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Abstract

The seismicity at Mt. Vesuvius has been characterized in recent decades by low magnitude local
earthquakes (Mp < 3.0) While shallow volcano-tectonic (VT) events at Mt. Vesuvius are well-
documented, the detection of low-frequency (LF) events at greater depths is a recent study. Previous
seismic source studies have focused primarily on VT events, revealing a diverse range of focal
mechanisms. The present PhD thesis aims to provide a robust and detailed study of the
microseismicity of Mt. Vesuvius (southern Italy) focusing on low frequency seismic events that
occurred during the period 2012-2021. Due to the large number of issues in the volcanic area under
consideration, an innovative approach based on an automatic procedure to detect these signals hidden
in the background noise is proposed. The detection methodology is based on the computation of two
spectral parameters, the central frequency Q and the shape factor 6, at selected sites, and on the
coherence of the seismic signals. The procedure shows that the low-frequency activity of Mt.
Vesuvius occurs more frequently than previously supposed. Subsequently, the seismic source of LF
seismic events is characterized by implementing a specific inversion approach that integrates
seismogram fitting in the time domain and amplitude spectrum fitting in the frequency domain within
a Bayesian statistical framework. A strong heterogeneity of LF signals is found which is attributed to

both complex source processes and wave propagation in a strongly heterogeneous medium.
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Introduction

Understanding the processes responsible for seismic activity and their characteristics in volcanic
environments is a primary goal in the field of volcano seismology. In particular, the detection and
subsequent characterization of the different types of seismic events recorded at volcanoes play a
crucial role in the understanding of the volcanic plumbing system and its dynamics (Neuberg et al.,
2000). Seismic signals observed in volcanic regions exhibit a wide range of attributes due to the
diverse sources of these signals and the complex wave propagation in heterogeneous geological
media. These sources can be categorized as internal and external. Internal sources produce a variety
of seismic events, such as volcano-tectonic (VT) earthquakes, low-frequency (LF) earthquakes and
volcanic tremor. In particular, VT events are assumed to be generated by rock fracturing and shear
faulting, while LF signals and volcanic tremor are due to magmatic and hydrothermal activity in
volcanic areas (Chouet, 1996). Conversely, external sources give rise to phenomena such as
landslides, rockfalls, thunders and other atmospheric disturbances. Additionally, artificial sources,
including quarry blasts and human activities, often generate transient seismic signals that are detected
by monitoring seismic networks. The main tasks of a volcanological observatory are the detection of
seismic events, the distinction between natural and artificial sources and the classification of these
events according to the recorded waveforms. This is particularly important for dormant volcanoes,
where seismicity may be weak and sporadic, for volcanoes in alert state, where any changes in the
seismicity features may reveal the evolution of the volcanic system, and for densely populated areas,

where transient seismic signals of anthropogenic origin may be confused with natural seismic events
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and vice versa (Galluzzo et al., 2022).

The detection of seismic events by automatic or semi-automatic techniques in active volcanic
regions is a major challenge and is essential for a more detailed understanding of volcanic dynamics.
Recent years have seen a significant increase in the number and performance of signal detection
methodologies. This growth has been driven by the availability of large data sets that cannot be
processed by simple visual inspection of signal waveforms. Therefore, substantial efforts have been
made to develop highly sensitive detection algorithms. Methodologies based on spectral energy in a
specific frequency band and STA/LTA filter (Lin et al., 2020), wavelet analysis (Zhang et al., 2003),
signal cross-correlation techniques (Zhao et al., 2021) and neural networks (Falsaperla et al., 1996;
Esposito et al., 2006) are the most notable cases. Over the last 20 years, the use of high-dynamic
instrumentation, broadband sensors and seismic arrays for surveillance, monitoring and research
purposes has enabled the collection of high-quality data appropriate for automatic analysis. This has
facilitated the development of effective machine-learning techniques for the analysis and
classification of seismic signals recorded in active volcanic areas. In particular, for the seismic signals
recorded at the Mt. Vesuvius volcanic district (southern Italy), which represents the study area of the
present PhD project, Scarpetta et al. (2005) presented an automatic classification of the collected
seismic signals using neural networks. Their approach included a novel method for feature extraction
that combined waveform parameterization in the time domain with a linear prediction coding (LPC)
algorithm to provide a compressed and robust data representation in the frequency domain.
Subsequently, Esposito et al. (2013) proposed an approach based on an unsupervised neural network
for the detection and classification of seismic records at the same volcano. More recently, other
researchers have employed statistical moments in the frequency domain to characterize the seismicity
of Mt. Vesuvius, as documented by Galluzzo et al. (2020).

Volcano seismicity at Mt. Vesuvius has been studied in several previous works focusing on VT

events during specific time intervals (Bianco et al., 1998; D'Auria et al., 2014; Cusano et al., 2022).
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In addition, recent research has identified deep low-frequency seismic events in the Vesuvius region
(La Rocca and Galluzzo, 2016; Galluzzo et al., 2020; Galluzzo et al., 2022), although the underlying
seismogenic processes remain poorly understood. Indeed, the study of seismic activity at Mt.
Vesuvius remains challenging due to the relatively low magnitude of the earthquakes, the noisy
recording environment, the complexity of the seismic signals, and the seismic monitoring system,
which, although greatly improved over time, still sometimes provides limited azimuthal coverage
(Manzo et al., 2024). The methodologies used in the past to analyse the source mechanisms of the
Mt. Vesuvius seismicity are mainly based on the polarities of direct seismic phases (P and S phases)
(Bianco et al., 1998; D’ Auria et al. 2014; Cusano et al., 2022). These approaches sometimes preclude
the analysis of low magnitude earthquakes with emergent onset and low signal-to-noise ratio,
characteristics of the deep low-frequency signals recorded at Mt. Vesuvius.

In summary, the detection and understanding of the origin of the low-frequency signals
observed at active volcanoes (LF events and volcanic tremor) is of fundamental importance because
this type of seismicity often precedes eruptions and can thus be an indicator for the assessment of the
potential eruption of a volcano (Chouet, 2003).

The main objective of this PhD thesis is therefore to overcome the above-mentioned modelling
challenges by developing an effective tool to detect this type of seismic signals and to characterize
the seismic sources that generate them. In particular, the proposed tool is based on a specific inversion
approach that combines a robust probabilistic seismic source inversion scheme, a careful data quality
assessment and a specific data quality-driven waveform-based inversion setup. The final goal of the
research is to analyse the microseismicity at Mt. Vesuvius with a special focus on the low-frequency
(LF) signals.

The thesis consists of five Chapters and is organized as follows. The first Chapter discusses the
current state of art of the geological and volcanological background of Mt. Vesuvius and its historical

seismicity. The seismic dataset and a general overview of the different types of waveforms occurring
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at Vesuvius are presented in Chapter 2. The third Chapter focuses on the proposed
multimethodological approach to the study of LF seismic events, which is presented as two phases:
Phase I for the detection of LF signals and Phase II for their characterization in terms of source
analysis. Chapter 4 shows the results of the proposed approach applied to the seismic signals recorded
at Mt. Vesuvius, which are then discussed in Chapter 5. Conclusions and future research perspectives

conclude the thesis.
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CHAPTER 1

The seismicity in volcanic areas and the case study of Mt. Vesuvius

(southern Italy)

Chapter 1 has been omitted from the text as it is in submission phase.
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CHAPTER 2

Seismic dataset at Mt. Vesuvius

Par 2.1 has been omitted from the text as it is in submission phase.
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2.2 The seismic waveforms recorded at Mt. Vesuvius

As mentioned in Section 1.2.1, Mt. Vesuvius is characterized by seismic signals whose waveforms

can be of different types.

Landslides

Among the signals recorded by the Mt. Vesuvius seismic network, landslides are very common (Orazi
et al., 2013). They are usually related to small rockfalls inside the Mt. Vesuvius crater (Esposito et
al., 2013). The seismic stations at the summit of the volcano’s crater play a crucial role in the detection
and identification of these events. A major landslide sequence occurred on June 4-5, 2009, when the
Mt. Vesuvius seismic network recorded at least 15 signals associated with landslides. The larger of
these was recorded at 04:41 UTC on June 5, 2009, and its source was located on the inner wall of the
Gran Cono crater. Subsequent on-site inspections linked this event to a collapse affecting an area of
50%x170 m? inside the Gran Cono. The left side of Fig. 2.2 shows the primary landslide event of June
5 recorded by the VCRE broadband station. The right side of Fig. 2.2 shows the 1 Hz low pass filtered
signal. In particular, the vertical component signal is characterized by a distinct downward pulse,
probably due to the downward single force component linked to the impact of the landslide mass with
the ground (Deparis et al., 2008). The availability of broadband recordings for these events could

allow their quantification by seismological techniques.
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Figure 2.2 Left panels show raw waveforms of the landslide recorded by the VCRE station on June 5, 2009,
at 04:04 UTC. Right panels show filtered (low pass — 1 Hz) waveforms of the landslide (modified from Orazi

et al., 2013).

LF and VT earthquakes

The first LF event detected at Mt. Vesuvius occurred in July 2003 (Fig. 2.3a). It was a quasi-

monochromatic earthquake characterized by a main spectral peak in the 3-4 Hz frequency band (Fig.

2.3b) and emergent onsets. Further investigation, including array and polarization analysis, confirmed

this low-frequency nature. Subsequent studies (La Rocca and Galluzzo, 2016) identified several

earthquakes that occurred between 2012 and 2016 and were classified as deep LF earthquakes,

possibly related to brittle ruptures. One of them is shown in Fig. 2.4a, together with its associated

spectrum (Fig. 2.4b). The same study also recognized episodes of non-eruptive tremor interpreted as

a sequence of low-frequency shear failures.
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Figure 2.3 (a) The three components of LF seismic event occurred in July, 2003 recorded by the BKE seismic
station and (b) the corresponding power spectral density (PSD) plot (modified from Petrosino and Cusano,
2020).
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Figure 2.4 (a) The three components of LF seismic event occurred in February, 2014 recorded by the BKE
seismic station and (b) the corresponding power spectral density (PSD) plot (modified from Petrosino and
Cusano, 2020).
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In addition, examples of seismic signals recorded at BKSG stations and their spectra for two different
types of earthquakes are shown in Fig. 2.5. The green and red signals show the waveforms window

(left) and the corresponding spectra (right) of VT (Mp 2.5) and LF events, respectively.
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Figure 2.5 Typical waveforms recorded at BKSG station (left, Z component) and their amplitude spectra
(right) for a VT (top panel) and LF event (bottom panel) (modified from Galluzzo et al., 2020).

Summarizing, the typical VT waveform event shows clear arrivals of the P and S phases; the spectrum
is characterized by dominant frequencies between 5 and 20 Hz. In contrast, the typical LF waveform
does not show clear arrivals of the P and S phases, and the spectrum is characterized by dominant

frequencies between 3 and 4 Hz.

Infrasound signals

In the context of volcano monitoring, infrasound signals play a crucial role in quantifying volcanic
activity and discriminating between different types of events. Infrasound sensors are particularly
valuable for quickly and reliably distinguishing earthquakes from other phenomena such as thunders
(Arrowsmith et al., 2010). The Mt. Vesuvius infrasound network has recorded various transients
associated with thunders, explosions, supersonic jets, and bolides (D’ Auria et al., 2006). For example,

on November 8, 2009, a seismic swarm and a thunder sequence occurred simultaneously. The seismic
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(top) and infrasound (bottom) waveforms of an earthquake (A) and two thunders (B and C) are shown
in Fig. 2.6. While the infrasonic earthquake waveform resembles the envelope of the seismic

component, the infrasonic thunder waveforms are completely different from the seismic traces.
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Figure 2.6 The seismic (top) and infrasound (bottom) waveforms of an earthquake (A) and two thunders (B)
and (C) recorded during a 3000 s time window starting at 21:30 UTC on November, 2008 by the BKSG seismic
station (modified from Orazi et al., 2013).

Generally, infrasound networks are also of interest in various fields. The study of infrasound has the
potential to lead to new discoveries (Le Pichon et al., 2010). For example, Fig. 2.7 shows the
infrasonic (top 5 traces) and seismic (bottom) signals of an event of unknown origin recorded at Mt.
Vesuvius on October 6, 2009. The sonic waveforms are characterized by two distinct phases, but only
the first shows seismic features. The delay between the arrival times suggests a source located in the
SW direction. Future efforts will focus on developing automated procedures for detecting and

characterizing such signals.
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Figure 2.7 Infrasonic (top 5 traces) and seismic (bottom) signals of an event of unknown origin recorded on
Mt. Vesuvius at 13:01 UTC on October 6, 2009. The red arrows indicate two distinct phases in the infrasonic
waveforms (modified from Orazi et al., 2013).
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CHAPTER 3

A multimethodological approach for the study of low-frequency (LF)

seismic events

The aim of the present research project is to develop an innovative approach to the study of low-
frequency (LF) seismic events that can overcome the major obstacles that affect the Vesuvian
volcanic area, such as the relatively very low magnitude of the earthquakes, the noisy recording
environment, the complexity of the seismic signals and the constantly changing seismic monitoring
system. All the methodologies used in the past to characterize VT and LF seismic sources have been
based exclusively on the polarity of the seismic phases (Bianco et al., 1998; D’Auria et al. 2014;
Petrosino and Cusano, 2020; Cusano et al., 2022), which are particularly unclear, as described in
Section 2.2. In contrast, the multimethodological approach we propose (independent of seismic phase
polarities) focuses on a comprehensive analysis relying on waveforms and spectra of low-frequency
(LF) seismic events at Mt. Vesuvius, from their detection (developed in the PHASE I of the
procedure) to their source characterization (developed in the PHASE II of the procedure). In
particular, the detection is based on the evaluation of the spectral parameters, while the source
characterization is based on a hybrid moment tensor (MT) inversion scheme that combines the
seismogram fitting in the time domain and the amplitude spectra fitting in the frequency domain. A
better understanding of the LF seismic source would allow an assessment of the short-term eruptive

potential or eruptive state of the volcano under consideration (Chouet et al., 1996).
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3.1 Flow diagrams of the proposed approach

Figs. 3.1 and 3.2 show two flowcharts that schematically illustrate the entire proposed procedure,
divided into two phases: the first (PHASE 1, Fig. 3.1) relates to the detection of LF seismic signals,

and the second (PHASE 2, Fig. 3.2) describes the inversion process of the detected signals.
PHASE 1 consists of three steps:
1. statistical moments and coherence analyses (see Section 3.2) are applied separately;

2. the obtained results are examined and the signal windows that simultaneously exceed the
predetermined thresholds for the spectral parameters (i.e. shape factor, J, and central
frequency, Q) and the coherence, y, provided by the two analysis methods, respectively, are

considered;

3. the seismic signals of the selected time windows are visually inspected and their timing is
searched in the seismic catalogs available online (Lo Bascio and Ricciolino, 2021);
“www.ov.ingv.it; www.emsc-csem.org/ (accessed on December 21, 2022)” looking for local

and/or regional earthquakes.
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Detection Procedure
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Figure 3.1 Flowchart of the LF seismic signal detection procedure (modified from Galluzzo et al., 2022).

PHASE 2, which concerns the inversion of the detected LF signals, consists of two steps:
1. Data pre-processing

Once the time windows have been selected, it is first necessary to download all the LF seismic
waveforms of interest recorded by the seismic stations at Mt. Vesuvius. Then some necessary pre-
processing operations need to be carried out (see the light blue area of the flowchart in Fig. 3.2).
Specifically, a detailed waveform check is performed, followed by a conversion of the LF seismic

signal amplitudes from counts to m/s (whenever the instrumental response is known).
2. Data processing

The source analysis of the detected LF events is performed by the inversion of their waveforms to

determine the corresponding focal mechanisms (right side of Fig. 3.2). The inversion procedure
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includes both deviatoric and full moment tensor approaches (see Section 3.3), regrouped in the yellow
and green areas of Fig. 3.2 respectively. Both approaches consist of combining cross correlation of
waveforms in the time domain with spectral amplitude in the frequency domain (see Section 3.3).
Unlike the deviatoric moment tensor inversion, the full moment tensor provides information on
possible volume changes. However, it was considered appropriate to propose both approaches, as the
full inversion may provide less robust results for seismic source parameters than the deviatoric

inversion, given the higher number of unknown and the rather poor quality of the data to analyze.

Data pre-processing Data processing
Inversion setup: -
Cross correlation + Latitude, Longitude
Frequency Domain | and Origin Time
Amplitude fixed
‘Waveform check q Depth, M t
5 Convert amplitudes ) cpih, Momen ,
(remove time gaps, —— oo countpto e New -P :fn(l.-S phases Magnitude, 5 tensor || CLVD + DC
anomalous amplitudcs) picking m t I t It ts solved
I l [ solved
Download of LF Data ready to be | LF location | Syntetic
seismic signals processed seismograms
1 Depth, Moment
New -P and -S phascs Magnitude, 6 tensor | | CLVD+DC+1S0
picking moment components components solved
solved
Tnversion setup: Latitude, Longitude
Cross correlation + | and Origin Time
Frequency Domain fixed
Amplitude

Figure 3.2 Flowchart of the data pre-processing (light blue area) and processing (white area) phases for the
inversion of the LF seismic signals detected in PHASE 1 (see text). Deviatoric moment tensor (DMT) inversion
steps are shown in the yellow area, while the full moment tensor (FMT) inversion steps are shown in the green
area.

3.2 PHASE I: Detection of LF seismic events

The innovative aspect of the LF event detection procedure lies in the joint use of two analysis methods
operating in the frequency domain: (a) the spectral analysis obtained with the statistical moments and

(b) the coherence analysis, the first technique for detection purposes and the second as a multichannel
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technique (Galluzzo et al., 2022). The newly developed procedure is applied to continuous seismic
signals recorded at Mt. Vesuvius from 2012 to 2021. A detailed description of the two adopted

techniques is given in the next two Sections.

3.2.1 Spectral Parameter Analysis
The spectrum of a seismic signal can be parameterized using the statistical moments of the power
spectrum (Kramer, 1996). The statistical moments 4, of the seismic power spectrum G were evaluated

using the following equation:
A= [7G.frd
n= [ G.f"df, (1)

where the index n corresponds to the n-th moment of the seismic power spectrum G. The integration
is evaluated in the frequency domain in the range fi-f>. For a single spectrum, the first three statistical
moments g, A; and 42> were used to evaluate the two spectral parameters, i.e. the central frequency Q

and the shape factor d, according to equations (2) and (3), respectively:

A
N = ﬁ )
_ _ A
§= |1 o 3)

The central frequency Q is a measure of the frequency at which the signal power is higher, while the
shape factor ¢ indicates the dispersion of the power spectral density around the central frequency
(Vanmarcke, 1976). The latter takes values between 0 and 1, with higher values corresponding to
larger bandwidths. The power spectrum G and then the spectral parameters were calculated on
adjacent 30 s signal windows. It is necessary to select the S-wave window signal in order to calculate
the spectral parameters on the part of the signal characterized by the maximum signal/noise ratio. In

this way, the calculated spectral features characterize as much as possible the source contribution in
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the direction of propagation and possibly the site. It is known that the site effect contribution is
negligible for the stations located in the summit part of the volcano (Galluzzo et al., 2009) and that
the frequency content of the local seismicity is mainly due to the source than to the propagation
contribution (La Rocca and Galluzzo, 2016). Specifically, for each seismic station, the power
spectrum parameters in Egs. (2) and (3) were evaluated for each component of the ground motion,
respectively, and then the average central frequency and the average shape factor among the three
components were computed. This means that, for a given time window, we obtained a pair of values
Q and ¢ for each seismic station. A duration of 30 s corresponds approximately to an earthquake of
Magnitude Duration (Mp) = 1.3. We considered this window size to be a good compromise between
the minimum detectable earthquake and the computational cost of the procedure used. In particular,
the statistical moments were evaluated by Eq. (1) in the frequency band 1-40 Hz. The lower
integration limit was set at 1 Hz to reduce the effects of low-frequency seismic noise, which is often
quite high at a frequency below 1-2 Hz in broadband signals, while the upper integration limit is given
by the upper frequency limit of the flat bandwidth of the analyzed data. The calculation of the
statistical moments was carried out on the continuous signals recorded at the BKSG, BKWG and
SVAG sites for the years ranging from 2012 to 2021. In order to highlight potentially interesting
signals for the search of LF events, signal windows were selected according to the results of Galluzzo
et al. (2020). Specifically, signal windows characterized by a central frequency £ and a shape factor
o0 in the ranges 3 Hz < Q < 6 Hz and 0.45 < 6 < 0.65, respectively, were considered in the present

study. With this procedure, we obtain independent values of €2 and ¢ for each analyzed seismic station.
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3.2.2 Coherence Analysis
The coherence 7., between two signals x and y provides a measure of the similarity of their respective

spectra in a given frequency band, i.e.:

|ny|2

Yoy (@) = 4)

FxxFyy ’

with F), is the cross spectral density between signals x and y. Smoothing over a chosen bandwidth is
necessary to obtain values between 0 and 1, with higher values corresponding to signals with very
similar spectral characteristics (Bath, 2022). The coherence defined in Eq. (4) can be extended to
more than two signals by calculating the cross-spectral matrix, and, thus, it is a multi-station analysis
method. In our work, we used the signals recorded by the three stations BKSG, BKWG, and SVAG,
which were used to calculate spectral moments. As described above, we adopted adjacent 30 s signal
windows to apply coherence analysis to continuous data. The calculation was performed with a
smoothing parameter of 20 points (a 20-point moving average) and focused on a frequency of 4 Hz,
which is consistent with the spectral features of low-frequency events observed at Vesuvius by La
Rocca and Galluzzo (2016), Galluzzo et al. (2020), Galluzzo et al. (2022) and Manzo et al. (2024).
The result of the coherence analysis provides a mean value that is the coherence of the seismic signals
between the three sites. Since low-amplitude LF events are almost always characterized by emergent
onset and unclear waveforms in the time domain, the coherence provides more robust information
than other time domain mathematical tools (such as cross-correlation) because it is based on the
spectral characteristics of the analyzed signals. The coherence was computed on the vertical
component of ground motion, and more than 120 months of continuous data were analyzed. The
results show that most of the signals, at the selected frequency, have a coherence value less than 0.4.
Moreover, we observed that the signals with coherence > 0.45 are characterized by a spectral
amplitude higher than the background noise. Based on this observation, we set as the coherence

threshold at 0.45.
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3.3 PHASE II: Inversion of LF seismic signals

Par 3.3 has been omitted from the text as it is in submission phase.
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CHAPTER 4

Results

The following chapter presents the results of a scientific paper already published (i.e. Galluzzo et al.,

2022) and another one under review (i.e Manzo et al., 2024).

4.1 Phase I: Detection results

Taking into account the detection steps reported in Section 3.1, most of the analyzed windows of the
continuous seismic signal are characterized by spectral parameters and coherence values typical of
random seismic noise. In particular, in terms of spectral parameters, most of the signal windows have
a central frequency 2 around 10 Hz and shape factors J greater than or equal to 0.6, in line with the
noise records reported by Galluzzo et al. (2020). For example, we focus on the spectral parameters
and coherence analysis evaluated on one day of continuous signals recorded on 2 May 2020 at the
BKSG, BKWG and SVAG mobile seismic stations (Fig. 4.1). In particular, Fig. 4.2 shows the two
spectral parameters (central frequency and shape factor) for the BKWG station, the coherence and
the average spectral amplitude vs. time evaluated for 2 May 2020. In this case, the three larger yellow
symbols identify the windows that are simultaneously characterized by LF features at the three
stations and coherence values > 0.45.

Figs. 4.3, 4.4 and 4.5 show the seismic signals within the selected windows. Three local earthquakes
are recognized in the red seismograms in Fig. 4.3a. On the three components of ground motion, the
direct P- and S-waves are identifiable only after appropriate filtering (see blue seismograms), and the
time difference Ts - Tp = 1.3 s can be estimated for the BKSG and BKWG stations (Fig. 4.3b). The
spectral content features are consistent with the LF spectral parametrization. In this case, the three

events have been classified as deep LF earthquakes.
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Figure 4.1 Shape factor and central frequency evaluated on one day of continuous signals recorded on 2 May
2020, at the BKSG, BKWG and SVAG mobile seismic stations. The top part of the figure shows the shape
factor vs. central frequency plots, while the middle and bottom parts show the histograms of the
aforementioned spectral parameters are shown for the three selected stations (from Galluzzo et al., 2022).
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Figure 4.2 Central frequency, shape factor, coherence and average spectral amplitude versus time for the
signals recorded on 2 May 2020. Central frequency and shape factor (blue circles) are shown for the BKWG
station only. Coherence and average spectral amplitude (black circles) were evaluated and focused at 4 Hz for
the signals recorded at BKWG, BKSG and SVAG stations. The yellow circles identify the signal windows that
satisfy the features of LF events. Small yellow circles mark windows for which only one condition between
spectral features (yellow and blue circles) and coherence threshold (yellow and black circles) is fulfilled.
Larger yellow circles with a red border show the windows that satisfy all the characteristics (spectral features
and coherence) of LF events (from Galluzzo et al., 2022).
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Figure 4.3 (a) Three low-frequency events characterized by low amplitude recorded at the BKSG and BKWG
sites. (b) Seismograms filtered between 2 Hz and 6 Hz of the first LF earthquake visible in plot (a), where it is
identified by vertical blue lines (from Galluzzo et al. 2022).

In the second selected window, signals with spectral features resembling those of local LF events are
present. However, in this case they are generated by a regional earthquake (20200502 12:51:05 UTC
My 6.6 Crete, Greece) (Fig. 4.4). By visual inspection and examination of seismic catalogues, it was
determined that the selected signal did not correspond to a local LF event. The details of the third

window selected from the automatic detection are illustrated in Fig. 4.5. Seismograms from several

stations of the seismic monitoring network are shown in Fig. 4.5a.
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Figure 4.4 Regional earthquake (20200502 12:51:05 UTC, latitude 34.14°N, longitude 25.70°E, depth
10 km, My, 6.6 Crete, Greece) recorded by BKSG, BKWG and SVAG stations (from Galluzzo et al.,

2022).

=]

Ground velocity (micron/s)

20200502 234940

(=]

BKE Z

Ground velocity (micron/s)

10 | BKWG Z A e e a AN e A A A A A /) P i an e s it ]
0 |- CATO Z A\ N A AN\ Nttt o tend [N M Jotn st s NSy o
10 | SVAG Z vt A A s N A i it st [N\ st e\ il P N A

AN ANIRAIS AN AN AN S A et il
BKSG Z ~/\/ A AANANANAAA A AN, [ AMASAAAAAAAAA A A

VBKN Z
VTIR Z %NWWV‘\WMMWWJ\W

Loaaa s Lo e Lo Lol | aaaalea il

0 10 20 30 40 50 60 70 80 20

20200502 234940 2-8 Hz

BKE Z

BKSG Z

1| BKWG Z ~wirstmivrmerth vt e B A 4 b A bbb b et

0 | CRTO Z s s s A b s A s e o o A s g+

VBKN Z - :

VTIR Z - Aot Stttk e i i bt

VVDG Z et o Hrrrapon—rr - - o
Los o s s ool oy snsessl oy | PRI A A A PETIT NI ATETRT I A A A S O O SO A I A I SO 0 AT AN OO O A
0 10 20 30 40 50 60 70 80 90

Time (s)

49

Dott. Roberto Manzo — PhD in Earth Sciences, Environment and Resources — XXXVI Cycle



50

Figure 4.5 (a) Seismic waveforms (vertical components in red lines, no filtered data) recorded by eight seismic
stations installed at the top of the volcano (see Fig.2.1). At first sight, these seismograms show only seismic
noise. (b) The same seismograms after filtering in the 2—8 Hz frequency band (in blue lines) show a very small
amplitude signal with onset just before 30 s, visible at all stations of the monitoring network (from Galluzzo
et al., 2022).

While no clear seismic signal is observable in the raw seismic records, after filtering the
seismograms in the frequency band of interest (2—8 Hz), a low-amplitude seismic event becomes
visible at all stations of the seismic monitoring network. This event is characterized by a very
low amplitude, with spectral characteristics typical of LF events, recorded by the entire seismic
network. The seismograms do not show clearly identifiable bodywave phases, which is attributed
to emergent onsets and low amplitude of the signals. For these reasons, the source of this event
could not be localized. Considering its spectral and shape characteristics, this signal has been
classified as LF volcanic tremor.

Other examples of LF events identified by our procedure are shown in Figs. 4.6, 4.7 and 4.8.
The events shown in Figs. 4.6 and 4.7 are visually recognizable by inspection of the
seismograms, but the events in Fig. 4.7 are difficult to identify and classify by simple
visualization due to their very low signal-to-noise ratio. Fig. 4.8 shows the spectrogram of the
LF event 202009071932. Most of the frequency content falls within the 2—6 Hz band for both
the small initial event and the subsequent larger event. In both cases the spectral and coherence
analysis gives parameters that are fully compatible with LF earthquakes. In particular, our
analysis applied to the selected dataset, covering the years ranging from 2012 to 2021, revealed
the presence of 240 seismic signals potentially classifiable as LF events. Visual inspection of the
seismograms and catalogue examination allowed us to identify at least 27 LF earthquakes, a few
LF tremors, and about 200 events not clearly classifiable in the LF category due to their
extremely small amplitudes, almost indistinguishable from the background noise even in the
filtered signals. The 27 LF events identified by our detection method (Table 4.1) are not present

in the catalogue of Vesuvius seismicity.
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Figure 4.6 Two low-frequency earthquakes recorded at BKSG and BKWG stations (from Galluzzo et al.,
2022).
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Figure 4.7 Two low-frequency earthquakes recorded at BKSG, BKWG and SVAG stations, characterized by
a very low signal-to-noise ratio (from Galluzzo et al., 2022).
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Figure 4.8 Spectrogram from 202009071932 LF seismic event evaluated on the north—south component of the
BKSG seismic station (from Galluzzo et al., 2022).

140 160 180 200 220

Origin Time D Origin Time
(yyyymmdd hh:MM) (yyyymmdd hh:MM)

1 20120511 01:06 15 20180127 21:18
2 20130430 01:30 16 20180330 00:16
3 20130430 02:00 17 20180403 00:02
4 20130430 02:02 18 20180610 14:06
5 20130510 00:56 19 20191125 00:00
6 20131218 16:26 20 20191125 00:32
7 20140115 07:50 21 20200502 02:12
8 20140228 07:56 22 20200907 19:30
9 20140228 08:02 23 20201116 05:57
10 20140829 03:32 24 20201116 05:58
11 20141208 02:28 25 20201116 05:59
12 20160221 19:10 26 20201204 23:04
13 20180127 19:52 27 20210402 15:28
14 20180127 21:14

Table 4.1 LF seismic events detected by the proposed detection procedure applied to continuous seismic
signals recorded at Mt. Vesuvius.
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4.2 Phase II: Source inversion results

Par 4.2 has been omitted from the text as it is in submission phase.
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CHAPTER 5

Discussion and Conclusions

Chapter 5 has been omitted from the text as it is in submission phase.
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