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Abstract

Volcanic tremor and long period (LP) events are typical seismic signals recorded on active volcanoes
and are characterised by different durations, longer than minutes and a few seconds - tens of seconds
for the former and latter, respectively. As they share the same frequency content, they are often grouped
together in the literature and referred to by the unique name of LP seismicity. The common spectral
features, together with observations in some volcanoes of individual LP events merging to form volcanic
tremor, led to hypotheses that LP events and volcanic tremor share the same source mechanism.
However, it is still open to debate whether volcanic tremor can be considered a simple coalescence of
LP events or not. In this work, to help answer such a question, we analysed volcanic tremor and LP
events recorded at Mt. Etna during the period February 2019 - June 2020, characterized by minor
eruptive activity, varying from weak ash emission to explosive and effusive eruptions at all the summit
craters. Results from spectral, amplitude and location analyses, as well as the different scaling laws
explaining the distributions of the duration/number of events versus size, led us to infer that LP events

and volcanic tremor at Mt. Etna are not due to a common source mechanism.

Keywords: volcanic tremor, long period events, Mt. Etha, volcano seismology, volcano monitoring

1 Introduction

Volcano seismology, together with geodesy and geochemistry, represents one of the three pillars
among the disciplines used in the framework of both volcanic unrest detection and hazard

assessment/risk mitigation (Zobin et al., 2012, and reference therein).

Studies of seismic signals originating in volcanic areas are of crucial importance in volcano monitoring
because they are generally related to magmatic and hydrothermal fluids, and to their dynamic
interactions with surrounding rocks along magma pathways (e.g., cracks, conduits, opening dikes; e.g.,
Chouet and Matoza, 2013). Besides volcano-tectonic (VT) earthquakes, which originate from fracturing
of volcano rocks with a double-couple source mechanism (Aki and Richards, 2002) mainly due to
stresses deriving from magmatic processes (Chouet et al., 1994), a wide range of signals in a lower
frequency range (generally < 5 Hz) is observed in volcanic areas. These events likely originate in the
fluids and represent volumetric modes of deformation involving a localized response of plumbing system
portions to flow processes (e.g., Chouet and Matoza, 2013). Processes generating low frequency

signals mainly result from magmatic and hydrothermal fluid movement, pressurization of the volcano
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edifice, surface phenomena (e.g., eruptive activity or landslides) and interactions among them and
geometrical/structural characteristics of the shallow plumbing system (e.g. Wassermann, 2012; Chouet
and Matoza, 2013).

Several schemes have been proposed in the literature to classify low frequency seismic signals
recorded in volcanic areas, accounting for their waveforms, durations, frequency contents or source
mechanisms (e.g. Minakami, 1960; Chouet, 1996; McNutt, 2005; Wassermann, 2012; McNutt and
Roman, 2015). Following one of the last reviews in volcano seismology outcomes, McNutt and Roman

(2015), apart from VT earthquakes, seismo-volcanic signals can be distinguished in:

e long period (LP) or low frequency (LF) events (originally called B-type volcanic earthquakes),
which often have emergent P waves and lack distinct S waves. Under this name are usually
classified seismic events with dominant frequencies between 0.5 or 1.0 and 5.0 Hz. They have
been mainly associated with fluid pressurization processes, such as bubble formation and
collapse, or nonlinear flow processes that occur in rectangular cracks or cylindrical pipes. Even
shear failure or tensile failure of the rock have been considered as possible source mechanisms
for LP events (Bean et al., 2014);

e very long period (VLP) events with periods of 3-50 s, which have been observed in many
volcanoes worldwide, thanks to the installation of broadband seismometers in the last two-three
decades, that have enhanced our ability to detect ground motions at lower frequencies. To
explain the origin of the VLP events, different types of models have been suggested, involving
inertial forces associated with perturbations in the flow of magma and gases through conduits
(Chouet and Matoza, 2013), such as pressure changes caused by the generation or the ascent
of a gas slug in the volcanic conduit of Stromboli (Chouet et al., 2003);

e hybrid events, which are transient signals sharing characteristics of both VT earthquakes and
LP events. Their spectrum is made up of high and low frequency peaks, with the higher
frequency usually occurring at the onset of the event. The name descends from the source
mechanism, that according to the prevailing theories is a mixture of processes such as
fracturing phenomena taking place close to a fluid-filled cavity and then setting it into oscillation
(Lahr et al., 1994);

e volcanic tremor, which is by far the more intriguing seismic signal recorded at volcanoes, due
to its complex and debated source mechanism. Its spectral content varies in the same
frequency band as LP events, but consists of a more continuous vibration of the ground, which
can last for minutes, days or even years. It can be monochromatic or broadband (Girona et al.,
2019). Together with the variability of its duration, strong amplitude variations are often
recognized. Abrupt spectral and amplitude variations are often associated with explosive
volcanic activity occurrence, and this kind of signal is named eruptive/eruption tremor (Ichihara,
2016; Gestrich et al., 2020; Haney et al., 2020). At some volcanoes the occurrence of a
particular kind of volcanic tremor, characterized by regular cyclic increases of amplitude and
called “banded” tremor, has been reported and attributed to hydrothermal flow instability (Fujita,

2008; Cannata et al., 2010). Several mechanisms have been proposed to explain the different
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kinds of volcanic tremor, including fluid-elastic resonance and frictional processes (Girona et
al., 2019 and reference therein);

e explosion-quakes, which are seismic amplitude transients accompanying the explosive
eruptions. In this case, since the source is coupled with both solid Earth and atmosphere, the

explosion-quakes have both seismic and acoustic components.

Besides this classification scheme, often in literature the short-lived LP events and the longer-duration
volcanic tremor are grouped together and referred to the unique name of LP seismicity (Chouet and
Matoza, 2013). In a few studies they have been inferred to share the same source mechanism, as these
signals roughly share the same frequency content (< 5 Hz), and in some instances individual LP events
merge to form volcanic tremor, (e.g., Latter, 1979; Fehler, 1983; Neuberg, 2011; Hotovec et al., 2012;
Chouet and Matoza, 2013; D’Auria et al., 2019). Nevertheless, other researches, based on the
wavefield properties, head towards the hypothesis of a different source process (e.g. Almendros et al.,
2014).

However, as highlighted by Chouet and Matoza (2013), volcanic tremor recorded on volcanoes
worldwide shows a very wide range of behaviour and, in general, its characteristics in terms of both
amplitude and spectral content depend on the volcano eruptive style. Hence, it is still open to debate

whether it can be considered a coalescence of LP events or not.

Shedding light into this matter can improve our understanding of the seismicity recorded on volcanoes
and hence its interpretation in the perspective of volcano monitoring and surveillance. For instance, on
volcanoes where LP events and volcanic tremor are ascribed to the same source mechanism, the LP
event occurrence rate can be a very useful parameter to be monitored. Indeed, increases in LP
occurrence rate and the successive merging into a continuous tremor have often been observed
immediately before explosive volcanic activities (e.g. Popocatepetl, Arciniega-Ceballos et al., 2000;
Augustine, Buurman and West, 2010; Redoubt, Buurman et al., 2013). Moreover, if they share the same
mechanism, both LP and tremor should have the same meaning in terms of hazard assessment.
Conversely, if LP events and tremor have different source mechanisms, their features are expected to
change independently and have distinct meaning in terms of volcano monitoring and surveillance. For
instance, the LP event rate could be unrelated from the time amplitude pattern of volcanic tremor. This
has direct implications for early warning system implementation. Indeed, in some volcanoes, such
systems are based only on the variation over time of the volcanic tremor amplitudes and not on the LP

event features (e.g. D’Agostino et al., 2013; Potter et al., 2014; Cannavo et al., 2017).

At Mt. Etna (Italy), volcanic tremor and LP events are frequently recorded. One of the main features of
the former is its close relationship to changes in observable volcanic activity, as it has been proved by
variations in amplitude, spectral content, wavefield features, and source location, taking place at the
same time as changes in activity (e.g., Gresta et al., 1991; Alparone et al., 2007; Patané et al., 2008;
Cannata et al., 2018; Cannavo et al., 2019). Concerning LP events, waveform and spectral features,

and in particular their changes over time, are likely to be associated with the conditions of the shallowest
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portion of the plumbing system (e.g., Patane et al., 2008; Cannata et al., 2015). For instance, LP
spectral changes and amplitude increases have allowed us to recognize the pressurization of the
plumbing system before a violent explosion, that occurred at Bocca Nuova crater (BN; Figure 1) on 5

September 2013, which was then followed by a series of lava fountains (Cannata et al., 2015).

In this paper, we analyze volcanic tremor and LP events in a seventeen-month-long interval (February
2019 - June 2020) with the aim of characterizing their features and tracking down, if there are,
differences between them, as well as their temporal patterns and relationships with volcanic activity.
The study of the characteristics of the LP seismicity of Mt. Etna helps answer the question of whether
volcanic tremor can be considered a coalescence of LP events, and thus shares exactly the same
source process, or volcanic tremor and LP events have to be considered as resulting from different
mechanisms.

2 Materials and methods

2.1 Volcanological framework

Mt. Etna is considered as one of the most active volcanoes in the world (e.g. Global Volcanism Program,
2013). The frequent eruptive activities can take place from: i) the summit craters; or ii) fissures opened
on the volcano flanks or along the low slopes of the summit cones. Concerning the former, since 1986
an increase in the occurrence rate of the mid-intensity explosive eruptions has occurred with more than
240 paroxysmal episodes, characterised by Strombolian and/or lava fountaining activity resulting in
eruption columns, from then to 2021 (Andronico et al., 2021). The latter eruptions are less frequent
compared to the summit eruptions, and are generally preceded by clear geophysical signatures in terms
of VT earthquake swarms and intense ground deformation, that lack in the summit eruptions (Andronico
et al., 2021). One of the most recent flank eruptions took place on 24-27 December 2018 (the so called
“Christmas Eve Eruption”) and was accompanied by very intense VT earthquake activity, as well as by
evident ground deformation (e.g. Bonforte et al., 2019; Cannavo et al., 2019; Calvari et al., 2020). After
this eruption, Mt. Etna experienced a period of intermittent and energetically variable, intra-crateric
Strombolian activity and ash emission from the summit craters (mainly from North-East Crater, NEC;
Figure 1) (Giuffrida et al., 2021).

Figure 1

In particular, at NEC, in February 2019 a few explosive episodes producing ash plumes occurred
(Figure 2). In the next two months, the Mt. Etha summit craters were characterized by a weak and
ordinary degassive regime, while on the first days of May, sporadic Strombolian activity again resumed
at BN Crater and at New South-East Crater (NSEC; Figures 1 and 2). The area of this crater was the

location of multiple episodes of intense Strombolian and effusive activity, both from summit vents and



169
170
171
172
173
174
175
176
177
178
179

180

181

182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

197

198

199

200
201
202
203

from eruptive fractures that opened on the flanks, such as 30 May - 6 June and 27 - 28 July 2019. As
regarding the other summit craters, during the rest of June, July and August, several episodes of
explosive activity, impulsive and producing ash emission (on 18-19 July the most energetic one
occurred at NEC; Figure 2) or lasting a few days (Voragine Crater, VOR; Figure 2), took place.
Successively, from the beginning of September and until the end of November 2019, the eruptive
activity was mainly located at VOR, where Strombolian activity was almost continuously observed. From
about mid-December, together with the activity at VOR, even the South-East and New South-East
Crater (SEC/NSEC) area was affected by continuous volcanic phenomena, consisting of an alternation
of Strombolian explosions and weak ash emissions. Eruptive activity in this area occurred on 19 April
2020, giving rise to sustained Strombolian activity, then carried on until the end of the period analysed
in this work, while at VOR activity ceased at the end of May 2020 (Figure 2).

2.2 Data

The selected time interval starts from February 2019, after the end of the December 2018 eruption,
encompassing a period of minor eruptive activity, varying from weak ash emission to explosive and
effusive eruptions at all the Etna summit craters until June 2020. During this interval, different kinds of
LP events, with variable occurrence rates, were observed and volcanic tremor experienced two main
amplitude increases (Figure 2). To investigate LP events and volcanic tremor at Mt. Etha, we used
seismic signals recorded by 16 stations, belonging to the permanent seismic network run by Istituto
Nazionale di Geofisica e Vulcanologia — Osservatorio Etneo (INGV-OE; Figure 1). The seismic stations
are equipped with broadband (40 s cutoff period), three-component Trillium seismometers
(Nanometrics™), acquiring in real time at a sampling rate of 100 Hz. In order to find the eventual
infrasound component associated with LP events, we used recordings of an infrasound sensor installed
at ECPN (co-located with the seismometer; see Figure 1), which is one of the 10 stations, making up
the permanent infrasonic network run by INGV-OE. The sensor is a GRAS 40AN microphone with a flat
response at a sensitivity of 50 mV/Pa in the frequency range of 0.3 - 20,000 Hz and sampling rate of
50 Hz. Seismic and infrasonic stations transmit the real-time data streaming via satellite or radio to

the unified data acquisition center of the INGV-OE located in Catania.

Figure 2

2.3 Methods

As for the LP events, they were automatically detected by the algorithm STA/LTA (short time
average/long time average; e.g., Trnkoczy, 2012). To characterise these events, we carried out
waveform, spectral and location analyses, as well as visual inspection of the seismograms. The first

two analyses were performed by using the signals recorded by ECPN station (Figure 1), which is
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routinely considered as the reference station for LP events study at Etna due to its location very close
to the usual LP sources (e.g., Cannata et al., 2015). Concerning the waveform features, peak-to-peak
amplitude and duration information was extracted, while peak frequency, mean frequency and pseudo-
spectrograms were calculated to follow the spectral evolution over time (Figure 3). The peak frequency
is computed as the frequency value with the maximum spectral amplitude, and the mean frequency as
the weighted mean of the overall frequency distribution (e.g., Carniel et al., 2005) (Figure 3d,e).
Regarding the pseudo-spectrograms (examples can be found in Spina et al., 2014, and Cannata et al.,
2015), they were computed as follows: i) a spectrum was calculated by the Fast Fourier Transform
(FFT) algorithm per each LP event on a 10-second-long window, recorded by the vertical component
of station ECPN and starting at the onset of the event; ii) the spectra of the events falling in a given day
were averaged to obtain a daily average spectrum; iii) all the daily spectra were gathered and visualized
with time in the x-axis, frequency in the y-axis, and the color scale showing the spectral amplitude
(Figure 3f). Also, the normalized version of the pseudo-spectrogram was computed by dividing each

daily spectrum by its maximum value (Figure 3g).

Figure 3

In addition, information about LP source locations was obtained by a grid-search method based on the
computation of two functions: semblance, used to measure the similarity among signals recorded by
two or more stations (Neidell and Taner, 1971), and R?, calculated on the basis of the spatial distribution
of seismic amplitude (see Cannata et al., 2013, for further details; Figures 4 and 5). Concerning the
location error calculation, we applied the method described in Almendros and Chouet (2003), according
to which the error in a source position can be defined as the size of the grid region with semblance +
R? above a certain level. The error estimations were small and generally lower than the grid spacing
(250 m).

Figure 4

Regarding volcanic tremor, its temporal variations in terms of source location, amplitude and spectral
content were investigated (Figures 5 and 6). The centroid of the volcanic tremor source was located
within 30-minute-long non-overlapping sliding windows, filtered in the band 0.5-2.5 Hz, by a grid search
method based on the seismic amplitude decay with distance (see Di Grazia et al., 2006 and Cannata
etal., 2013, for further details). To take into account only reliable solutions, we accept a location solution
only when: i) the goodness of the R2 fit is higher than 0.9; ii) the number of available stations is higher
than 12; and iii) the number of available summit stations is higher than 2. According to the literature,
the average location errors, estimated by the jackknife method (Di Grazia et al., 2006; Cannata et al.,
2013), are a few hundred meters in longitude and latitude, and up to 1 km for the altitude (e.g., Patane
et al., 2008; Viccaro et al., 2016; Cannata et al., 2018; Cannavo et al., 2019). Regarding the amplitude,
two different estimations were performed. The first, derived from the location algorithm and integrating

data from all the above mentioned 16 seismic stations, provided amplitude values reduced at 1 km from
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the centroid (Figure 6d). The second consisted of 25° percentile values computed on root mean square
(RMS) amplitudes of non-overlapping sliding 10-second-long seismic windows, recorded by ESLN
station (see Figure 1) and filtered in the band 0.5-2.5 Hz. In particular, each percentile value was
calculated on 30-minutes-long windows (Figure 2b). As for the temporal variation of the spectral content
of volcanic tremor, it was estimated by spectra computed on 10.24-second-long sliding windows that
do not contain amplitude transients (such as LP events and VT earthquakes). All the spectra falling on
the same day were averaged and the average daily spectra were gathered and visualized as a
spectrogram (Figure 6e). In addition, a normalised spectrogram was calculated by dividing each daily

spectrum by its maximum value (Figure 6f).

Figure 5

Figure 6

Finally, visual inspections of the seismic and infrasonic helicorders were performed. In the former case,
we looked for glaring clear/distinct differences among LP event types, while the latter allowed us to
answer the question of whether the LP events showed detectable acoustic components or not. To
highlight characteristics of LP events, as well as their eventual acoustic coupling, we plotted in Figure
7 both waveforms and spectral content of the seismic and infrasonic component of two examples of LP

events.

Figure 7

To obtain information about the source mechanisms of both LP events and volcanic tremor, and their
prospective differences, scaling relationships have been investigated. In particular, we followed the
approaches of previous authors (e.g., Benoit et al., 2003; DeRoin et al., 2015; Sandanbata et al., 2015;
Arambula-Mendoza et al., 2016; Yukutake et al., 2017; Kostantinou et al., 2019), who studied the
distribution of duration/number of events versus amplitude of LP seismicity at different volcanoes
(Figure 8). As for the LP events, the scaling relationship was evaluated on the basis of their number
and size, estimated as peak-to-peak amplitudes computed at station ESLN (see Figure 1). Indeed, on
the basis of both the distance of ESLN from the LP event sources (~6.5 km) and the stability of the LP
event source locations, the amplitude variability at such a station well reflects the amplitude variability
at the source. In addition, to avoid issues related to the incomplete catalogue of LP events with low
amplitudes (it is worth noting that the volcanic tremor is a continuous background “noise” at Mt. Etna),
we took into account only the 50% of the LP events with strongest amplitudes. Indeed, we verified that
such an amplitude threshold overcomes the 99° percentile computed on the RMS amplitude time series
of the continuous signal (mainly composed of volcanic tremor) acquired by ESLN station. Concerning
the volcanic tremor, the scaling relationship was investigated based on the number of 30-minute-long

windows and the corresponding amplitudes reduced at 1 km from the volcanic tremor source centroid.

Figure 8
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3 Results

About 68,000 LP events were detected during February 2019 — June 2020 by STA/LTA algorithm,
whose daily number ranged from more than 600 to less than 50 (Figure 3a). It is worth noting how such
a number depends not only on the real LP event occurrence rate, but also on the background “noise”
level, that is strongly affected by amplitude variations of the volcanic tremor. This is also suggested by
the plot showing the LP peak-to-peak amplitude over time (Figure 3b), indicating the near
disappearance of weak LP events from October 2019. This change in the LP event behaviour is
apparent, because it is related to the increase in volcanic tremor amplitude taking place in September
2019 (Figures 2b and 6d). On the other hand, some variations of LP activity are reliable, as shown by
high LP occurrence rate values observed during periods characterized by medium/high amplitude of
volcanic tremor, such as during September 2019. Regarding the peak-to-peak amplitude values as
measured by ECPN station, they mostly range between 10-°> and 10-® m/s. LP event durations show
values from a few seconds to a few tens of seconds (Figure 3c). In particular, the longest durations
were detected during mid-May — mid-June 2019 and March 2020. Regarding the spectral content, most
energy is contained in the band 0.5-5.0 Hz. In addition, LP events show intervals with very stable
spectral content (with well-defined peak frequencies), as well as periods with sharp or gradual spectral
changes (Figure 3d-g). Similar to the occurrence rate, it is worth noting that also LP spectral content
investigation is affected by volcanic tremor. Indeed, while it is possible to precisely identify the spectral
content of volcanic tremor (by excluding time windows with amplitude transients), it is not possible to
focus only on the spectral contributions of LP events, as volcanic tremor is continuously recorded. This
is an issue especially during intervals characterised by high amplitude volcanic tremor. Furthermore, as
also highlighted by previous papers (e.g., Patane et al., 2008, 2013; Cannata et al., 2015), sources of
LP events are mostly located below the VOR-BN area at very shallow depths 2.5-3.0 km a.s.l. (Figures
4 and 5). In addition, the visual inspection of the seismograms allowed identifying a family of LP events
(LP events Type 2 in Figure 7), showing peculiar features, different from the ones characterising most
LP events at Mt. Etna (LP events Type 1 in Figure 7). These types of events can be distinguished from
the other LP events on the basis of their longer duration (Figure 7€), and peculiar spectral content,
dominated by two peaks at 2 and 4 Hz (Figure 7g). They lack the acoustic component (Figure 7f, h),
and were particularly energetic, in terms of seismic amplitude, during April 2020 (Figure 3b). It is also

worth noting that the peculiar type of LP events lacks a clear acoustic component (Figure 7b, d).

Concerning volcanic tremor, the amplitudes, as computed 1 km from the source centroid, mostly range
from 10-¢ to 104 m/s (Figure 6d). Sharp and short-lived amplitude increases are observed to take place
at the same time as explosive activities that occurred on the summit craters (i.e., 30 May, 19 July, 27
July, 10 September 2019, 19 April 2020; Figures 2b and 6d). In addition, it is also possible to note a
longer-lasting increase in volcanic tremor amplitudes, that took place in September 2019 and appears

to divide the investigated period into two intervals: i) February - August 2019, showing relatively low
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volcanic tremor amplitudes; ii) September 2019 - June 2020, with higher amplitude values. As for the
spectral content, most energy is radiated in the band 1 - 5 Hz. Similar to LP events, also volcanic tremor
shows intervals with stable spectral content and strikingly steady frequency peaks (i.e., 3.7 Hz and 2.1
Hz during February - September 2019 and March - June 2020, respectively), and intervals with changes
(Figure 6e-f). Such steady spectral peaks are also observed at the other stations, thus making us
exclude path effects. Concerning the source location of volcanic tremor, similar to LP events, it is mostly
located at shallow depth (>1.5 km a.s.l.) below the summit craters. However, unlike LP events, volcanic
tremor is characterized by a fairly wide variability of source locations, partly reflecting the spatial
evolution of the volcanic activity (Figures 5 and 6). Indeed, the above-mentioned short-lived amplitude
increases are also accompanied by the migration of volcanic tremor source centroid towards the
eruptive craters. Moreover, in March 2020 the source centroid moved from the center of the summit

area to the NSEC area, and stayed there up to the end of the investigated period.

To better highlight similarities and differences in spectral content of volcanic tremor and LP events, we
computed the sum and difference of their normalised spectrograms (Figures 3g, 6f and 9). In the case
of marked spectral similarities between volcanic tremor and LP events, we expect to observe high and
low values in the “sum spectrogram” (~2) and “difference spectrogram” (~0), respectively. On the other
hand, in the case of different frequency contents, low and high (in absolute value) amplitudes are
expected in the “sum spectrogram” (~0) and “difference spectrogram” (~x1), respectively (Figure 9a,b).
We focused on the first time interval (February - August 2019), showing relatively low volcanic tremor
amplitudes, which allowed us to better distinguish the spectral features of LP events from the ones of
volcanic tremor. The LP events turned out to be richer in low frequencies (<2 Hz) compared to volcanic

tremor, as suggested by the high values in the “difference spectrogram”.
Figure 9

Regarding the scaling relationships, Figure 8 shows that the power law model is a better fit for LP
events, while the exponential model for volcanic tremor. Indeed, in the LP event case, the R? value is
equal to 0.99 and 0.46 for the power law and exponential models, respectively. In the volcanic tremor

case, R?is 0.8 and 0.92 for the power law and exponential models, respectively.

4 Discussion and conclusions

At some volcanoes, LP events and volcanic tremor have been attributed to the same source
mechanism, located in the same volume of the plumbing system, and the latter is considered a
coalescence of the former (Latter, 1979; Fehler, 1983; Neuberg, 2011; Hotovec et al., 2012; Chouet
and Matoza, 2013). Arguments in support of that mainly rely on three pieces of evidence: i) they share

the same spectral content; ii) they are located in the same rock volume; and iii) LP events often increase

10
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their occurrence rate and merge into a continuous volcanic tremor. Although this is the most common

hypothesis found in literature, studies where this problem has been faced are not many.

Answering this question has direct implications for monitoring and surveillance purposes, as well as for
research aims in the field of study of the seismic source mechanisms in volcanic areas. Results of the
present analysis reveal that this hypothesis is not always valid, or at least suggest that it depends on

the volcano taken into account.

Sources of LP events at Etna are mostly located in correspondence of the VOR-BN area at very shallow
depths 2.5-3.0 km a.s.l. as shown by this work (Figures 4 and 5) and also by previous papers dealing
with LP events taking place during different time periods (e.g., Patane et al., 2008, 2013; Cannata et
al., 2015). Despite the above-mentioned limitation affecting the detection and characterization of LP
events due to the presence of high amplitude volcanic tremor, the source location of LP events stays
stable below the VOR-BN area even during the time period September 2019 - June 2020, characterised
by higher volcanic tremor amplitude. The source location steadiness found in the present work and in
the literature, which remains the same even during variations of spectral characteristics of LP events
(Patane et al., 2008, 2013; Cannata et al., 2015), together with the source mechanism invoked to
explain their source mechanism at Etna (such as changes in plumbing system state in terms of
pressurization), seems to suggest that LP events originate always in the same portion of the shallow

plumbing system and are indirectly related to the observable volcanic activity.

Unlike LP events, the source location of volcanic tremor is usually characterized by a fairly wide
variability, which reflects both the time evolution of volcanic activity (Figures 5 and 6) and its location
in terms of eruptive vents. Indeed, the short-lived amplitude increases observed during activity
intensification are also accompanied by the migration of volcanic tremor source centroids towards the
eruptive craters, as occurred, for example, on 30 May and 27-28 July 2019 and in March 2020, when
the source centroid moved from the center of the summit area to the NSEC area. Another example is
the step-like amplitude increase of the volcanic tremor on 8 September 2019, its sudden migration
towards NEC area and its successive shift toward the location it had before 8 September 2019. In other

words, the volcanic tremor becomes stronger beneath the vents just before they erupt.

The spectral contents of LP events and volcanic tremor show differences. Indeed, focusing on the first
time interval (February - August 2019) showing relatively low volcanic tremor amplitudes, the LP events
(regardless the LP type taken into account) turned out to be richer in low frequencies (<2 Hz) compared

to volcanic tremor (Figures 3g, 6f and 9).

The different behaviour of volcanic tremor and LP events at Mt. Etna is also confirmed by the different
scaling laws explaining the distributions duration/number of events versus size (Figure 8). Indeed, the
exponential model is a better fit for the volcanic tremor, in agreement with observations collected in
other volcanoes and geothermal areas (e.g., Benoit et al., 2003; Yukutake et al., 2017; Kostantinou et
al., 2019). Hence, the source process of volcanic tremor at Mt Etna should be scale bound, not scale

invariant (Benoit et al., 2003). On the basis of previous studies (Benoit et al., 2003; Yukutake et al.,
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2017), such a scale bound process could be characterised by a fixed geometry, related to the structure
of the upper portion of the plumbing system (fixed characteristic length or scale), with variable forces
exciting the volcanic tremor radiation, that could be interpreted as resulting from the flow of fluids along
such a plumbing system portion. On the other hand, the number of LP events versus size distribution
is better explained by a power law. Such a relationship (also indicated as fractal scaling, self-similar, or
scale invariant; e.g. Benoit et al., 2003), fairly common in natural processes such as tectonic
earthquakes (Gutenberg and Richter, 1954), volcanic eruptions (Simkin, 1993) and dike intrusion
processes (Passarelli et al., 2014), was also found suited to explain the size-frequency distribution of
volcanic explosion earthquakes (Nishimura and Hamaguchi, 1993; Nishimura et al., 2016) and B-type
volcanic earthquakes (Minakami, 1960). It implies that the source has no characteristic scale and hence
is self-similar.

Finally, from time series analyses, in particular from LP occurrence rates and amplitudes, and volcanic
tremor amplitude, emerges that they exhibit different trends during the analyzed period. Focusing on
amplitude, while the LP highest amplitudes were observed during February, mid-August - mid-
September 2019 and April 2020, volcanic tremor amplitude was on a low level in the first case and on
a medium-high level in the second and third cases (Figures 3b and 6d). From a volcanological point
of view the period February - May 2019 was characterized by no significant volcanic activity. Volcanic
tremor amplitude seems to be more closely correlated with volcanic activity than LP event amplitude
(Figures 2b and 6d). Indeed, starting from May 2019, when a weak volcanic tremor amplitude increase
was observed, lava effusion and Strombolian activity resumed from SEC/NSEC craters and punctual
ash emission from NEC occurred. Later on, in September 2019, in concomitance with a more evident
increase of volcanic tremor amplitude, continuous Strombolian activity started at VOR, and from
December ash emission alternated with Strombolian activity were continuously observed in the
SEC/NSEC area.

The above reported evidence leads us toward the hypothesis that LP events and volcanic tremor at Mt.
Etna are not due to a common source mechanism, but rather to two different processes. While the
volcanic tremor source mechanism is a scale bound process directly linked to the observable changes
in the eruptive activities, LP event source is better described by a scale invariant process not so directly

related to the variations in the eruptive activities.

A clarification needs to be made about the possibility of extending the result of our analysis to other
volcanoes. The hypothesis of different source mechanisms for the two types of seismo-volcanic signals,
formulated for Etna volcano, has also been advanced at Arenal volcano (Almendros et al., 2014).
However, it can be invalid for other volcanic areas. Indeed, it has to be mentioned that LP events and
volcanic tremor are produced by multiple volcanic phenomena, which can vary at the different volcanoes
and, more important, their characteristics are function of the amount/characteristics of fluids and the

shallow plumbing system conditions.
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It is worth noting that volcanoes where these two signals have been associated to the same source
mechanism exhibit different eruptive style from Etna, such as for example Popocatepetl (Arciniega-
Ceballos et al., 2000), Soufriere Hills and Galeras (Neuberg, 2011).

Therefore, we believe that the hypothesis that volcanic tremor is made up by a superimposition of very
close in time LP events, as well as our opposite inference, cannot be considered a generalization. This
issue is relevant in the perspective of volcano monitoring and surveillance and hence needs in depth

investigations.
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Figures captions

Figure 1. Digital elevation map of Mt. Etna, showing the location of the seismic stations used to
investigate the LP seismicity. The inset in the upper left corner shows the summit area with the main
craters (South-East Crater: SEC; New South-East Crater: NSEC; Bocca Nuova: BN; Voragine: VOR,;
and North-East Crater: NEC; from Neri et al., 2017).

Figure 2. (a) Sketch showing the eruptive periods at SEC/NSEC, VOR, NEC and BN (see the top

legend). (b) RMS amplitude of the seismic signal recorded by the vertical component of ESLN station.

Figure 3. (a) Daily number of LP events, (b) peak-to-peak amplitude, (c) duration, (d) peak frequency,
(e) mean frequency, (f) pseudo-spectrogram and (g) normalised pseudo-spectrogram of the LP events,

computed on the signal recorded by the vertical component of station ECPN.

Figure 4. Variation over time of longitude (a), latitude (b) and altitude (c) of the source locations of LP
events (black dots). The thick red lines indicate the moving average time series computed over 100 LP

event locations.

Figure 5. Map (a), sections (b,c) and 3D view (d) of Mt. Etna showing the locations of LP events (blue
surface) and volcanic tremor (colored dots). Regarding LP locations, the blue surface encloses the rock
volume, containing location grid nodes with more than 200 LP event locations. As for volcanic tremor,

the dot color depends on the time (see Figure 6 a-d).

Figure 6. Variation over time of longitude (a), latitude (b), altitude (c) and 1-km reduced RMS amplitude
(d) of the volcanic tremor centroid. Spectrogram (e) and normalised spectrogram (f) computed on the

signal recorded by the vertical component of station ECPN.

Figure 7. Seismic (a,e) and infrasonic (b,f) component of LP events Type 1, LP events Type 2 recorded

by ECPN station, and corresponding spectrograms (c,d,g,h).

Figure 8. Comparison between exponential (a,c) and a power law (b,d) scaling models for number of
LP events versus peak-to-peak amplitude distribution (a,b) and for number of 30-minute-long volcanic
tremor windows versus the reduced RMS amplitude (c,d). The red dots show the observed data, while
the dashed black lines show the fits to exponential (a,c) and power law (b,d) models. Information about

the goodness of exponential and power law fits (R? values) are reported in the plot titles.

Figure 9. Sum (a) and difference (b) of the normalised spectrograms of LP events and volcanic tremor,

showing similarities and differences in their spectral content.
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675 Figure 1. Digital elevation of Mt. Etna, showing the location of the seismic stations used to investigate
676  the LP seismicity. The inset in the upper left corner shows the summit area with the main craters (South-

677  East Crater: SEC; New South-East Crater: NSEC; Bocca Nuova: BN; Voragine: VOR; and North-East
678  Crater: NEC; from Neri et al., 2017).
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681  Figure 2. (a) Sketch showing the eruptive periods at SEC/NSEC, VOR, NEC and BN (see the top
682  legend). (b) RMS amplitude of the seismic signal recorded by the vertical component of ESLN station
683  (see Figure 1 for location of station ESLN).
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Figure 3. (a) Daily number of LP events, (b) peak-to-peak amplitude, (c) duration, (d) peak frequency,

(e) mean frequency, (f) pseudo-spectrogram and (g) normalised pseudo-spectrogram of the LP events,

computed on the signal recorded by the vertical component of station ECPN.
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Figure 4. Variation over time of longitude (a), latitude (b) and altitude (c) of the source locations of LP

events (black dots). The thick red lines indicate the moving average time series computed over 100 LP

event locations.
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695 Figure 5. Map (a), sections (b,c) and 3D view (d) of Mt. Etna showing the locations of LP events (blue
696  surface) and volcanic tremor (colored dots). Regarding LP locations, the blue surface encloses the rock
697  volume, containing location grid nodes with more than 200 LP event locations. As for volcanic tremor,
698  the dot color depends on the time (see Figure 6 a-d).
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701 Figure 6. Variation over time of longitude (a), latitude (b), altitude (c) and 1-km reduced amplitude (d)
702 of the volcanic tremor centroid. Spectrogram (e) and normalised spectrogram (f) computed on the signal
703 recorded by the vertical component of station ECPN.
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Figure 7. Seismic (a,e) and infrasonic (b,f) component of LP events Type 1, LP events Type 2 recorded

by the vertical component of ECPN station, and corresponding spectrograms (c,d,g,h).
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709 Figure 8. Comparison between exponential (a,c) and a power law (b,d) scaling models for number of
710 LP events versus peak-to-peak amplitude distribution (a,b) and for number of 30-minute-long volcanic
711  tremor windows versus the reduced RMS amplitude (c,d). The red dots show the observed data, while
712  the dashed black lines the fits to exponential (a,c) and power law (b,d) models. Information about the

713 goodness of exponential and power law fits (R? values) are reported in the plot titles.
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Figure 9. Sum (a) and difference (b) of the normalised spectrograms of LP events and volcanic tremor,

showing similarities and differences in their spectral content.
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