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PREFACE 

Volcanoes are the most intriguing challenge among Earth Sciences.  

Indeed, volcanic activity is the most dreadful and fascinating fingerprint of Earth inner activity. 

Nevertheless, the occurrence of eruptions is not exclusively a matter of interest of the scientific 

community, but it rather has huge consequences on the common life of people. Populations 

leaving nearby, indeed, are exposed to several kinds of hazards. However, the influence of volcanic 

activity may be not exclusively restricted at local scale, as shown in recent years by the effects on 

the aviation and air traffic played by entrained ash in the stratosphere. Therefore, it is 

fundamental to investigate the mechanisms and achieve more knowledge on the moody behaviors 

of volcanoes. With this aim, the analysis of infrasound signals, produced by volcanoes, has 

acquired growing importance in last decades.  

In this thesis infrasound signals from Mt. Etna, continuously recorded from August 2007 to 

December 2010, are analyzed. Our goal is to investigate the shallow plumbing system and the 

relations among eruptive vents by acoustic and seismic data. Furthermore, we aim also to define 

the source mechanism of infrasound signals of Mt. Etna. In addition, acoustic signals from a 

temporary experiment carried out at Mt. Yasur volcano are analyzed in order to compare the 

dynamics of Mt. Etna with other basaltic volcanoes. 

The thesis is structured in four chapters. In Chapter 1 a brief introduction, regarding volcano 

monitoring and the main seismo-acoustic signals produced by volcanoes, is given first (sections 1.1 

and 1.2). Successively, the analytical methods applied in this study are described (section 1.3). 

Chapter 2, which comprises the main body of the thesis, regards signals recorded at Mt. Etna. 

Initially a wide background on the regional setting, volcanic activity and acoustic studies, 

previously performed on the volcano, is given (section 2.1). Successively, data from August 2007 

to December 2009 are analyzed (section 2.2). A dedicated section focuses on signals recorded 

from the eruptive fissure of the 2008-2009 eruption (section 2.3). Finally, the analyses carried out 

on signals recorded during 2010 are depicted (section 2.4). Chapter 3 contains a description of 

acoustic signals recorded at Mt. Yasur during a temporary experiment. First, the volcano is 

contextualized in its geographical and tectonic setting (section 3.1), then the characteristics of the 

experiment and the performed analyses are described (sections 3.2, 3.3. 3.4, 3.5). Finally, Chapter 

4 summarizes the conclusions, which are more widely discussed in the previous chapters, in order 

to give a general overview of the achievements of the work. 
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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 major hazards on 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 condition for 

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 active 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. Pelée, 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 monitoring network, 

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; see Fig.1.1]. 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 catastrophic phenomena, such as 

earthquakes and tsunami, and release abundant quantity of ash in atmosphere. Recently -in 

response to the growing amount of flight traffic- the hazard posed to aviation from the presence 

of ash in atmosphere has been object of several studies. Volcanic ash could travel along 

considerable distances and are totally see-through 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 and 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 proved to be -so far- an effective way to mitigate risk. During 

its ascent toward the surface, the out-coming magma may produce different kinds of 

perturbations of the surrounding medium. The detection of such perturbations reveals the 

renewal of volcanic activity. 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 located 

at the margin of the impacted area. The main part of the city was destroyed and completely buried by a pyroclastic flow. 

 

Seismic signals are temporal series, recording the shaking of the ground at the surface due to 

seismic waves travelling from the source. There is a variety of eruptive processes, related to 

magma movement at depth, or alternatively occurring during the emission at the surface of the 

solid, liquid, or gaseous products, able to generate different seismic signals [Zobin, 2012]. Volcano-

tectonic seismicity 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 eruption. For 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 [e.g., Kumagai and Chouet, 1999; Morrissey and 

Chouet, 2001; Almendros et al., 2002; Battaglia and Aki, 2003], or identify active faulting processes 

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. 
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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 [e.g., Firstov and Kravchenko, 1996; 

Ripepe et al., 1996; Johnson and Lees, 2000]. Indeed, the recordings of volcanic 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 displacement reveal 

fundamental information such as depth and rate of magma accumulation. Furthermore, while 

rapid changes are likely to be linked to an individual eruption, long term variations of the 

displacement are linked to processes taking place on longer scale 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 

tiltmeters. Recently, interferometer analyses 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 the properties 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 the source is commonly not safe for hot volcanic plumes, especially during 

the ongoing activity. In order to solve this problem, remote sensing techniques have been 

developed, as the COSPEX (Correlation Spectrometer) and TOMS (Total Ozone Mapping 

Spectrometer) for Sulfure Dioxide emissions, and FTIR (Fourier Trasform Infrared) to obtain the 

Ǌŀǘƛƻ ōŜǘǿŜŜƴ ǘƘŜ Ƴŀƴȅ ƻǘƘŜǊ Ǝŀǎ ǎǇŜŎƛŜǎ ώ{ǘƛȄ ŀƴŘ DŀƻƴŀŎƘΩƘΣ нлллϐΦ  

Finally, surveillance systems can avail themselves of gravimetric and magnetic observations, which 

has been 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 seismo-acoustic volcanic signals, on their 

source mechanisms and the analytic methods commonly used to analyze them. 



Chapter 1 

 

5 
 

1.2 Characterization of the signals  

 

Volcano seismology deals with different kinds of seismic and acoustic signals produced by 

volcanoes. Despite the proliferation of terms 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, 2012, see Fig. 1.2a]. Higher frequencies 

may be generated at the source, but they are not recorded because of instrumental limitation or 

local attenuation [McNutt, 2005]. They derive by shear failure or slip on faults, thus they can be 

used to determine stress orientations using focal mechanisms and stress tensor inversion [e.g., 

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 largest earthquake 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 finally volumetric forces associated with magma intrusion, withdrawal, 

cooling [McNutt, 2005].  

According to some authors [Wassermann, 2009], a second type of VT-earthquakes occur at very 

shallow depth (above 1-2 km). The relatively superficial position of the hypocenter determines a 

large amount of scattering, especially at higher frequencies, thus lowering the dominant frequency 

content to 1-5 Hz.  

Finally, although the source mechanism of VTs is generally double-couple source, several papers, 

dealing with the inversion 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 earthquake,  b) LP event from Mt. Merapi, and c) volcanic tremor from Mt. 

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 arrival, and often 

emergent P wave arrival (Fig. 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], the simple decaying harmonic 

oscillations nature of these signals is due to movement of a fluid-filled oscillator in response to 

time-localized excitation, i.e. a crack resonating because of pressure disturbances active during 

magma ascent toward the surface. Other authors [Seidl et al., 1981] propose as source model the 

resonance of the magma body, triggered by transient in the fluid-gas mixture. In felsic volcanoes, 

LP events were interpreted as seismic energy released from brittle failure of magma at the conduit 

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 magma-water interaction at depth. Therefore, their 

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 increasing 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 CO2 in volcanic area [Hill, 1996; Wassermann, 2009], suggesting possible connections 

with fluid release and pressure at the depths. They have been recorded at different volcanoes 

[e.g., Aki and Koyanagi, 1981; Hasegawa and Yamamoto, 1994; Pitt and Hill, 1994; White, 1996; 

Nakamichi et al., 2003]. For instance, it has been found that 9 volcanoes out of 27 in Alaska 

produce this kind of signals [Power et al., 2004]. Such widespread diffusion of Deep LP observation 

suggests that 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 2 - 100 s (frequencies between 0.5 and 0.01 Hz) are 

defined very long period (VLP) events [Chouet, 2009]. They are characterized by impulsive onset 

(see Fig. 1.3c), and they are usually recognized by low filtering the signal. Like LP signals, families 

of VLP are commonly observed at several volcanoes as Stromboli [Chouet et al., 2003], 

Popocatepetl [Arciniega-Ceballos 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 consequently they exhibit 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 conduits. At Aso 

Volcano, they have been interpreted as draining of super-saturated 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., 1994]. Further, an almost continuous signal, where 

the single pulses were merging into a tremor like signal, was found at  Stromboli, and called long 

period tremor. This long lasting signal was interpreted as linked to the interaction of hot magma 

fluid with an overlying aquifer [Aso Volcano; Kawakatsu et al., 2000]. Finally at Kilauea, VLP have 

been interpreted as connected to the movement of pulses of magma through sill-crack [Ohminato 

et al.,1998]. 

 

Figure 1.3: a) Band pass filtered (600-30 s) and b) raw signals for VLP events recorded at Santiaguito volcano. 

Images in c) show the corresponding volcanic activity. Modified from Zobin [2012]. 

 

1.2.4 Volcanic tremor  

 

Volcanic tremor is a persistent seismic signal, lasting from several minutes to several days or even 

months, often preceding or accompanying volcanic eruptions [e.g., Kostantinou 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, that is roughly 0.5-5 

Hz. Furthermore, in some cases, it is possible to identify a fundamental frequency and the relative 
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harmonics; the corresponding signal is called volcanic harmonic tremor. In most cases the 

wavefield is composed of Rayleigh and Love waves, and it is strongly affected by path effects [e.g., 

Kostantinou and Schlindwein, 2002], but some studies proved that a mixed composition of both 

body and surface waves may be dominant at other volcanoes [i.e., Deception Island, Almendros et 

al., 1997]. According to Kostantinou and Schlindwein (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 formation of a 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 network. Chouet [1986, 1988] proposed as a source of tremor the wall 

vibration of a magma filled crack, due to a pressure disturbance. In hydrothermal area, tremor-like 

signals are likely to be due to water boiling processes at depth [Kieffer, 1984; Kedar et al., 1996]. 

Crosson 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 well-correlated with the pattern of the volcanic tremor. However, the relationship 

between amplitude variations of volcanic tremor and magmatic activity is not univocal. 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. Kilauea, Dvorak and Okamura, 1985; 

Pavlof, McNutt, 1986; Etna, Cannata et al., 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 activity [Aki and Koyanagi, 1981]. 

1.2.5 Infrasound signals  

 

Acoustic waves are longitudinal waves due to the compression-expansion 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 infrasound. Volcanoes radiate acoustic 

energy mainly in this range of frequencies. Infrasound was first recorded by microbarometers 

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

oscillations that propagated around the Earth sevŜǊŀƭ ǘƛƳŜǎΣ ŀǎ ŀƭǎƻ ŀǳŘƛōƭŜ ǎƻǳƴŘǎ ƻŦ άƘŜŀǾȅ 
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ƎǳƴŬǊŜέ ŀǎ ŦŀǊ ŀǎ рллл ƪƳ ŀǿŀȅ ώ{ƛƳƪƛƴ ŀƴŘ CƛǎƪŜΣ мфуоϐΦ {ƛƴŎŜ ǘƘŜƴΣ ŀƴŘ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ǘƘŜ ƭŀǎǘ 

decades, infrasound has become a widespread method of investigation and monitoring of 

volcanoes. Infrasonic transients (hereafter: infrasonic events) have been frequently 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 been recognized 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 gas slugs 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 some excess 

pressures. As a consequence, strong volumetric vibration of the bubble wall, (corresponding 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 a hemispherical head and a cylindrical tail, 

as expected in slug-ƅow [Vergniolle et al., 2004]. The propagation of pressure waves is radial and 

ǘƘŜ ǿŀǾŜŦƻǊƳ ƻŦ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ƛƴŦǊŀǎƻǳƴŘ ǎƛƎƴŀƭ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ŬǊǎǘ ŜƴŜǊƎŜǘƛŎ ǇŀǊǘ ǊƻǳƎƘƭȅ ŎƻƳǇƻǎŜŘ 

of one cycle (or one 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 obtained by the equation [Vergniolle and Brandeis, 1996]: 

ὴ ὴ ςὙ ὸ ὶ
ὧϳ Ὑὸ ὶ

ὧϳ Ὑὸ
ὶ
ὧϳ
” Ὑὸ

ὶ
ὧ

ὶ
 

(1) 

where the first term is excess pressure in air, t is time, r is the distance source-sensor, c is the 

sound speed in air, R is the bubble radius and ́ air 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 discussion can be found in Vergniolle and Brandeis, 1996]. However, 

some of them (i.e. viscosity and density of the magma) can be derived from complementary 

studies. Concerning the thickness of the magma wall, for instance, it is likely to be on the same 

order of magnitude of the diameter of the ejecta, thus it can be easily inferred [Vergniolle et al., 

2004]. Once all the parameters are fixed, we can easily calculate the characteristic features of the 

bubble (overpressure, length and radius) by equation (1).  
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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 [Vergniolle and 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 perturbed 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 and Garces, 1996; Hagerty et al., 2000]. For example, at Kilauea and 

Villarica were found evidences of a resonant monotonic and 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., 2010a; Morse and Ingard, 1968]. For a fluid 

filled fracture of length L and width W, longitudinal and lateral sets of resonance modes are 

expected (respectively 2L/n and 2W/n, with n=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 McNutt, 1997]. 

According to fundamental law for pipe resonance [equation (2); Hagerty et al., 2000]: 

ὒ
ὧ

ςὪ
 

(2) 

with c equal to the acoustic velocity and f0 fundamental frequency of resonance, while Lr is the 

length of the resonator. 

However, the type of triggered resonance depends on the 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 (open-closed 

termination), odd harmonics of the fundamental will be observed. It is noteworthy that the 
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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 and McNutt, 

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 [Morse and 

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 term, namely end correction, is introduced to 

extend the length of an open-ended vibrating column [Rossing, 2007]. For a closed pipe the end 

correction is zero, while for an open pipe is 0.6*a, with a radius of the pipe [Miklos et al., 2001]. 

Other possible kinds of resonance have been recognized 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, may occur [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 through a narrow neck or through an opening [see Fig. 

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

the following equation [Kinsler et al., 1982]: 

Ὢ
ὧ

ς“

Ὓ

ὠὯ
 

(3) 

Where S is the area of the neck, V is the volume of the cavity and ƪΩ is the effective length of the 

neck, provided of end correction by the equation: 

Ὧ ὰ ρȢτυὃ 

(4) 

with A and l equal to the radius and length of the neck, respectively.  

Indeed, the compressible fluid in the resonator acts like a spring with constant: 

Ὧ
” ὧὛ

ὠ
 

(5) 

where ́ air is the density of the air. The behavior of the fluid in the neck is correspondent to a 

lumped acoustic element [Rossing, 2007]. The magnitude of the lumped mass resonator is given 

by: 
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Figure 1.4: Simplified scheme showing an Helmholtz resonator. Modified from Rossing [2007]. 

 

!ǘ IŀƭŜƳŀΩǳƳŀΩǳ /ǊŀǘŜǊ όYƛƭŀǳŜŀ ±ƻƭŎŀƴƻύΣ CŜŜ Ŝǘ ŀƭΦ ώнл10a] inferred the presence of a double 

resonance mechanism to justify the presence of two spectral bands in both infrasonic tremor and 

ŜǾŜƴǘǎΣ ƴŀƳŜƭȅΥ άŦмέ ŀǘ лΦо-лΦс IȊΣ ŀƴŘ άŦнέ ŀǘ м-3 Hz. Authors claim that the former spectral band 

is due to Helmholtz resonance of the gas filled cavity beneath the vent, whereas the latter and 

higher frequency band is due to standing waves of the same cavity (see Fig. 1.5). 

 

Figure 1.5: /ŀǊǘƻƻƴ ƻŦ IŀƭŜƳŀΩǳƳŀΩǳ ŘƻǳōƭŜ ǊŜǎƻƴŀƴǘ ŎŀǾƛǘȅ ώCŜŜ Ŝǘ ŀƭΦΣ нлмлϐΦ 

 

Obviously, different 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 presence of 

intermediate viscosity magma, where Vulcanian eruption -disrupting the plug obstructing the 

conduit- may occur [Johnson and Lees, 2000; Uhira and Takeo, 1994]. Another example of source 
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model in which more violent level of activity is implied is given 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 were compared 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 rapid pressure 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, in the 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 infrasound [Oshima and Maekawa, 

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 amount of temporal 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 of the type of alterations we 

expect to detect in correspondence of an 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/LTA (Short time average/long time 

average), is based on the evaluation of the ratio between energy density on short and long terms 
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[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 3 and 27 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 calculated. 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 condition of irregular noise 

[Havskov and Alguacil, 2004].  

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

example see Fig. 1.6; Cannata et al., 2011b].  

 

 

Figure 1.6: Example of percentile trigger analysis applied to moderate puffing activity at Mt. Yasur. a) Raw signal (begin time: 

July, 7
th

 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 envelope 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 

ptr is established, as the value for which at most (100 × ptr) per cent of the measurements are less 

than this value and 100(1 ς ptr) 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 spaced events [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]. This difference 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 [Johnson, 2005]. Secondly, the propagation velocity of the seismic 

waves [Johnson, 2005; Arrowsmith et al., 2010] is often poor-known 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 al., 2009a] and 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;  Montalto et al., 2010]. 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 position. For infrasound, it is convenient to define a bi-dimensional 

grid of assumed source positions coincident with the topography, since the vent radiating 

infrasound can be considered a source point located on the topography. Successively, the 

procedure ǊŜǉǳƛǊŜǎ ǘƻ ŬƴŘ a source position on the grid that allows for a set of theoretical arrival 

times (̱ ƛ, i ҐмΣΧΣ N), that yields maximum value of a similarity function calculated on the N-channel 

data.  

The procedure includes several steps common to other location methods [e.g., Almendros and 

Chouet, 2003; Ripepe et al., 2007]. In particular, a start time ts ƛǎ ŬȄŜŘ ŀǎ ǘƘŜ ǘƛƳŜ ƻŦ ŬǊǎǘ ŀǊǊƛǾŀƭ ŀǘ 

a reference station (generally chosen on the basis of the highest signal to noise ratio). The source 

is iteratively assumed to be in each node of the grid, and for each node the origin time is 

calculated, assuming a certain value of propagation velocity of the infrasonic waves c, as follows: 

ὸ ὸ ὶȾὧ 

(7) 
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where r is the distance between the reference station and the node of the grid assumed as source 

location. The theoretical travel times are calculated at all the sensors t i (i ҐмΣΧΣ N, number of 

stations): 

ὸ ὶȾὧ 

(8) 

where ri is the distance between the station i-th 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 and a function is applied in order to compare the windows of signals obtained 

and define the level of similarity among them. The source coincides with 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 obtain high precision 

location, the two functions were also combined together [Cannata et al., 2011a]. 

Let us consider traces U, acquired by a certain number of sensors NΤ ǘƘŜ ǎŜƳōƭŀƴŎŜ ƛǎ ŘŜŬƴŜŘ ŀǎ 

[Neidel and Tarner, 1971; Almendros and Chouet, 2003]: 

Ὓ
В В Ὗ † ὮЎὸ

ὔВ В Ὗ † ὮЎὸ
 

(9) 

ǿƘŜǊŜ ɲt ƛǎ ǘƘŜ ǎŀƳǇƭƛƴƎ ƛƴǘŜǊǾŀƭΣ ˍi is the origin time of the window sampling the i-th trace, 

Uiόˍi+jɲt) is the j-th time sample of the i-th U trace, and M represents the number of samples in 

the window. S is a number between 0 and 1. The value 1 is only reached when the signals are 

identical, not only in waveform but also in amplitude. Eventually, in order to make S values 

unrelated to the different amplitudes of the signals recorded at distinct stations, it is 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 

quantƛŬŎŀǘƛƻƴ ƻŦ ǘƘŜ ǎƛƳƛƭŀǊƛǘȅ ŀƳƻƴƎ ǿŀǾŜŦƻǊƳǎ ǊŜŎƻǊŘŜŘ ŀǘ ŘƛŦŦŜǊŜƴǘ ǎǘŀǘƛƻƴǎΣ ŀƴŘ ǘƘŜƴ ǿŜ ŀǊŜ 

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 useful not to normalize the 

ŀƳǇƭƛǘǳŘŜǎ ōŜŦƻǊŜ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ ǎŜƳōƭŀƴŎŜ ǾŀƭǳŜǎΦ ¢ƘǳǎΣ ƎǊŜŀǘŜǊ άǿŜƛƎƘǘέ ƛǎ ƎƛǾŜƴ ǘƻ ǘƘŜ ǎǘŀǘƛƻƴǎ 

nearest to the source and characterized by the highest signal to noise ratio [Cannata et al., 2009c] 

The definition of brightness was given by Kao and Shan [2004], and was used to map the space 

distribution of seismic sources by the so-called Source-Scanning Algorithm. Here we use the 

following slightly modiŬed brightness deŬnition: 
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(10) 

where Wi is a time window of the signal Ui multiplied by a hanning window: 

ὡ ὬὥὲὲὭὲὫȿὟ † ὮЎὸȿ  

(11) 

with j ҐмΣΧΣM. Even in this case the signals Ui have to be normalized such that, if all the largest 

amplitudes are aligned at the centre of the considered time windows, B is equal to 1. 

In Fig. 1.7 is shown the space distributions of both semblance and brightness values for the same 

event. Both the advantages and disadvantages 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 of the brightness distribution is the wide area characterized by high brightness values 

that does not allow locating the source precisely. 

The joint semblance-brightness distribution [Cannata et al., 2011a] overcomes the drawbacks of 

both the methods. Indeed, once 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 1, and the 

same weights are assigned to semblance and brightness. Then, the two normalized grids are 

ǎǳƳƳŜŘ ƴƻŘŜ ōȅ ƴƻŘŜΦ ¢ƘŜ ǎƻǳǊŎŜ ƛǎ Ŭƴŀƭƭȅ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ƴƻŘŜ ǿƘŜǊŜ ǘƘŜ ŘŜƭŀȅŜŘ ǎƛƎƴŀƭǎ ǎƘƻǿ 

the largest composite semblance brightness value. This joint method not only shows the high 

location resolution of the semblance method, but also, by the brightness function, strongly 

reduces the side lobes characterizing semblance locations [Jones and Johnson, 2010; Montalto et 

al., 2010]. 
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Figure 1.7. Example of semblance, brightness and semblance+brightness space distribution for an infrasound event generated by 

the eruptive Ŭssure. 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 long-lasting signal for which no method 

based on the inversion of the 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 the expected 

amplitude decay through the path source/station [e.g., Battaglia et al., 2005; Di Grazia et al., 2006; 

Patanè et al., 2008].  

Thus, according to these methods, the first step is the definition of a 3D grid, whose nodes are 

iteratively assumed coincident 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: 

ὃὪȟί ὃ Ὢί Ὡ  

(12) 

where f is the frequency, s the distance, b is the exponent, which takes values of 0.5 or 1 for the 

cases of surface and body waves, respectively, A0 the initial amplitude at frequency f, A the 

amplitude at frequency f and distance s, and h , the frequency dependent absorption coefficient, 

given by: 

‌
“Ὢ

ὗὧ
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(13) 

with c corresponding to the wave velocity and Q equal to the quality factor, indicating the loss of 

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

ρ

ὗ
ЎὉȾς“Ὁ 

(14) 

where E is equal ǘƻ ǘƘŜ ǇŜŀƪ ŜƴŜǊƎȅ ǊŜŀŎƘŜŘ ƛƴ ŜŀŎƘ ŎȅŎƭŜΣ ŀƴŘ ɲ9 ƛǎ ǘƘŜ ŜƴŜǊƎȅ ƭƻǎǎ ƛƴ ǎŀƳŜ ŎȅŎƭŜΦ 

The equation (12) can be linearized in the following form:  

ὰὲὃ ‌ί ὥ ὦὰὲί 

(15) 

where a (lnA0) and b are constant, Ai is the amplitude at the station ith, and si is the distance 

sourceςstation ith. The RMS value is used for quantifying the amplitude of the volcanic tremor. 

The location of the source is found by evaluating the goodness of the regression fit between the 

theoretical and the experimental amplitude (R2), as the amount of variance explained by the linear 

fit with respect to the total variance of logA(s) [Di Grazia et al., 2006]. Finally, the position of the 

source is found as the centroid of the 3D points whose R2 does not differ more than 1 % from the 

maximum R2. 

Even though the frequency dependent absorption coefficient does not affect excessively the 

source location [Battaglia et al., 2005], it must be estimated in order to apply the method. At Mt. 

Etna it was evaluated by systematically attributing different values to ,h and then searching for the 

best values achieved for R2. Thus, values comprised between 0 and 0.2 were obtained for  h

[Patané et al., 2008].  

 

1.3.2.3 LP events location  

 

LP events in this work were located by combining together two location methods above described: 

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 amplitude decay 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 different 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 methods have 

been applied: FFT analysis and Sompi method. 

1.3.3.1 FFT analysis and pseudospectrograms  

 

The most common way to perform a signal de-convolution into the frequency domain is the 

Fourier analysis. Indeed, signals characterized by periodicity can be projected into the 

mathematical base of the Fourier series, thus into a sum of sinusoidal components. However, this 

kind of mathematical process is not valid for not periodic signals, such as short-time lasting 

transient. Therefore, in order to achieve information about the weight of each frequency 

component in a given transient signal x, we need to apply the Fourier Transform, given by: 

ὢὪ ὼὸὩ Ὠὸ 

(16) 

with f frequency and t time, X(f) is the signal in the frequency domain while x(t) is the signal in the 

time domain, and i is equal to Ѝ ρ. The opposite mathematical operation is called Fourier anti-

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 defined Discrete 

Fourier Transform (DFT) and it is applied only to the portion of signal investigated.  

The fastest way to solve a Discrete Fourier Transform is by using the Fast Fourier Transform (FFT) 

algorithm [Cooley and Turkey, 1965]. The N point signal is divided in 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 

representations, particularly useful when dealing with big amount of data -for instance in order to 

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

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

example in Fig. 1.8) was made, thus it is worthy to spend some words about this. 

 

Figure 1.8: a) Normalized pseudospectrogram of the so called Mixed- Events (MX) recorded at the vertical component of IVCR 

station, at Volcano (Sicily). Each spectrum was calculated by averaging the spectra of the MX events occurring during 10-days 

long interval. The black rectangles, located inside the plot, show time intervals with no MX events. 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 autoregressive (AR) orders ranging 

between 4 and 60 (see section 1.3.3.2. for details) . From [Alparone et al., 2010]. 

 

Indeed, since for many volcanoes infrasound events are discrete transients lasting from a few 

seconds to tens of seconds and occurring tens of seconds to hours, and occasionally days, apart, 

the classic representations of FFT analysis (i.e. the spectrograms) would mainly be made up of 

noise spectra (mostly wind noise), that would hide the spectral features of infrasound events 

related to volcano activity. In light of this, in place of classic spectrograms, pseudospectrograms 

were drawn as follows. For each event a spectrum is calculated. Next, to maintain the temporal 

information, an averaging process of the spectra, falling in sliding 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 occurrence rate of infrasound events (long time interval). Each 

averaged spectra is gathered as column in a single matrix, arranged in temporal order. This matrix 

was visualised as a pseudospectrogram. Hence, in the x-axis the time is reported, the y-axis 

represents the frequency and the colour scale shows the spectral amplitude. In order to gather the 

most complete information, it is useful to produce pseudospectrograms using both normalized 

averaged spectra and the original spectra, as non-normalized spectra will be dominated by high-

amplitude phenomena that obscure the spectral content of low amplitude events. In the 

normalized pseudospectrogram the latter information is preserved, but, on the other hand, the 

information on the amplitude of observed phenomena is lost. It is noteworthy that 

pseudospectrograms, even if differently named, have been used several times in literature to 

ŀƴŀƭȅȊŜ ƎǊƻǳǇ ƻŦ άŘƛǎŎǊŜǘŜέ ǎŜƛǎƳƛŎ ŀƴŘ ŀŎƻǳǎǘƛŎ ǎƛƎƴŀƭǎ [e.g., Saccorotti et al., 2007; Molina et al., 

2008; Moran et al., 2008b; Di Grazia 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. Furthermore, 

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 frequency domain.  

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 de-convolved into a linear combination of a finite number of sinusoidal wave-elements. 

The latter are defined by two complex numbers, z ŀƴŘ ʰΣ ŘŜŦƛƴŜŘ ŀǎ όYǳƳŀȊŀǿŀ Ŝǘ ŀƭΦΣ мффлύΥ 

ᾀ ÅØÐ‎ Ὥ‫ 

(17) 

where are gz and ̟ z are respectively the real and imaginary part of the complex angular frequency, 

and: 

‌ ὃὩ   

(18) 

with Az ŀƴŘ ʻΣ ǊŜŀƭ ŀƳǇƭƛǘǳŘŜ ŀƴŘ ǇƘŀǎŜ ŀǘ ǘƘŜ ƻǊƛƎƛƴ ǘƛƳŜΦ ¢ƘŜ ƻǊŘƛƴŀǊȅ ŦǊŜǉǳŜƴŎȅ f and the 

growing rate g are defined as (Kumazawa et al., 1990): 
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while the quality faŎǘƻǊ ƛǎ ώhΩ/ƻƴƴŜƭƭ Ŝ .ǳŘƛŀƴǎƪȅΣ мфтуϐΥ 
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(21) 

where a smaller value 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]: 

ὼὸ ὃÅØÐ‎ὸÃÏÓ‫ὸ —   

(22) 

where m represents the number of wave-element 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 elements 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 the Fig. 1.9, an example of Sompi analysis in the bidimensional plane frequency - growth 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 Sompi analysis is given in 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 Kusatsu-Shirane and from 

Galeras, are analyzed below by Sompi method. Indeed, the two graphs below plot the complex frequency of individual wave 

element versus growth rate for all the performed autoregressive order (AR) trial (20 to 60). The solid lines represent couple of 

points with same value of Q. Dominant modes are highlighted by circles. Modified from Kumagai and Chouet (1999). 

 

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 of their frequency content. Nevertheless, much information 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, all the events 

are compared by using the following cross-correlation function: 

ὶ ὭȟὭ ὰ
В ὼ ὼӶώ ώ

В ὼ ὼӶ В ώ ώ
 

(23) 
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with xi ith sample of the signal x, yi-l is the (i-l)th sample of the signal y, n is the number of events 

to be compared, and the over-bar represents the mean value of the signal [Green, 2005]. The 

relative position of the two windows of signal is expressed by the lag l. A value of cross correlation 

coefficient ὶ  equal to 1 means that the signals are identical, whereas -1 stands for opposite 

signals, and 0 for total absence of correlation. Using this function, each event is cross-correlated 

with the other.  

Successively, a matrix, with size n x n, is realized by plotting the maximum correlation coefficient. 

For instance, a generic value mxy of the matrix represents the maximum correlation coefficient 

obtained for signals x and y, for different trial lags [Green and Neuberg, 2006].  

In order to detect families of events from the matrix, a coefficient threshold is established. A 

άƳŀǎǘŜǊ ŜǾŜƴǘέ ƛǎ ǎŜƭŜŎǘŜŘ ŀǎ ǘƘŜ ŜǾŜƴǘ ǿƛǘƘ ǘƘŜ ōƛƎƎŜǎǘ ƴǳƳōŜǊ ƻŦ ǘƘǊŜǎƘƻƭŘ ŜȄŎŜǎǎŜǎΦ Then, 

there are mainly two procedures to obtain individual families: 

¶ Bridging technique [e.g., Barani et al., 2007]: All the events with ὶ , in respect of the 

master event, over the threshold are grouped into the same family and removed from the 

dataset. Secondly, all the events with ὶ , in respect of the removed events, over 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. 

¶ Green and Neuberg method [Green and Neuberg, 2006]:  An average waveform is obtained 

by stacking all the events with ὶȟ in respect to the master event- over the threshold. Then 

the cross-correlation 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 useful 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. 

Sahetapy-Engel et al., 2008]. Estimations of elastic energies of acoustic and seismic wave field can 
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be useful in order to infer physical constraints about the eruptive mechanisms and to provide 

quantitative information about condition and intensity of the eruption [Johnson and Aster, 2005].  

Seismo-acoustic partition is computed from seismic 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 acoustic energy radiated into the atmosphere can be estimated by integrating in space 

and time, over an hemi-spherical surface, the energy density, which is proportional to the square 

ƻŦ ǘƘŜ ŜȄŎŜǎǎ ǇǊŜǎǎǳǊŜ ɲP [Johnson and Aster, 2005; Firstov and Kravchenko, 1996; Johnson, 2003; 

Vergniolle et al., 2004]: 

Ὁ
ς“ὶ

” ὧ
ЎὖὸὨὸ  

(24) 

with r distance source-ǎǘŀǘƛƻƴΣ ˊair and cair respectively air density and sound speed in the air. 

Equation (24) requires the assumptions of linear 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 when evaluating the radiated energy 

from the recorded signal. 

Seismic energy can be estimated through the following equation [Johnson and Aster, 2005; 

Boatwright, 1980]: 

Ὁ ς“ὶ” ὧ
ρ

ὃ
ὛὟὸὨὸ  

(25) 

whŜǊŜ ˊearth and cearth are respectively density and P wave velocity into the volcanic edifice, A is the 

attenuation due to intrinsic and scattering dissipation and S is the site response. Equation (25) 

assumes that the dominant wave field is made up of pure body 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., 2013; Karymsky and Erebus; Johnson and Aster, 2005]. Nevertheless, the application 

of the equation, require verifying them for the specific studied volcano. 

Finally, VASR is computed by [Johson and Aster, 2005]: 
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ὠὃὛὙ
Ὁ

Ὁ
 

(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 the 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 as intrinsic 

attenuation and scattering [Andronico et al., 2013]. 

 



 

29 
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2.1 Mt. Etna: an introduction  

 

2.1.1 Geographical and tectonic setting  

 

Mt. Etna is a Quaternary stratovolcano, characterized by Na-alkaline 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 (Apenninic-Maghrebian 

Orogen) -developed at the margin of the Africa promontory- and at termination of the Malta 

Escarpment fault, a Mesozoic discontinuity separating the continental crust of the Pelagian Block  

[Barreca et al., 2012; Burollet et al., 1978] from the oceanic crust of the Ionian See [Makris et al., 

1986; Monaco et al., 2005]. Such characteristic position reflects on the complexity of the structural 

elements affecting the volcano (see Fig. 2.1). Indeed, the eastern flank is characterized from the 

presence of a normal fault system, with direction SSW-NNE in the north-eastern sector of the 

volcano, and NNW-SSE toward south-east, 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 aŎŎƻƳǇŀƴƛŜŘ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜ ōȅ ǎǘŜŜǇ ǎƭƻǇŜǎ ŎŀƭƭŜŘ ά¢ƛƳǇŜέΣ ǿƛǘƘ [ŀǘŜ 

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 Tindari-Letojanni system, which marks the alignment of the islands Salina, Lipari and Vulcano 

[Ghisetti, 1979; Continisio et al., 1997; Lanzafame and Bousquet, 1997].  
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¶  

Figure 2.1: Geological sketch-map of the Mt. Etna region. Key: (1) Alluvial deposits ; (2) Late Wurmian alluvial fan; (3) 

Trifoglietto, Ancient and Recent Mongibello lava flows (80 ka to Present); (4) Ancient Alkaline Centres lava flows (180-100 ka); 

(5) Sub-alkaline lava flows (580-250 ka); (6) Middle-Upper Pleistocene foredeep sequences ; (7) Units of the Apenninic-

Maghrebian collisionbelt; (8) Hyblean Plateau sequences; (9) Front of the buried Gela Nappe; (10) Major thrust-ramp; (11) Strike-

ǎƭƛǇ ŦŀǳƭǘΤ όмнύ [ŀǘŜ vǳŀǘŜǊƴŀǊȅ ƴƻǊƳŀƭ Ŧŀǳƭǘ ƻŦ ǘƘŜ Ψ{ƛŎǳƭƻ-Calabrian Rift Zone ; (13) Plio-Pleistocene normal fault; (14) Dry and 

eruptive fissures; (15) Ms7 earthquakes 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 systems of Mt. Etna. It is located in the 

NE sector of the volcano edifice with strike E-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 dip-slip at the westernmost termination to the left-strike slip motion at the 

eastern one [Azzaro et al., 2001]. Jointly with the NNW-SSE Rift, it is believed to accommodate, on 

the summit area and on the NE rift, the extension, related to the regional tectonic contest, 

[Monaco et al., 1997; 2005]. Furthermore, together with the Mascalucia-Tremestieri-Trecastagni 

fault system ςcharacterized by strike NNW, right lateral movement and superficial seismicity- 

delimitates the boundaries of an unstable edifice sector, with movement toward ESE.  

Extensional 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, NNW-SSE, and N-S 

rifts. The former is an eruptive fissures network with strike 42-47°C and with dispersion axes 

comprised between 15-62°C [Branca et al., 2003]. The second rift is comprised between the South 

East Crater and the south-western rim of the Valle del Bove, and shows an overall geometry NNW-

SSE, implying a right-lateral component of motion [Monaco et al., 1997, 2005]. Finally, the N-S rift, 

in the southern slope of the volcano, consists of a series of N-S, to SSW-NNE striking fissures 

extending for a total length of 10 km. 

The first evidences of volcanic activity in the etnean area are dated 500-700 ka, and they are 

mainly tholeitic/transitional products, likely linked to fissural activity, emplaced in the pre-etnean 

Gulf (nowadays correspondent to emerged land). The successive phase was characterized by the 

presence of the so called ancient alkaline center (150-80 ka), which marked a sharp change in the 

eruptive style and in the composition of the volcanic products. Successively, activity focused in the 

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 walls. The stratigraphical sequence is 

according with a movement of the eruptive center  westward through time [Doglioni et al., 2001].  

However, since 35 ka, the activity has been persistently occurring at the eruptive center of 

Mongibello that accounts for one third of the total volume of Mt. Etna [Giacomelli and Pesaresi, 

2003]. The history of Mongibello is commonly split in two parts by the occurrence of a violent 

ŜǇƛǎƻŘŜΣ мп ƪŀΣ ǘƘŀǘ ƭŜŘ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ ŎŀƭŘŜǊŀΣ ƴŀƳŜŘ ά/ŀƭŘŜǊŀ ŘŜƭƭΩ9ƭƭƛǘǘƛŎƻέΦ {ǳŎƘ 

depression has been filled through time, and above it, a new central summit cone developed and 

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, 

respectively, Fig. 2.2). 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 [Patanè et al., 

2004]. VOR developed in the North-east sector of the summit chasm in 1945 and, successively, a 

new crateric depression, corresponding to new-born BN, formed and enlarged in the Central 

Crater. The NEC, instead, developed in 1911 as a pit depression decentred in respect of the Central 

Cone, and grew up in time reaching 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 cone. Furthermore, during 2011-2013 a large new 

ǇȅǊƻŎƭŀǎǘƛŎ ŎƻƴŜΣ ƴŀƳŜŘ άbŜǿ {ƻǳǘƘ 9ŀǎǘ /ǊŀǘŜǊέΣ ŦƻǊƳŜŘ ƻƴ ǎƻǳǘƘ-east flank of SEC [Patanè et 

al., 2013].  

 

CƛƎǳǊŜ нΦнΦ 5ƛƎƛǘŀƭ ŜƭŜǾŀǘƛƻƴ ƳƻŘŜƭ ƻŦ aǘΦ 9ǘƴŀ ǿƛǘƘ ǘƘŜ ŜǊǳǇǘƛǾŜ ŦƛǎǎǳǊŜ ƻǇŜƴŜŘ ƻƴ мо aŀȅ нллу όǘƘƛŎƪ ōƭŀŎƪ ƭƛƴŜ ά9CέύΦ ¢ƘŜ 

digital elevation model in the upper left corner shows the distribution of the four summit.  

 

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 Strombolian activity, 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., 2005]. 
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2.1.2 Recent volcanic activity  

 

During the August 2007 ς December 2009 different kinds of volcanic activity at Mt. Etna [INGV 

staff, 2007-2013] were observed, including quiet degassing, ash emission, Strombolian activity, fire 

fountain episodes and effusive activity. Therefore, it could be useful to clarify what is defined with 

each word adopted in this thesis. ¢ƘŜ ǘŜǊƳ άŦƛǊŜ ŦƻǳƴǘŀƛƴέΣ ŀ ǘȅǇƛŎŀƭ ŀŎǘƛǾƛǘȅ ƻŦ Iŀǿŀƛƛŀƴ-type 

eruptions, refers to an almost continuous to fully sustained vigorous magma jet [Alparone et al., 

2003] driving lava clots [Vergniolle et al., 1996] that can typically be tens to hundreds of metres in 

ƘŜƛƎƘǘ ώtŀǊŦƛǘǘΣ нллпϐΦ ¢ƘŜ ǘŜǊƳ ά{ǘǊƻƳōƻƭƛŀƴέ ƛǎ ǳǎŜŘ ƘŜǊŜ ǘƻ ǊŜŦŜǊ ǘƻ ŜǊǳǇǘƛƻƴǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ 

discrete explosions due to the breaking of overpressurized bubbles at the surface of the magma 

ŎƻƭǳƳƴ ώ±ŜǊƎƴƛƻƭƭŜ Ŝǘ ŀƭΦΣ мффсϐΦ CƛƴŀƭƭȅΣ ǘƘŜ ǘŜǊƳ άŀǎƘ ŜƳƛǎǎƛƻƴέ ƛƴŘƛŎŀǘŜǎ ƳƛƭŘ ŜȄǇƭƻǎƛǾŜ ŀŎǘƛǾƛǘȅ 

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 degassing, in July 2006 Mt. Etna interrupted the rest of the eruptive 

activity, which followed the 2004-2005 eruption, with Strombolian explosions both at SEC and 

NEC. It is noteworthy that this episode was the 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/Al2O3 versus FeOtot/MgO graph [INGV staff, 2007-2013]. Furthermore, 

temperature estimations obtained by the geo-thermometer based on the total composition of 

MgO into the glass [Pompilio et al., 1998] highlight the same temperature for the magma [INGV 

staff, 2007-2013]. Successively, the activity renewed on 31 August, and continued until October, 

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 

ŘǳǊŀǘƛƻƴ ŜǊǳǇǘƛǾŜ ŜǾŜƴǘǎ ŦǊƻƳ ŀ Ǉƛǘ ŎǊŀǘŜǊ ƻƴ ǘƘŜ ŜŀǎǘŜǊƴ {9/ ƅŀƴƪ ώbŀǇƻƭƛ Ŝǘ ŀƭΦΣ нллуΤ Aiuppa et 

al., 2010; Bonaccorso et al., 2011a]. Indeed before June four fire fountains occurred [29 March, 11 

and 29 April, and 6 May; INGV staff, 2007-2013]. ¢ƘŜȅ ǿŜǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŜȄǇƭƻǎƛǾŜ ǇƘŀǎŜǎ όŬǊŜ 

ŦƻǳƴǘŀƛƴƛƴƎ ŀƴŘ ǎǘǊƻƳōƻƭƛŀƴ ŀŎǘƛǾƛǘȅύΣ ŀǎƘ ŦŀƭƭǎΣ ŀƴŘ ƭŀǾŀ ƻǳǘǇǳǘ ŜƳǇƭŀŎƛƴƎ ŀƭƻƴƎ ǘƘŜ ŜŀǎǘŜǊƴ ƅŀƴƪ 

of the cone towards the Valle del Bove [e.g., INGV staff, 2007-2013; Patanè et al., 2008; 

Bonaccorso et al., 2011a]. 

Mild explosive activity resumed at SEC in mid-August 2007 [Aiuppa et al., 2010]. This explosive 

phase culminated on 4-5 September in one of the most powerful fire fountains 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, ~2-4 x 106 m3 [Andronico et al., 2008]. This fire fountain was followed on 23-24 November 

by a second fire fountain episode that lasted 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 13 May a new eruption took place from an eruptive fissure that opened east of the summit 

area. This eruption was characterized at the beginning by spectacular fire fountaining activity and 

during the following months by phases of variably intense lava flows and Strombolian activity 

[Bonaccorso et al., 2011a]. This eruptive phase ended on 6 July 2009. More and detailed 

information about the 2008-2009 eruption, which are necessary in order to interpret high 

precision location analyses performed, can be found in the section 2.3.1. 

In the evening of 6 November 2009, bright incandescence marked the birth of a new degassing 

vent (a few meters wide and deep) within the pit crater. The incandescence at the pit crater 

continued up to the end of February 2010, then resumed in the night between 16 and 17 March, 

when an almost continuous glow was again visible (INGV staff, 2007-2013). In the Ŭrst months of 

2010, the pit crater was characterized by discontinuous but intense output of whitish plumes, 

accompanied by profound rumbling from the pit, which were able to rise for tens to hundreds of 

meters before being dispersed laterally. The resumption in March of high-temperature degassing 

at SEC (signaled by visible incandescence during night hours) heralded the resumption of volcanic 

activity. Afterward, several 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 NEC. Three of these ash emission episodes are 

analyzed in details in the following pages. Therefore, a more precise description of their 

occurrence is given in section 2.4.1.  

The 2011-2013 time interval is characterized by recurrent paroxysmal activity at NSEC, often 

accompanied or alternated with explosive activity at BN and VOR. Indeed, on the first January 

нлмм ǘƘŜ ǊŜƴŜǿŀƭ ƻŦ ŀŎǘƛǾƛǘȅ ŀǘ ǘƘŜ άǇƛǘ ŎǊŀǘŜǊέ όƘŜǊŜŀŦǘŜǊ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ b{9/ύΣ ŎƭƻǎŜ ǘƻ ǘƘŜ {9/Σ 

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 June-Wǳƭȅ нлммΦ ¢ƘŜ άƭŜŀŘƛƴƎ 

ŀŎǘƻǊǎέ ƻŦ нлмн ǿŜǊŜ ǎǘƛƭƭ b{9/ ŀƴŘ .bΦ ¢ƘŜ ŦƻǊƳŜǊ ǿŀǎ ŎƘŀǊacterized by 7 paroxysmal episodes, 

similarly to 2011, until April, when 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 strombolian episodes. Since the end of January, NSEC started again his paroxysmal 

activity, producing up to 14 fire fountains (Fig. 2.3). 

 

 

Figure 2.3: Eruptive activity at the New South East Crater on February 28
th

, 2013. (Copyright, Marco Fulle; http:// 

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, Ripepe et al. [2001] performed a seismo-acoustic experiment in 1998 during 

Strombolian activity occurring contemporaneously at SEC, BN and VOR. They found that volcanic 

tremor at Voragine -at that time the main source of infrasound- was modulated according to the 

release of burst of infrasonic energy. 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. Consequently, the authors inferred a source linked 

to degassing and composed by the superposition of small point sources, occurring at 1-2 s rate and 

due to pressure flux instabilities. 

Another temporal experiment was performed in July-August 2001, during the ongoing flank 

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 [Gresta et al., 2004] were able to define the 

depth (below the pre-existing 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 explosive activity at the 2550 crater vent. 

Furthermore, during the same eruption, Vergniolle and Ripepe [2008] analyzed acoustic signals 

recorded in coincidence of Strombolian activity (4th July 2001) and explosive activity evolving 

toward fire fountain (12th 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 

estimated 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 elements temporary array was deployed at September-November 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 NEC (hereafter 

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 shift was 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. Consequently, they inferred the existence of a bifurcation in 

common feeding system, which allowed 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 di Geofisica 

e Vulcanologia (INGV), Osservatorio Etneo - Sezione di Catania (see also section 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 et al., 2009; Sciotto et al., 2011, 2013]. Until 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, from 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 2008ς2009 eruption a third infrasound source, coinciding with 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 sporadic episodes of mild ash emission in 2010 [Andronico et al., 

2013] and during episodic Strombolian activity in 2011-2013 [INGV staff, 2007-2013]. Finally, even 

the NSEC generated infrasound signals during 2011ς2013 [INGV staff, 2007-2013]. In February-

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

2013]. 

Several analyses have been performed on short-term recordings of Mt. Etna infrasonic events. 

According to them, the infrasonic signal at Mt. Etna is generally made up of 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 0.3ς6.0 Hz [e.g., Cannata et al., 2013; 

Sciotto et al., 2013]. Sometimes infrasonic tremor (a continuous infrasound signal lasting from 

minutes to days) is recorded and in association with both paroxysmal activities and degassing 

processes [e.g., Cannata et al., 2009a, 2013; Sciotto et al., 2011]  

Interestingly, it has been shown how distinct craters generate infrasound signals with different 

spectral features and duration [Cannata et al., 2009a,b, 2011a,b]: SEC and EF events have 

dominant frequencies above 2.5 Hz, impulsive compression onsets and short duration (~1 s), while 

NEC events generally 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 sinusoidal oscillations. 

Furthermore, in Sciotto et al. [2013], two frequency bands were identified for NEC events 

occurring during 12-13 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 continuously even during non-eruptive 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]. On the basis of their waveform and spectral 

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 September 2007 EPLC and EPDN were installed (Fig. 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 around 2 km, 1.2 km 

and 1 km, respectively. The infrasound sensors consist of Monacor MC-2005 condenser 

ƳƛŎǊƻǇƘƻƴŜǎΣ ǿƛǘƘ ŀ άǘƘŜƻǊŜǘƛŎŀƭέ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ул Ƴ±κtŀ ƛƴ ǘƘŜ мς20 Hz infrasound band. At the 

beginning of November 2009, a G.R.A.S. 40AN microphone was installed in place of the Monacor 

sensor at EBEL station. Successively, during 2010, six G.R.A.S. sensors have been deployed, as 

shown in the map. The G.R.A.S. sensor shows a flat response with sensitivity of 50 mV/Pa in the 

frequency range 0.3-20,000 Hz, and ±3 dB in the range 0.1-0.3 Hz. Since the Monacor microphones 

do not have flat response in the frequency range of interest (~0.3 - 6.0 Hz), laboratory experiments 

were performed on recording ambient noise at both Monacor and G.R.A.S. sensors. On the basis 

ƻŦ ǘƘŜ ǊŜǎǇƻƴǎŜ ƻŦ DΦwΦ!Φ{Φ ǎŜƴǎƻǊΣ ǘƘŜ άŜȄǇŜǊƛƳŜƴǘŀƭέ ǊŜǎǇƻƴǎŜ ŎǳǊǾŜ ƻŦ ǘƘŜ aƻƴŀŎƻǊ 

microphones was calculated to correct the amplitude values, spectra and pseudospectrograms 

(reported in the following pages).  
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Figure 2.4. a) Mt. Etna seismic network. The 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. stations, while dots 

represent Monacor stations. 

 

It is worth noting that from the replacement of the Monacor-sensors with the G.R.A.S. 

microphone a very low frequency peak (<0.5 Hz), accompanying the previously observed 

ŦǊŜǉǳŜƴŎȅ ŎƻƴǘŜƴǘ ƻŦ b9/ ŜǾŜƴǘǎ όҒм-2.3 Hz), was recorded. Before the installation of the new 

sensor, these frequency values were observed only prior to the lava fountain of 10 May 2008 and 

on 12-13 May 2008 before the onset of the 2008-2009 eruption [Di Grazia et al., 2009; Sciotto et 

al., 2013]. In both cases they were clearly recorded, although their frequency was not in the flat 

ƛƴǘŜǊǾŀƭ ƻŦ aƻƴŀŎƻǊΩǎ ǊŜǎǇƻƴǎŜ ŎǳǊǾŜΦ In order to discard the existence of instrumental artefacts 

on the detection of this signal, experimental tests were carried out on the G.R.A.S. microphone. A 

10 cm3 cylinder-piston device was coupled with a G.R.A.S. 40AN microphone, equipped with a 
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G.R.A.S. 26HG pre-amplifier, to ensure a flat (± 3 dB) 50 mV/Pa response curve (experimentally 

calculated for each sensor) in the range 0.1 ς 20,000 Hz. The simple experiment consisted of the 

instantaneous release of 10 cm3 of air in front of the microphone and recording the pre-amplifier 

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 impulsive input with no very low frequency 

peak, indicating that the observed low frequency peak at station EBEL was real and not an 

instrumental artefact (see Fig. 2.5).  

 

Figure 2.5: Waveform obtained from an experimental test of the Grass microphone. It can be noticed that low frequency tail is 

absent. 

 

This evidence, plus the observation that such low frequencies were recorded by the Monacor 

sensor for large-amplitude signals despite its non-flat response at these frequencies, suggests that 

such low frequency (<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 (Nanometrics) (Fig. 2.4a). Infrasound stations are 

located at the same place as some seismic stations (Fig. 2.4b).  

Seismic and infrasound signals are transmitted in real-time by radio link to the data acquisition 

center in Catania where they are acquired at a sampling rate of 100 Hz. Since August 2010, 

sampling rate 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. For such reason, 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 2007-December 

2009, 40,000 infrasound events were detected by using an STA/LTA algorithm, and analysed. 

Successively, three periods were chosen, considering their relevance for the ongoing volcanic 

activity and for coverage of seismic and infrasonic stations, that are: i) 14 August-15 September 

2007; ii) 20 November-8 December 2007; iii) 3-29 June 2008. On each period detailed analyses 

were performed. Finally, in order to further investigate the dynamics active at the Eruptive Fissure 

of 2008-2009, 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 pseudospectrograms.   

Furthermore, about 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 location analysis by joint 

semblance and brightness method [Cannata et al., 2011a]. The location of the infrasound source 

was estimated by a 2D grid searching procedure, using a 3 km × 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 sound of 340 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 1-2 stations).  
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2.2.1.3 Analysis of the seismic counterparts  

 

The joined analysis of seismic 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 coupling of the source with 

atmosphere/medium [Andronico et al., 2013]. Therefore, the 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 for arrivals 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 the co-respective infrasound events (Fig. 

2.6b). However, the seismic-infrasonic 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 events obviously decreased, 

but many false arrivals were avoided (Fig. 2.6a).  
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Figure. 2.6: Infrasonic arrival time delay in respect of seismic arrivals for the all the events with both infrasonic and seismic 

counterparts, by using threshold of a) 2.5 and b) 3 for the STA/LTA algorithm (ref. station: EBEL).  

 

If we consider Fig. 2.6a, 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 around 500 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 from EF or SEC, only a small 

percentage of them has seismic counterparts. Furthermore, those seismo-acoustic events are not 

homogeneously distributed along the dataset. Further analyses are required to acquire more 

insights on the processes dealing with the seismic emission for NEC events. 

It is noteworthy during May-June 2008 the decrease in the delay time, highlighted by both graphs 

in Fig. 2.6a,b (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 interpreted as a movement of the infrasound radiating source 

upward along the eruptive fissure. This evidence is extensively discussed, on the basis of the 

acoustic signal, in section. 2.3.3. 

Spectral and amplitude analyses have been carried out on the whole dataset, in order to detect 

the existence of 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 seismic-infrasound signals are representative of explosive activity (and then SEC/EF 

events), and a very few are recorded during non-eruptive 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 seismic counterpart occurence. 

 

2.2.1.4 Results 

 

Different infrasound sources can be recognised during August 2007 ς December 2009: SEC, EF and 

NEC (see Fig. 2.7, Fig. 2.8). As already observed in other eruptive episodes and mentioned in 

section 2.1.3, the first two 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 during non-

eruptive periods.  
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Figure 2.7: Digital elevation model of Mt. Etna summit with the source locations of the infrasound events, indicated by red 

circles, occurring during September 2007 ς December 2008 (top left panel), and during each of the three analysed periods (I 

Period: 15 August - 14 September 2007; II Period: 20 November ς 8 December 2007; III Period: 3 June ς 29 June 2008). The radii 

of the circles are proportional to the number of locations in each grid node (see white circles and numbers reported in the lower 

right corner of the maps). The sites of the four summit infrasound sensors are indicated with triangles. 
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Figure 2.8: Relation between source/vent location and frequency content of infrasound events. Coloured dots represent 

infrasound event locations plotted against their peak frequencies (reported in z-axis and color bar, too). Gray dots indicate the 

projection of the coloured dots on the x-y plane. 

 

In agreement with the previous studies (section 2.1.3), the frequency content of the SEC and EF 

events studied in this work mostly ranged from 2.5 to 5 Hz, while NEC events had frequencies 

below 2.5 Hz (Figs. 2.8, 2.9). 
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Figure 2.9: Infrasound events recorded by EBEL station and related spectra, performed on 10.24 (NEC event) and 5.12 s (SEC and 

EF events) time windows. The grey areas in the top plots show the signal windows used to calculate the spectra. 

 

Furthermore, in section 2.2.1.3 it was noted how most NEC events lacked any seismic counterpart 

or were accompanied by very weak seismic signals. 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 variations. Some examples of NEC event waveforms and spectra 

are shown in Fig. 2.10, to highlight their variability, as well as the common characters. The 

repeatability of the NEC waveforms is clearly evident from Fig. 2.11, where all the events gathered 

in interval of 6 consecutive hours (Fig. 2.11a, b, c and d) are overlapped. Finally, a clear example of 

steady spectral features a few-month-long period is shown in Fig. 2.12a, exhibiting the 

pseudospectogram during July-October 2008.  
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Figure 2.10: Infrasound events generated by NEC and recorded by EBEL station (the recording time is reported on the right of the 

plots) and corresponding spectra. The grey areas show the signal windows used to calculate the spectra. The event in (m) was 

recorded with broadband microphone (G.R.A.S. 40 AN). 
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Figure 2.11: Superimposed traces of infrasonic events, recorded at EBEL station, taking place during 27 September 2008 at 00:00 

ς 06:00 (a), 06:00 ς 12:00 (b), 12:00 ς 18:00 (c) and 18:00 ς 24:00 (d). 

 

The NEC event changes mostly coincided with variations in the activity at SEC or EF. One of the 

most evident spectral content variations of the NEC events took place during the 2008-2009 

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 characterised by two 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 signal (Fig. 2.12). At the end 

of the eruption (6 July 2009), the 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 end of the 

analysed time interval), confirming that such low frequency peaks of NEC events were somehow 

related to the eruption at EF (Fig. 2.12b).  
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Figure 2.12: (a) Normalised pseudospectrogram of the infrasound events occurring at Mt. Etna during 1 July - 20 October 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 2008-2009 eruption. Black arrow in (b) highlights the post-

eruption frequency increase. Please note that white stripes in (a-b) take 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 resolution (~0.2 

Hz) cannot be detected in these plots. 

 

The evolution in time of the spectral features of infrasound events during three short periods is 

shown in Figs. 2.13, 2.14 and 2.15: i) 15 August ς 14 September 2007; ii) 20 November ς 8 

December 2007; iii) 3-29 June 2008.  

The first period was characterised by explosive activity at SEC, consisting of ash emission and 

Strombolian activity, culminating in an episode of fire fountaining on 4-5 September (Fig. 2.13b). 

In the normalized pseudospectrogram of Fig. 2.13e such activity 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 fountaining is due to the powerful infrasound tremor accompanying this 

eruptive activity preventing the detection of individual events, as also observed during the SEC fire 
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fountaining on 10 May 2008 and during the very first days of the 2008-2009 eruption [Cannata 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 1.5-2.4 Hz band at mid-August (before both Strombolian activity and 

fire fountaining), whereas the events were mostly monochromatic with a frequency peak of ~1.2 

Hz after the fire fountaining (Fig. 2.13e, f), with these peaks remaining invariant throughout the 

end of the first period .An increase in the duration of the NEC events is clearly highlighted by the 

waveform examples shown in Fig. 2.13a. Furthermore, slightly lower average peak-to-peak 

amplitude of the NEC events was observed in the ten days after the fire fountain compared to the 

values during the few days preceding it (Fig. 2.13g).  
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Figure 2.13: (a) Waveforms of two NEC infrasound events and a SEC infrasound event recorded by EBEL station during period I 

(15 August - 14 September 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 located during the 

first period. (e) Normalised pseudospectrogram, (f) pseudospectrogram, (g) peak-to-peak amplitude of the infrasound events 

occurring at Mt. Etna during period I and recorded by EBEL station. Triangles at top of (b) indicate the time of occurrence of the 

events shown in (a). In (e) and (f) grey rectangles represent periods of partial or complete lack of triggered events for bad 

weather conditions/station malfunctioning. In (e) and (f) black rectangles show periods of partial or complete lack of triggered 

events because of infrasonic tremor. White rectangles in (e) and (f) indicate periods when the pseudospectrograms could not be 

calculated because of the small number of triggered events even in good signal to noise ratio conditions. 
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The second period was characterised by a fire fountain occurring at SEC on 23-24 November 2007, 

which was preceded by some hours of Strombolian activity (Fig. 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 frequency peak of NEC events changed from ~2 

Hz to 1.0-1.2 Hz at the end of the eruptive activity (Fig. 2.14e,f). Concerning the peak-to-peak 

amplitude, although during the 5 days following the fire fountain (strongly affected by bad 

weather conditions preventing detecting infrasound events clearly) very low amplitude events 

were recorded, no significant variations were observed (Fig. 2.14g). 
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Figure 2.14: (a) Waveforms of two NEC infrasound events and a SEC infrasound event recorded by EBEL station during period II 

(20 November ς 8 December 2007). (b) Sketch of the volcanic activity of Mt. Etna at SEC during period I I(1: ash emission; 2: 

Strombolian activity; 3: effusive activity; 4: fire fountain). (c) Longitude and (d) latitude of infrasound events located during the 

second period. (e) Normalised pseudospectrogram, (f) pseudospectrogram (g) peak-to-peak amplitude of the infrasound events 

occurring at Mt. Etna during period II and recorded by EBEL station. Other symbols as in Figure 2.13. 
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Finally, the third period (3-29 June 2008) belongs to the 2008-2009 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 place at that time (Fig. 2.15a). In particular, intense Strombolian 

activity took place from 8 to 21 June 2008. The infrasound events radiated by EF during the 

Strombolian activity showed frequencies above 2.5 Hz (Fig. 2.15e). NEC infrasound events were 

characterised by two sharp frequency peaks at ~1 and 2 Hz before this activity, and by three peaks 

at ~0.8, 1.5 and 2.2 Hz after (Figs. 2.15e,f). The peak-to-peak amplitude values of the NEC events 

slightly decreased after the Strombolian activity at EF (Fig. 2.15g). 

It is noteworthy that all the observation that were done in the present thesis by using the 

pseudospectrograms of Fig. 2.13, 2.14 and 2.15 are fully confirmed by the pseudospectrograms, 

drawn without any averaging process, (see Fig. 2.16) demonstrating that averaging process, 

provided the choose of the proper time window for the average process, is not affecting at all the 

analysis of the datum. 
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Figure 2.15: (a) Waveforms of two NEC infrasound events and an EF infrasound event recorded by EBEL station during period III 

(3 June ς 29 June 2008). (b) Sketch of the volcanic activity of Mt. Etna at EF during period III(1: ash emission; 2: Strombolian 

activity; 3: effusive activity; 4: fire fountain). (c) Longitude and (d) latitude of infrasound events located during the third period. 

(e) Normalised pseudospectrogram, (f) pseudospectrogram (g) peak-to-peak amplitude of the infrasound events occurring at Mt. 

Etna during period III and recorded by EBEL station. Other symbols as in Figure 2.13.  
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Figure 2.16: Pseudospectrograms gathering the spectra of the infrasound events taking place during 15 August ς 14 September 

2007 (a), 20 November ς 8 December 2007 (b) and 3ς 29 June 2008 (c). Unlike the pseudospectrograms in Figures 2.13-2.15, 

these do not involve averaging process and then show in the x-axis the number of spectrum in place of the time. The yellow bars 

at top of the plots indicate the time intervals characterised by Strombolian activity and/or fire fountain at SEC (a,b) and EF (c). 
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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 2.1.3 some 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 (0.4ς0.7 Hz and 1.5ς2.0 Hz) in NEC events recorded some hours before the onset of 

the 2008-2009 eruption. Contemporaneously, as described in details in section 2.2.1.4, similar 

observations were done in the dataset used for this work, since the replacement 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, together with 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 the 12-13 May 

2008 dataset is fully described in Sciotto et al. [2013]. Here a short description of the model, 

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], exclusively in the higher frequency band 

(1.5-2.0 Hz). Consequently, is reasonable to assume that sound emission is related to phenomena 

of standing wave-resonance in the conduit. Degassing processes at the free magma surface inside 

the NEC conduit are likely to excite these resonance phenomena. There 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 assumed to be 

cylindrical. Indeed, radial resonance modes are negligible for wavelength much longer than the 

radius of the conduit (see also section 1.2.5). The shallow portion of the conduit, directly 

connected with the atmosphere, is believed to correspond to such cylindrical resonator. In 

particular, according to the observations of the present work, only integer harmonics are present, 

therefore the resonating part must correspond to an open-open or either closed-closed resonating 

system (see section 1.2.5). The lowest termination 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, Fee 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 cross-section restriction at the base of the funnel shaped crater, 

below the termination of NEC funnel shaped crater, as clearly recognizable 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 the 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 gas-mixture. The fundamental frequency of resonance is given by equation (2). 

However, the upwards-narrowing 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 infrasound. Equation (3) indicates the relation between the observed frequency of 

radiated sound and the geometry of the Helmholtz resonator. Therefore, the high frequency peak 

(1.5-2.0 Hz) of the NEC infrasound events investigated by Sciotto et al. [2013] was interpreted as 

resulting from pipe resonance, while the low frequency peak (0.4-0.7 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 equation (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 (2) and (3) from the spectral observations [Sciotto et al, 2013]. A whole range of acoustic 

velocity (400-750 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 25 and 45 m, 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 through the narrowing was computed by using the transmission 

and reflection coefficients [Raichel, 2006].  

As clearly visible in Fig. 2.17, in the frequency band of interest for this work, assuming a conduit 

radius of 25 or 45 m, good level of acoustic energy transmission through the narrowing is 

observed. Nevertheless, the transmitted energy decreases for higher frequencies. It is noteworthy 

that, according to Fig. 2.17, assuming that the resonance is triggered from the bursting of a slug at 

the free magma surface, the 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. 

 

 

Figure 2.17: Frequency dependence of power transmission (Tp blue lines) and reflection (Rp red 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 al., 2013). 

 

Finally and interestingly, it should be noticed that a similar example of double resonance exists 

ŀƭǊŜŀŘȅ ƛƴ ƴŀǘǳǊŜΣ ƛƴ ǘƘŜ ƘǳƳŀƴ ǾƻŎŀƭ ǎȅǎǘŜƳΦ LƴŘŜŜŘΣ ǿƘŜƴ ǇǊƻƴƻǳƴŎƛƴƎ ǘƘŜ ǾƻǿŜƭ άƛέΣ the jaw 

and the tongue body are raised, creating a narrow front cavity, and the tongue body is moved 

forward, enlarging the back cavity [e.g. Diehl, 2008]. Therefore, the front cavity resonates as an 

open-closed pipe whereas the back cavity is contemporaneously resonating as a closed-closed 

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

ŦƛŜƭŘ ǇǊƻŘǳŎŜŘ ŦǊƻƳ ǘƘŜǎŜ ǎƻǳǊŎŜǎ ƎƛǾŜǎ ǘƘŜ ǾƻǿŜƭ άƛέΦ 
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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 network were 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 

source of 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 spectral features 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 the NEC infrasound 

that until now was only investigated 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 year-long time periods? 

2. How systematic (or vice versa sporadic) are the spectral changes of the NEC events time-related 

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 2007-2009?  

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 in the main 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 instance July-October 2008 in 

Fig. 2.12a), with slow or sudden variations. The steadiness 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 [Erdem and 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 important eruptive 

episodes taking place during the analyzed time interval were accompanied by sudden variations of 

NEC events: the infrasonic NEC changes during the 4-5 September and 23-24 November 2007 fire 

fountains at SEC are documented here; during the 10 May 2008 fire fountain at SEC and the onset 

of the 2008-2009 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 during the entire 2008-2009 eruption (considered as a single episode) here, too 

(Table 2.1).  

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 decreases, respectively 

[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 2006-2009 (Table 

2.1, documented both in this thesis and in previous 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 2008-2009 eruption) the eruptive episodes, or vice versa their increase 

right before (it was clearly noted once, before the 2008-2009 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 considered vents (NEC, 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 2008-2009 eruption on 13 May for EF-NEC connection, or the 16 

November 2006 episode for SEC-NEC), but rather it is stable even considering a relatively years-

long time interval. The relationships among summit craters at Mt. Etna have also been studied on 

the basis of volcanological and geochemical information. Corsaro and Pompilio [2004] made an 

integrated study of compositional, volcanological and geophysical data, and found that during 

1995-1999 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 specified in section 2.1.2, Corsaro and Miraglia [INGV 

staff, 2007-2013], analyzing the similarity in major element compositions 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 2008-2009, analysis of the 

composition of the main gases from NEC and VOR-BN volcanic plumes suggested that NEC 



Chapter 2 

64 
 

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, it could be useful to briefly recall NEC event features and source model, fully described in 

sections 2.2.1.4 and 2.2.2. NEC events, analyzed in this thesis, are characterized by two frequency 

bands: <0.5 Hz (see Fig. 2.10m,n) and 0.8-2.3 Hz (see Fig. 2.10a-n), both consisting of decaying 

sinusoids, with the highest frequency peak showing integer harmonics [see Figs. 2.10g,h,k,l and 

2.15e,f]. According to the double resonator model, the lower frequency band is due to Helmholtz 

resonance of the volume of conduit comprised between the free magma surface and 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 analyses confirm the validity of the 

model in a much longer period, and, consequently, the double source mechanism previously 

described is inferred to generate NEC events during the entire interval investigated in this work. 

Therefore, on the basis of such a model, the spectral content variations time-related to the 

eruptive activity, that in this thesis involved the NEC higher frequency band, could be related to an 

increase in the length of the resonator and/or decrease in the acoustic waves velocity, according 

to the equation (2). 

Fig. 2.18 displays the values of the frequency for different values of conduit length and acoustic 

waves velocity. In particular, since infrasound waves propagating in a hot gas mixture 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 propagate. In this 

thesis the limits of the range of possible values of acoustic velocity were chosen as follow: the 

sound velocity in air at 20°C was considered as the lower limit for c (340 m/s), whereas the value 

of 750 m/s as upper one, according to Sciotto et al. [2013], wherein it was calculated on the basis 

of the composition of NEC plume measured from La Spina et al. [2010] 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 frequencies before and after eruptive activity, corresponding respectively to values of 2 and 

1.2 Hz during the first-second periods (a), 1 and 0.8 Hz during the third period (b). 

 

Focusing on the relationships between acoustic velocity and gas composition, in a pure gas 

mixture with H2O, acoustic velocity decreases with the increasing content of SO2 (or CO2). Indeed, 

for a H2O rich gas mixture at 800 °K, adding 50% in weight of SO2 (or CO2), acoustic velocity 

decreases from 695 m/s to 560 and 550 m/s, respectively [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 pure H2O 

gas at 1600 °K). On the basis of these studies, a decrease in the acoustic wave velocity would imply 

an increase of SO2 (or CO2) in the gas mixture filling the conduit. On the other hand, fixing the 

acoustic velocity at 500-600 m/s, the decrease in the dominant frequency leads us, by using 

equation (2), to infer a lengthening of the resonating conduit from 125-150 m to about 200-250 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 250-300 m to about 310-380 m (Table 2.1).  

Between the two described possibilities, namely changes in acoustic wave velocity or in 

geometrical resonance properties of the conduit, the latter is more reasonable for the following 

reasons. First, neglecting the frequency component < 0.5 Hz, the lowest frequency values at NEC 

(0.8-1.0 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 the 2008-2009 

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. 2.19b).  

 

Figure 2.19.:(a) Mt. Etna sketch section showing the drop in the magma level inside the NEC conduit due to the pressure 

decrease in the magma chamber, taking place after the fire fountains of 4-5 September and 23-24 November. (b) Mt. Etna sketch 

section showing the drop in the magma level inside the NEC conduit due 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 the third 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 the CO2/SO2 

ratio values reported by Aiuppa et al. [2010], suggests that the spectral variations 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 plumbing system, giving rise to the observed infrasound 

spectral feature changes, is also reasonable after the fire fountainings taking place during 4-5 

September and 23-24 November 2007 (periods I and II, respectively). Further support for this 

inference comes from 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 consider a simple 

plumbing system composed of a magma chamber connected to a vertical open-conduit, in 

equilibrium conditions the pressure inside the chamber must be balanced by the magmastatic 

pressure of the conduit [e.g., Witham and Llewellin, 2006]. Therefore, a pressure 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 conduit (Fig. 2.19). In the light of these evidences, the 
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answer to the third issue is: the observations made in this work strengthen the interpretations of 

the NEC infrasound changes, time-related to eruptive activity, in agreement with the double 

resonance model and those given in previous studies [especially Sciotto et al., 2013]. In any case, 

only multidisciplinary 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 
phenomena 

Frequency 
variation 

Inferred conduit  
length variation 

(c = 575 m/s) 

Inferred 
magmastatic 

pressure variation 
(magma density = 

700 to 2700 kg/m
3
) 

Reference 

16 Nov 2006 Strombolian 
activity 

1.2 Ą 1.0 Hz ~50 m -0.3 to -1.3 MPa Sciotto et al., 2011 

4 - 5 Sep 2007 Lava fountain 2.0 Ą 1.2 Hz ~100 m -0.7 to -2.6 MPa Present work 

23 - 24 Nov 
2007 

Lava fountain 2.0 Ą 1.2 Hz ~100 m -0.7 to -2.6 MPa Present work 

10 May 2008 Lava fountain 2.0 Ą 1.2 Hz ~100 m -0.7 to -2.6 MPa Di Grazia et al., 
2009 

13 May 2008 2008-2009 
eruption onset 

0.4 Ą 0.7 Hz ~-200 to -400 m 1.5 to 11.0 MPa Sciotto et al., 2013 

8 - 21 Jun 2008 Strombolian 
activity 

1.0 Ą 0.8 Hz ~70 m - 0.4 to -1.9 MPa Present work 

Table 2.1. Documented episodes of explosive activity at SEC and EF, accompanied by changes of NEC event 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 variations correspond 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 geometrical interpretation has important implications concerning the pressure changes 

over time inside the plumbing system. Indeed, the fragmentation level drop was estimated 

roughly equal to ~ 60-100 m in all the three considered episodes (Figs. 2.13, 2.14, 2.15). Assuming 

a constant value of magma density inside the conduit in the range 700-2700 kg/m3 [gas-magma 

foam and bubble-free magma, respectively; e.g., Pinkerton et al., 2002], the pressure decrease 

inside the plumbing system, consequent to the drop of the magmastatic pressure, of ~0.4-2.6 MPa 

(Table 2.1), 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 has to be taken into account. 

Finally, it is worthy to briefly focus on the slight amplitude decreases of NEC events, observed 

during episodes I and III (Figs. 2.13, 2.15), after the end of SEC fire fountain and EF Strombolian 

phase, respectively. The resonance 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, 

could 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] or the massive 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 with the 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 waves 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 considerations 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 main 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 the end of the 

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 eruptive vents 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 Vulcanologia, 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 2007ς2008 activity culminated in a proper explosive-effusive 

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

ŀǊŜ Da¢ύ ǿƛǘƘ ƭƻŎŀǘƛƻƴǎ ōŜǘǿŜŜƴ ҍмΦр ŀƴŘ мΦр ƪƳ ŀΦǎΦƭΦ ώ/ŀƴƴŀǘŀ Ŝǘ ŀƭΦΣ нллфōϐΣ ŀƴŘ ǇǊƻƴƻǳƴŎŜŘ 

ground deformation marking the rising of a shallow dike [Aloisi et al., 2009; Di Grazia et al., 2009; 

Bonaccorso et al., 20ммŀϐΦ ¢Ƙƛǎ ƛƴǘŜǊǎŜŎǘŜŘ ǘƘŜ ǎǳǊŦŀŎŜ ƻǇŜƴƛƴƎ ŀǘ ŬǊǎǘ όŦǊƻƳ лфΥол ǘƻ ммΥллύ ŀ b²-

SE-ǘǊŜƴŘƛƴƎ ŜǊǳǇǘƛǾŜ ŬǎǎǳǊŜ ώϤоллл Ƴ ŀΦǎΦƭΦΤ LbD±-staff, 2007-2013], which fed lava fountaining 

ŀƴŘ ƭŀǾŀ ƅƻǿǎ ώ!ƭƻƛǎƛ Ŝǘ ŀƭΦΣ нллфϐΦ ¢ƘŜƴ ŀŦǘŜǊ ммΥллΣ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŜŀǊǘƘǉǳŀƪŜǎ ŀbruptly declined 

ŀƴŘ ǘƘŜ ǊǳǇǘǳǊŜ ŘƛǊŜŎǘƛƻƴ ƳƻǾŜŘ Řƻǿƴ ǘƻ ǘƘŜ 9{9Σ ǘƻǿŀǊŘǎ ǘƘŜ ǾƻƭŎŀƴƻ ǳǇǇŜǊ ŜŀǎǘŜǊƴ ƅŀƴƪ 

ōŜǘǿŜŜƴ Ϥнфлл ŀƴŘ нсрл Ƴ ŀΦǎΦƭΦ ώ.ƻƴŀŎŎƻǊǎƻ Ŝǘ ŀƭΦΣ нлммŀϐΦ ¢Ƙƛǎ ǎŜƎƳŜƴǘ ƻŦ ǘƘŜ ŜǊǳǇǘƛǾŜ ŬǎǎǳǊŜ 

produced lava fountains, strombolian activity and lava ƅƻǿǎ ŦǊƻƳ ǳǇ ǘƻ ŬǾŜ ǾŜƴǘǎ ŘǳǊƛƴƎ ǘƘŜ ŬǊǎǘ 

days following the onset [Fig. 2.20; 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 13 May 2008 

eruptive Ŭssure (red line) and the area covered by the 2008ς2009 lava ƅow Ŭeld (orange area; INGV-staff 2007-2013). (b) Digital 

elevation model of the summit area (VOR: Voragine; BN: Bocca Nuova; SEC: South-East Crater; NEC: North-East Crater). (c) 

Eruptive Ŭssure with the locations of V1, V2, V3 (see Section 2.3.3 for details). VdB in (a) is the Valle del Bove. 

 

Here along the eruptive event, explosive activity ƅuctuated between ash emissions and 

strombolian explosions, commonly from the upper part of the Ŭssure and strombolian activity and 

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


































































































































































