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Depth and Spatial Variation of the Shear Wave Attenuation Parameters in the Shallow Crust
and Lower Crust/Upper Mantle of Mt. Etna (Italy)

ELISABETTA GIAMPICCOLO,I TiziaNA TUVE,1

Abstract—Seismic wave attenuation is a key feature of seismic
wave propagation that provides constraints on the composition and
physical state of the medium within the Earth. We separated
intrinsic and scattering attenuation coefficients for the shallow crust
and lower crust/upper mantle in the Mt. Etna area. For this purpose,
the Multiple Lapse Time Window Analysis (MLTWA) was applied
to two groups of earthquakes, well separated in depth. We also
studied the spatial variation of the attenuation parameters by
dividing the study area into four sectors around Etna. The results
show an effective homogeneity of the propagation characteristics
inside Etna and, in particular, some lateral variations and minor
variations with depth. We observe that structural discontinuities
and lithology control scattering losses at all frequencies, with
higher scattering in the shallow crust. The intrinsic absorption
shows no sensitivity to the presence of these main geological
structures and is quite uniform for different depths. Furthermore,
compared to the northern sector of the volcano, the southern one
shows stronger scattering attenuation at low frequencies. This
pattern correlates well with the high seismic activity along most of
Etna’s active tectonic structures and ascending magmatic fluids that
characterize this sector of the volcano. Although we only discuss
the differences in the “average” scattering and inelastic properties
of the investigated volumes, the results of this study are very
informative about the characteristics of each region. Moreover,
they suggest that a future study is necessary, providing a more
detailed picture of the spatial distribution of seismic attenuation in
the study area, through a 3D inversion of the attenuation parame-
ters estimated along the single source-receiver paths.
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1. Introduction

The structural complexity of volcanoes is a very
important factor in controlling the attenuation of
seismic energy, covering a wide variety of cases
associated with different geological conditions and
volcanism (e.g. Del Pezzo, 2008; Sato et al., 2012).
Seismic wave attenuation is defined as the decay
coefficient of wave amplitude (or Energy) with dis-
tance. The total seismic attenuation takes into
account the intrinsic absorption (the seismic energy
that heats the rock) and the dispersion due to scat-
tering (the diffused energy produced by the spatial
fluctuations of the elastic parameters). Conceptually,
the intrinsic attenuation coefficient is a measure of
the rheology of the rocks, while the scattering coef-
ficient describes the geological heterogeneity. Both
effects are present in volcanoes, where the seismic
energy can be attenuated by the presence of fluids
(both magmatic and hydrothermal) and by the high
geological heterogeneity (presence of magmatic
packets, multiple stratifications, strong lateral veloc-
ity variations). It is therefore essential to correctly
estimate the amount of intrinsic dissipation versus
scattering attenuation to better understand the vol-
canic structure and related processes. The attenuation
phenomena concern both compression and shear
waves. As known, however, shear waves are more
sensitive to the presence of fluids and carry the
greatest amount of seismic energy. For this reason,
we will deal exclusively with shear wave energy.

The depth dependence of both intrinsic and scat-
tering attenuation parameters has been widely
observed and reported in the literature (e.g. Badi
et al., 2009; Bianco et al., 2002, 2005; Castro-Melgar
et al., 2021; Gabrielli et al., 2022; Mayor et al., 2016

X Birkhauser


http://orcid.org/0000-0001-5203-7436
http://orcid.org/0000-0003-4111-8008
http://orcid.org/0000-0001-5400-7724
http://orcid.org/0000-0002-6981-5967
https://doi.org/10.1007/s00024-023-03400-0
https://doi.org/10.1007/s00024-023-03400-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-023-03400-0&amp;domain=pdf
https://doi.org/10.1007/s00024-023-03400-0

E. Giampiccolo et al.

and references therein). In these studies, events cov-
ering a wide range of focal depths (in some cases
focal depths greater than 200 km) were analyzed to
estimate the seismic attenuation coefficients, con-
cluding that the depth dependence of seismic
attenuation (both intrinsic and scattering) is due to
changes in the physical properties of the medium
with increasing lithostatic pressure, which in turn
strengthens the stiffness of the rock down to the depth
of Moho and, at the same time, reduces
heterogeneity.

A widely used technique is the so-called MLTWA
(Multiple Lapse Time Window Analysis) based on
the solution of the Energy Transport Equation (ETE,
Paasschens, 1997), which describes the spatial-tem-
poral trend of the Energy Envelope seismogram (Sato
et al., 2012), under the simple assumption of constant
velocity in half space. The model is parameterized in
terms of m; and mn,, the intrinsic attenuation and
scattering coefficients, respectively. The technique is
based on the fit of the observed quantities obtained by
integrating the energy envelopes of the seismogram
with respect to time in three successive time windows
with theoretical quantities by applying the same
integrals to the ETE. Although more recent tech-
niques based on full envelope inversion are available
(van Lateen et al., 2021), MLTWA has been shown to
be equivalent for inverting attenuation parameters.
Furthermore, we preferred MLTWA to compare our
results with previous ones obtained using the same
technique. MLTWA will be described in Sect. 4.

In the present work, we measure seismic attenu-
ation in earth volumes located at different depths. For
this reason, we estimate the attenuation coefficients
N = 2nfQ; ! and m, =2nfQ,”' (Q; and Q, are,
respectively, the intrinsic and scattering quality fac-
tors and f is the frequency) by separately analyzing
two groups of earthquakes with sources localized in
the first 15 km and between 15 and 40 km in the
lower crust/upper mantle under Mt. Etna (Fig. 1).
Furthermore, differences in the seismic waves
velocity observed in the Etna area (De Gori et al.,
2021 and references therein), prompted us to perform
a more detailed analysis aimed at estimating the
attenuation parameters in different sectors of the
volcano, dividing the area under study into 4 quad-
rants, centered on the Etna volcano craters (Fig. 1).
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Our main aim was to quantify the possible spatial
and depth variation of the Shear Wave attenuation
parameters, to improve attenuation studies already
published for the Etna area (briefly described in
Sect. 3) that report parameters space-averaged for the
whole Etna volume (a crustal average of n; and ny).
The current availability of high-quality seismograms
from local shallow (h <5 km), intermediate
(S km >h < 15 km) and deep (h > 15 km) earth-
quakes with My, > 1.0 recorded since 2006 by the
permanent seismic network of the Istituto Nazionale
di Geofisica e Vulcanologia (INGV-OE) allowed us
to: i) refine previously deduced attenuation estimates
for the shallow crust (Del Pezzo et al., 2015, 2019,
see next section), thanks also to the high number of
shallow earthquakes recorded during the last flank
eruption which took place on December 24, 2018; ii)
evaluate, for the first time, the attenuation charac-
teristics for the lower crust/upper mantle, using data
from deeper sources. The new data set was also used
in the present work to verify the Q-coda (Q.) results
recently obtained in the same area by Giampiccolo
et al., (2021) using a different dataset.

2. Geological and Geophysical Framework
of the Mt. Etna Area

Mt. Etna, is a Quaternary active stratovolcano,
with an elevation of about 3300 m above sea level,
located on the east coast of Sicily on the front of the
Apennine-Maghrebian collision belt (Lentini, 1982)
and on the flexured margin of the Hyblean plateau
(Branca et al., 2008; Monaco et al., 2010). The Etna’s
area tectonic setting is the result of a complex inter-
action between regional stress, dike-induced rifting
and gravitational forces (Lo Giudice & Rasa, 1992;
Monaco et al., 1997). The regional deformation is
dominated by N-S active compression in the northern
sector, (Bousquet & Lanzafame, 2004). This regime
coexists with active E-W extension on the eastern
flank and with right-lateral transtension both onshore
along the Timpe Fault System (TFS; Fig. 1a), a set of
parallel normal faults with NW-SE and NNW-SSE
directions (Azzaro et al., 2012), and offshore along
the Malta Escarpment Fault System (MEFS; inset in
Fig. 1a). The volcanic edifice is also affected by
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Figure 1
a Map of the Mt. Etna volcano and main tectonic elements. The seismic stations of the INGV-OE network are indicated with black triangles,
shallow seismicity (h < 15 km) with red dots and deep seismicity (15 < h < 40 km) with green dots. b, ¢ W-E and S—N sections crossing the
summit craters along the profiles (dashed black lines) shown in a

deformations related to the volcano dynamics (infla- The seismicity of Mt. Etna is characterized by
tion and deflation), volcano-tectonic processes, such volcano-tectonic earthquakes (VT; Patane et al., 2004
as ground fracturing induced by dike intrusion in the and reference therein) mainly occurring in the shal-
summit area, and regional faulting and instability in low crust (h < 10 km). The most seismically active

the eastern flank (Azzaro et al., 2013). area is the eastern flank of the volcano, mainly along
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the TES (Fig. 1a). Other seismogenic structures are
the Pernicana Fault with E-W trend (PF; Fig. 1a) in
the northeastern sector, the Ragalna Fault System
with N-S trend (RFS; Fig. 1a) and the Tremestieri
and Trecastagni faults with NW-SE trend (TF; TRF
Fig. 1a) in the southern one (Alparone et al., 2013;
Azzaro et al., 2013 and references therein). The
activity of these structures generates frequent VT
earthquakes which, although of moderate magnitude,
can cause serious damage and destruction. Interme-
diate-depth events (10 < h < 15 km) are expected
mainly on the western flank while deep seismicity
(15 < h < 35 km) is mostly confined to the north-
western sector of the volcano (Fig. 1; Sicali et al.,
2014 and references therein).

3. Previous Attenuation Measurements at Mt. Etna

A comprehensive review of the body wave seis-
mic attenuation at Mt. Etna was produced by Del
Pezzo et al. (2015), hereinafter referred to as DP15.
These authors report the measurements described in
four articles: Patané et al., (1994), hereinafter referred
to as PA94; Del Pezzo et al. (1995), hereinafter
referred to as DP95; de Lorenzo et al. (2006), here-
inafter referred to as DL04; and Giampiccolo et al.
(2007), hereinafter referred to as GPO7. In the above
studies, the attenuation measurements were per-
formed using different techniques, mentioned in
DP15 and described in the appendix of DPI5. A
summary of these results is shown in Fig. 1 and
Table 2 of DP15. DP15 also uses the MLTWA
technique (see Sect. 3 for a brief description) to
check the stability and robustness of the previous
estimates by fitting the data with a more general and
suitable model.

More recently, Del Pezzo et al. (2019), hereinafter
DP19, estimated intrinsic and scattering attenuation
coefficients using a slightly modified version of
MLTWA (see Appendix A of the present paper) for
the shallow crust of the whole Sicily (above 20 km),
including both volcanic and tectonic regions. The
results obtained from DP15 and DP19 are shown in
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Table 1

Estimates of 0,7, 0,7 and 0, obtained in previous seismic
attenuation studies at Mt. Etna

f Qf] Q;l Q! Dist. range Method

(Hz) (km)

1.5 0.0069 0.0625 0.0714 0-20 MLTWA(DP15)
3.0 0.0056 0.0263 0.0323 0-20 MLTWA(DP15)
6.0 0.0038 0.0053 0.0091 0-20 MLTWA(DPI15)
12.0 0.0012 0.0004 0.0016 0-20 MLTWA(DP15)
1.5 0.0064 0.0192 0.0256 0-50 MLTWA(DPI15)
3.0 0.0053 0.0079 0.0133 0-50 MLTWA(DP15)
6.0 0.0038 0.0034 0.0071 0-50 MLTWA(DPI15)
12.0 0.0012 0.0004 0.0016 0-50 MLTWA(DP15)
1.5 0.0062 0.0303 0.0370 0-50 MLTWA(DPI15)
3.0 0.0052 0.0125 0.0179 0-50 MLTWA(DP15)
6.0 0.0038 0.0041 0.0079 0-50 MLTWA(DPI15)
12.0 0.0012 0.0004 0.0016 0-50 MLTWA(DP15)
1.0 0.0263 0.0053 0.0313 0-50 WI3(DP15)
2.0 0.0159 0.0063 0.0222 0-50 W93(DP15)
4.0 0.0095 0.0061 0.0156 0-50 WI3(DP15)
8.0 0.0056 0.0054 0.0111 0-50 W93(DP15)
12.0  0.0042 0.0049 0.0090 0-50 WI3(DP15)
18.0  0.0031 0.0043 0.0074 0-50 W93(DP15)
1.5 0.0060 0.0179 0.0238 0-50 MLTWA(DP19)
3 0.0050 0.0092 0.0141 0-50 MLTWA(DP19)
6 0.0037 0.0045 0.0082 0-50 MLTWA(DPI19)
12 0.0012 0.0003 0.0012 0-50 MLTWA(DP19)

Table 1. Despite the number of published papers,
there are still no studies on seismic wave attenuation
in the lower crust/upper mantle. Furthermore, no
attempt has been made so far to investigate possible
spatial variations of seismic attenuation in terms of
intrinsic absorption and scattering inside the Etna
volcanic complex.

4. MLTWA Technique

Introduced by Fehler et al. (1992), this technique
has been widely applied in the literature to discrim-
inate between scattering and intrinsic attenuation in
both tectonic areas and volcanoes (Akinci et al.,
2020; Badi et al., 2009; Del Pezzo et al., 2019;
Hoshiba et al., 2001; Mayeda et al., 1992; Sato et al.,
2012; Singh et al., 2017). MLTWA is based on the
calculation of the integral of the signal energy,
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normalized by the energy of the coda waves mea-
sured in a time window centered at a lapse time
common to the whole data set. This procedure (gen-
erally called coda normalization) normalizes all the
data for the source’s intensity (Aki, 1980). The
Energy integral is estimated in three successive time
windows along the seismogram, which fit the corre-
sponding Energy integrals derived from the scalar
approximation of the Energy Transport Equation so-
lution (ETE, Paasschens, 1997).

The fit yields two attenuation parameters: 1; and
Ns. Since Passchens’ solution of ETE can be obtained
analytically only assuming uniform velocity, the
basic assumption that most researchers make in their
applications of MLTWA is the half-space approxi-
mation (earth medium with constant velocity), far
from being realistic in most experimental cases. This
approximation produces a bias in the determination
of n; and m;, which are slightly underestimated (see
Del Pezzo & Bianco, 2010) compared to those based
on numerical estimates of ETE in more realistic earth
structures. The pair of parameters, n; and m,, can be
expressed in terms of other quantities: the pair
formed by seismic albedo, B, and the extinction
length, Le ™", or the pair of quality factors Q; and Q.
All these parameters are related to each other by the
following equations:

ns Q;I —1
BO = = 5 Le :ns+ni
gs}" no O 405!
T _ _
:T(Q.s'1+Qi )]

Unlike most of the works dealing with the appli-
cation of the same technique, we have estimated the
three Energy Integrals by means of a direct Fourier
Transform (FT). Instead, most MLTWA applications
use the filtering and averaging procedure to process
the seismograms. An appropriate Mathematica™
code (Wolfram Research & Inc., 2022) was used for
the analysis. A more detailed description of the
MLTWA technique is provided in Appendix A.

5. Data Analysis and Results

We selected from the INGV-OE database 14,440
earthquake data with My > 1.0 recorded at Mt. Etna

from 2006 to 2021 at the seismic stations of the
INGV-OE permanent network, equipped with
broadband (0.01-40 s) three-component seismome-
ters (see Table S1 in Supplementary Material).
Signals are digitized at 100 samples per second with
24-bit resolution at each station. The arrival times of
P- and S-waves were read manually on the digital
waveforms and the earthquakes location parameters
were selected from the INGV-OE catalog (Alparone
et al., 2015, 2020a, 2020b, 2022; Barberi et al.,
2020). These events have been selected as the best-
located ones on the basis of the following criteria: at
least 6P and 2S arrival times, root mean squared
travel time residual, RMS, of less than 1 s,
hypocentral errors < 1.0 km and azimuthal gap
< 180 degrees. From the entire dataset, 5734 earth-
quakes were considered suitable for the attenuation
study in the present work (Fig. 1), for a total of
16,285 horizontal EW and NS components wave-
forms selected on the basis of their quality (average
signal-to-noise ratio greater than 5 in a 15 s time
window starting at 60 s from the time of origin,
absence of multiple signals in the coda, telemetry
peaks, and gaps).

5.1. Depth Dependence of Qfl, Q;I and Q;I

To compute Qfl and stl for Etna’s shallow
crust and lower crust/upper mantle we separately
analyzed two groups of events (Fig. 1) located in the
depth intervals 0 < h < 15 km (4461 earthquakes)
and 15 <h <40 km (1273 earthquakes). Hence,
approximately 14,200 and 2,000 horizontal two-
component waveforms were considered suitable for
the attenuation study in the shallow and deep depth
range, respectively. The waveforms were processed
as follows: from three consecutive 12-s time windows
after S-wave onset (Fig. 2a, b) the integral of energy
in four different frequency bands centered at 1.5, 3, 6,
and 12 Hz has been estimated by using FT (see DP19
for further details). To correct for the source intensity
and site effects, each integral was normalized by the
spectral amplitude of the coda (Aki, 1980) averaged
over a 12 s window, the center of which was fixed at
a reference time (tc) of 45 s measured from the origin
time of each earthquake (Fig. 2a, b). The average
velocity Vs of the S wave was set at 3.5 km/s.
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Figure 2
a, b Indicative seismograms, showing the coda shape for a shallow (0—15 km) and deep (15—40 km) earthquake, respectively. The segments

marked by E1, E2, and E3 represent the position and duration (0-12, 12-24, and 24-36 s) of the time-windows used for MLTWA. ¢, d Energy

Envelope (dots) integrated in the first, second and third window (E1 (black), E2 (dark grey) and E3 (light grey)), normalized by the coda

energy integrated in the coda window, all corrected for the geometrical spreading (spherical surface: 4mr?), and respective theoretical best fit
(bold dashed curves) at 3 Hz for shallow and deep earthquakes, respectively

In Fig. 2a and b we plot the seismogram showing
the three time windows and the coda window used for
the application of MLTWA for a shallow and deep
event, respectively. The corresponding integrated
energies as a function of distance for the central
frequency of 3 Hz, normalized for the coda and
corrected for geometrical spreading (see Appendix A
for details), are shown in Fig. 2c and d. The fitting of
the experimental data to the theoretical curves was
carried out in the same way as described by DP19,
using a grid search method in the parameter space,
where the seismic albedo (By) ranges from 0.005 to
0.95, with steps of 0.005, while the inverse of the

extinction length (Le™ ') ranges from 0.005 to 0.12,
with steps of 0.005. The sum of the residual least
squares was normalized for the minimum value,
following the procedure described by Mayeda et al.,
(1992). The uncertainties have been estimated by
calculating the area in the coordinates By and Le ™
representing the normalized squared residuals that are
not statistically different at the 70% confidence level
(e.g., Del Pezzo & Bianco, 2010; Del Pezzo et al.,
2019). In the case of multiple minima in the residual
distribution, the area of uncertainty was assumed as
the overall area including the minima, while the pair
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Table 2

Measured By and Le™" and the corresponding inverse of the Quality Factors, together with the 1-sigma uncertainties, in each depth range

Depth NW. f(Hz) B, Le”! Q! Q! Q! Q!

0-15km 14277 15 0.85+£0.0  0.088 + 0.002 0.0049 + 0.0 0.0278 £ 0.0 0.0327 £ 0.0 0.0141 + 0.0042
3 0.75 + 0.025 0.104 & 0.010 0.0048 + 0.0002 0.0145 + 0.0018 0.0193 & 0.0020 0.0104 + 0.0025
6 0.55 £ 0.025 0.084 + 0.008 0.0035 & 0.0008 0.0043 + 0.0011 0.0078 £ 0.0019 0.0069 = 0.0011
12 0.35 £ 0.050 0.044 + 0.004 0.0013 & 0.0002 0.0007 £ 0.0001 0.0020 =+ 0.0003 0.0027 % 0.0001

1540 km 2008 1.5 0.75 £ 0.025  0.060 + 0.012  0.0056 &+ 0.0013  0.0167 + 0.0046 0.0223 + 0.0059 0.0122 =+ 0.0034
3 0.55 + 0.025 0.056 & 0.008 0.0047 £ 0.0019 0.0057 + 0.0024 0.0104 & 0.0043 0.0108 = 0.0029
6 045+£00 0068+ 00  0.0035+ 0.0 0.0028 £ 0.0 0.0063 £ 0.0 0.0070 + 0.0012
12 0.25 £ 0.025 0.036 + 0.002 0.0013 & 0.0001  0.0004 + 0.0001 0.0017 £ 0.0002 0.0034 =+ 0.0003

The number of waveforms used for the inversion in each depth range is also reported (N.W.)

{Bo, Le ™'} corresponding to the center of the area of
uncertainty was assumed as the best estimate.

In Table 2 we report, for each central frequency
investigated, the estimates of By and Le ! together
with the corresponding intrinsic (Q;™'), scattering
(Q{l), and total (Qfl) inverse quality factors, for
both shallow (015 km) and deep (1540 km) earth-
quakes. The 1-sigma uncertainty on each estimate is
also reported. It is worth noting that for this analysis
we did not apply the corrections for an opaque crust
over a transparent mantle, as suggested by Del Pezzo
and Bianco (2010), but the values reported in Table 2
were obtained assuming a uniform Earth model. This
choice was the result of the DP19 which highlighted
that at Etna the difference between the not corrected
and the corrected values is not significant. As also
observed by Del Pezzo et al. (2011) this happens
when scattering is strongly dominant (Del Pezzo &
Bianco, 2010).

The Pattern of By, Le ™', Q; ! and Q' and Q,”’
vs. frequency in both depth ranges investigated is
shown in Fig. 3a-e.

We observe that for crustal earthquakes
(0-15 km) By is greater than 0.5 below 12 Hz and
decreases systematically with frequency. This can be
interpreted in terms of an important scattering
contribution (Qs_l) below 12 Hz (Fig. 3c). Interest-
ingly, the current results correspond quite well with
the Q estimates obtained at Etna by DP19, based on a
different set of earthquake data (depth < 20 km),
indicating the robustness of the technique used

(Fig. 3a—e; black dashed line). For deep events
(1540 km) By is greater than 0.5 below 6 Hz.
Consequently, scattering dominates over intrinsic
absorption below this frequency. The B, and Le™!
values obtained for shallow earthquakes (in red) and
deep (in blue), plotted as a function of frequency, are
shown in Fig. 3a and b, respectively. In general, as
can be clearly deduced from Table 2 and Fig. 3c and
d, Q"' is homogeneous at both depth ranges while
Q. ! in the shallow crust is higher at all frequencies.
This shows that the contribution of scattering to the
total attenuation (Qfl) in the shallow crust is very
important.

The Qf], stl Qf] values were compared with
the Q[l estimates obtained from the present data set.
For this purpose, we divided the data into two depth
ranges, as for MLTWA, and estimated chl at the
same frequency bands for a fixed lapse time (tc) of
45 s to ensure that the region sampled by the coda
envelope is the same as that analyzed in MLTWA.
The method used is well described in Giampiccolo
et al., (2021). A short description is also reported in
Appendix B. The Q. ' values in each depth and
frequency range, obtained by averaging all the values
with an uncertainty of less than 40% are reported in
Table 2. The pattern of Q. ' vs. frequency is shown
in Fig. 3f. It is remarkable that very similar Q.
values were found in the two depth ranges. Moreover,
the Q.~' pattern vs. frequency is comparable with
that one of Giampiccolo et al., (2021), as shown in
Fig. 3f (black dashed line).
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Figure 3
a, b Pattern of By and Le ™' (and respective 1-sigma uncertainties) versus frequency, in the shallow crust (0—15 km) and lower crust/upper

mantle (15-40 km) of Mt. Etna. ¢—f Pattern of Q;~', Q;', Q! and Q.' (and respective 1-sigma uncertainties) versus frequency, at both
considered depth ranges. With black dashed line we show the pattern of Q,~', Q; 'and Q, ' vs. frequency obtained by DP19 and that one of
Q. ! obtained by Giampiccolo et al. (2021)
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Table 3

Measured By and Le™" and corresponding Quality Factors, together with the 1-sigma uncertainties, in each sector

Q.

Q!

Q.

Sector N.W. f(Hz) By Le”! Q!
NE 5945 1.5 0.80 #+ 0.0 0.064 + 0.004  0.0048 & 0.0004
3 0.65 + 0.0 0.072 £ 0.002  0.0047 & 0.0
6 0.50 + 0.0 0.076 + 0.0 0.0035 £ 0.0
12 0.40 + 0.075  0.048 £ 0.008  0.0014 % 0.0003
NW 3064 1.5 0.75 + 0.0 0.044 £ 0.004  0.0041 + 0.0006
3 0.60 + 0.050  0.056 £ 0.010  0.0042 % 0.0012
6 0.50 £ 0.025 0.076 + 0.004  0.0035 =+ 0.0029
12 0.35 + 0.050  0.040 £ 0.006  0.0013 % 0.0003
SE 3397 15 0.85 + 0.0 0.096 + 0.004  0.0053 % 0.0003
3 0.75 £ 0.025  0.112 + 0.012  0.0052 % 0.0002
6 0.55 + 0.050  0.088 £ 0.012  0.0037 % 0.0009
12 0.30 + 0.075  0.036 £ 0.006  0.0012 % 0.0003
SW 3879 1.5 0.85 + 0.0 0.092 + 0.004  0.0051 & 0.0003
3 0.75 + 0.0 0.100 + 0.002  0.0046 % 0.0
6 0.65 + 0.0 0.112 + 0.002  0.0036 & 0.0
12 0.45 + 0.050  0.048 + 0.008  0.0012 % 0.0005

0.0190 £ 0.0017
0.0087 £ 0.0

0.0035 £ 0.0

0.0008 £ 0.0002
0.0123 £ 0.0018
0.0062 £ 0.0022
0.0036 £ 0.0029
0.0006 £ 0.0001
0.0303 £ 0.0017
0.0156 £ 0.0022
0.0045 £ 0.0014
0.0005 =+ 0.0001
0.0290 £ 0.0017
0.0139 £ 0.0

0.0068 £ 0.0

0.0010 £ 0.0004

0.0238 £ 0.0021
0.0134 £ 0.0

0.0071 £ 0.0

0.0022 £ 0.0005
0.0163 £ 0.0024
0.0104 £ 0.0034
0.0071 £ 0.0028
0.0019 £ 0.0004
0.0357 £ 0.0020
0.0208 £ 0.0024
0.0082 £ 0.0023
0.0017 £ 0.0004
0.0342 £ 0.0020
0.0186 £+ 0.0

0.0104 £ 0.0

0.0022 £ 0.0009

0.0147 £ 0.0044
0.0106 £ 0.0025
0.0071 £ 0.0011
0.0030 £ 0.0002
0.0137 £ 0.0041
0.0108 £ 0.0028
0.0069 £ 0.0011
0.0033 £ 0.0002
0.0120 £ 0.0030
0.0104 £ 0.0023
0.0070 £ 0.0011
0.0031 £ 0.0002
0.0143 £ 0.0043
0.0100 £ 0.0024
0.0065 £ 0.0010
0.0031 £ 0.0002

The number of waveforms used for the inversion in each sector is also reported (N.W.)

5.2. Spatial Variation of 0", 0, and 07!

Thanks to a large number of earthquakes available
in the depth range 0-15 km, we were able to
investigate for a spatial variation of the attenuation
parameters inside the whole Etna volcanic complex.
We first divided the entire dataset of waveforms
(16,285) into four spatial quadrants centered on the
craters of Mt. Etna (15.00, 37.73; Fig. 1). On
average, more than 3,000 waveforms were considered
suitable for MLTWA analysis in each sector
(Table 3). Then, the attenuation parameters were
estimated as described in Sect. 5.1. In Table 3 we
report By and Le™' (and the associated values of
Q7' Q,7', and Q,7!) for each sector, whereas, in
Fig. 4 we show the pattern of Q% Q7! and Q!
vs. frequency. Such a comparison shows few but
remarkable results.

Overall, the estimates of the attenuation param-
eters calculated with MLTWA show that the intrinsic
attenuation is similar for the four sectors, while the
scattering attenuation shows some differences among
them. In particular, both southern sectors (SW and
SE) seem to be more heterogeneous than the northern

ones, at least at frequencies lower than 6 Hz (Fig. 4;
Table 3). In Table 3 we also report the Q;] values
obtained in each sector and frequency. Plots showing
the pattern of Q.7 Q7Y Q7' and Q7! versus
frequency in all sectors investigated are shown in
Fig. 4. It is remarkable that no differences in the
seismic coda wave attenuation are observed and the
Q. ! values in each sector are comparable with the
mean Q. ' estimate obtained by Giampiccolo et al.
(2021).

A more in-depth investigation into a possible
depth dependence of scattering attenuation in each
sector was ultimately performed (Fig. 5; Tables S3,
S4). However, due to the fact that the seismicity is
not uniformly distributed in depth, a low number of
earthquakes is available for the depth range between
15 and 40 km in the eastern flank of the volcano (NE
and SE; see Table S2 in Supplementary Material).
Thus, the separate inversion of the earthquake
waveforms for the whole eastern flank led to high
uncertainties for the 15-40 km group of earthquakes
(Table S2; Fig. 5b). However, the comparison among
the Q, ' patterns vs. frequency in each sector (Fig. 5)
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a, b Pattern of By and Le™' (a and b) and of Q,~", Q;"', Q, ", and Q.~" (¢—f) versus frequency for the four Mt. Etna sectors analyzed.

Respective 1-sigma uncertainties for each estimate are also reported. Different colors indicate the zones, as shown in the legend
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Pattern of Q"' versus frequency for the four sectors Mt. Etna analyzed, in the 0-15 km (a) and 15-40 km (b) depth ranges. Respective
1-sigma uncertainties for each estimate are also reported

further confirms that in the depth range 0-15 km,
scattering is higher at low frequencies for the two
southern sectors (below 6 Hz in the SE sector and
below 12 Hz in the SW one) with estimates signif-
icantly outside the respective error bars at 1-sigma
(see also Figs. S1 and S2 in Supplementary Material).
In Fig. 6 we report a summary sketch map showing
the main total attenuation differences (Q,) in the two
depth ranges analyzed and within the four sectors
around Mt. Etna.

6. Discussion and Conclusions

Separate estimates of the intrinsic and scattering
attenuation (Qi’l and Qs’l) by applying MLTWA
under the simple assumption of constant velocity in
half space show that the intrinsic attenuation at Mt.
Etna is fairly uniform across four sectors in which the
whole volcanic complex of Mt. Etna is divided
(Fig. 1) and does not vary with depth. However, some
differences can be observed in the distribution of
scattering attenuation. The first evidence is that the
scattering coefficient in the shallow crust is greater

than that measured in the lower crust/upper mantle
(Table 2; Fig. 3). This indicates that the geological
heterogeneity characterizing the shallow crust of Etna
(magmatic intrusions, multiple fracture systems ori-
ented in different directions, velocity, and density
fluctuations, strong stratification, etc.) play an
important role in the redistribution of the seismic
energy lost by the primary waves in the seismic coda.

The predominance of scattering attenuation in the
crust of Etna has been clearly highlighted in recent
studies (Del Pezzo et al., 2019; Ibafiez et al., 2019)
and is in good agreement with the numerous results
from 3D velocity and attenuation images performed
in the area, showing the presence of velocity contrasts
(both P and S waves) and attenuation anomalies in
the upper crust (Alparone et al., 2012; Barberi et al.,
2004; De Gori et al., 2005, 2011; Diaz-Moreno et al.,
2018; Giampiccolo et al., 2020, 2021; Ibafiez et al.,
2019; Martinez-Arevalo et al., 2005; Patané et al.,
2002, 2006). Comparable results have been obtained
in other volcanoes, such as Mount Merapi (Wegler &
Luhr, 2001) and Vesuvius (Bianco et al., 1999; Del
Pezzo et al., 2016).
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<«Figure 6
Plot showing the main attenuation differences (Q,) at each
frequency, within the four sectors around Mt. Etna and in the
two depth ranges: a 0-15 km; b 15-40 km. Lighter colors in
b indicate that the attenuation characteristics are not statistically
significant, due to high uncertainties associated with the Q
estimates

Another important evidence that emerges from
the present study is the variation in the scattering
attenuation observed below 6 Hz among the sectors
into which the Etna area was divided (Table 3;
Fig. 4). The contrasts are statistically significant, as
they go beyond uncertainties and suggest variability
in the rock properties characterizing the four sectors,
evidenced by the longer wavelength propagation. A
drawback of this interpretation could be the greater
dispersion of the experimental points around the
theoretical best-fit curve at low frequency (Fig. 2).
This major dispersion, however, has been explained
(see e.g. Sato et al., 2012) as due to radiation pattern
effects which are stronger at low frequency. Assum-
ing that the “diffusion regime” is reached at Mt.
Etna, Scattering Mean Free Path should be greater
than the wavelength (Del Pezzo & Ibafiez, 2020). At
the frequency of 3 Hz, A is of the order of 1km and
the Mean Free Path (the inverse of the scattering
coefficient) is of the order of 15km. It is noteworthy
that the dimensions of most of the structural elements
(Fig. 1) in the Southern Flanks of Mt. Etna (of the
order of 2 km; e.g. Giampiccolo et al., 2020) are of
the same order of the lowest frequency investigated,
confirming the Diffusion regime and the geological
interpretation of the scattering phenomena. Above
6 Hz the differences between the parameters esti-
mated in each sector fall within the estimated
uncertainties (Table S3; Fig. 5; Fig S1).

Uniformity in seismic attenuation at high fre-
quencies is also clearly evident from the MLTWA
results at different depths (Table 2; Fig. 3). It should
be noted that MLTWA provides a spatial average of
different attenuation parameters over the volume
under study; therefore, the uniformity observed
between sectors at high frequencies must be inter-
preted as uniformity between the “averages”
calculated for each sector. In other words, the crustal
volumes showing spatial variations of Etna’s attenu-
ation parameters, if any, are much smaller than the

extent of the four quadrants used. As a last step, we
improved information about the attenuation of coda
waves (Q-coda) achieved in the same area by
Giampiccolo et al. (2021) using a more limited data
set. Our results are in good agreement with those
estimated previously, indicating the robustness of the
Q-coda estimates and verifying the stability of the Q.
images shown by Giampiccolo et al. (2021).

The Q. values were compared with Q" Q!
Q, ! estimates. It is noteworthy, similar Q. ! values
were found for data in the two examined focal depth
ranges (Table 2; Fig. 7) and in all 4 sectors (Table 3;
Fig. 7). Q. results were found to be closer to total
attenuation (Fig. 7a-d), in agreement with many
similar observations reported in the literature (e.g.,
Akinci & Eyidogan, 2000; Bianco et al., 2005;
Mayeda et al., 1992; Pujades et al., 1997). Q. is a
parameter with a controversial physical meaning, as it
is calculated assuming a Single Scattering regime,
which is almost never present. It has been demon-
strated that, when Q. is calculated for long lapse
times (in the “equipartition” regime, Margerin et al.,
1998) it approaches Q;. The differences between the
present estimates of Q. and Q; may indicate that the
equipartition regime is not reached in the first 45 s of
the analyzed signal. However, in the whole southern
flank, below 6 Hz, Qfl is almost halfway between
Qfl and Qfl (Fig. 7e, f). This result can be
explained by the significant heterogeneity (i.e.,
Margerin et al., 1998) characterizing the southern
sector of the volcano, which results in approximate
energy equipartition at early lapse times.

The present research provides new details in the
knowledge of the attenuation characteristics of Mt.
Etna, both in the shallow crust and in the lower crust/
upper mantle. Moreover, the presented results con-
firm the previously observed correlation between
seismic wave attenuation and the tectonic complexity
of the crust in the study region. Furthermore, the
results suggest that a 3D inversion of the attenuation
parameters estimated on the single source-receiver
paths and based on proper scattering kernels, is nec-
essary, in order to construct a detailed image of the
spatial distribution of the seismic attenuation in the
broader Etna area.
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