugld sound field interacting with two or more boundaries or fluid
discontinuities [Fee et al., 2010a]. Indeed, resonance is due to multiple reflection of pressure
disturbances at the boundary of the resonator, and can be defined as a propagation path effect
[Garces and McNutt, 1997], which gives us useful information about the geometry and/or the
characteristics of the resonator.
Resonance of the shallow portion of the conduit, for instance, have been hypothesized at several
volcanoes [i.e., Buckingham ana@rGes, 1996; Hagerty et al., 2000]. For example, at Kilauea and
Villarica were found evidences of a resonant monotaama long lasting tremor, whose source
coincides with skylights above lava tubes [Garces et al., 2003; Matoza et al., 2010a] and central
vents [Ripepe et al., 2010].
Such kind of resonance is likely to occur when the ratio between the wavelength and the cavity
dimension is comprised between 1/3 to 3 [Fee et al., 20 Morse and Ingard, 1968]. For a fluid
filled fracture of lengthL and widh W, longitudinal and lateral sets of resonance modes are
expected (respectivelyl2n and 2N/ n, withn=1,2,3) [De Angelis and McNutt, 2007]. Nevertheless,
it is common to observe only longitudinal modes, coherently with the cylindrical shape of the very
shallow conduit inferred at many volcanoes. Indeed, for wavelength much longer than the radius
of the conduit, lateral modes are negligible, and only the longitudinal modes must be taken into
account [Garces and McNultt, 1997].
According to fundamental lavof pipe resonance [equatior2); Hagerty et al., 2000]:
-

¢Q

)
with ¢ equal to the acoustic velocity arfd fundamental frequency of resonancwhile L, is the
length of the resonator.
However, the type of triggered resonance depends ba boundary conditions. For a resonant
pipe with matched boundary condition, thus having both the termination closed or both open, the
resulting spectra show integer harmonics of the fundamental. In the opposite case-(tgssd

termination), odd harmonie of the fundamental will be observed. It is noteworthy that the
11



Chapter 1

condition of closure is due to change of the impedance contrast, i.e. cross sectional variations or
drastic discontinuity in the magma properties [Garces and McNutt, 1997; De Angelis andt,McNu
2007]. Furthermore, it must be remarked that the observation of an open vent does not imply
acoustically open termination, and vice versa [Garces and McNutt, 1997].

Finally, an end correction must be taken into account when dealing with open vent §Morg
Indegard, 1968]. Indeed, in the near field, the movement backwards and forwards of the air due to
the vibration of the surface of the source, adds inertial mass to the vibrating mode, thus affecting
the frequency of resonance. For this reason, a temamely end correction, is introduced to
extend the length of an opeanded vibrating column [Rossing, 2007]. For a closed pipe the end
correction is zero, while for an open pipe is @gwith a radius of the pipe [Miklos et al., 2001].

Other possible kids of resonancehave beenrecognized at active volcanoes [i.e., Goto and
Johnson, 2011; Fee et al., 2010a]. When the wavelength is much larger than any dimension of the
resonator, harmonic oscillation with only one degree of freedom, i.e. the volume,avayr Fee

et al., 2010]. This kind of resonator is called lumped acoustic element [Kinsler, 1982], and the most
common example of it is the Helmholtz resonator. A simple Helmholtz resonator is made up of a
cavity connected with the outside space througmarow neck or through an opening [s&&g.

1.4; Alster, 1972]. The resonator reverberates with a single frequency, computed on the basis of

the following equatiorKinsler et al., 1982]

| < |

Q —
q

Q

e-

®)
Where Sis the area of the necl/ is the volume of the cavity and @ the effective length of the
neck, provided of end correction by the equation:
Q a pg o
4)
with Aandl equal to the radius and length of the neakspectively.
Indeed, the compressible fluid in the resonator acts like a spring with constant:
. " RY
Q ——-
()
(5)
where " 4 is the density of the air. The behavior of the fluid in the neck is correspondent to a
lumped acoustielement [Rossing, 2007]. The magnitude of the lumped mass resonator is given
by:
12
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(6)

Figure 1.4: Simplified scheme showing an Helmholtz resonator. Modified from Rossing [2007].
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is due to Helmholtzesonance of the gas filled cavity beneath the vent, whereas the latter and

higher frequency band is due to standing waves of the same cavity-{ge#.5.
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Obviously, diffeent dynamics may be active at other volcanoes. For example, infrasound may be
related to the sudden uncorking of the volcano, when the pressure exceeds the critical threshold
releasing acoustic energy. This mechanism is believed to be more common in gareseén
intermediate viscosity magma, where Vulcanian eruptidisrupting the plug obstructing the

conduit may occur [Johnson and Lees, 2000; Uhira and Takeo, 1994]. Another example of source
13



Chapter 1

model inwhich more violent level of activity ismplied isgiven by the 8 March 2005 Vulcanian
eruption of Mt. Helens, for which during the initial emission of gas, quite fast ejection of gas and
ash is likely to have occurred [Matoza et al., 2007]. The acoustic signals corresponding to this
phase of the eruption wereompared to low frequency jet noise, on the basis of a similarity with
the physical mechanism of noise radiation from the aircrafts [Matoza et al., 2009a].

Sometimes the occurrence of infrasound may be due to hydrothermal phenomena. For instance,
at Mt. St. Helens, from November 2004 to March 2005 the eruption was characterized by
repetitive infrasound signals associated to LP events that were probably linked to hydrothermal
processes. It was suggested [Matoza et al., 2009b] that the repeated and ragslpe loss from

a hydrothermal crack system caused both acoustic and seismic radiation. Indeed, heated fluid may
cause the pressure buildup required to open the crack system. The sudden release of pressure
produces a broadband infrasound signal, and,h@ meanwhile, induces the crack collapse, thus
generating infrasound signals.

Finally, it must be taken into account that also landslides and pyroclastic flows, both common
phenomena in volcanoes environment, are able to produce infrasdq@shima and Maekwa,

2001; Moran et al., 2008a

1.3 Analytical methods

1.3.1 Transient detection

Detection algorithms are the fundamental first step of every research study or monitoring activity
based on continuously recorded signals. Indeed, dealing with big amafutemporal traces
requires the use of an automatic algorithm to detect the occurrence of transients. On the base of
the characteristics of the investigated signals, and thus on the base dfpleeof alterations we
expect to detect in correspondence oh arrival of a seismic/infrasonic wave, different trigger
algorithms can be used. For instance, they can be based either on the time or frequency domain,
they can search for a specific expected pattern, or make use of the particle motion or the
polarization characteristics of the signal, such as rectilinearity or planarity [Withers et al., 1998].
One of the most extensively used algorithm, named STA/ISh@&r{ time average/long time

average, is based on the evaluation of the ratio between energy densitghmnt and long terms
14



Chapter 1

[Whiters et al., 1998]. This method requires the definition of two time windows, one relatively
shorter than the other. It has been estimated that ideal conditions for the algorithm are given
when the two windows are respectively 3cR27 times the central period of the frequency band

of interest [Whiters et al., 1998]. The energy density in each window is computed by using root
mean square (hereafter RMS) and then the ratio between the values estimated for the two
windows is calculat Thus, the two windows are simultaneously shifted along the traces, and a
transient is detected when the value of such energy density ratio overcomes a fixed threshold.

It must be noted that this algorithm tends to produce false arrivals in conditiarregular noise
[Havskov and Alguacil, 2004].

Alternatively, an effective trigger algorithm used in this work is the percentile method [for an

example sed-ig. 1.6 Cannata et al., 2011b].
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Figure 1.6: Example of percentile trigger analysis appliechtoderate puffing activity at Mt. Yasur. a) Raw signal (begin time:

July, 7 2011, 06:01:54). b) RMS envelope of signal shown in a); the red dotted line represents the percentile threshold value.
Blue dots in c) represent triggered events.

The RMS envepe is computed by using a sliding window with a fixed duration. Successively, the
percentile of RMS envelope is computed by using another moving window. A percentile threshold
py is established, as the value for which at most (1Gf} }per cent of themeasurements are less
than this value and 100(d py) per cent are greater. A transient arrival is detected every time the

RMS percentile overcomes the fixed threshold. This method was found to be more effective than

STA/LTA when dealing with closely sgzhevents [Cannata et al., 2011b].
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1.3.2 Location analyses

1.3.2.1 Infrasound location

Unlike seismic signals, whose epicentral location errors are generally larger than 100 m,
infrasound location can be much more precise [up to 3 m; Johnson, 2005{ifflaience depends
on several factors. Firstly, considering the lower velocity of acoustic waves in respect of seismic
ones, small changes in the source position affect more the infrasound travel and arrival times than
in the case of seismic signals [Jabms2005]. Secondly, the propagation velocity of the seismic
waves [Johnson, 2005; Arrowsmith et al., 2010] is often foa@wn and identifying correlated
phases for emergent or sustained seismic signals is still difficult [Arrowsmith et al., 2010].
Infrasound location techniques, using semblance or cross correlation functions to compare signals
recorded at several sensors, have allowed recognizing active vents in multivent systems such as
Stromboli [Ripepe and Marchetti, 2002], Mt. Etna [Cannata et aD9&@Pand Kilauea [Garces et
al., 2003] Different techniques have been developed to locate the infrasound sources [e.g. Ripepe
and Marchetti, 2002; Garces et al., 2003; Johnson, 2005; Matoza et al., 2007; Jones et al., 2008;
Jones and Johnson, 2010; Modidaet al.,, 201Q. Among them grid search methods are
particularly suited for dense network recordings.
These methods are based on the designation of a grid, spread all over the region of interest for the
determination of the source positiorizor infrasoud, it is convenient to defin@ bidimensional
grid of assumed source positions coincident with the topography, since the vent radiating
infrasound can be considered a source point located on the topografligcessively, the
procedureNB |j dzA NBaisaiice2postlighRn the grid that allows forset of theoretical arrival
times (,Al' m 3N) that yields maximum value of a similarity function calculated orNtodannel
data.
The procedure includes several steps common to other location methods fdmgendros and
Chouet, 2003; Ripepe et al., 200[f.particular, sstart timetsA & UESR & G(KS GAYS
a reference station (generally chosen on the basis of the highest signal to noise ratio). The source
is iteratively assumed to be in e node of the grid, and for each node the origin time is
calculated, assuming a certain value of propagation velocity of the infrasonic waag$ollows:
6 0 1710
@)
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wherer is the distance between the reference station and the node ofghié assumed as source
location. The theoretical travel times are calculated at all the sengdid’ M INX Bumber of
stations):

0 ifw
®)
where r; is the distance between the stationth and the node of the grid assumed as source

location. Then, using these theoretical travel times and the origin time, signals at the different
stations are delayed anal function is applied in order to compare the wowds of signals obtained
and define the level of similarity among them. The source coascidith the point of the grid
where the maximum of such function is observed
Two functions have been used in this work, the semblance function [Neidel and Tarner, 1971] and
the brightness function [Kao and Shan, 2004]. In some cases, in order to olghirpraicision
location, the two functions were also combined together [Cannata et al., 2011a].
Let us consider traced, acquired by a certain number of senstf§ G KS &aSYofl yOS A
[Neidel and Tarner, 1971; Almendros and Chouet, 2003]:

B B Yt @&

Y o= = s
oB B YTt Qo0

9)
GKSNB ap 0 KS &l YLJiskhg Brigin gfrie SN lwindow sampling tHeh trace,

UoiHnt) is thej-th time sample of tha-th U trace, andM represents the number of samples in

the window. Sis a number between 0 and 1. The value 1 is only reached when the signals are
identical, not only in waveform but also in amplitudEventually,in order to makeS values
unrelated to the different amplituds of the signals recorded at distinct statiorisis useful to
normalize the waveforms dividing each trace by its maximum absolute value. Indeed, as also
argued by Almendros and Chouet [2003], the semblance location technique is mainly based on the
quanh UOF GA2y 2F (GKS aAYATFNRGEe |Y2y3a 41 OSTF2N)Na
not interested in the relative differences in amplitudes. However, when many stations, located at
very different distances from the source, are used, it can be lsefd to normalize the

F YL A0dzRS&a 0STF2NBE OFtOdA FGAy3d GKS asSvyoflyOoS @
nearest to the source ancharacterizedy the highest signal to noise ratio [Cannata et al., 2009c]

The definition of brightness wagivenby Kao and Shan [2004], and was usednap the space
distribution of seismic sources by the-salled Sourcé&canning Algorithm. Here we use the

following slightly modied brightness dehition:
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6 ¢ 1A
(10)
whereW; is a time window of the sign&l multiplied by a hanning window:
© e PEIQ Tos
11)

with j I' M MXEven i this case the signald have to be norralized such that, if all the largest
amplitudes are aligned at the centre of the considered time wind@wvs,equal to 1.

In Fig. 1.7is shown the space distributions of both semblance and brightness values for the same
event. Both the advantages and disantages of each method are evident in the picture. For
instance, the drawback of the semblance distribution is the presence of pronounced lobes
extending over almost the whole grid, giving rise to many relative maxima. On the other hand, the
drawback ofthe brightness distribution is the wide aredaracterizedoy high brightness values

that does not allow locating the source precisely.

The joint semblancérightness distribution [Cannata et al., 2011a] overcomes the drawbacks of
both the methods. Indeedynce the space distributions of both semblance and brightness values
are determined, the two grids of values are normalized, by subtracting the minimum value and
dividing by the maximum one. Thus, the values belonging to two grids range from 0 to heand t
same weights are assigned to semblance and brightness. Then, the two normalized grids are
ddzYYSR y2RS 0@ y2RS® ¢KS a2dz2NOS Aa Uylftte £ 2(
the largest composite semblance brightness value. This joint methocdomnly shows the high
location resolution of the semblance method, but also, by the brightness function, strongly
reduces the side lobesharacterizing semblance locations [Jones and Johnson, 2010; Montalto et
al., 2010].
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Figure 1.7. Example of semblandarightness and semblance+brightness space distribution for an infrasound event generated by
the eruptive Ussure. The concentric lines in the top plots are the altitude contour lines from 3 to 3.3 km a.s.l.

1.3.2.2 Seismic tremor location

As previously said, volcanic tremor is a continuous or-lasting signal for which no method
based on the inversion dhe travel time could be used. For this reason, the localizations of
volcanic tremor are usually based on the spatial distribution of the amplitudes at all the stations of
the network, the so called amplitude decay method, which takes into account thectegb
amplitude decay through the path source/station [e.g., Battaglia et al., 2005; Di Grazia et al., 2006;
Patane et al., 2008].
Thus, according to these methods, the first step is the definition of a 3D grid, whose nodes are
iteratively assumed coincsoht with the source of tremor. Indeed, fixing a node as the source, a
distribution of expected amplitude of the signal is computed at each station. The decay in
amplitude during the travel path is computed by the following general law:

6@ 6 Qi Q

12)
wheref is the frequencys the distancep is the exponent, which takes values of 0.5 or 1 for the
cases of surface and body waves, respectivAlythe initial amplitude at frequency, A the
amplitude at frequency and distances, andh, the frequency dependent absorption coefficient,
given by:

-0
0
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13)
with ¢ corresponding to thevave velocity andQ equal to the quality factor, indicating the loss of

energy during each cycle of the wave, and quantified with the fafigvequation [Knopoff, 1964]:

YOrc* 'O

c4o

(14)
where Bsequali 2 (GKS LISIF]1 SySNH& NBIOKSR Ay SIFOK 0&0
The equation12) can be hearized in the following form:

ad | i O odt

(15)
where a (InAg) andb are constant,A is the amplitude at the stationth, and s is the distance
source;station ith. The RMS value is used for quantifying the amplitude of the volcanic tremor.
The location of the source is found by evaluating the goodoéske regression fit between the
theoretical and the experimental amplitude3jRas the amount of variance explained by the linear
fit with respect to the total variance of Idgs) [Di Grazia et al., 2006]. Finally, the position of the
source is found ithe centroid of the 3D points whosé &es not differ more than 1 % from the
maximum R
Even though thefrequency dependent absorption coefficient does not affect excessively the
source location [Battaglia et al., 2005], it must be estimated in ordeapply the method. At Mt.
Etna it was evaluated by systematically attributing different values @nd thensearching fothe
best values achieved for?RThus, values comprised between 0 and 0.2 were obtained for

[Patané et al., 2008].

1.3.2.3 LP events location

LP events in this work were located by combining together two location methodsatescribed:
semblance and amplitude decay (Neidel and Tuner, 1971; Battaglia et al., 2005). Indeed, as in the
previous case a grid is defined, and then each node of the grid is iteratively assumed to be the
source. Successively, both semblance and angditdecay functions are computed. Thus, the

source is located where is the maximum of the two combined function.
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1.3.3 Spectral analyses

In order to investigate the characteristics of a temporal series in the frequency domain it is
necessary to apply ddrent spectral analyses methods. Basically, a spectral analysis is the
conversion of signals, made up of sinusoids in the time domain, into spectral peaks in the
frequency domain [Hasada et al., 2001]. In the present thesis two spectral analysis meéiveds h

been applied: FFT analysis and Sompi method.

1.3.3.1 FFT analysis and pseudospectrograms

The most common way to perform a signal-cnvolution into the frequency domain is the
Fourier analysis. Indeed, signals characterized by periodicity can beciawj into the
mathematical base of the Fourier series, thus into a sum of sinusoidal components. However, this
kind of mathematical process is not valid foot periodic signals, such as shetitne lasting
transient. Therefore, in order to achieve inforttan about the weight of each frequency
component in a given transient signalwe need to apply the Fourier Transform, given by:
wQ woQ Qo

(16)
with f frequency and time, X(f) is the signal in the frequency domain whil#) is the signal in the
time domain, and is equal to/l p. The opposite mathematical operation is called Fauaieti-
transform,and it is used to express in the time domain a frequency based signal.
As we are commonly dealing not with continuous signal, but rather with temporal series sampling
the physical phenomenon at a given interval of time, the Fourier transform is defirsenlel
Fourier Transform (DFT) and it is applied only to the portion of signal investigated.
The fastest way to solve a Discrete Fourier Transform isslmgthe Fast Fourier Transform (FFT)
algorithm [Cooley and Turkey, 1965]. The N point signal idedhin N signals with one point each,
then the spectrum is computed, and finally all the spectra obtained are averaged [Smith, 1999].
The data obtained can be represented in different ways. One of the most extensive
representatiors, particularly useful whe dealing with big amount of datdor instance in order to

identify spectral variation through timeis the spectrogram. It is obtained by putting each
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spectrum near to the other alongaxis and representing frequency along the y axis and spectral

amplitude as color shading. However, in this thesis extensive use of pseudospectrograms (an

example inFig. 1.8was made, thus it is worthy to spend some words about this.
I 1 11!

Frequency (Hz)
Spectral amplitude (A.U.)

o

co
L

B
L1

o, PP
b BB
(333

>
e o

BREGE B
5N
[
BB
»pae >
o b
sue Bp
BEOb b > e s
b
b

Frequency (Hz)

v PEERREed o
o -

B
1:»»
L
L]

& a
]

Quality factor
= N W B
S o o o o ©
1 1 | 1 |

a m&
4 a a A a
& ﬁ* A ;g & al &

5 : I Sl .

i a s o - i

T T T T T T T T T T

25/03/04 23/06/04 21/09/04 20/12/04 20/03/05 18/06/05 16/09/05 15M12/05 15/03/06 13/06/06 11/09/06

P

»

woe Db b
»

B B

Few BB B

PEDPE

e
b *oaag

g by >
E bl

3

B

Y

Figure 1.8: a) Normalized pseudospectrogram of the so called Mixegents (MX) recorde at the vertical component of IVCR
station, at Volcano (Sicily). Each spectrum was calculated by averaging the spectra of the MX events occurring dedayg 10

long interval. The black rectangles, located inside the plot, show time intervals with no Mehes. The top empty rectangles and
roman numbers indicate the periods characterized by the seismic sequences; b) and c¢) Peak frequency and quality factor of the
vertical component of the seismic signal of IVCR station, obtained by Sompi method for autessiye (AR) orders ranging
between 4 and 60 (see section 1.3.3.2. for details) . From [Alparone et al., 2010].

Indeed, since for many volcanoesnfrasound events are discrete transients lasting from a few
seconds to tens of seconds and occurring tensemfonds to hours, and occasionally days, apart,
the classiaepresentations of FFT analysis (i.e. the spectrogrames)ld mainly be made up of
noise spectra (mostly wind noise), that would hide the spectral features of infrasound events
related to volcanaactivity. In light of this, in place of classic spectrograms, pseudospectrograms
were drawn as follows-or each event a spectrum is calculatdikxt, to maintain the temporal
information, an averaging process of the spectra, fallinglising time windows, was performed.

The duration of such sliding windows is a critical factor, since it must be a compromise between

the need for detailed time information (short time interval), and continuity in the representation
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that takes into consideration the occurree rate of infrasound events (long time intervatach
averaged spectre gathered as column in a single matrix, arranged in temporal of@smatrix

was visualised as a pseudospectrogrdience, in the saxis the time is reported, the-gxis
represernts the frequency and the colour scale shows the spectral amplituderder to gather the

most complete informationjt is useful to producepseudospectrograms using both normalized
averaged spectra and the original spectra, as-normalized spectra wilbe dominated by high
amplitude phenomenathat obscure the spectral content of low amplitude events. the
normalized pseudospectrogram the latter information is preserved, but, on the other hand, the
information on the amplitude of observed phenomena igst. It is noteworthy that
pseudospectrograms, even if differently named, have been used several times in literature to
FylFrtel S INRBdAzZI 2F & RA & ONJ.g.SSaccatofi ktzaly, 2007; Moyina etlalO 2 dza
2008; Moran et al., 2008b; Dré&zia et al., 2009; Alparone et al., 2010

1.3.3.2 Sompi analysis

The FFT algorithm it is not suited for really short time signal. In fact, the resolution in the
frequency domain depends on the length of the time window applied to the signal. Furthermor
the decomposition of the signal in harmonic components is not really representative of signals
growing or decaying in time, like in presence of energy dissipation or supply, where the frequency
must be defined in the complex rather than real frequenoynain.
An alternative procedure to acquire information on the signal in the frequency domain is the
Sompi method [Hori et al., 1989; Kumazawa et al., 1990] . According to this method, the temporal
series is deonvolved into a linear combination of a fminumber of sinusoidal wavelements.
The latter are defined by two complex numbezs, Yy R P> RSTFAY SR & oYdzyYl 11
a Agp O

a7
where areg and. ;are respectively the real and imaginary part of the complex angulguéecy,
and:

| 0Q

(18)
with AFyR 3 NBFf FYLIAGAdZRS FyR LKIF &S fraid theKS 2
growing rateg are defined as (Kumazawa et al., 1990):
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(19)

(20)
while the quality f@ 1 2 NJ A4 whQ/ 2yyStt S . dzRAIFIYy&aleézZ mdpry6b

?
h-
Q

(1)
where asmallervalue of Q corresponds to major losses of energy during each oscillation. The

general law for the amplitude decay is given by [Kumazawa et al., 1990]:
wo o ABr 0 AT160 —

(22)
where m represents the number of wavelement in which the signal is decomposed, and is
defined as the order of the regression mode. The choice of the order is fundamental because it
defines the number of eleents in which the signal must be decomposed. Many authors use a
wide range of orders to discriminate coherent elements (i.e., Kumagai et al., 2005; De Angelis and
McNutt, 2005)
In theFig. 1.9 an example of Sompi analysis in the bidimensional plane fregyuegrowth rate is
shown. All the scattered points represent incoherent noise, whereas the densely populated lines,

that remain stable when the order of the regression order changes, are resolved dominant modes

[Hori et al., 1989]Another example of Sopia analysis is given Fig. 1.8
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Figure 1.9: Example of Sompi analyses. The two signals at the top, respectively an LP event from {Slsease and from
Galeras, are analyzed below by Sompi method. Indeed, the two graphs below plot the complex freguef individual wave
element versus growth rate for all the performed autoregressive order (AR) trial (20 to 60). The solid lines represent ajuple
points with same value of Q. Dominant modes are highlighted by circles. Modified from Kumagai and C{289).

1.3.4 Cross-correlation

In order to identify pattern in the huge amount of seismic/infrasonic signals that accompany an
eruption, signal classification methods are required. Indeed, acoustic or seismic events are
commonly grouped on the basis tfeir frequency content. Neverthelessiuchinformation could
be achieved by comparing waveforms, which can be grouped into clusters with a physical
meaning.
In order to do that, a time window of fixed length is extracted from the signal. Then, alvdrase
are compared by using the following cressrelation function:

i 6 o B 0 do o

B w of B W

(23)
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with x ith sample of the signa{, yi, is the (-)th sample of the signal yis the number of events

to be compared, and the ovdrar represents the mean value of the signal [Green, 2005]. The
relative position of the two windows of signal is expressed by thé lagralue of cross correlation
coefficienti equal to 1 means that the signals aidentical, whereas1 stands for opposite
signals, and O for total absence of correlation. Using this function, each event iscorossted

with the other.

Successively, a matrix, with sizex n is realzed by plotting the maximum correlation coefficient.
For instance, a generic valum,, of the matrixrepresents the maximum correlation coefficient
obtained for signalg andy, for different trial lags [Green and Neuberg, 2006].

In order to detect famiés of events from the matrix, a coefficient threshold is establishfed.
GYFaidSN) SoSyid¢ Aa aStSOGSR +a GKS S@Syhén, oA (K
there are mainly two procedures to obtain individual families:

1 Bridging technique [e.g., Bani et al., 2007]: All the events with , in respect of the
master eventover the threshold are grouped into the same family and removed from the
dataset. Secondly, all the events with , in respect of the removed eventsver the fixed
threshold, are grouped in the same family, independently from their similarity to the
master event. The procedure is completed when all the possible families are grouped.

1 Green and Neuberg methd&reen and Neuberg, 2006An average waveform is obtained
by stacking all the events with hin respect to the master evenbver the threshold. Then
the crosscorrelation values are computed again in reference to the stacked event, and all
the events that overcome the fixed threshold are grouped as a family and removed from
the dataset.Even in this case, the procedure is completed when all the possible families

are grouped.

1.3.5 Seismo-acoustic energy partitioning

The evaluation of the partition between seismic and acoustic energy during volcanic eruptions has
proven to be really udel in order to acquire information about the dynamics active at different
volcanoes [i.e., Johnson and Aster, 2005] and at the same volcano during different episodes [i.e.

SahetapyEngel et al., 2008]. Estimations of elastic energies of acoustic andic&msne field can

26



Chapter 1

be useful in order to infer physical constraints about the eruptive mechanisms and to provide
guantitative information about condition and intensity of the eruption [Johnson and Aster, 2005].
Seismeacoustic partition is computed from msenic and infrasonic traces by calculating
individually the energy radiated from the source in the acoustic and in the seismic field, and then
successively their ratio, namely VASR (Volcano acoustic seismic ratio; Johnson and Aster, 2005).
The total acoust energy radiated into the atmosphere can be estimated by integrating in space
and time, over an hemspherical surface, the energy density, which is proportional to the square
2F (KS SE OBdhnsonlaliB Asted2085; Firstov and Kravchenk®6;1%hnson, 2003;
Vergniolle et al., 2004]:

[T

| o
S V0 6 Qo

(24)

with r distance sourcéi G I G 4 &nd & réspectively air density and sound speed in the air.
Equation 24) requires the assumptionsfdinear propagation and isotropic travel path of the
acoustic wave through the atmosphere. The first statement is verified for moderate explosions,
with VEI smaller than 2 [Johnson and Aster, 2005]. The assumption of isotropy of the travel path,
instead,is a valid only if the recording stations are located at few kilometers of distance from the
source. Bias, due to the noise produced by high intensity winds and/or eventual limitations related
to the instrumental response, must be taken into account whealeating the radiated energy
from the recorded signal.
Seismic energy can be estimated through the following equation [Johnson and Aster, 2005;
Boatwright, 1980]:
g YYO Qo

(25)
whS NE.n dnd Ceartr are respectively density arfélwave velocity into the volcanic edificajs the
attenuation due to intrinsic and scattering dissipation afd the site response. Equatio@5)
assumes that the dominant wave field is made up of powdy waves propagating with a single
velocity toward the station. Furthermore, the radiation is considered isotropic and the attenuation
negligible. The validity of these assumption, have already been verified at several volcanoes [Etna;
Sciotto et al., 213; Karymsky and Erebus; Johnson and Aster, 2005]. Nevertheless, the application
of the equation, requirezerifyingthem for the specific studied volcano.
Finally, VASR is computed by [Johson and Aster, 2005]:
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wo "Y‘YO—
O
(26)

The VASR parameter is basically an indicator of the coupling among the source, the surrounding
medium and the atmosphere. Good coupling with the atmosphere is favored by low density of
eruptive plumes, or from ta absence of a cap rock plugging the conduit. Similarly, the energy
associated to seismic waves, traveling inside rock medium from the source to the station, is
affected by conduit conditions (e.g., explosive source depth, conduit width) as well asiintrins

attenuation and scattering [Andronico et al., 2013].
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2.1 Mt. Etna: an introduction

2.1.1 Geographical and tectonic setting

Mt. Etna is a Quaternary stratovolcano, characterized byalMaine magmatism [e.g., Cristofolini

and Romano, 1982]. It is located on the eastern coast of Sicily, nestled into a peculiar convergence
of tectonic elements. Indeed, it lies at the front of the collision belt (Apensfaghrebian
Orogen)-developed at themargin of the Africa promontoryand at termination of the Malta
Escarpment fault, a Mesozoic discontinuity separating the continental crust of the Pelagian Block
[Barreca et al., 2012; Burollet al., 1978] from the oceanic crust of the lonian See [Nsa&t al.,

1986; Monaco et al., 2005]. Such characteristic position reflects on the complexity of the structural
elements affecting the volcano (sé&g. 2.). Indeed, the eastern flank is characterized from the
presence of a normal fault system, with ditmn SSWNNE in the nortkeastern sector of the
volcano, and NNWSSE toward soutbast, where a slight right lateral component of motion was
inferred [Monaco et al., 1995, 1997, 2005; Lanzafame et al., 1996; Azzaro, 1999]. Most of the
segment faults are @02 YLI YASR 4 GKS &dz2NFI OS o6& aiSSLJ
Pleistocene to Holocene vertical slips ranging from 1 to 2 mm/y [Monaco et al., 1997]. A shallow
level (<3) seismicity, with M <4.5 is associated to this system [Azzaro et al., 2000]. The
southernmost termination extends offshore at the base of the Malta Escarpment fault [Monaco et
al., 1995]. According to some authors, the northward prosecution of the system corresponds to
the TindariLetojanni system, which marks the alignment of thend& Salina, Lipari and Vulcano

[Ghisetti, 1979; Continisio et al., 1997; Lanzafame and Bousquet, 1997].
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Figure 2.1: Geological sketahap of the Mt. Etna region. Key: (1) Alluvial deposits ; (2) Late Wurmian alluvial fan; (3)
Trifoglietto, Ancient and Rcent Mongibello lava flows (80 ka to Present); (4) Ancient Alkaline Centres lava flowsX08ka);

(5) Subalkaline lava flows (58250 ka); (6) MiddleUpper Pleistocene foredeep sequences ; (7) Units of the Apenninic
Maghrebian collisionbelt; (8) Hybkn Plateau sequences; (9) Front of the buried Gela Nappe; (10) Major thiarsip; (11) Strike

AEAL) FldA GT omu0 [ 3GS v dzkChldoNgi RilBoney: 218)PHRIEIstogehadmbrinal fu; (1#)KDBy and{ A O dzt
eruptive fissures; (15) Ms7 ethquakes since AD 1000.From Catalano et al., [2004].

Another fundamental tectonic structure, whose movement is deeply connected to the volcanic
activity, is the Pernicana Fault: one of the most active fault syste#rivit. Etna. It is located in the
NE setor of the volcano edifice with strike\W, and it extends from the North East Rift until the

coastline, with a total length of 18 km [Neri et al., 2004]. Along the Pernicana fault the motion
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changes from normal diplip at the westernmost termination tthe left-strike slip motion at the
eastern one [Azzaro et al., 2001]. Jointly with the NSBE Rift, it is believed to accommodate

the summit area and on the NE rifthe extension, related to the regional tectonic contest,
[Monaco et al., 1997; 2005Furthermore, together with the MascalucieremestieriTrecastagni

fault systemccharacterized by strike NNW, right lateral movement and superficial seismicity
delimitates the boundaries of amnstableedifice sectoy with movementtoward ESE.

Extensionh features affect also the summit area of the volcano edifice, where these tectonic
elements are deeply linked to the major magma feeding system [Catalano et al., 2004]. Indeed,
Mt. Etna summit area is marked by the presence of three rifts, known as NE:38¥E, and IS

rifts. The former is an eruptive fissures network with striked#2C and with dispersion axes
comprised between 1%52°C [Branca et al., 2003]. The second rift is comprised between the South
East Crater and the southestern rim of the Vallelel Bove, and shows an overall geometry NNW
SSE, implying a righdteral component of motion [Monaco et al., 1997, 2005]. Finally, tH& fit,

in the southern slope of the volcano, consists of a series-8; kb SSYWNE striking fissures
extending fora total length of 10 km.

The first evidences of volcanic activity in the etnean area are dated7800ka, and they are
mainly tholeitic/transitional products, likely linked to fissural activity, emplaced in theeprean

Gulf (nowadays correspondent emerged land). The successive phase was characterized by the
presence of the so called ancient alkaline center (@86ka), which marked a sharp change in the
eruptive style and in the composition of the volcanic products. Successively, activity foctised in
area of the Valle del Bove, where actually it is possible to see the traces of the different eruptive
centers that succeeded in time in the exposed valley rock walle stratigraphicasequence is
according with a movement of the eruptive centerestward through time [Doglioni et al., 2001].
However, since 35 ka, the activity has been persistently occurring at the eruptive center of
Mongibello thataccounts for one third of the total volume of Mt. Etna [Giacomelli and Pesaresi,
2003]. The history foMongibello is commonly split in two parts by the occurrence of a violent
SLAaz2RSY wmn (X GKFEG €SR G2 GKS F2N¥YIFGA2Yy 2
depression has been filled through time, and above it, a new central summit cone deseiopl

it is actually the theatre of eruptive activity at the volcano.

The summit area of Mt. Etna is currently made up of four active craters: Voragine, Bocca Nuova,
South East Crater and North East Crater (hereafter referred to as VOR, BN, SEC and NEC,

respectivelyFig. 2.3. Indeed, at the beginning of the century the summit area was characterized
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by the presence of a Central Crater, filled by the almost not interrupted eruptions [Patane et al.,
2004]. VOR developed in the Norttast sector of the sumrmichasm in 1945 and, successively, a

new crateric depression, corresponding to nearn BN, formed and enlarged in the Central
Crater. The NEC, instead, developed in 1911 as a pit depression decentred in respect of the Central
Core, and grew up in time rehing lately the maximum altitude of the volcano, since nowadays.

Also SEC developed initially as a simple pit crater, in 1971. Its activity increased drastically after
1978,leading to the development of the actual corfeurthermore, during 2032013 a &rge new
LENROf FAGAO O2ySs yIYSR &b S ¢ -edstXldak 6 SECH[Ratane etNJ {
al., 2013].
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digital elevaion model in the upper left corner shows the distribution of the fogummit.

Volcanic activity may be divided into activity at the summit craters and flank eruptions. The former
is characterized by phases of degassing alternating with mild Strombali@ityg occasionally fire

fountains, and lava overflows [e.g., Cannata et al., 2008]. In contrast, flank eruptions occur from
lateral vents, which are usually located along fracture systems and often related to regional

tectonics [e.g., Monaco et al., 28D
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2.1.2 Recent volcanic activity

During the August 200¢ December 2009 different kinds of volcanic activity at Mt. Etna [INGV
staff, 20072013] were observed, including quiet degassing, ash emission, Strombolian activity, fire
fountain episodes and afbive activity.-Therefore, it could be useful to clarify what is defined with

each word adopted in this thesi¢. KS G SNY GFANBE F2dzy il Aydype | G
eruptions, refers to an almost continuous to fully sustained vigorous magma lprphe et al.,

2003] driving lava clots [Vergniolle et al., 1996] that can typically be tens to hundreds of metres in
KSAIKGOG @Ot NFAGOZ wnnned ¢KS GSNY a{GNRBYO2fALlY
discrete explosions due to the breagimof overpressurized bubbles at the surface of the magma
O2f dzYy w+x+SNHyYyA2ttS SiG It P mdpcB8d CAYylIftes {cF
with ejection of ash into the atmosphere, rising up from few tens of meters to about 1 km [e.g.,
Andronico et al., 2013].

After 15 months of quiet degassinm July 2006 Mt. Etna interrupted the rest of the eruptive
activity, which followed the 2002005 eruption, with Strombolian explosions both at SEC and
NEC. It is noteworthy that this episode whe last NEC superficial eruptive activity to be observed

and sampled, until November 2010. Interestingly, pyroclastic products coming from both NEC and
SEC overlap in the CaO#&d versus Fe@/MgO graph [INGV staff, 202013]. Furthermore,
temperature estimations obtained by the gethermometer based on the total composition of

MgO into the glass [Pompilio et al., 1998] highlight the same temperature for the magma [INGV
staff, 20072013]. Successively, the activity renewed on 31 August, and continuddOgctober,

with almost 20 paroxysms interrupted only by few days of rest.

After the end of the 2006 eruption, in December, Mt. Etna activity consisted of several short
RdzNF GA2YyY SNUzLJGA @S S@Syda FNRBY | LIAG AnppaeSNI 2y
al., 2010; Bonaccorso et al., 201lladeed before Junéour fire fountains occurred [29 March, 11

and 29 April, and 6 MayNGV staff, 2002013].¢ KS& gSNB OKI NI OGSNA&aSR o
F2dzy G AYyAy3 YR a0GNBYoO2ftAlLY | OGAQAGEOE FaK FI
of the cone towards th Valle del Boveelg., INGV staff, 2002013 Patané et al., 2008;
Bonaccorso et al2011a).

Mild explosive activity resumed at SEC in #dyust 2007 [Aiuppa et al., 2010his explosive

phase culminated on-8 September in one of the most powerful difountains among those

occurring in the last decade, both in terms of duration, about 12 hours, and of lava and tephra
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volume, ~24 x 16 m3[Andronico et al., 2008]. This fire fountain was followed or223November

by a second fire fountain episode thiasted about 6 hours.

Thereafter, until the beginning of May 2008, the eruptive activity at Mt. Etna consisted of
discontinuous and mild explosive activity at SEC. On 10 May 2008, a fire fountain occurred at SEC
and on 13May a new eruption took place &m an eruptive fissure that opened east of the summit
area. This eruption was characterized at the beginning by spectacular fire fountattiaty and

during the following months by phases of variably intense lava flows and Strombolian activity
[Bonaccoso et al., 2011a]. This eruptive phase ended on 6 July .2B0G8%e and detailed
information about the 2008009 eruption, which are necessamy order to interpret high
precision location analyses performed, can be found insthetion 2.3.1

In the evenig of 6 November 2009, bright incandescence marked the birth of a new degassing
vent (a few meters wide and deep) within the pit cratd@ihe incandescence at the pit crater
continued up to the end of February 2010, then resumed in the night between 16 amdaich,

when an almost continuous glow was again visiléGV staff, 2002013. In theUrst months of

2010, the pit crater was characterized by discontinuous but intense output of whitish plumes,
accompanied by profound rumblirfgom the pit, which wereable to rise for tens to hundreds of
meters before being dispersed laterallyhe resumption in March of higiemperature degassing

at SEC (signaled by visible incandescence during night hours) heralded the resumption of volcanic
activity. Afterward, seveal episodes of short lasting ash emissions occurred at two of the four
summit craters (mainly BN and secondarily SEC) up to the end of 2010. Notably, an ash emission
episode occurred in November 2010 also from NEQee of these ash emission episodes are
analyzed in details in the following pages. Therefore, a more precise description of thei
occurrence is given isection2.4.1.

The 201312013 time interval is characterized by recurrent paroxysmal activity at NSEC, often
accompanied or alternated withxplosive activity at BN and VOR. Indeed, on the first January
HaMmMm GKS NByYySglf 2F FOGAGAGe G0 GKS aLAG ONI
marked the beginning of a new eruptive phase that lasted until November 2011, characterized by
a total number of 18 fire fountains, occurring regularly and with relatively short interval time of
rest. In the meanwhile, strombolian activity at BN was observed in-Widgf ¢ HAMM® ¢ KS
FOG2NRE 2F HAMH BSNB &0Af actefizédby 7 pargxigsmal bpiBoddsK S -
similarly to 2011, until Aprilwhen strong strombolian activity and ash emission occurred at BN in

July and August. Furthermore, BN, together with VOR, reactivated in the very first months of 2013,
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with several strombaan episodes. Since the end of January, NSEC started again his paroxysmal

activity, producing up to 14 fire fountainBig. 2.3.

Figure 2.3: Eruptive activity at the New South East Crater on FebruarS'7, 2813. (Copyright, Marco Fullehttp://
www.swisseduc.ch/stromboli/)

2.1.3 Previous acoustic studies at Mt. Etna

The first infrasound investigations at Mt. Etna were performed by temporary experiments [e.g.,
Ripepe et al., 2001a; Gresta et al., 2004; Vergniolle and Ripepe, 2008].

In particular, Rippe et al.[2001] performed a seismacoustic experiment in 1998 during
Strombolian activityoccurring contemporaneousigt SEC, BN and VORiey found that volcanic
tremor at Voragineat that time the main source of infrasoundas modulated according tihe
release of burst of infrasonic engy. Indeed, correlating RMS amplitude of acoustic pressure and
volcanic tremor amplitude they found high correlation coefficients, suggesting a coupled dynamics
between the source of infrasound and tremor. Conseqlierthe authors inferred a source linked

to degassing and composed by the superposition of small point sources, occurri2gsatate and

due to pressure flux instabilities.

Another temporal experiment was performed in Jlygust 2001, during the onganflank

eruption by Gresta et al. [2004]. A small array (four microphone, one of which coupled with
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thermal camera) was emplaced close to the eruptive vents, located in the southern flank of the
volcano at about 2100 and 2550 m a.s.l. . Authors [Gresi.eP004] were able to define the
depth (below the preexisting ground surface) of both the explosions causing infrasound radiation
and the seismic source. Interestingly, the results are in agreement with a shallow, phreato
magmatic origin of the explo®vactivity at the 2550 crater vent.

Furthermore, during the same eruption, Vergniolle and Ripepe [2008] analyzed acoustic signals
recorded in coincidence of Strombolian activity” (duly 2001) and explosive activity evolving
toward fire fountain (12 July 2001). They found that the transition toward the paroxysmal state is
accompanied by an increase in the occurrence rate, and according to the adopted model for
infrasound source, also by an increase in the length of the bursting slug. Furthermore, they
edimated the gas volume within the foam, assuming the foam coalescence as the mechanism at
the base of both kinds of activity. Efficiency of the foam coalescence was found to be higher for
fire fountain rather than Strombolian explosion.

Another 4 elementsemporary array was deployed at Septembd¢ovember 2006 by Marchetti et

al. [2009] at Cratere del Piano, summit area. Analyzing the recordings, two main sources were
identified: i) SEC and ii) a second source coming from an area in between VOR and &#i@r(her
VNEC). Indeed, the array was not able to resolve difference of location among the those two
craters. Authors [Marchetti et al., 2009] found a shifting behavior between the two identified
sources, active at least until the end of October. Such stafé systematically associated with
changes of the excess pressure. Indeed, higher amplitudes were commonly linked to events
located within the SEC. On the contrary, infrasonic transients coming from the VNEC were
associated to lower amplitude values. Comgently, they inferred the existence of a bifurcation in
common feeding system, which alleas the SEC branch to activate only for higher values of
gas/magma flux.

Since 2006, a permanent infrasound network has been deployed by Istituto Nazionale dicaeofisi

e Vulcanologia (INGV), Osservatorio Etn&ezione di Catani@ee alsasection 2.1.4, which has
allowed the continuous recording of infrasound and investigations of its linkages with volcanic
activity [e.g., Cannata et al., 2009a,b; Di Grazia e@Q9; Sciotto et al., 2011, 2013)ntil 2009,

two summit craters were recognised as active from the infrasound point of view: SEC and NEC [
Cannata et al., 2009a,b]. SEC crater was characterised by sporadic explosive activity with different
intensity, flom mild ash emission to fire fountaining, while NEC crater was mainly characterised by

pulsatory degassing and loud booming sounds with no visible eruptive activity [INGV staff, 2007
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2013]. During the 20Q009 eruption a third infrasound source, coincgliwith vents along the
lowest portion of the eruptive fissure (hereafter referred to as EF), was also active, producing
infrasonic signals called "EF events" during explosive activity [Cannata et al., 2011a]. BN also
generated infrasound during sporadicispdes of mild ash emission in 2010 [Andronico et al.,
2013] and during episodic Strombolian activity in 2Q013 [INGV staff, 2062013]. Finally, even

the NSEC generated infrasound signals during @8a13 [INGV staff, 2062013]. In February

March 2013 also VOR emitted infrasound signals during Strombolian activity [INGV staff, 2007
2013].

Several analyses have been performed on skemin recordings of Mt. Etna infrasonic events.
According to them, thanfrasonic signal at Mt. Etna is generally made af infrasonic events
characterized by durations of less than 1 to over 30 s, impulsive compression onsets, and peaked
spectra with most of the energy in the frequency range¢8.8 Hz [e.g., Cannata et al., 2013;
Sciotto et al., 2013]. Sometimes infrasoriremor (a continuous infrasound signal lasting from
minutes to days) is recorded and associabn with both paroxysmal activities and degassing
processes [e.g., Cannata et al., 2009a, 2013; Sciotto et al., 2011]

Interestingly, t has been shown howistinct craters generate infrasound signals with different
spectral features and duration [Cannata et al.,, 2009&2011a,): SEC and EF events have
dominant frequencies above 2.5 Hz, impulsive compression onsets and short duration (~1 s), while
NEC eventgienerally have a frequency content lower than 2.5 Hz , a duration up to tens of
seconds, and are characterised by a first pulse followed by decaying sinuestilddtions.
Furthermore, in Sciotto et al. [2013], two frequency bands were identified fo€ Nkents
occurring during 123 May 2008: the lower one comprised between 0.4 and 0.7 Hz, and the
upper one between 1.5 and 2 Hz.

Even the occurrence time of each type of event is characteristic of its own source, with NEC events
occurring almost continualy even during noreruptive periods whereas SEC, NSEC, BN, EF and
VOR events are mainly recorded during explosive activity at their respective source craters [e.g.,
Cannata et al.,, 2011a,b; Andronico et al., 2013]. t@m basis of their waveform and speal
features, as well as their occurrence time, SEC and EF events have been interpreted as resulting
from a Strombolian bubble vibration model [Cannata et al. 2009a, 2011a], while NEC events from

resonance phenomena [e.g., Sciotto et al., 2011, 2013].
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2.1.4 The Mt. Etna infrasound and seismic network

From August 2007 to December 2009, the permanent infrasound network at Mt. Etna consisted of
between 2 and 5 stations. At the beginning of this period the stations were EBEL, ECPN and ESLN,
and in Septembe2007 EPLC and EPDN were instglfagl 2.4. Station EBEL had the longest time
series and the best signal to noise ratio, and hence was chosen as the reference station. The
distance of this station from NEC, SEC and the EF (southernmost ending) is Zadoand.2 km

and 1 km, respectively. The infrasound sensors consist of Monaco20d& condenser
YAONRLIK2YySasz gAGK | aidKS2NB G20 64 iffrasovadogril Miithed A i &
beginning of November 2009, a G.R.A.S. 40AN microphone waleithsn place of the Monacor

sensor at EBEL statioBuccessively, during 2010, six G.R.A.S. sensors have been deployed, as
shown in the mapThe G.R.A.S. sensor shows a flat response with sensitivity of 50 mV/Pa in the
frequency range 0-20,000 Hz, and3 dB in the range 0-Q.3 Hz. Since the Monacor microphones

do not have flat response in the frequency range of interest (=8.8 Hz), laboratory experiments

were performed on recording ambient noise at both Monacor and G.R.A.S. sensors. On the basis
2T O0UKS NBaLryasS 2F Dowod! o{ & aSyazNE GKS aS
microphones was calculated to correct the amplitude values, spectra and pseudospectrograms

(reportedin the following pages

39



Chapter 2

Seismic Network

: e —37°40
A GR.AS. station f' ? ! :
@ Monacor station “_s..:/,mn:; e OPS f 5km |
. I | I
15°00’ 18°10°

Figure 2.4. a) Mt. Etna seismic networkhd top right inset shows the distribution of the summit crater. Please note that NSEC is
indicated by a with circles. b) Mt. Etna infrasonic network at the end of 2010. Triangles represent G.R.A.S. stationsdetkile
represent Monacor stations.

It is wath noting that from the replacement of the Monacsensors with the G.R.A.S.
microphone a very low frequency peak (<0.5 Hz), accompanying the previously observed
FTNEIljdzSy O0& 02y i Sy-23 H)Fwad redorde8. B&ofdithie indtallation of the new
sensor, these frequency values were observed only prior to the lava fountain of 10 May 2008 and
on 1213 May 2008 before the onset of the 20@809 eruption [Di Grazia et al., 2009; Sciotto et
al., 2013]. In both cases they were clearly recorded, althdhgir frequency was not in the flat
AYOGSNBEE 2F a2yl 02rdehta dissdsdithazysterke o davidnental artefacts
on the detection of this signaéxperimental tests were carried out on the G.R.A.S. microphone. A
10 cn? cylinderpiston device was coupled with a G.R.A.S. 40AN microphone, equipped with a
40
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G.R.A.S. 26HG paanplifier, to ensure a flat (x 3 dB) 50 mV/Pa response curve (experimentally
calculated for each sensor) in the range §.20,000 Hz. The simple experiment consistedhef
instantaneous release of 10 éraf air in front of the microphone and recording the paenplifier
output with a digitizer similar to those used in the permanent network. The output observed is the
expected damped response of the microphone to an impa input with no veryow frequency
peak, indicating that the observelbw frequency peak at station EBEL was real and not an

instrumental artefac{seeFig. 2.9.
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Figure 2.5: Waveform obtained from an experimental test of the Grass microphone. ItlEnoticed that low frequency tail is
absent.

This evidence, plus the observation that such low frequencies were recorded by the Monacor
sensor for largeamplitude signals despite its ndfat response at these frequencies, suggests that
such low frequeny (<0.5 Hz). is a real feature of NEC events rather than instrumental artefact

The seismic data used in this work were recorded by 19 stations equipped with broadband (40 s
period) three component Trillium seismometers (Nanometri€sy.(2.4a. Infraound stations are
located at the same place as some seismic statibigs 2.4H).

Seismicand infrasound signals are transmitted in réiahe by radio link to the data acquisition
center in Catania where they are acquired at a sampling rate of 1005z August 2010,
sampling rée of infrasound signal was lowered at 50 Hz. It must be noted that, due to adverse
weather conditions at the Mt Etna summit, infrasound recordings might be affected by wind noise,

worsening the signal to noise condition. Forlsueason, data analysis is not always continuous.
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2.2 : Insights into the Mt. Etna shallow plumbing system from the

analysis of infrasound signals, August 2007 -December 2009

2.2.1 Long term analyses on Mt. Etna acoustic signals (2007 -2009):

2.2.1.1 Dataset

Infrasound signals generated by volcanic activity at Mt. Etna consist mostly of discrete events with
a duration of seconds. To investigate Mt. Etna infrasound activity during August@Ember

2009, 40,000 infrasound events were detected by usingSa@/LTA algorithm, and analysed
Successively, three periodgere chosen, considering their relevance for the ongoing volcanic
activity and for coverage of seismic and infrasonic stations, that are: i) 14 Alfgu&eptember
2007; ii) 20 NovembeB Decemler 2007; iii) 29 June 2008. On each period detailed analyses
were performed. Finally, in order to further investigate the dynamics active at the Eruptive Fissure
of 20082009, all the signals from the EF were isolated and analyzed in details from May to

September 2008, when EF signals were effectively recorded.

2.2.1.2 Spectral and location analyses

In order to study the spectral variations of the infrasound events over time, FFT analysis was
performed and results were displayed by means of pseudospgams

Furthermore, ®out 3500 events, characterised by high signal to noise ratio at least at 3 out of 4
summit stations (EBEL, ECPN, EPLC, EPDN), were selected to perform locationbgrjalysis
semblance and brightness method [Cannata et al.,12DIThe location of the infrasound source

was estimated by a 2D grid searching procedure, using a 3 km x 3 km grid, with spacing of 25 m,
covering the summit area and coinciding with the topographic surface .A point source was
assumed and a speed of sounti340 m/s in the air. There were no infrasound source locations

for August 2007 and the whole of 2009 because of the small number of properly working stations

(only 12 stations).
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2.2.1.3 Analysis of the seismic counterparts

The joined analysis of sanic and acoustic signals has proven to be an effective tool for the
analysis of volcanic signals. Indeed it was previously used to define the depth of the explosive
source [Gresta et al., 2001; Sciotto et al., 2013], or the efficiency of the couplihg sburce with
atmosphere/medium [Andronico et al., 2013]. Therefothe existence of seismic transients,
linked to the analyzed dataset of infrasonic events was verified. To do that, STA/LTA algorithm was
applied on the seismic signal, searching forvalg in proximity of the arrival time of each
infrasonic event. By fixing a STA/LTA threshold of 2.5, 5000 (out of 40000 events) seismic
transients were found, as the seismic counterparts of therespective infrasound events-iQ.

2.6b). However, the ssemicinfrasonic lag of these 5000 events showed that some of the seismic
transients were not truly related to the infrasound events. Thus, the STA/LTA threshold was raised
up to 3, and the number of seismic transients related to the infrasonic eventsuslyidecreased,

but many false arrivals were avoiddeig. 26a).
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Figure. 2.6: Infrasonic arrival time delay in respect of seismic arrivals for the all the events with both infrasonic asmhisei
counterparts, by using threshold of a) 2.5 and b) 3 the STA/LTA algorithm (ref. station: EBEL).

If we considerFig. 26a, which is clearly more reliable in terms of true detections of seismic
counterparts, it is possible to notice that points tend to be roughly clustered in two groups: delay
time around500 samples (5 s), are coincident with events from NEC, whereas values around or
below 2 s are consistent with activation of SEC or Eruptive Fissure. Thus, it is evident that,
although the NEC events are numerically dominant in respect of those from3&oronly a small
percentage of them has seismic counterparts. Furthermore, those sesgmastic events are not
homogeneously distributed along the dataset. Further analyses are required to acquire more
insights on the processes dealing with the seisennission for NEC events.

It is noteworthy during Maydune 2008 the decrease in the delay time, highlighted by both graphs

in Fig. 2.6a,(see the arrows). Considering the position of the ref. station EBEL, and the infrasonic
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sources active at that time, it can be interpeetas a movemenrtf the infrasound radiating source

upward along the eruptive fissure. This evidence is extensively discussed, on the basis of the
acoustic signaln section. 2.3.3.

Spectral and amplitude analyses have been carried out on the whole dataset, in order to detect
the existenceof meaningful trend. However, no clear trends are evident, not in the whole time
interval neither in the three periods (not reported in this text). In any case, it must be noted that
most of the seismiinfrasound signals are representative of explosietvaty (and then SEC/EF
events), and a very few are recorded during revaptive periods (NEC events). Consequently, the
absence of evident pattern related to changes observed in infrasound events at NEC may be an

effect of the discontinuity of NEC seigntiounterpart occurence.

2.2.1.4 Results

Different infrasound sources can be recognised during August 2@@tember 2009: SEC, EF and
NEC (sed-ig. 2.7, Fig. 2)8 As alreadyobserved in other eruptive episodes amdentioned in
section 2.1.3 the firsttwo sources were systematically active at the same time as sporadically
explosive activity took place at the source vents, while the NEC source was characterized only by
pulsatory degassing and generated infrasound events almost continuously even dwmAg n

eruptive periods.
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right corner of the maps). The sites of the four summit infrasound sensors are indicated with triangles.

46



Chapter 2

5]
SECEF
NEC |/ ¢ o
T A3} 2
= ' &
5 =
C @0 ]
(0] 6°
= 2] .
(o |
3 |
L
4
0
4180
%)  s176 \of
. .
0 1 2 3 4 5
Frequency (Hz)

Figure 2.8: Relation between source/vent location and frequency content of infrasound events. Coloured dots represent

infrasound ewent locations plotted against their peak frequencies (reported iraxis and color bar, too). Gray dots indicate the
projection of the coloured dots on the-y plane.

In agreement with the previous studiese¢tion 2.1.3, the frequency content of the SE@d EF

events studied in this work mostly ranged from 2.5 to 5 Hz, while NEC events had frequencies
below 2.5 HzKigs. 2.8, 2.9
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Figure 2.9Infrasound events recorded by EBEL station and related spectra, performed on 10.24 (NEC event) and 5.18rsl(SEC
EF events) time windows. The grey areas in the top plots show the signal windows used to calculate the spectra.
Furthermore, insection2.2.1.3it was noted how most NEC events lacked any seismic counterpart
or were accompanied by very weak seismgmals. On the contrary, SEC and EF events were often
associated to seismic signals, related to explosive activity.

NEC events featured periods with very steady waveforms and spectral features lasting from days
to months, with slow or sudden variationsor8e examples of NEC event waveforms and spectra
are shown inFig. 2.10 to highlight their variability, as well as the common charactdise
repeatability of the NEC waveforms is clearly evident fliign 2.11 where all the events gathered

in interval of6 consecutive hourd={g. 2.11ab, cand d) are overlapped. Finally, a clear example of
steady spectral featuresa few-month-long period is shown inFig. 2.12, exhibiting the

pseudospectogram during Ju@ctober 2008
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Figure 2.11Superimposed traces of infrasonic events, recorded at EBEL station, taking place during 27 September 2008 at 00:00
¢ 06:00 (a), 06:0@ 12:00 (b), 12:0@ 18:00 (c) and 18:0 24:00 (d).

The NEC event changes mosttyncided with variations in the activity at SEC or EF. One of the
most evident spectral content variations of the NEC events took place during the22098
eruption at EF. It is difficult to determine the frequency range of the NEC events preceding the
beginning of the eruption on 13 May 2008 because of the fire fountaining on 10 May at SEC, and
the consequent modifications of the NEC events [see Di Grazia et al., 2009]. After the eruption
beginning at EF the NEC events, during June 2008, were chardtbyidwo peaks at ~1 and 2

Hz, successively by three peaks at ~0.8, 1.5 and 2.2 Hz and finally the two higher peaks (1.5 and
2.2 Hz) gradually disappeared giving rise to an almost monochromatic stiga?2.(L2. At the end

of the eruption (6 July 2009}jhe dominant frequency was 0.8 Hz, one of the lowest frequency
values observed during the studied interval. During the months following the end of the eruption,
the dominant frequency peak was gradually at higher frequencies (up to ~1.2 Hz at the thied of
analysed time interval), confirming that such low frequency peaks of NEC events were somehow

related to the eruption at ER-{g. 2.12h.
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Figure 2.12(a) Normalised pseudospectrogram of the infrasound events occurring at Mt. Etna during 1- A@lyDctober 2008

and recorded by EBEL station. (b) Normalized pseudospectrogram between 23 May and 23 September 2009. Due to the long
duration of the considered periods and the low occurrence rate, pseudospectrograms averaging process was performed on 24
hour windows. The dashed vertical line in (b) represents the end of 2@0@®9 eruption. Black arrow in (b) highlights the pest
eruption frequency increase. Please note that white stripes ink{atake into account: i) stations out of order, ii) noisy periods

(due to strong wind) and iii) lack of infrasound events. The yellow bars at top of the plots indicate the time intervals
characterised by Strombolian activity at EF. It is worth of noting that spectral changes smaller than the spectral resdificgh

Hz) @nnot be detected in these plots.

The evolution in time of the spectral features of infrasound events during three short periods is
shown inFig. 2.13, 2.14and 2.15. i) 15 Augustt 14 September 2007; ii)) 20 November8
December 2007; iii)-29 June Q08.

The first period was characterised by explosive activity at SEC, consisting of ash emission and
Strombolian activity, culminating in an episode of fire fountaining €n 3eptemberKig. 2.13M.

In the normalized pseudospectrogram Big. 2.13esuchactivity is highlighted by high spectral
amplitudes at frequencies above 3 Hz, with the frequency content of SEC infrasound events
accompanying explosive activity mostly ranging from 2.5 to 5 Hz . The lack of detected infrasound
events during the fire fouraining is due to the powerful infrasound tremor accompanying this

eruptive activitypreventing the detection of individual eventas also observed during the SEC fire
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fountaining on 10 May 2008 and during the very first days of the eruption [Canata et

al., 2009a]. In contrast, the events radiated by NEC mostly had peak frequencies below 2.5 Hz,
with spectral content changing during the activity at SEC. Indeed, most of the infrasound energy
radiated at NEC was in the 1254 Hz band at miugus (before both Strombolian activity and

fire fountaining), whereas the events were mostly monochromatic with a frequency peak of ~1.2
Hz after the fire fountainingFig. 2.13ef), with these peaks remaining invariant throughout the

end of the first periodAn increase in the duration of the NEC events is clearly highlighted by the
waveform examples shown ifig. 2.13a Furthermore, slightly lower average peako-peak
amplitudeof the NEC eventwas observed in the ten days after the fire fountain compaiethe

values during the few days precedinghid. 2.13y
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The second period was characterised by a fire fountain occurring at SEC2dmMiz&embe2007,

which was preceded by some hours of Strombolian activty. (2.14b. Similarly to the previous
period, the infrasound events radiated by SEC during such explosive activity produced peak
frequencies above 2.5 Hz. Likewise in this case, the frequmerady of NEC events changed from ~2

Hz to 1.61.2 Hz at the end of the eruptive activitifig. 2.4e,f). Concerning the peato-peak
amplitude, although during the 5 days following the fire fountain (strongly affected by bad
weather conditions preventing etecting infrasound events clearly) very low amplitude events

were recorded, no significant variations were observieig).(2.14y

54



Chapter 2

a
NEC Event| SEC Event NEC Eventll
-~ 150 450 10
g 75 225 5 (
g 0 0 D-/\)wq |
g -75 -225 -5
ok S e e m e M A
Time (s) Time (s)

b NEC Event | SEC Event NEC Event Il
v v h 4

SEC .
0F |

I 34|

o]

502+
501.54
5014

500.5-
SEC
5001 hd

st e ke NEC

499

Longitude (km)

o

4180+
4179.51
4179/
41785 %% = > swer NEC

4178+

4177.5/ $ SEC

4177 ]

Latitude (km)

o

Frequency (Hz)

—h

Frequency (Hz)

©«

100 o

o
Il

e
n

Peak-to-peak
amplitude (Pa)

20/11/07 26/11/07 0212007  08/12/07
Figure 2.14(a) Waveforms of two NEC infrasound events and a SEC infrasound event recorded by EBEL station durind period |
(20 Novemberg 8 December 2007). (b) Sketch of the volcanic activity of Mt. Etna at SEC during period | I(1: ash emission; 2:
Strombolian activity; 3: effusive activity; 4: fire fountain). (c) Longitude and (d) latitude of infrasound events locatethglihe
second period. (e) Normalised pseudospectrogram, (f) pseudospectrogram (g)-feepkak amplitude of the infrasound events
occurring at Mt. Etna during period Il and recorded by EBEL station. Other symbols as in Figure 2.13.

55



Chapter 2

Finally, the third perid (329 June 2008) belongs to the 202809 eruption starting on 13 May
2008. This period was considered meaningful from the eruptive point of view because a renewal
of explosive activity at EF took plaaethat time (Fig. 2.15& In particular, intenset®mbolian
activity took place from 8 to 21 June 2008. The infrasound events radiated by EF during the
Strombolian activity showed frequencies above 2.5 Hg.(2.15¢ NEC infrasound events were
characterised by two sharp frequency peaks at ~1 and 2eftadthis activity, and by three peaks

at ~0.8, 1.5 and 2.2 Hz aftdfigs. 2.15e)f The peako-peak amplitudevalues of the NEC events
slightly decreased after the Strombolian activity at EF.(2.15)%

It is noteworthy that all the observation thatwere done in the present thesis by using the
pseudospectrograms dfig. 2.13, 2.14nd 2.15are fully confirmed by the pseudospectrograms,
drawn without any averaging process, (sEg. 2.16)demonstrating that averaging process,
provided the choose of thproper time window for the average process, is not affecting at all the

analysis of the datum.
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2.2.2 Development of a model for North East Crater shallow feeding s ystem

from acoustic and seismic data (12 -13 May 2008)

In section 2.1.3some of the characteristics of NEC events, evidenced from previous studies, have
been described. In particular, as previously said, Sciotto et al. [2013] found two dominant spectral
components (0.40.7 Hz and 162.0 Hz) in NEC events recorded some hours before the onset of
the 20082009 eruption. Contemporaneously, as described in detailsettion 2.2.1.4 similar
observations were done in the dataset used for this work, since ¢péacement of the Monacor
station with a G.R.A.S. microphone (November 2009). It is noteworthy that also nowadays the
analysis of the recordings reveals that these features are peculiar of NEC events (Cannata,
personal communication).

Therefore, togetherwith the Dr. Mariangela Sciotto of University of Catania, a unique source
model was developed in order to fit both datasets. The application of the model to t& 1\2ay

2008 dataset is fully described in Sciotto et al. [2013]. Here a short descriptitre ahodel,

whose validity will be proved for the dataset of the present thesis, is provided.

NEC events usually display regularly decaying sinusoidal waveforms and often their spectra
showed harmonics [Cannata et al., 2011; present thesis], exclusivilg higher frequency band
(1.52.0 Hz). Consequently, is reasonable to assume that sound emission is related to phenomena
of standing waveesonance in the conduiDegassing processes at the free magma surface inside
the NEC conduit are likely to exciteese resonance phenomenahere is no evidence, not in this
work neither in previous analyses, of two sets of resonance modes, as we would expect-for a bi
dimensional resonator source such as a dyke. Therefore, the resonating source is assuraed to
cylindrical. Indeed, radial resonance modes are negligible for wavelength much longer than the
radius of the conduit (see alssection 1.2.5. The shallow portion of the conduit, directly
connected with the atmosphere, is believed to correspond to such cytialdresonator. In
particular,according tathe observations of th@resent work only integer harmonicare present
therefore the resonating part must correspond to an opepen or either closedlosed resonating
system (seeection 1.2.5)The lowest temination of the resonator was assumed to correspond to

the magma surface. It is noteworthy that the same assumption was already done in literature for
acoustic resonance occurring at other volcanoes [i.e., Shishaldin, Petersen and McNutt, 2007,

Kilauea, Fe et al., 2010a]. Therefore, for NEC, a closed termination is expected to be at the upper
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end, and it was identified with the crosection restriction at the base of the funnel shaped crater,
below the termination of NEC funnel shaped crater, as cleadggnizable from visual inspection.

As previously observed, indeed, the lack of obstruction, a necessary condition for acoustic waves
to propagate, does not imply the acoustically opening of the resonator, which is dependent on the
impedance contrast at # termination. Thus, the resonating portion of the NEC conduit was
inferred to be comprised between the free magma surface and a narrowing (upper end), filled
with a gasmixture. The fundamental frequency of resonance is given by equa®jpn (

However, theupwardsnarrowing of the conduit makes it to behave also like a Helmholtz
resonator, akin to a bottleneck through which gas can escape, radiating low frequency and
monochromatic infrasoundeguation @) indicates the relation between the observed frequgrod
radiated sound and the geometry of the Helmholtz resonator. Therefore, the high frequency peak
(1.52.0 Hz) of the NEC infrasound events investigated by Sciotto [@04ld was interpreted as
resulting from pipe resonance, while the low frequencyake(0.40.7 Hz) from Helmholtz
resonance.

Accurate analyses have been done in order to prove the consistency of the model, and the
observance of the required conditions in order to have both kinds of resonance simultaneously.
Unknown parameters in the eqtian (3), such as the radius of the conduit or the length of the
neck of the Helmholtz resonator, were determined by cross checking the geometry calculated with
equation @) and @) from the spectral observations [Sciotto et al, 2013]. A whole range afstico
velocity (400750 m/s)was taken into account, on the basis of the composition of NEC plume
measured from La Spina et al. [2010] and considering several temperatures up to a maximum of
1200 °K. Conduit radius was found to be comprised between 254&nih, in agreement with
previous literature studies [see also Bonaccorso and Davis, 1999], while the length of the neck was
found to affect marginally the determination of the frequency. Furthermore, the amount of
energy transmitted or reflected throughé narrowing was computed by using the transmission
and reflection coefficients [Raichel, 2006].

As clearly visible ifig. 2.17jn the frequency band of interest for this work, assuming a conduit
radius of 25 or 45 m, good level of acoustic energy tmassion through the narrowing is
observed. Nevertheless, the transmitted energy decreases for higher frequencies. It is noteworthy
that, according td=ig. 217, assuming that the resonance is triggered from the bursting of a slug at

the free magma surfacehe high frequency acoustic waves, expected for such type of acoustic
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source, would not be detectable outside from the crater, as the constriction acts as low pass

filtering.
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Figure 2.17 Frequency dependence of power transmissiofp(blue lines) and réection (Rpred lines) coefficients through the
narrowing, assuming a conduit radius of 25 (a) and 45 m (b). The gray areas highlight the two frequency components
characterizing NEC events as observed in the present thesis (redrawn from Sciotto et BB).20

Finally and interestingly, it should be noticed that a similar example of double resonance exists
Ff NBFR& Ay yIFddaNEZI Ay (GKS KdzYlty @20l ftheda@a i SY«
and the tongue body are raised, creating a narrow frontitya and the tongue body is moved
forward, enlarging the back cavifg.g. Diehl, 2008 Therefore, the front cavity resonates as an
open-closed pipe whereas the back cavity is contemporaneously resonating as a-closed

pipe and as Helmholtz resontor. [e.g. Johnson, 1997; Diehl, 2008]. The interaction of the sound

FTASEtR LINPRdAzOSR FTNRY (KSaS az2dzNODSa 3IAgSa (G4KS @
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2.2.3 Discussion

The infrasound signals continuously recorded from August 2007 to December 2009 at Mt. Etna by
a permanent networkwere analyzed. About 40,000 infrasound events were detected, most of
which were generated by NEC. Indeed, as already mentioned, although NEC has only been
characterized by pulsing degassing, it has almost continuously emitted infrasound events. The
sourceof these events, characterized by frequency lower than 2.5 Hz, has been attributed by
previous papers [Sciotto et al., 2011, 2013] to resonance phenomena of the shallowest portion of
the NEC plumbing system. It has sporadically been noted that the spesatares of NEC events
changed before, during and/or after eruptive activity at other vents [e.g., Sciotto et al., 2011,
2013].

The large dataset analyzed in this work gives us the opportunity to investigate thmfxsGund

that until now was only ingstigated during short time intervals, in a long and continuous period.

In particular, the following questions are addressed:

1. How steady (or vice versa variable) are the waveform features of the NEC events investigated
during yeaflong time periods?

2. How systematic (or vice versa sporadic) are the spectral changes of the NEC eventdatiete

to eruptive activity at other vents?

3. Is the two resonator NEC model, proposed in previous papers, suited to explain all the
observations made during 20€2009?

4. Are the interpretations given to spectral changes found in previous investigated eruptions
confirmed? If so, may the changing sizes of resonating structures, due to level oscillations of

magma column, be used to estimate pressure fluctuation innttaén plumbing system?

Regarding the first issue, it was noted how NEC events featured periods with very steady
waveforms and spectral features lasting from days to months (for instanceDdtbper 2008 in

Fig. 2.123 with slow or sudden variations. Tseeadiness of the waveforms during long periods
highlights the repetitive nature of the NEC infrasound events, and then of their source mechanism.
This behavior has also been noted at other volcanoes, such as St. Helens [Matoza et al., 2007],
Fuego [Erdemand Waite, 2013] and Shishaldin [Petersen and McNutt, 2007]. The detected

waveform changes consisted of variations of amplitude, duration and frequency content, and in
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particular spectral peak shifts and disappearances/appearances. The most importativerup
episodes taking place during the analyzed time interval were accompanied by sudden variations of
NEC events: the infrasonic NEC changes during-th&dptember and 234 November 2007 fire
fountains at SEC are documented here; during the 10 May #®8&untain at SEC and the onset

of the 20082009 eruption at EF on 13 May are described in Di Grazia et al. [2009] and Sciotto et
al. (2013), respectively; during the Strombolian activity occurring from 8 to 21 June 2008 at EF
here; and finally duringhte entire 20082009 eruption (considered as a single episode) here, too
(Table 2.).

The same behavior was also observed during the explosive activity at SEC on 16 November 2006,
that was preceded and accompanied by dominant frequency increases and gesreespectively
[Sciotto et al., 2011]. Therefore, these NEC infrasound variations can be considered systematic,
hence answering to the second issue. In all the cited cases taking place during@®§ able

2.1, documented both in thishesisand in pevious papers), at least the spectral content changed
and, in particular, a decrease in the dominant frequencies was noticed right after (or during, taking
into account the whole 2002009 eruption) the eruptive episodes, or vice versa their increase
right before (it was clearly noted once, before the 262809 eruption onset).

An important implication of this systematic behavior regards the plumbing system geometry and
in particular the relationship between the systems feeding the distinct considereis {RIEC, SEC,

and EF. Indeed, on the basis of this study it is possible to state that the connection between NEC
and SEC/EF plumbing systems is not simply temporary and related to a given considered episode
(such as the onset of the 2009 eruption onl3 May for EFNEC connection, or the 16
November 2006 episode for SBRIEC), but rather it is stable even considering a relatiyefyrs
longtime interval. The relationships among summit craters at Mt. Etna have also been studied on
the basis of volcanolagal and geochemical information. Corsaro and Pompilio [2004] made an
integrated study of compositional, volcanological and geophysical data, and found that during
19951999 the products emitted by NEC, VOR and BN craters displayed common petrographical
and geochemical features, whereas SEC products were more highly differentiated than those of
the other craters until January 1999. As specifiecdseétion 2.1.2,Corsaro and MiraglialNNJGV

staff, 20072013] analyzing the similarity in major element compmsis and the inferred
temperature of pyroclastic products emitted from NEC and SEC in July 2006, pointed to a possible
common feeding system of these two vents. More recently, during ZI®, analysis of the

composition of the main gases from NEC and ¥BDRvolcanic plumes suggested that NEC
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branches off from the central conduit at depths of 2.3 km from the volcano summit [La Spina et
al., 2010].

In order to answer the third and fourth issues, concerning the interpretation of such systematic
changes, itould be useful tdoriefly recal NEC event features and source model, fully described
sections 2.2.1.4nd2.2.2 NEC eventgnalyzedn thisthesis are characterized by two frequency
bands: <0.5 HzséeFig. 2.10m,h and 0.82.3 Hz ¢eeFig. 2.10an), both consisting of decaying
sinusoids, with the highest frequency peak showing integer harmonicsHgmse 2.10g,h,kand
2.15e,{. According to the double resonator model, the lower frequency band is due to Helmholtz
resonance of the volume of condwbmprised between the free magma suréaand a narrowing

at the base of the funnel shaped crater. However, the same portion of the conduit is responsible
for a standing wave resonance, which produces the higher frequency band. Our data (also thanks
to the G.R.A.S. microphone installed in November 2009) and anatpsdism the validity of the
model in a much longer period, and, consequently, the double source mechapisriously
described is inferred to generate NEC events during the entire intervaltigaesl in this work.
Therefore, on the basis of such a model, the spectral content variationsrétated to the
eruptive activity, that in thishesisinvolved the NEC higher frequency band, could be related to an
increase in the length of the resonatand/or decrease in the acoustic waves velocity, according
to the equation @).

Fig. 2.18displays the values of the frequency for different values of conduit length and acoustic
waves velocity. In particular, since infrasound waves propagating in a bangdure above the

free magma surface were hypothesized, the acoustic waves velocity is a function of the
composition and temperature of the medium, in which the acoustic waves propagatiisin
thesis the limits of the range of possible values of adoustlocity were chosen as followhd
soundvelocity in air at 20°C was considered as the lower limitf@40 m/s), whereas the value

of 750 m/s as upper one, according to Sciotto e{20.13, wherein it was calculated on the basis

of the compositionof NEC plume measured from La Spina et[201(J and considering a

temperature of 1200 °K.
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Figure 2.18 Fundamental frequency of the resonating conduit for variable length and acoustic velocity. The solid black lines
represent the observed dominant &quencies before and after eruptive activity, corresponding respectively to values of 2 and
1.2 Hz during the firssecond periods (a), 1 and 0.8 Hz during the third period (b).

Focusing on the relationships between acoustic velocity and gas compositica,pure gas
mixture with BO, acoustic velocity decreases with the increasing content e @@ Q). Indeed,

for a HO rich gas mixture at 800 °K, adding 50% in weight of(&0OCQ), acoustic velocity
decreases from 695 m/s to 560 and 550 m/s, respety [Morrissey and Chouet, 2001]. For the
same gas mixture, Kumagai and Chouet [2000] found that, with varying composition and
temperature, acoustic velocity ranges from several hundred to 1000 m/s (the latter for a pOre H
gas at 1600 °K). On the basif these studies, a decrease in the acoustic wave velocity would imply
an increase of Sor CQ) in the gas mixture filling the conduit. On the other hand, fixing the
acoustic velocity at 56600 m/s, the decrease in the dominant frequency leads ususing
equation @), to infer a lengthening of the resonating conduit from 1250 m to about 20250 m

after the end of the first and second eruptive episodes. In the third episode, we can infer that the
length of the conduit increased from 28D0 m to dout 310380 m TTable 2.).

Between the two described possibilities, namely changes in acoustic wave velocity or in
geometrical resonance properties of the conduit, the lattermore reasonabléor the following
reasons. First, neglecting the frequen@mponent < 0.5 Hz, the lowest frequency values at NEC
(0.81.0 Hz) were reached during the eruption at EF and increased only after its end. In light of this
evidence, the maximum lengthening of the resonating conduit is reasonable during the22008

eruption, considering the effective magma drainage within the shallow plumbing system (and
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consequently magma surface drop) concomitant with the activity of the topographically low EF

vents Fig. 2.19h.

a After 4-5 September and 23-24 November b ) _
2007 lava fountains During the 2008-2009 eruption
NEC NEC

SEC SEC

agma

level drop link with central
plumbing system

magma

Ievel drOp an‘\'\lfllth central
plumbing system

link with central
plumbing system

N

magma chamber
pressure decrease

Figure 2.19(a) Mt. Etna sketch section showing thérop in the magma level inside the NEC conduit due to the pressure
decrease in the magma chamber, taking place after the fire fountains-&f 8eptember and 224 November. (b) Mt. Etna sketch
section showing the drop in the magma level inside the NEC eohdiue to the effective magma drainage from the
topographically low EF vents. See text for details. Note that this model is purely qualitative.

Moreover, the mismatch between the stability of the dominant frequency at 0.8 Hz, lasting from
the end of thethird period (end of June 2008) to the end of the eruption (6 July 2009), and the
large variability of the gas plume composition during the same period, evidenced by #®G& 0O
ratio values reported by Aiuppa et al. [2010], suggests that the spectratioens were likely
generated by changes in geometry rather than in acoustic wave velocity. In any case, we cannot
rule out minor contribution by the latter or by the interplay between the two factors. The inferred
drop in the magma level inside the plumpbirsystem, giving rise to the observed infrasound
spectral feature changes, is also reasonable after the fire fountainings taking place diing 4
September and 224 November 2007 (periods | and Il, respectively). Further support for this
inference comes rbm the observation that the occurrence of fire fountains is generally
accompanied/followed by slight deflation due to plumbing system depressurization, as shown by
tilt data during the 10 May 2008 fire fountain [Bonaccorso et al. 2011b]. If we consisierpde
plumbing system composed of a magma chamber connected to a vertical-copeluit, in
equilibrium conditions the pressure inside the chamber must be balanced by the magmastatic
pressure of the conduit [e.g., Witham and Llewellin, 2006]. Therefopeessure decrease in the
magma chamber causes the magma to flow from the conduit back into the chamber, with a

consequent magma level drop inside the conditg( 2.19. In the light of these evidences, the
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answer to the third issue is: the observationsae in this work strengthen the interpretations of

the NEC infrasound changes, tiredated to eruptive activity,n agreement with the double
resonance mode&nd those given in previous studies [especially Sciotto et al., 2013]. In any case,
only multidigiplinary investigations focused on NEC acoustic wave velocity and gas composition
measurements may definitively assess the role of changes in composition and temperature of the

gas in the NEC infrasound variations.
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Date Eruptive Frequency Inferred conduit Inferred Reference
phenomena variation length variation magmastatic
(c=575m/s) pressure variation
(magma density =
700 to 2700 kg/r)
16 Nov 2006 Strombolian 1.2A 1.0Hz ~50m -0.3t0-1.3 MPa | Sciotto et al., 2011
activity
4-5 Sep 2007 Lava fomtain 20A 1.2Hz ~100 m -0.7t0-2.6 MPa | Present work
23 - 24 Nov Lava fountain 2.0A 1.2Hz ~100 m -0.7 t0-2.6 MPa | Present work
2007
10 May 2008 Lava fountain 2.0A 1.2Hz ~100 m -0.7t0-2.6 MPa | Di Grazia et al.
2009
13 May 2008 20082009 0.4A 0.7Hz ~200 to-400 m 1.5t0 11.0 MPa | Sciotto et al., 2013
eruption onset
8-21 Jun 2008 Strombolian 1.0A 0.8 Hz ~70 m -0.4t0-1.9 MPa | Present work
activity

Table 2.1. Documented episodes of explosive activity at SEC and EF, accompanied by chany&C ofvent features. The
frequency peak variations, together with the inferred conduit length variations, the corresponding magmastatic pressure
variations and the references, are also indicated. The negative and positive inferred conduit length variatiomespond to

decrease and increase of the length of the resonating portion of the column. The negative and positive inferred variation of
magmastatic pressure indicates decrease and increase of the pressure inside the plumbing system.

Such a geometricahterpretation has important implications concerning the pressure changes
over time inside the plumbing system. Indeed, the fragmentation level drop was estimated
roughly equal to ~ 600 m in all the three considered episod€&sg6. 2.13, 2.14, 2.)5Asuming

a constant value of magma density inside the conduit in the range2700 kg/ni [gasmagma

foam and bubbldree magma, respectively; e.g., Pinkerton et al., 2002], the pressure decrease
inside the plumbing system, consequent to the drop of the maggaitic pressure, of ~0-2.6 MPa

(Table 2.}, was calculated following the explosive activities at SEC and EF. Since there are major
uncertainties in this evaluation related to the several assumptions, the order of magnitude of such
pressure variations hsato be taken into account.

Finally, it is worthy to briefly focus on the slight amplitude decreases of NEC events, observed
during episodes | and IIFigs. 2.132.15), after the end of SEC fire fountain and EF Strombolian
phase, respectively. The resom® is likely to be triggered by an impulsive event (a Dirac
function), that can be induced by repetitive bursting of large bubbles at the top of the magma
column. In that case, the decrease in amplitude of NEC events, observed after an eruptive phase,
coud be related to the decrease of the inner gas overpressure within the bubbles triggering the
phenomenon. However, none of the mechanisms already proposed at the origin of the slug
overpressure, such as the crossing of a flare [James et al., 2004; 2006 amassive foam
coalescence at depth [Vergniolle and Brandeis, 1996], can explain the decrease in amplitude after

the eruptive phase. Alternatively, for longitudinal modes of a resonating conduit, the amplitude of
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the pressure fields scales directly wittie volume of the source (i.e., the bursting slugs) and/or
with the acoustic impedance at the vent [Garces and McNutt, 1997]. According to the latter, the
observed amplitude decrease derives by a change in the properties of the medium in which
acoustic waes propagate, i.e. changes in the composition of gas filling NEC conduit. We discard
this hypothesis, basing on the same considerations previously exposed. Diminishing the volume
source (i.e., volume of bursting slug) plays the same effect. Similar eoaisichs could be derived

by Del Bello et al. [2010] for cylindrical bubble, such as slugs. Their study indicates that, although a
minor role is played by magma properties (viscosity and density) and conduit geometry (i.e.,
conduit radius), volume is the an factor affecting slug overpressure. Thus, a decrease in slug
volume causes a decrease in overpressure of the source triggering resonance. Such reduction in
slug dimension is likely to be linked, among the other causes, to a drop in gas flux at thietead
eruptive activity. Accordingly, the deepening of the magma free surface inside the NEC conduit
could result in a decrease in overpressure of these gas slugs, producing the observed decline in

NEC event amplitudes.

2.3 Insights into explosive activi ty at closely -spaced eruptive
vents using infrasound signals: Example of Mt. Etna 2008

eruption

In the following sections, a detailed focus on the eruptive activity at the EF is given, in order to
provide more information on the dynamics of the eruptivents during the ongoing activity, and

on the evolution of the feeding system at the EF. The reconstruction of the volcanic activity at the
Eruptive Fissure was realized in collaboration with Dr. Letizia Spampinato of Istituto Nazionale di

Geofisica and Vaanologia, Section of Catania.
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2.3.1 Further details on the eruptive activity at 2008 -2009 eruptive fissure

On 13 May 2008, the episodic 2@@D08 activity culminated in a proper explose#usive

eruption preceded by an intense and shallow earthquakarswy that started at 08:39 (all times

INB Da¢0 gAGK f20FidA2ya 0SG6SSYy bmdp | YR mdp
ground deformation marking the rising of a shalldike [Aloisi et al., 2009; Di Grazia et al., 2009;
Bonaccorsoetal20mml 8 ® ¢ KA & AYUSNBSOGSR (GKS adaNKFI-OS 21
SEE NBYRAY 3 SNHzZLIG A @S U asiatizi2ED72019] owhiohifed Yava lfodriiaingd T L
YR tF @ b2ga ! f2AaA SG |t ®Z HnAnndhply dedirey | T
YR GKS NXYzLJidzZNBE RANBOGAZY Y20SR R2¢ey (2 GKS
0SUG6SSY dudpnn FYR Hecpn Y | dadf d . 2y O02NRAR2 S
produced lava fountains, strombolian activity and @226 & FTNRBY dzLJ G2 UGS @Sy
days following the onse#Hig. 2.2Q Bonaccorso et al., 2011a].

Figure 2.20: (a) Map of the summit area of Mt. Etna showing the locations of the infrasound sensors (triangles), the 10y 2
eruptive Ussure (ed line) and the area covered by the 208009 lavabow Ueld (orange area; ING¥taff 20072013). (b) Digital
elevation model of the summit area (VOR: Voragine; BN: Bocca Nuova; SEC:-EasttfCrater; NEC: NorfBast Crater). (c)
EruptiveUssure with thelocations of V1, V2, V3 (see Secti2iB.3for details). VdB in (a) is the Valle del Bove.

Here along the eruptive event, explosive activibyictuated between ash emissions and
strombolian explosions, commonly from the upper part of thsure and strombigan activity and

lava effusion from the topographically lowest parts [Bonaccorso et al., 2011a]. Over time, lava
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