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Abstract

Both horizontal-to-vertical (H/V) spectral ratios and the spatial autocorrelation method
(SPAC) have proven to be valuable tools to gain insight into local site effects by ambi-
ent noise measurements. Here, the two methods are employed to assess the subsurface
velocity structure at the Piano delle Concazze area on Mt Etna.

Volcanic tremor records from an array of 26 broadband seismometers is processed and
a strong variability of H/V ratios during periods of increased volcanic activity is found.
From the spatial distribution of H/V peak frequencies, a geologic structure in the north-
east of Piano delle Concazze is imaged which is interpreted as the Ellittico caldera rim.
The method is extended to include both velocity data from the broadband stations and
distributed acoustic sensing data from a co-located 1.5 km long fibre optic cable. High
maximum amplitude values of the resulting ratios along the trajectory of the cable co-
incide with known faults. The outcome also indicates previously unmapped parts of
a fault. The geologic interpretation is in good agreement with inversion results from
magnetic survey data.

Using the neighborhood algorithm, spatial autocorrelation curves obtained from the
modified SPAC are inverted alone and jointly with the H/V peak frequencies for 1D
shear wave velocity profiles. The obtained models are largely consistent with published

models and were able to validate the results from the fibre optic cable.



Kurzzusammenfassung

Sowohl die rdumliche Autokorrelations-Methode (SPAC) als auch die Methode der
horizontal-vertikal Spektralverhéltnisse (H/V) sind wichtige Instrumente bei der seis-
mischen Charakterisierung des Untergrundes mittels Bodenunruhe.

In der vorliegenden Arbeit werden beide Techniken angewandt, um die Geschwindigkeits-
struktur der Piano delle Concazze Ebene auf dem Atna zu untersuchen. Die Aufze-
ichnungen vulkanischen Tremors auf einem Array aus 26 Breitband-Seismometern
werden prozessiert und starke Schwankungen des H/V Verhéltnisses, insbesondere
wahrend Zeiten erhohter vulkanischer Aktivitat werden festgestellt. Die raumliche
Verteilung der H/V Frequenzpeaks bildet eine geologische Struktur im nordostlichen
Bereichs des Untersuchungsgebietes ab. Diese wird als der alte Rand der Ellittico
Caldera interpretiert. Die H/V-Methode wird um die kombinierte Verarbeitung von
Geschwindigkeitsaufzeichnungen des Breitband-Arrays und faseroptischen Dehnungmes-
sungen (distributed acoustic sensing, DAS) erweitert. Hierfur werden die Daten eines
1,5 km langen Glasfaserkabels, mit welchem das Seismometer-Array zusammen in-
stalliert wurde, genutzt. Erhohte Werte der maximalen Amplitude der berechneten
Spektralverhaltnisse, stimmen mit der Lage bekannter Verwerfungen im Gebiet iiberein.
Das Ergebnis deutet auf einen bisher nicht aufgezeichneten Verlauf einer der Verwer-
fungszonen hin. Die Interpretaion der Strukturen stimmt iiberein mit den Ergebnissen
einer Geomagnetik-Studie der Piano delle Concazze.

Mithilfe des Neighborhood-Algorithmus werden die raumlichen Autokorrelationskurven

der modifizierten SPAC, sowohl einfach als auch in Kombination mit den H/V Fre-
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quenzpeaks, invertiert. So werden schlieflich 1D Modelle der S-Wellengeschwindigkeit
abgeleitet. Diese stimmen weitgehend tiberein mit den Resultaten anderer Studien und

bestétigen dariiberhinaus die Ergebnisse der DAS-Aufzeichnungen.
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1. Introduction

Volcano seismology is a fundamental tool to further our understanding of volcanoes and
their underlying principles and mechanisms.

As nearly all volcanic processes produce individual seismic signals, their records allow
to assess the state of a volcanic system as well as imaging its composition (Kawakatsu &
Yamamoto, [2015). Conventionally, volcano-seismic measurements are performed using
three component broadband seismometers (Chouet, 2003). However, over the last years,
new sensing technologies have become more popular to gain insight into the structure
and behaviour of volcanoes. This includes rotational sensors and distributed acoustic
sensing (DAS). While rotational sensors record not translational but the rotational
components of seismic signals, the latter is able to sample the wavefield much more
spatially dense than any normal seismometer array (Eibl et al., 2022; Jousset et al.,
2022)). However, due to the only recent widespread deployment of these new sensors for
seismological research, their performance, advantages and shortcomings are still being

evaluated.

This study attempts to characterize a specific site at Mt Etna, using conventional surface
wave methods. By that, results that have been obtained by DAS on a fibre optic cable
can be compared and may be validated. The site characterization is achieved by pro-
cessing the volcanic tremor recorded on a co-located array of broadband seismometers.
Over the course of the work, the main subsurface structures present at the site will be

imaged and an estimate of the velocity distribution in form of 1D shear wave velocity
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models is derived.
Further, the extension of conventional methods to the combination of broadband and

DAS records will be investigated in order to derive additional subsurface features.

In the following chapter [2| the theoretical background to volcaninc tremor and the two
mainly used methods, horizontal-to-vertical spectral ratios and the modified spatial au-
tocorrelation method, will be given. Chapters [3| and 4] adress the survey area with its
geological setting and volcano-seismologic framework, followed by a description of the
used datasets and the instrumental setup. Chapter [5| then presents how the theoreti-
cally presented methods were implemented. The used workflow of data processing and
the setting of processing parameters are given. The obtained outcomes will first be
described and then discussed in detail. Comparisons with available literature will be
made and possible sources of errors are adressed. Finally the results of this work will be

summarized and potential further subjects of investigation will be discussed.



2. Theory

This chapter aims at giving a short introduction to the two methods used in this the-
sis, horizontal-to-vertical spectral ratios and the spatial autocorrelation method. Both
techniques are based on the processing of seismic ambient noise (ambient vibrations, mi-
crotremors) i.e., the sustained signal of environmental and human processes (Bonnefoy-
Claudet et al., |2006).

For the investigated records in this study, the predominant noise origin is the tremor
generated at Mt Etna. Volcanic tremor refers to the continuous seismic signal unique
to active volcanoes (Konstantinou & Schlindwein, 2003, and references therein). It is
commonly described as carrying energy in a narrow frequency band between 1 Hz and 5
to 7 Hz, in some cases strong periodic peaks in the frequency spectrum can be observed.
Its exact excitation mechanism and the distinction from volcanic low-frequency/long-
period (LP) events is still being debated (Kawakatsu & Yamamoto, 2015, McNutt,
2005; Wassermann, 2009).

It has been noted, that volcanic tremor is a suitable noise source for the assessment of
site effects on volcanoes. This is due to its stationary nature and the large proportion
of surface waves in the signal, both is essential for the spatial autocorrelation method
(e.g., Chouet, 1996 Konstantinou & Schlindwein, [2003)).

In the following, first the H/V-method is presented, ensued by the spatial autocorrela-
tion method and its modification. A brief overview of the fundamental principles, the

applications and the essential equations will be given.
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2.1. The H/V-method

Since the initial work of Nakamura (1989)), the horizontal-to-vertical spectral ratio
method (HVSR, H/V) has been demonstrated to be an inexpensive and easy to use
technique to assess local site effects. Numerous studies are available that demonstrate
the potential of H/V to infer the fundamental resonance frequency of a site in order to
characterize the subsurface, often to assess seismic vulnerability of urban agglomerations
(e.g., Lermo & Chévez-Garcia, 1993). Other studies can be found presenting results
from a wide range of geologic settings and surroundings, even investigating locations
on Moon and Mars (e.g., Hobiger et al., [2021)). As is the aim of the present work, the
method has also been successfully used to retrieve subsoil information in particular on
active volcanoes (e.g., Mora et al., 2001; Nardone & Maresca, |2011; Vidal-Villegas et al.,
2021)).

Despite the widespread use of HVSR and the efforts to provide comprehensive guidelines
(Foti et al., 2017; SESAME, 2004), authors have been and are still lamenting a lack
of standards for data aquisition and processing as well as theoretical understanding of
the method (e.g., Bonnefoy-Claudet et al., 2006; Molnar et al., 2022; Mucciarelli &
Gallipoli, 2001; Xu & Wang, [2021)).

The fundamental principle of HVSR is the computation of the ratio between horizontal
(Hg) and vertical (Vg) Fourier amplitude spectrum (FAS) of a single three-component
seismic station at the ground surface. In case of an impedance contrast in depth, e.g.,
a layer of soft sediments over bedrock, the shape of the resulting HVSR curve contains

information about this subsurface structure.
HVSR= =2 (2.1)

Hg is a combination of the two horizontal spectra. Different methods to merge both

spectra have been proposed e.g., arithmetric mean, geometric mean or vector summation.



2. Theory 14

It was found that when averaging the HVSR over multiple time samples, differences
in the methods results vanish (Albarello & Lunedei, 2013)). As used for example in
Bonnefoy-Claudet et al. (2008), Hg in this study is derived as a quadratic mean, i.e.:

H% + H?
Hg = \/% (2.2)

where Hy and Hg are the spectra of the north-south and east-west component respec-
tively. In order to denoise the spectra, they are smoothed before further computation.
Figure [2.1 shows as an example the smoothed spectra of all three components and the

corresponding H/V ratio.
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Figure 2.1.: left plot: smoothed spectra of the vertical (V), north-south (NS) and east-
west (EW) component; right plot shows the resulting HVSR curve, star
marks the H/V peak

As Molnar et al. (2022) notes, no single analytical expression for HVSR exists yet. This
is mainly due to the still ongoing debate as to how the noise wavefield is composed. The
ratio between surface waves, body waves and other diffuse waves is unclear and also
strongly dependent on individual site conditions and noise sources. This uncertainty
makes the modelling as well as the interpretation of HVSR curves challenging. However
interpretations of different features of the H/V have already been proposed, including

the computation and inversion of the full curve (e.g., Lontsi et al., 2015; Sdnchez-Sesma
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et al., 2011)).

Nevertheless, there is wide consensus that the H/V curve exhibits its first peak at the
fundamental resonance frequency of the site fy. This frequency is directly related to the
thickness of the covering layer. In the general case of the n-th resonance frequency f,,

this relation is given by:

fo=(2n+1) (ZS}’LO) . (n=0,1,2,..) (2.3)

where vgo denotes the shear-wave velocity and h the thickness of the top layer.

This way, with an estimate of the surface shear-wave velocity obtained by other meth-
ods, the depth of the impedance contrast can be approximated easily and only using a
single seismic station. Results are regarded to be very stable in time and can generally
be obtained by only recording a few minutes of ambient vibrations. Further reviews
of HVSR history, theory and application can be found in Molnar et al. (2018), Molnar
et al. (2022)), Mucciarelli and Gallipoli (2001), and Xu and Wang (2021)).

In the present work HVSRs will be inverted together with spatial autocorrelation values,
hence only the peak frequencies are considered as other independent information on the

velocity distribution is introduced.

2.2. The spatial autocorrelation method (SPAC)

First proposed by Aki (1957), the spatial autocorrelation method (SPAC) has become
a common seismological array technique to characterize the local subsurface geology.
By correlating ambient seismic noise signals, it allows to derive the dispersion curves
(DC) of the surface waves present in the wavefield. As the shape of DCs is dictated by
the underlying propagation media, the SPAC results can then be used in an inversion

process to estimate the velocity distribution of the subsurface.
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Since its development, there has been a large number of studies using SPAC with differ-
ent approaches, in combination with other geophysical imaging methods and in settings
ranging from urban areas (e.g., Flores Estrella & Gonzélez, 2002; Ikeda et al., 2013;
Srigutomo et al., 2018) to active volcanic zones (e.g., Lanza et al., 2016; Maresca et al.,
2006; Mora et al., 2006; Perrier et al., 2012; Saccorotti et al., 2001). Furthermore, a
number of extensions, formulations and modifications of the original method have been
proposed (e.g., Haney et al., 2012; Li et al., 2019; Nakahara, 2012; Nakahara et al.,
2021)). A more extensive review of the history and application of SPAC can be found in

Ikeda et al. (2013) and, focussing on SPAC on volcanoes, in Chouet and Matoza (2013).

In the following, a brief derivation of the essential equations will be presented as well
as the modification of SPAC that was applied in this study. This section follows the
explanations of Chouet (1996 and Bettig et al. (2001) besides Aki (1957} [1965)).

SPAC is based on a few fundamental assumptions. First, it is assumed that ambient
vibrations consist mainly of surface waves; second seismic noise propagates as plane
waves with a single phase velocity per frequency and third, seismic noise is assumed to
be stationary in both space and time, i.e. sources are randomly distributed spatially

and temporally.

Aki (1957, 1965) defines the spatial autocorrelation function ¢(r,¢) of two signals u

recorded at two stations as
o(r, ) =< u(x,y,)u(x + rcosp,y + rsinp,t) > (2.4)

where r is the interstation distance, ¢ the azimuth of the connecting line between both
receivers and <> denotes averaging over time. Azimuthal averaging of ¢ is obtained by

integrating over all ¢:

5(r) = [ o(r.o)dg (25)
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A Hankel transform can be used to express a given function as a weighted sum of Bessel
functions. Making use of this property, the following relation between the autocorrelation

function and the power spectrum ®(w) is found:

30 =+ [T o) ) a (2.6

c(w)

with ¢(w) being the frequency-dependent phase velocity and .J,, denoting a n-th order
Bessel function.
When the signal is filtered using a narrow bandpass filter around the center frequency

wp, then ®(w) can be expressed as
O(w) = P(wy)d(w — wp) (2.7)

where P(wp) is the power spectral density, ¢ is the Dirac delta function and w > 0.

Inserting [2.7] into [2.6] gives:

3, 0) = Plen)o ("(;)) 28)

Defining the autocorrelation coefficient as

¢(T7 ®, WO)

5[0, . 0) (29)

p(r, o, wy) =

and inserting 2.8 then finally yields:

o(r,w) = Jo <C°("C:>> (2.10)

As Aki (1957) notes, this formula allows to obtain the phase velocity c(w) from the
observed p-values.
However, [2.10] only holds for seismograms recorded on the vertical component. On

the radial and transverse component of a seismogram, a superposition of two wave
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types can be observed: (1) waves with their horizontal component polarized parallel
to the propagation direction (e.g., Rayleigh waves) and (2) waves with their horizontal
component polarized normal to the propagation direction (e.g., Love waves). Expressions

for p,(r,w) and p;(r, w) become more complex but are found following the same procedure

as before:
i) = () = (s | 0 | () + 2 ()| e
pi(r,w) =a :Jo <C:<:)> + (%) (1-a) :Jo (CZ”(;Q —Jy (%) (2.11D)

Here a(w) and 1 — a(w) denote the ratio of Rayleigh and Love waves in the wave field,

respectively (0 < a < 1).

2.2.1. Modified SPAC: Extension of SPAC to imperfect array

configurations

In the form presented up to this point, the SPAC works only on circular or semi-circular
arrays. In order to make use of the SPAC, sensors are placed around central reference
station with a constant radius and equally distributed along the azimuth. In addition
to these limitations in array geometry, obtained results are only valid in a narrow
frequency band which can only be expanded by repeating the experiment with varying
radii. Especially for lower frequencies and corresponding large apertures, a perfectly
circular array becomes impractical. Bettig et al. (2001) therefore developed the modified
SPAC (MSPAC) and demonstrated the applicability of the SPAC to imperfect array

configurations.

If we assume the lateral variations of the subsurface structures beneath the array
to be small with respect to the array aperture, only relative locations of the sensor

locations need to be considered. A pair of two stations can then be characterized by
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its interstation distance r and the azimuth of the connecting line between both stations
®, giving a polar coordinate. This allows us to represent all possible combinations of

stations in a polar plot called the co-array (see figure .

90°
P 4
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interstation distance [m]
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Figure 2.2.: An array configuration with the corresponding co-array on the right, one
station pair and the connecting line between both stations is marked in blue
in the map view, the same station pair in the co-array plot is marked with
blue X

This way we can visualize all station pairs within a given range of radii by plotting a

ring between the two values r; and 7.

90°

150°

Y o

7R
/7 0 Zﬁ 400

interstation distance [m]

180°

Figure 2.3.: Co-array plot with ring from r, = 230 m to ry = 250 m

The autocorrelation coefficient of station pairs within the ring can be obtained by aver-

aging [2.10] over the range of r; and ry:
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2 m
Prirs(w) = 27/ rJo <W> dr (2.12)

r3 —ri cr(w)

Using the properties of Bessel functions, this can be written as:

o) = o ) lnh( il )] (2.13)

r3—ri w cr(w) /],

The modified expressions for the horizontal components corresponding to [2.11] can be

derived similarly. Kohler et al. (2007)) gives:

PrE) = = = {O‘w (52 Lo )z + [ )2 — L= <wL>1:f}
(2.14a)

iE() = s {0 ol + S (% L(wn) + o) |
(2.14b)

wr wr
where wp = PE) and wy, = AR

We can now divide an array of seismometers into multiple sub-arrays k defined by station
couples (7, j) and their respective distance r;; with ry; < r;; < rye. The autocorrelation

ratio for k£ can be computed using:

. 2 _
(W) = —5——5~ > P(rij, i, W)TEATLAR;; (2.15)
ﬂ-(er - /r.kl) T1<Tij <Tk2
with
T = 7%2-|2~7”k1 and Aryp =71 — T
this finally becomes:
1
pr(w) = — Z p(73, i, W) Ay (2.16)

™ Tr1<Tij<Tk2

By splitting the array into smaller sub-arrays and then applying equation [2.16| two
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things are now achieved:
« The summation over r;; accounts for varying radius values.

o A weighting mechanism is introduced that compensates for irregular distribution
of station couples in azimuth. The factor Ayp;; is given as:

This weights the autocorrelation curve of a station pair by the azimuthal distance

to the neighbouring station pairs.

This method eliminates the need for a regular, circular array and therefore allows to
infer SPAC results in a broader frequency range. Furthermore, the data recorded on
seismological arrays originally not designed for the application of SPAC can be used for

insight into the local velocity distribution and site effects.



3. Area of Interest

This chapter focuses on a short introduction of Etna’s geological and geodynamic setting
as well as the volcano-seismic activity present in the study area. Multidisciplinary
overviews covering the detailed geological and eruptive history, statistics, research and
monitoring of Etna can be found in Chester (1985), Pichler (1984)) and Bonaccorso et al.
(2004]).

3.1. Geological and Geodynamic Setting

Mt Etna is a basaltic stratovolcano in the Central Mediterranean, located in the east
of Sicily and rising to more than 3350 m at its highest point. It is considered to be the
largest and most active volcano in Europe (e.g., Villasenor et al., [1998)).

Etna lies in the complex geodynamic framework of the Mediterranean, dominated by
the convergence of the African tectonic plate in the south and the Eurasian plate in the
north. The region of eastern Sicily with the Malta escarpment, the Calabrian arc and
the Apennine chain is one of the tectonically most active areas therein, producing not

only volcanism but also large earthquakes (Diaz-Moreno et al., |2017)).

The recent shape of Etna is the result of an interplay of regional to continent-scale
tectonics and local volcanic processes (Panzera et al., [2016). The beginning of the
volcanic activity can be traced back about 500,000 years. It is followed by a succesion

of eruptive phases, with the ongoing Mongibello stadium being the most recent one
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(Branca et al., [2011; Diaz-Moreno et al., [2017)).

Consequently, Etna is formed by a sequence of stratovolcanoes often with associated
calderas. The most noticeable of which is the Ellittico caldera, approximately 15,000
years of age (Doglioni et al., 2001; Panzera et al., 2016).

The present crater area at Etna’s summit encompasses four main vents: the North East
Crater (NEC), the South East Crater (SEC), Bocca Nuova (BN) and Voragine (VOR).
Having been formed in 1911, NEC is the oldest of the craters with VOR and BN dating
back to the 1950s and 1960s respectively; The SEC has been formed most recently
(1971) and is currently the most active of the craters (Chester, |1985; Pichler, [1984)).
Additionally, in 2011 a new cone was constructed by intense lava fountaining at the
flank of the SEC. It is now referred to as the New South East Crater (NSEC; Behncke
et al., 2014)). More recently, NSEC and SEC have merged into one crater complex, again
referred to as SEC (Bisson et al., 2021]).

3.2. Seismic and Volcanic Activity

Etna exhibits a great variety of different seismic signals such as volcano-tectonic, long-
period (LP) and hybrid events as well as volcanic tremor. Their variations in amplitude,
frequency content, wavefield composition and waveform as well as hypocenter location
are closely linked to the volcanic activity.

LP and tremor are generally interpreted as the result of interaction of fluids such as
magma or gas with the volcanic edifice. They are therefore directly related to the inner
dynamics of the volcano (Cannata et al., 2013; Patane et al., [2004)).

For instance, each section of the shallower part of Etna’s feeding channels, generates
volcanic tremor in its characteristic resonance frequency band. This allows the attri-
bution of a tremor signal to a specific part of the feeding system. In general, any type

of eruptive activity is accompanied by an increased tremor amplitude, often preceeding
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the eruption itself (Pichler, [1984).

Sciotto et al. and Cannata et al. found that continuous volcanic tremor
at Etna generally is recorded in the 1 to 5 Hz frequency band. Zuccarello et al.
observes the 1 to 4 Hz range to be dominated by tremor. Specifically for August and
September 2019, Eibl et al. notes the tremor contains energy up to 3 Hz with
the spectral peak around 1 Hz.

The period of investigation, July 5 to mid-September 2019, was characterized by gen-
erally increased volcano-seismic activity. INGV reports intensive degassing and ash

emissions from NEC in the first week of July (INGV, 2019a, figure .

Figure 3.1.: Ash plume on July 6, 2019 (photo: Michael Weber)

This was followed by Strombolian explosions and lava flows originating at the NSEC in

the days of July 18-20 and 27-28. A continuous increase of the volcanic tremor amplitude
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was observed from mid-August, peaking on September 12 with the Strombolian eruption
at VOR (Eibl et al., Giuffrida et al., . Further, Sciotto et al. and
Giuffrida et al. note that tremor and LP event locations during this time were
concentrated at shallow depths (>1.5km and >2km a.s.l., respectively) and under the
summit crater area. The following figures to |3.4] show the locations of tremor events
during the period of investigation, reported by the INGV. Locations are derived from
the seismic amplitude decay (Cannata et al., Di Grazia et al., . As was
described by both Sciotto et al. and Giuffrida et al. (2021), they clearly image

the migration of volcanic tremor to shallower depths and towards the active eruptive

vents.
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Figure 3.2.: Locations of tremor events June 29 to July 28 (INGV, [2019Db))
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Figure 3.3.: Locations of tremor events July 26 to August 25 (INGV, 2019¢))

Figure 3.4.: Locations of tremor events August 23 to September 22 (INGV, 2019d))
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4. Instrumental Setup and Data

The main dataset used in this study was recorded on a seismic array consisting of 26
broadband stations between July 5 and September 13, 2019. The array was located at
the northeastern flank of the Etna volcano near Pizzi Deneri observatory on Piano delle

Concazze (PDC), about 2 km from the North East Crater (figure 4)).

Figure 4.1.: DEM of Etna (from: Palaseanu-Lovejoy et al., and array location.
Rectangle marks the extent of figure [4.3] circles mark the summit craters.
NSEC: New South East Crater; SEC: South East Crater; BN: Bocca Nuova;
VOR: Voragine; NEC: North East Crater

The deployment was part of an experiment to investigate the performance of a dis-

tributed acoustic sensing (DAS) system recording volcanic activity. Hence, the seismic
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stations were installed alongside an 1.5 km long fibre optic cable connected to a Silixa
iDAS interrogator placed in the Pizzi Deneri observatory (Currenti et al., 2021; Diaz-
Meza et al., 2023)).

All locations of the array were equipped with Trillium Compact 120s sensors, buried
at a depth of about 40 cm. According to Foti et al. (2017) buried stations directly on
ground is the most desirable setup for the measurement of high-quality ambient noise
data. DiGOS DATA-CUBE? digitisers recording at a sampling rate of 200 Hz were
used for data acquisition. Due to technical problems station BB05 was not recording
correctly during most of the experiment. It was therefore excluded from any further
analysis. From August 24th on a rotational seismometer was deployed next to station
BB17, at the center of the array. Both instruments were set up on a stone plate and not
directly on ground as all other stations (Eibl et al., |2022). The interstation distances
of neighbouring stations are in the order of 70 to 100 m with the whole set-up covering
approximately 0.2 km?. The area is largely flat so that the elevation of the stations
varies between 2795 and 2809 m. More details and exact locations of the broadband
stations can be found in Appendix [A]

The second dataset used here are the records of the DAS system, encompassing the
same timespan. All files were available in the miniSEED format, split according to the

channel spacing of 2 m and decimated to 200 Hz.
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Figure 4.2.: View over Piano delle Concazze towards crater region of Etna and seismic
station (photo: Michael Weber)

PDC is covered by a layer of loose, unconsolidated volcanoclastic deposits of recent
volcanic activity (ﬁgure. Underneath, a system of lava flows burrying the northwest
rim of the older Ellittico caldera is found (Coltelli et al., Napoli et al., .
These lava flows, originating the crater area were dammed up by the outcropping caldera
rim and diverted to the north (Pichler, see figure [B.1)).

Tectonically the area is subject to the influence of the north-east rift resulting in a num-
ber of north-south trending faults passing through PDC (Azzaro et al., . Figure
[4.3] shows the layout of the broadband array, the fibre optic cable and the locations of

known exposed and hidden faults in the area.
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Figure 4.3.: Layout of the seismic array with station names, unfilled triangle marks sta-
tion BBO5; blue line depicts path of the fibre-optic cable; solid black and
dashed grey lines indicate exposed and hidden faults respectively (after:
Azzaro et al., )



5. Methodology

Chapter [2 described the theoretical background of the two principle methods used in
this study. In this chapter the implementation of H/V and SPAC, the software used
and the setting of necessary parameters will be presented. Ultimately, the inversion of

the results and the derivation of 1D velocity models will be discussed in detail.

Both, computation of HVSRs and SPAC curves for this study have been implemented
in python codes. Although compromising on the runtime, compared to tools imple-
mented in other programming languages, this ensures the programs can be read, edited,
expanded, reused and integrated with other seismological tools easily. It also allows to
make use of a number of efficient and widespread methods and functions developed for
scientific computing and working with seismological data. Namely, the computations
are based on the NumPy, SciPy and ObsPy packages and visualizations are handled by
either seaborn or Matplotlib. Specific methods and functions will be mentioned in the
subsequent sections.

In addition, some modules of the open-source application Geopsy (Wathelet et al., 2020)
were used. Most importantly, the entire inversion process is handled by the Dinver
framework (see section [5.3)).

Next to H/V and MSPAC fk-analysis was used to track the backazimuth of the volcanic
tremor during selected time periods. For this the array_processing function of ObsPy

was utilized.
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5.1. Computing H/V ratios

The following points describe how the individual processing steps for the computation

of HVSRs were implemented:

o Definition of parameters and data: First the data to process and some param-

eters need to be defined, the optimal selection of which depends on the dataset:
o window length: the length of a single time window

e time range and dates: the time over which individual windows are later

averaged and how often this is repeated
» frequency range: the frequency range in which to compute the H/V curve

e inventory and data: the ObsPy-inventory object containing the metadata

of stations and the location of data

Loading data: The data for the defined time range is detrended and loaded into
an ObsPy stream.

Slicing to window size and station selection: The stream is sliced according

to the defined window length and the data of a single station is selected.

Anti-triggering: To avoid the processing of transient events, a STA /LTA-trigger
is applied to the data. In case of a detection, the data is rejected and the next

station will be selected.

o Tapering: In order not to distort the results of the following transformation
into frequency domain, a taper is applied to the data by multiplication of each
components record with a cosine-tapered or Tukey window. This constitues the
most commonly used tapering function in seismic noise processing (Pilz & Parolai,
2012)). The shape parameter is set to 0.1, meaning that 10% of the data is inside
the tapered region. The window is provided by the tukey function of the SciPy
package.
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o« Compute spectra: The one sided FAS is computed for all three components.

Here NumPy’s functions rfft and rfftfreq are used.

e Smoothing of spectra: The spectra are smoothed by using the method
proposed by Konno and Ohmachi (1998) which is implemented in ObsPy’s
konno_ohmachi_smoothing function. The bandwidth parameter is set to 40 sam-

ples.

» Averaging of horizontal spectra: The RMS of both horizontal spectra is de-

termined.

o Compute H/V: The H/V ratio is computed by dividing the averaged horizontal
spectrum by the vertical. Then, the frequency corresponding to maximum HVSR

is found and both results are stored.

o Loop over stations and time windows: The process is repeated for all stations
in the inventory before continuing with next time window. Stations and times

where no data is available are stored.

« Average over all time windows: Finally the average H/V curve and peak
frequency of all time windows is calculated for each station together with the

corresponding standard deviations.

o Save final results: The final results and standard deviations are stored into a
python object. For future access, the object is also written to the computer using

python’s pickle module.

SESAME (2004)) gives an extensive guideline on the H/V technique. The authors define
multiple criteria as to when a HVSR curve can be considered reliable, amongst others
these are: (1) fo > % and (2) Iy, * ny, * fo > 200, with [, being the window length and
n, the number of windows. Further, for f; ~ 0.5 Hz a recording time of 20 minutes,

a minimum window length of 20 seconds and a minimum number of 10 windows is
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recommended.

Based on these criteria and the amount of data that is available, a window length of 30
seconds and a total time of one hour that is being processed was chosen. With respect
to the spectral characteristics of the present volcanic tremor (section , the frequency
band between 0.5 and 12 Hz is investigated. This choice ensures to include the expected
fundamental frequency of the site and possible secondary peak frequencies.

STA and LTA windows are 2 seconds and 20 seconds respectively, the trigger threshold
is set to 4. However, it has been shown that the processing of transient signals does not

worsen the HVSR result noticeably (Parolai & Galiana-Merino, 2006).

5.1.1. Combined seismometer and DAS HVSRs

As demonstrated in Spica et al. (2020), HVSRs can be computed from the combination of
DAS and broadband data to assess site effects with much higher spatial resolution than
with traditional seismic arrays. This includes the conversion from the strain-rate records
of the DAS to velocity data. Here a more simple approach is chosen to extract additional
subsurface features. The two merged horizontal spectra Hg in equation are replaced
by the spectrum of a single DAS channel. The vertical spectrum is computed from the
broadband station that is closest to the respective DAS channel. This is possible since
the vertical velocity component is generally more spatially stable (Spica et al., 2020} and
references therein).

The strain-rate data is not converted to velocity but simply integrated so that the
resulting HVSR is composed of a strain data spectrum and a velocity data spectrum.
This allows to include DAS records easily in the described HVSR computation and with
very little adaption of the program’s code. For this work strain-rate data of 690 channels
is available. For each channel the record first is integrated and the nearest broadband
station is found. The corresponding time series are then processed as described before.

In total, 50 60 s time windows were processed and averaged.
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5.2. Deriving autocorrelation curves with SPAC

The following points describe how the individual processing steps for the computation

of the SPAC curves were implemented:

o Define and edit inventory: An ObsPy inventory of the array to be used must
be provided. The array and the corresponding co-array will be plotted. Stations to
be excluded from the analysis can be given and will be removed from the inventory.
A central reference station can be given, else all possible station pairs in the array

will be used.

e Define rings, data and processing parameters: Based on the co-array plot,
MSPAC rings can be set by providing r; and ry for each ring. Rings are plotted
and the number of station pairs per ring is computed, so that selection can be
optimized.

Further, the following inputs need to be provided:
« Frequency band: The range of frequencies in which SPAC will be computed
« Number of center frequencies
o Shift: The maximum time shift for the correlation
e Data: The data to be processed

e« Times: The time windows of the data to be processed. This can either be
a list of DateTime objects giving starttimes and endtimes or a starttime,

window length and number of time windows

« Generate list of station pairs: Using the inventory to generate a list of all

station pairs, if provided, only station couples with reference station are considered.

« Generate center frequencies: The center frequencies are generated by spacing

them evenly along a logarithmic scale in the given frequency band.
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e SPAC computation: The following steps are then repeated for each station pair

in the list:
« Compute the distance and azimuth between both stations

* Rotation: Horizontal components are projected into radial-transverse coor-

dinate system, using the computed azimuth value.

« Filtering and correlation: The data stream is filtered by a four corner
bandpass filter with passband between 0.9 and 1.1 times the center frequency.
The corresponding components are correlated, time lag and amplitude of the
correlation functions maximum is stored. This is then repeated for all center

frequencies.

o Averaging: According to the ring selection, processing parameters and equation
2.16, first the weighted azimuthal average and then the time average over all win-

dows is computed.

o Display of result: The final result can be displayed together with the theoretical
autocorrelation curves for a user-provided velocity model. The synthetic curve is

given by the Geopsy forward modelling routine.

For this study 80 time windows of 60 seconds length with 50% overlap were processed.
The maximum shift was set to 10 seconds and the SPAC coefficient was computed for

100 center frequencies.

5.2.1. Ring selection and frequency range for MSPAC

The selection of the ring’s number and radii is a tradeoff between the number of station
pairs per ring and its thickness. The first should ensure a good azimuthal resolution
while the latter should be as thin and therefore as close to an ideal circular sub-array
as possible. It was however found, that azimuthal resolution is much more important to

derive a meaningful result than the width of a ring (Kohler et al., 2007)).
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Thanks to the large number of available stations and corresponding station pairs, rings
could be chosen relatively thin, i.e. in the range of a few tens of meters. The following
table shows the selection of MSPAC rings for this study, figure the corresponding

co-array plot:

Ring | r; [m] | ro [M] | Nstations
1 45 60 8
2 60 75 25
3 75 90 19
4 90 105 8
5) 105 120 13
§ 120 132 19
7 132 145 24
8 145 178 44
9 178 200 41

10 200 215 15

11 215 250 41

12 250 300 33
90°

0 200 400
interstation distance [m]

Figure 5.1.: Chosen MSPAC ring distribution in co-array plot

It has been shown that reliable SPAC curves can be obtained for wavelengths shorter the
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often assumed 2r < X\ (Cho, 2022; Tsai & Moschetti, [2010)). Therefore, SPAC curves are
first computed between 0.5 and 3 Hz, thus encompassing most of the frequency range of
the volcanic tremor and later cut to a suitable bandwidth.

In accordance with other studies, all curves are inverted under the assumption that
only the fundamental modes of the surface waves are contributing to the investigated

frequency band (e.g., Di Giulio et al., 2009; Saccorotti et al., [2004]).

5.3. Inversion

As mentioned, the process of inverting the gained results for 1D shear wave velocity
models is done using the Dinver framework of Geopsy. Dinver is a C++ implementation
of the neighbourhood algorithm (NA; Sambridge, 1999), improved by Wathelet (2008)).
It is not limited to any specific inversion problem, but can be used with any external
forward computation that is provided. Here, the plugin dinverdc is used that is devel-
oped for the inversion of surface wave data.

For this analysis the H/V peak frequencies and the SPAC curves will be inverted jointly.
It has been shown that the results from both methods contain complementary infor-
mation: HVSR peaks constrain the thickness of the subsurface layer well, while the
autocorrelation curves give information on the absolute vg-values in depth (e.g., Ikeda
et al., 2013; Parolai et al., 2005; Scherbaum et al., 2003; Spica et al., 2018|). The forward
computations, especially for the HVSR curve, are beyond the scope of this thesis, they
are discussed in detail in Wathelet (2005)).

In order to evaluate the performance of a single model generated in the inversion process,
a misfit or objective function needs to be defined. The misfit for the H/V frequency peaks

is simply given as:
ml'Sfl'th _ |f0,ob;f_ fO,calc| (51)
0,0bs

Jo.obs and fo cate are the observed and the calculated H/V peak frequencies and T fo ops 1S
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the standard deviation of fy ops.

Conventionally the derivation of vg profiles from SPAC curves was carried out by first
deriving the DC using a least-squares approach and then inverting the DC for the velocity
distribution. As Wathelet et al. (2005) describes, this two stage process can be merged
into a single inversion, so that results can be obtained from the SPAC curves directly.
For a given velocity model, the DC is computed and the theoretical SPAC is then found
by the application of equation and the equivalents for the horizontal components.
The corresponding misfit function is defined as a RMS value, normalized by the standard

deviation of the data points:

o B 1 EE (Pdij — Peig)?
mis fitspac = \l ST ZZIJZI —O?j (5.2)

where pg;; is the SPAC coefficient of the data, p.; is the calculated SPAC coefficient
each at frequency f; and the ring 1, J?j is the corresponding observed variance, ng is the
number of rings and ng; is the number of frequency samples for ring ¢. In case of a joint

inversion, both misfit functions are combined so that the global misfit function is:
mias fit giobar = (1 — €) misfitspac + € misfity, (5.3)

where ¢ is a weighting parameter (0 < e < 1).

Testing different € values showed that weighting steers the result of the inversion heavily
towards only fitting either the HVSR peak or the SPAC curves. As there is no a priori
information on the reliability or quality of either, both HVSR and SPAC curves are
weighted equally in this study.

5.3.1. Neighbourhood algorithm

The neighbourhood algorithm is a direct search algorithm to explore a multidimensional

parameter space and find models of appropriate data fit. Instead of giving the single
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best fitting model, it is designed to find an ensemble of models sampling all equivalent
minima of the misfit function. The NA is not using derivatives and explores the pa-
rameter space globally, which is essential due to the high degree of non-uniqueness of
the problem. Using a Monte Carlo technique, it is based on the generation of pseudo-
random samples. In this regard, it can be compared to simulated annealing or genetic

algorithms (Sambridge, 1999)).

Figure 5.2.: 10, 100, and 1000 samples with their Voronoi cells (a-c) and contour of the
misfit function (d); note the shift of sampling density and how multiple
minima of the objective function are explored (from: Sambridge, [1999)

In a first step, a number of inital random samples, i.e. sets of model parameters,
are generated. For each sample the forward computation is executed and the result
is compared to the observed data, resulting in a misfit value. From these initial for-
ward computations the surface of the misfit function can then be approximated. The
parameter space is divided into Voronoi polygons and each cell is assigned the misfit
value of the corresponding sample as a constant value. Now, the most ”promising”
areas of the parameter space, that is the ones with the lowest misfit, are resampled by

again generating random samples inside the boundaries of the Voronoi cells and the
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process repeats. This way, the samples already evaluated are guiding the algorithm
into exploring all minima of the objective function effectively. Figure [5.2illustrates this

process for a two-dimensional parameter space.

In the NA implementation used here, there are three key tuning parameters to govern

the behaviour of the algorithm.

o the total number of models to generate by NA in one inversion run (V)
e the number of models to generate randomly by MC sampling (Ny)

o the number of cells to resample per iteration (N,.)

Here, both Ny and N, are set to 100, which according to Wathelet is typical for
a more explorative approach. This then requires a greater number of total generated
models to still sample all local minima appropriately dense. Testing showed that a N
of 10000 is more than enough to infer a stable misfit value (see figure[5.3). Further, due
to the random component of the NA, Wathelet et al. state that it is necessary to

repeat the inversion process three to five times to ensure a robust final inversion result.

—— model misfit
e overall minimum misfit: 0.151

misfit

T T T T T
2000 4000 6000 8000 10000
# of generated models

Figure 5.3.: Exemplary misfit evolution for one inversion run with N, = 10000; a suffi-
ciently stable misfit value is reached after 4000 to 5000 evaluated models
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5.3.2. Parameterization and a priori information

Renalier et al. demonstrated the non-uniqueness of this inverse problem and the
drastic influence parametrization has on the estimated velocity distribution. A carefully
chosen parameterization therefore is essential for obtaining robust and meaningful re-
sults.

Here, a layer of an 1D velocity model is characterized by four parameters, namely
compressional and shear wave velocity (vp, vg), density (g) and the layer thickness
(h). Xia et al. and Wathelet analyzed the sensitivity of the DCs shape
to these parameters. They found that vg is by far the most dominant parameter. In
contrast, the influence of p is negligible and the influence of vp is significant only for low
Poisson’s ratios which are not to be expected in the loose and unconsolidated material
present at the investigated site. Consequently, resulting P-wave and density profiles
should not be interpreted and if possible, values can be assigned as constant. For the
density this could be confirmed during a few test runs of the inversion with o as a
free parameter. As figure [5.4] shows, no clear correlation between the model misfit and
the p-value is visible. Since Jousset et al. give a measured value of 520 £+ 10

% for the surface scoria at the site, the density parameter was therefore fixed at 520 %.

1400 { SRS
1200 A
— 1000 1
2[&
Q 800

600 -

400 A

00 05 1.0 15 2.0 25 30 35 4.0
model misfit

Figure 5.4.: Model misfit for different density values of the 500 best models produced in
one inversion run
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For the vp profile a very simple parameterization is chosen, i.e. a single layer over
half-space. In order to avoid influencing the resulting vg profile by fitting any too tight
constraints put on vp, the possible values are given very wide boundaries. This is
following the findings of Wathelet (2005) for the case where no prior estimate or data
of vp is available. Additionally, to better constrain the inversion result, more conditions

are introduced:

e no low velocity zones: The seismic velocities increase with depth, i.e. a layer’s

velocity is always higher than the velocity of the layer above.

» Poisson’s ratio: As discussed, vp profiles are not well recovered and will therefore
not be interpreted. However, results should be physically realistic, so that vp and

the corresponding vg value at the same depth are linked by v with 0.2 < v < 0.5.

« bottom depths: The bottom depth (d) of the surface vp layer must be the same

as the bottom depth of one of the layers in vg.

As the number of vg layers is unknown, the approach is to start with a single layer over
half-space and successively adding layers while observing the misfit value. This avoids
overparameterization while guaranteeing a sufficiently high number of layers, as too
few can lead to an overestimation of the impedance contrast (Scherbaum et al., 2003)).
Here no misfit decrease could be see for inversions with more than two layers over the
half-space.

Foti et al. (2017)) gives a maximum depth resolution for the SPAC of d, 4, < ’\m%, with
Amaz being the maximum resolvable wavelength. Taking into account the interstation
distances of the array and the expected low phase velocities of the medium, d,,,, is

estimated to be =~ 90 m. The final model parameterization is shown in the following

table:
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vp Vg 0 v
Layer Vel. [2] d [m] Layer Vel. [2] | d[m] | [£4]
0 150 - 3000 | d(vs1) 0 50-400 | 1-40 | 520 | 0.2-0.5
half-space | 200 - 3000 00 1 50 - 800 | 20 - 70
half-space | 300 - 800 00




6. Results

In this chapter the obtained results will be presented. After briefly investigating the
temporal evolution of the H/V spectral ratios, the detailed analysis of a suitable time
sample will be shown. The spectral ratios and the spatial distribution of peak frequencies

are shown and finally the inferred SPAC curves and the inversion result will be given.

6.1. Temporal evolution of HVSRs

Figure shows the H/V peak frequency values for each station averaged over one hour
from July 5 to September 12, the corresponding standard deviations (o) are shown in
figure[6.2] It can be seen that large periods show a strong variability of f, over time and
high o values.

Abrupt changes and high variability in H/V ratios coincide with increased volcanic
activity. Exemplary this can be shown comparing f, values and RMS tremor amplitude
records published by INGV from July 27 (figures and [6.3). The drastic increase in
tremor amplitude concurs with a clear change in HVSRs in the early hours of the day.
Further, fk-analysis reveals that during non-eruptive periods most seismic energy is
reaching the array from a range of angles encompassing the whole crater region, be-
tween approximately 200° and 235°. However, during times of eruptive activity the
dominant source region is very stable, with the BAZ pointing to the corresponding

active crater and only varying by a few degrees (see [D.1]).
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Figure 6.1.: All f, values averaged in one hour bins from July 5 to September 12 on the
25 seismic stations
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Figure 6.2.: The corresponding o values of the H/V peak frequencies in figure
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Figure 6.3.: fy values averaged in one hour bins from July 26 to 29; note the abrupt

Figure 6.4.: The corresponding o values of the H/V peak frequencies in figure

change in peak frequency in the early morning of July 27
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Figure 6.5.: RMS tremor amplitude between July 22 and 29; clearly visible is the in-
creased amplitude from the early hours of July 27 to midday of July 28
(from: INGV, 2019b)

Inspection of the complete HVSRs for multiple time samples shows that only few stations
exhibit clear frequency peaks with large o, values during periods of increased volcanic
activity (see figure [C.1]).

The predominant source region indicated by the fk-analysis is strongly violating the
basic assumption of uniformly distributed sources, making times of increased volcanic
activity not ideal for the application of SPAC either. Another example of the correla-
tion between changing H/V ratios, f-k analysis and eruptive activity can be found in

Hence, it is necessary to identify time periods suitable to infer meaningful HVSRs and
spatial autocorrelation curves. This was approached by: (1) visual inspection of all
HVSRs and standard deviations (figures [6.1] - [6.3)), (2) comparison to INGVs reported
RMS tremor amplitude measurements (e.g., figure and reports of volcanic activity,
(3) f-k analysis results (e.g., and (4) the computation of the mean H/V ratio
over all stations (figure [6.6)).

As can be seen from figure the time period around August 8 shows the most stable
mean H/V value for the array. It was therefore decided to use this part of the available
data for further analysis. This choice also avoids the time of continually increasing

tremor amplitude beginning in mid-August and leading up to the September 12 eruption
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at VOR as described in chapter |3.2]

= Mean H/V peak [Hz]
- Standard deviation [Hz]
3.01 —— Variance [Hz2]
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Figure 6.6.: Mean H/V peak frequency over all 25 seismic stations with corresponding
standard deviation and variance

6.2. Spatial distribution of HVSR peak frequencies

Figure|6.7|shows the full HVSR curves with their standard deviation o4 for all 25 investi-
gated stations in a selected 1 hour time window. The legend indicates the corresponding
fo values and their standard deviation oy.

The exhibited HVSR peak frequencies range between approximately 0.8 and 1.3 Hz.
Stations with fo < 1 generally show more clear H/V peaks and lower oy with values
between 0.15 to 0.2 Hz. In contrast, HVSRs with higher peak frequencies (fy > 1.1)
display higher standard deviations of f; in the range of 0.20 and 0.47 Hz. The corre-
sponding peaks are generally lower and broader. Specifically, this is the case for the
stations BBO1, BB06, BB11 to BB15, BB23 and BB24.

Too broad peaks can generally be adressed by changing the bandwith parameter of the

smoothing algorithm, however this approach had no noticeable effect on the obtained
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spectral ratios.

Additionally, the three northernmost stations of the array BB24 to BB26 exhibit small
secondary peaks around 5 to 6 Hz.

On all stations the standard deviation of the HVSR amplitude o4 decreases towards
higher frequencies. Around the peak frequencies, the curves exhibt o4 values between ap-

proximately 0.5 and 1.4, where low values are often attributed to lower peak amplitudes.

Very similar results in terms of HVSR shape, absolute fy values and their spatial distri-
bution to the one presented here can be inferred from other time samples of the chosen

range of days. However, some results show significantly higher standard deviations.
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Figure 6.7.: All station’s HVSRs from August 9, 21 h; light blue area marks standard
deviation (04)
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Figure 6.8.: Spatial distribution of fj
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Figure shows the spatial distribution of the H/V peak frequencies. A clear trend
towards higher fy going from the southwest to the northeast of the array is visible. The
aforementioned stations with high f are all located in the northeastern part of the set-
up, only BBO06 is located in the very southwestern corner.

Accordingly, the same southeast-northwest trend can be seen in the spatial distribution
of o; (figure . Lastly, the inferred peak frequencies were interpolated on a 100 by
100 node regularly spaced grid using a cubic spline interpolation. Figure [6.10] shows
the resulting map. The interpolated result indicates a sharp transition from the area of
higher (> 1.1) fp in the northeast to lower (< 1) fy in the southwest and center of the
layout. In the northern half, this shift coincides roughly with the fault crossing through

the array.
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Figure 6.10.: Interpolated spatial distribution of fj
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6.2.1. Combined seismometer and DAS HVSRs

Figure depicts the maximum amplitude of the HVSR Ay )y for each of the 690 DAS
channels. Areas of strongly elevated values coincide with the present faults. This is
especially clear for the two buried faults crossed by the cable in the north and the fault
crossed in the southwest. No significant effect on the H/V amplitude is visible for the
western fault. Other areas of higher amplitudes on the eastern cable loop do not fall
together with the mapped faults.

Figure shows the full shape of the H/V curves for the channels 190 to 280, spanning
the area of the two faults the cable crosses on the northern straight. Clearly elevated
amplitudes coinciding with the faults are visible. West of the eastern fault and east of
the western fault, the curves are almost completely flat. In the middle between both

faults, amplitudes are again slightly higher and form a double peak.
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Figure 6.11.: Maximum amplitude of H/V curves for combined broadband and DAS
HVSRs; range of values is due to different units of processed records
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Figure 6.12.: Shape of HVSR curves for channels 190 to 280

6.3. SPAC results

Figure [6.13] shows the SPAC curves for all 12 rings and their respective standard devi-
ations. The orange line represents the theoretical curve for the velocity model given in
Punzo et al. (2011)).

For all three components the begin of the Bessel curves’s arc is visible on most of the
MSPAC rings. With increasing ring dimensions, the frequency band exhibiting signif-
icant values becomes narrower and is shifted to lower w. For higher frequencies, the
curves approach zero. On rings 1 to 4 the obtained curves agree well with the chosen
theoretical comparison roughly between 1 and 1.7 to 2 Hz. Standard deviations are
consistently around 0.2 and generally lower for higher frequencies.

Due to the very limited suitable frequency range on ring 11 and 12, the corresponding

curves were not included in the inversion process.
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Figure 6.13.: SPAC curves for the vertical, radial and transversal component and the
theoretical curve for velocity model of Punzo et al. (2011); light blue area
indicates standard deviation of obtained curve
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6.3.1. Inversion of SPAC curves only

Figure|6.14{shows the shear wave velocity model with the lowest misfit from the inversion
of the three component SPAC curves only. The first interface can be seen at 21.8 m
depth and the first layer exhibits a vg of 165 7r. The second layer with a velocity of
378 ™ ranges down to 65 m where the transition to the half-space and a vg of 506 “* is

located.
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Figure 6.14.: vg velocity model with lowest misfit together with models from Wegler and
Seidl (1997)) and Punzo et al. (2011)

Figure presents the total misfit evolution during the inversion process. A stable
misfit is reached after around 5000 to 6000 generated models with the minimum overall
misfit of ~ 0.149.

The parameter space with model misfits in relation to the individual inversion parameters
is shown in figure Parameters related to the vg profile mostly converge towards a
stable value, for dg; the convergence is not as clear. For the two vp parameters no clear

relation between model misfit and velocity is visible.
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Figure 6.15.: Total misfit evolution for inversion of SPAC curves
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Figure 6.16.: Parameter value and model misfit for the 500 best models

Repeated inversion runs with the same parameterization all yielded almost the same

models with misfit values varying by 0.3 to 0.4%.
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6.4. Joint inversion

Considering the strong lateral variations in the velocity distribution of the site, a joint
inversion using the mean f; of the complete array may not produce a meaningful result.
Therefore, two separate joint inversions were performed. First, the same parameteriza-
tion and SPAC curves were used together with a H/V peak of 1.19 Hz and o of 0.05 Hz.
This corresponds to the mean peak frequency of the seven stations in the northeastern
sector of the array. The second inversion was carried out with a f; value of 0.91 Hz
and oy = 0.05 Hz, corresponding to the mean peak frequency of the rest of the array.
Additionally for the second inversion process, the parameters vgo and dgo were fixed at
22 m and 170 “*, respectively. This is due to the good agreement in the properties of the
first layer of the SPAC inversion result with the models of Wegler and Seidl (1997)) and
Jousset et al. (2022) which were obtained at the same site, i.e. in the western part of
the broadband array. Figures[6.17] and show the results of both inversion processes.

The respective misfit evolution and parameter space are given in appendix [E]

r—

20 4

40 +

60 -

depth [m]

80 4

100 4

—-- Jousset et al., 2022a —-- Jousset et al., 2022c
Jousset et al., 2022b —-- Jousset et al., 2022d
120 T T T L — T
100 200 300 400 500 600 700 800
vs [m/s]

Figure 6.17.: vg model with lowest misfit for joint inversions with fo = 1.19 Hz; reference
models from Jousset et al. (2022)

In both results, the general shape of the 1D model remains unchanged compared to
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the simple inversion. For the joint inversion with fy = 1.19 Hz, the top layer is 7 m
shallower and exhibits a higher velocity (dso = 14.7 m, vgo = 203 %) The second
layer’s thickness remains constant at 43 m, placing the bottom depth at 57.5 m. Both
vg,1 and vgy are lower than in the simple inversion, showing values of 303 and 476 7,

respectively.
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Figure 6.18.: vg model with lowest misfit for joint inversions with fo = 0.91 Hz; reference
models from Jousset et al. (2022)

The inferred vg model from the joint inversion with f, = 0.91 Hz exhibits a thicker
second layer with a bottom depth of 80 m. Further, vg; is slightly lower than for the
original inversion (329 ") and the shear wave velocity of the half-space remains virtually

unaltered (504 7).

With a total minimum misfit of 0.071 and 0.078 the overall fitness of the inversion
solution was improved substantially by including the H/V peak frequency. However,
for the first joint inversion the results seem to be less stable as a convergence of the
individual parameters is less visible. For the second inversion the convergence is much

more clear, even for the prior poorly resolved parameters dg; and vp.
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In this chapter the obtained results will be discussed and compared to the available
scientific literature. Starting, the HVSR curves and their reliability will be estimated and
the large temporal variations of the results are being adressed. Then, a brief geological
interpretation will be given. Following, the SPAC curves and the inversion results will

be discussed and compared to published velocity models.

7.1. HVSRs

SESAME (2004)) presents a set of criteria to evaluate the results of HVSR computations.

For the whole H/V curve these are the following:
L fo>12
2. lyny fo > 200
3. oa(f) <2for 0.5fy < f <2fyif fo > 0.5 Hz

Here [, denotes the window length and n,, the number of windows.

As mentioned in section 5.1} 7,, and n,, are chosen such that the first two criteria are
always met, even when time windows are rejected by the STA /LTA trigger. The third
criterium is fulfilled on all stations over the complete frequency range with a maximum
o4 of approximately 1.4. The obtained HVSR curves are therefore valid with respect to
the conditions of SESAME (2004)).
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For the realiability of the H/V peak, the following criteria are given, five of which should

be fulfilled to be considered a “clear” peak.
L3f e [Lfo] s App () < &
2. 3fF € [fo. Afo) : Aup (fF) < 4o

3. A0>2

=~

Soear [Arp () £0a(f)] = fo+ 5%

ot

oy < €(fo)

=)

- oa(fo) <0(fo)

Ay and Ag v (f) demark the H/V amplitude at fy and f, € and 6 are defined as:
e e=0.15fy and 8 = 2.00f, for 0.5 < fy <1 Hz
« ¢=0.10f, and 6 = 1.78f, for 1.0 < fo < 2 Hz

The first condition is met for most of the stations. Only the two located most north
eastern, BB13 and BB24, do not fulfill the condition clearly. BB20 and BB16 do not
meet the criterium but with only very small deviations. Criterium 2, 3 and 6 are fulfilled
for all curves. The results of BBO1, BB18, BB25 and BB26 fail to satisfy condition 4,
while criterium 5 is not fulfilled on all of the available stations.

Although not meeting all the SESAME (2004) criteria, the obtained f, peaks can still
be considered reliable taking into account that more recently authors have been arguing
for wider ranges in criterium 4 and the complete disregard of criterium 5 (Molnar et al.,
2022, and references therein).

The relatively large standard deviation values were to be expected as significant tempo-
ral variations could already be seen in the full H/V results (chapter @ The constantly
changing and complex nature of the tremor wavefield at Etna and its influence on the

spectral ratios have been discussed in a number of publications. Further, the observed
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H/V peak frequencies are generally in good agreement with the available literature too.
Eibl et al. (2022)) describes a change in content of SH and SV type waves in the tremor
wavefield during August and September 2019. Patane et al. (1994) observed site ampli-
fication around 1 Hz at a station located near PDN. It is also mentioned that individual
spectral ratios at the same station may vary considerably. Similarly, Imposa (2021))
reports fo values between 1 and 2 Hz at the north east section of Etna (740 m a.s.l.)
which were obtained by processing local earthquakes. The author attributes the large
variations of the HVSR peak frequencies to the complexity of the seismic signal due to
path taken by the wavefront in relation to the present volcano-tectonic structures.

Generally, the present three dimensional volcano-tectonic structures pose a source of
error for the derivation of H/V peak frequencies. The scattering on interfaces affects the
horizontal and vertical component of the wavefield differently and therefore influences

the HVSR curve and subsequently the estimation of the H/V peak frequency.

7.1.1. Combined seismometer and DAS HVSRs

Although not consistent for all the fault-cable crossings, in general higher Ay coincides
with the presence of fault zones crossed by the cable. The pattern of elevated ampli-
tude values along the cable is virtually identical to the residuals of the strain derivation
using a volcanic explosion event in Currenti et al. (2021). It can be concluded that the
maximum H/V amplitude is a good indicator for the high resolution detection of faults
at the site. Thereby, the elevated values on the eastern loop of the fibre can then be
interpreted as the NW-SE running fault extending further to the south.

The combined DAS and broadband spectral ratio can serve as a complement to the
conventional site characterization when additional DAS data is available. Further inves-
tigation is necessary to illuminte the underlying mechanism, limitations, spatial stability

and possible influence of the fault geometry on the result.
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7.1.2. Geological interpretation

Geological descriptions and maps, e.g. by Azzaro et al. (2012)), Branca (2011) or Pichler
(1984)), consistently describe the PDC area as delimited by the exposed rim of the old
Ellittico caldera from the north to the southeast with the rim dipping down towards the
center of the array layout.

SESAME (2004)) describes the influence of laterally varying structures on the shape of
the H/V peak as inferred from numerical simulations. The authors associate ”sharp”
or "clear” peaks with a smooth subsurface topography i.e., "gentle interface slopes”.
Contrary, broader and generally lower peaks indicate a "rapidly varying” layer thickness
“for instance at valley edges”. The interpretation of the corresponding area with the
highest fy as the Ellittico caldera rim would therefore be consistent with the geological
information and explain the shape of the HVSR curves in question. The transition to
the area where the caldera rim is imaged is delimited by the already mapped fault at the
center and the suggested extension of the NE-SW trending fault further to the south.
Secondary peaks in the northern part of the array could hint to additional shallow strong

resonators e.g., lava flows (Coltelli et al., [1994]).

7.1.3. Comparison with magnetic survey Napoli et al. (2021)

Napoli et al. (2021) provides a high resolution magnetic survey of the PDC area. The
derived main subsurface structures are largely in agreement with the ones indicated by
the interpolated fyp-map.

The areas with higher fj in the northeast and at the eastern border of the array coincide
with the displayed magnetic anomalies (figure and in both results the structure is
delimited by the fault crossing NNW-SSE. Smaller anomalies west of this fault zone are
consistent with moderately high peak frequencies (= 1) Hz on stations BB25, BB26,
BB21 and BB17.

The elevated fy of 1.17 Hz on BB06 at the southeastern edge corresponds to a strong
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negative anomaly, marking the transition to a different system of lava flows (Branca,
2011)).

The modelled profile BB in Napoli et al. (2021)) (figure indicates a possible and
previously not mapped fault east of the center fault zone. This would be conforming

with the proposed progression of the eastern fault to the south of the site.

7.2. SPAC and 1D velocity model

The obtained SPAC curves largely follow the expected behaviour. The frequency band
in which the curves exhibt Bessel-like shapes is determined by two factors. The up-
per frequency limit is given by the minimum resolvable wavelength, i.e., the minimum
interstation distance of the array. This explains why the significant bandwidth shifts
towards lower frequencies for rings with larger radii. The lower frequency limit is given
by the drastic decrease of energy in the wavefield below ~ 0.8 - 1 Hz.

Additionally, the presence of uncorrelated noise, the very limited azimuthal uniform dis-
tribution of tremor sources and the aforementioned 3D effects are possible factors that
might influence the shape of the curves towards a non-ideal Bessel function. Nonethe-
less, the curves for smaller rings are in good agreement with the chosen reference model
which indicates a similar velocity distribution in the shallower area. In the first inversion

result, it can be seen that both models show very low vg values in the upper part.

The inversion of the SPAC curves produces a model under the assumption that the
subsurface velocity distribution is completely one dimensional, i.e. there are no lateral
variations. This is because the inversion returns an averaged model of the subsurface
under the complete array (Wathelet et al., 2004). As was demonstrated, the assumption
of lateral homogeneity does not hold for the investigated site. Resulting models should
therefore be interpreted accordingly.

As was discussed in section [5.3 the vp profile has only very limited influence on the
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shape of the SPAC curve. This is reflected in the parameter space, where the vp
parameters show no convergence and no relation between parameter value and model
misfit is noteable. All the vg parameters and dg are converging towards a unique value,
indicating a stable solution. However, dg; is less well resolved. This is illustrated by
the 50 models with the lowest misfit (figure [7.1)). While most models indeed show the

bottom depth of the second layer around 65 m there is a variation of around 8 m.
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Figure 7.1.: The 50 vg models with lowest misfit, obtained by inversion of SPAC curves

The study of Wegler and Seidl (1997) provides a 1D velocity model of PDC obtained
as well by the spatial autocorrelation method. Only three stations were used and a
limited bandwidth could be investigated which results in low resolution in the top layers.
According to Scherbaum et al. (2003) an impedance contrast can be overestimated due
to a too simple parametrization. As the model is only constituted by a single layer over
half-space, the absolute velocity values of the half-space should be treated with caution.
Punzo et al. (2011) present a three layer velocity model, the result of active source
seismics on the north east flank of Etna. All three models agree on the low vg of

roughly 130 % in the top layer. The interface of the obtained model lies only slightly
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shallower than the transition to half-space in both Wegler and Seidl (1997) and Punzo
et al. (2011)). Both reference model’s last bottom depth is at around 25 m, constituting
a strong velocity increase to approximately 700 “* in the half-space. Contrary, the vg
model of this study shows two intermediate contrasts, with the second at 65 m and a
bottom velocity of just over 500 7. The discrepancy is probably the result of the spatial
averaging nature of SPAC and the lateral heterogeneities of PDC. This can be further
illustrated by applying equation with the average vg of the two upper layers of ~ 270
“ and a depth of 65 m. This gives a fundamental frequency of 1.04 Hz which is close to

the obtained mean fundamental frequency of 1.00 Hz.
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Figure 7.2.: vg model with lowest misfit, obtained by inversion of SPAC curves, together
with models from Jousset et al. (2022)

Figure [7.2|shows the comparison with the four vg models of Jousset et al. (2022). These
were obtained by multichannel analysis of surface waves on the northwestern and south-
western parts of the co-located DAS layout. All four models show slightly higher vg,
values and models b to d agree in an abrupt transition to half-space with a vg of 560 to
650 2 at around 24 m. This depth is consistent with the inferred velocity contrast at
22 m, while the second interface at 64 m is not in agreement with Jousset et al. (2022).

However, the difference in the half-space velocity is not as large as for the proposed
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models of Wegler and Seidl (1997) and Punzo et al. (2011). Additionally the resolution
of the method used in Jousset et al. (2022) is presumably limited to depths < 50 m.

Zuccarello et al. (2016]) conducted a study at the northeast sector of Etna based on the
processing of seismic noise. They found velocities of around 150 ** in the uppermost
layers and an abrupt velocity increase to 600 7 at about 60 m from from inversion of
DCs and HVSR curves. Closer to the crater area, Del Pezzo et al. (1993)) report veloc-
ities of < 200 ”* in the 1 to 2 Hz band of the volcanic tremor. Thus, both studies are

generally in agreement with the model obtained here.

7.3. Joint inversion

The solutions to the joint inversion problem, show the expected behaviour when adding
the different H/V peaks to the inversion scheme. The bottom depth of the second layer
increases when including the lower peak frequency and decreases when including the
higher fy. When inverting the SPAC curves only, the solution represents the average

between both cases.

Although the misfit could be reduced significantly, both models still depict an average
of the subsurface velocity distribution, especially for the northeastern area of PDC. For
more precise velocity models, one or several smaller and more dense arrays would be
appropriate. This way, the assumption of an approximately one-dimensional velocity
distribution within the array would hold true. Smaller station spacing would extend
the usable frequency range so that the full tremor wavefield could be analyzed. Thus,
a better fit of the Bessel functions can be achieved as the computed SPAC coefficients
should ideally span at least the first arc of the function (Chouet, 1996]).
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7.4. Implications for resonator depth

The depth of the first subsurface impedance contrast in the survey area can be estimated

by using equation [2.3] as
Us,0
q= 150
4fo

For vg the averaged velocity of the two upper layers in both models described in are
assumed, i.e. 253 and 249 ", respectively. With fy = 1.19 Hz, this yields a resonator
depth of 53 m in the northeastern sector of the site. For the remaining stations and fj
of 0.91 Hz, a depth of 68 m results. When the layer’s velocities are weighted by their
respective thickness before averaging, these depth values change to 58 and 78 m. These
estimations correspond to the transition to half-space of the inferred velocity models
from joint inversion.

Inserting vgo = 170 ™ and the secondary H/V peaks of 5 to 6 Hz, this indicates a second
strong contrast at 7 to 8.5 m depth below the corresponding stations. This can also be
seen in the solution models ¢ and d in Jousset et al. (2022)). Additionally all depth
estimates are consistent with the study of Coltelli et al. (1994)) and their assessment of

both the PDC and PDN geological units.



8. Conclusion

This work attempted to obtain a site characterization of the Piano delle Concazze area
at the northeast flank of Etna.

Using horizontal-to-vertical spectral ratios the main geological subsurface structures
have been mapped. The result is consistent with published geological and magnetic
survey information. Extending the method to a combined DAS and broadband H/V
ratio allowed to confirm existing fault structures. Additionally, previously unmapped
faults could be illuminated and are in agreement with the suggestions of independent
studies.

This way, the potential of DAS to complement conventional methods for site character-
ization was demonstrated. Strain-rate data can easily be incorporated using a simple
approach and minimal changes to the program and only using noise data. In subsequent
studies, the peak frequency of the combined HVSR needs to be adressed, as well as the
influence fault geometry has on its amplitude. The transformation of strain-rate records
to velocity records could improve the results.

Moreover, it was found that volcanic activity heavily influences the spectral ratios. A
detailed study on this behaviour could investigate if the change in H/V ratio can be

related to specific volcanic processes or tremor source regions.

An average 1D shear wave velocity model was derived using the spatial autocorrelation
method. By jointly inverting the autocorrelation curves and HVSR peak frequencies,

two additional models for the northeastern area and the rest of the investigation site
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were obtained. The models are valuable as a reference for further studies, especially us-
ing the fibre optic cable. They can also serve as starting models for more sophisticated
imaging methods. The inferred 1D velocity distributions are generally in agreement with
available models from the site and the general area. They are however subject to the
influence of lateral subsurface heterogeneities.

To improve the outcome further, smaller and denser array configurations would be nec-
essary in order to extend the resolvable frequency range and meet the assumption of

lateral homogeneity.
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Instrumentation details
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B. Pizzi Deneri and Ellittico caldera rim

NE crater
Pizzi Deneri = Punta Lucia

v 2ot W meee — — Ellittico caldera rim

Figure B.1.: Northern flank of Etna with Ellittico caldera rim and location of Pizzi
Deneri (from: Branca et al., 2011
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C. HVSRs August 30, 13h
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Figure C.1.
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D. Analysis of eruptive activity

D.1. July 27 to 29

Figure D.1.:

Figure D.2.:
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Mean H/V ratio over all stations with corresponding standard deviation
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f-k analysis of the eruptive activity on September 27 and 28; window length
= 300 s; colorscale corresponds to relative power; note the increase of abso-
lute power coinciding with a stabilization of the BAZ values around 205°,
pointing towards the active vent at the NSEC
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D.2. September 8 to 12
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Figure D.3.: RMS tremor amplitude between August 24 and September 23 showing in-
creased values from September 09 to 13 (from: INGV, 2019d))
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Figure D.4.: f-k analysis showing beginning of the eruptive activity on September 08 and
09; window length = 300 s; colorscale corresponds to relative power; note
the increase of absolute power coinciding with a stabilization of the BAZ
values around 230°, pointing towards the active vent at VOR
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Figure D.5.: fy values averaged in one hour bins from September 08 to 12
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Figure D.6.: Corresponding o values of the H/V peak frequencies in figure
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Figure D.7.: Mean H/V peak frequency over all stations with corresponding standard
deviation and variance from September 08 to 12
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Misfits of joint inversion

20.0 —— model misfit
—— overall minimum misfit: 0.0713
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Figure E.1.: Misfit evolution of joint inversion with fy = 1.19 Hz
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Figure E.2.: Parameter space of joint inversion with fy = 1.19 Hz
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Figure E.3.: Misfit evolution of joint inversion with f, = 0.91 Hz
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Figure E.4.: Parameter space of joint inversion with f, = 0.91 Hz



94

F. Results of magnetic survey by Napoli et al. (2021
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Figure F.1.: One solution for the magnetic anomly causing geological bodies on PDC

(from: Napoli et al., 2021))
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Magnetic properties
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