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S U M M A R Y
We present 2-D attenuation images of the Mt Etna volcanic region on the basis of separation
of intrinsic and scattering effects. The analysis presented here exploits a large active seismic
database that fully covers the area under study. We observe that scattering effects dominate
over intrinsic attenuation, suggesting that the region is very heterogeneous. Comparison with
analyses conducted at other volcanoes reveals that the Mt Etna region is characterized by
high intrinsic attenuation, resulting from the presence of large volcanoclastic deposits at
shallow depth. The 2-D distributions of intrinsic and scattering anomalies show the presence
of regions characterized by high and low attenuation effects, corresponding to several tectonic
and volcanic features. In particular, we identify a high attenuation region in the SW sector of
the Mt Etna volcanic complex, which is correlated with high seismicity rates and volcanism.
This work supports the hypothesis of a link between the dynamics of the SW flank and the
recharge of the volcano in the last decades, occurring under the summit crater and, secondarily,
the upper South rift zone.
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1 I N T RO D U C T I O N

Knowledge of the subsurface structure of volcanoes is crucial to
successfully model the dynamics of volcanic unrest, and to inform
eruption early-warning. Traditionally, the internal structure of vol-
canic systems is investigated using seismic imaging methods such
as 3-D seismic velocity tomography (e.g. Koulakov et al. 2016). Re-
cently, seismic attenuation imaging focused on small-scale highly
heterogeneous geological structures (Prudencio et al. 2015a, b; De
Siena et al. 2016, 2017) has been extensively applied to provide
information on important physical properties of the subsurface that
are not characterized by ordinary seismic velocity tomography. The
attenuation of seismic waves is mainly affected by inelastic absorp-
tion and scattering effects. Both can be associated with different
structural properties, including the number and extent of fractures,
the structural complexity or presence of heterogeneities (e.g. small
and abrupt density and/or velocity changes that influence scatter-
ing phenomena), and rheological properties (e.g. thermal states of
rocks and the rate of consolidation, which contribute to inelastic ab-
sorption). However, it is important to separate the relative influence
of both factors in order to correctly interpret heterogeneities in the
medium and identify the physical mechanisms producing seismic
attenuation.

At present, the most accurate technique for discerning the con-
tributions of scattering versus intrinsic attenuation is based on the
Energy Transport Model (classical Boltzmann Integral Equation),
or its two asymptotic approximations: (i) the so called Single Scat-
tering Model (Aki & Chouet 1975), which is suitable for almost
uniform media and (ii) the Diffusion Model (Wu 1985), used when
heterogeneity is high, as in the case of volcanoes (e.g. Wegler & Lühr
2001; Del Pezzo 2008). Dainty & Toksöz (1981) first formulated a
technique to fit the Energy Seismogram envelope to the Diffusion
Model. Modifications of this technique by Wegler & Lühr (2001)
and Wegler (2003) can be used to retrieve nearly unbiased estimates
of both intrinsic and scattering attenuation coefficients from a single
path seismogram, and hence can be used for imaging purposes. This
technique has been applied in a number of studies (e.g. Prudencio
et al. 2013a; Del Pezzo et al. 2016) to obtain separate 2D attenua-
tion images of volcanoes using data from shallow artificial sources
whose coda is confined in the first 2–3 km of the crust. Coupled
with the use of 2-D Gaussian Space Sensitivity Kernels, Prudencio
et al. (2013a) used this approach to generate robust and stable im-
ages of both intrinsic and scattering attenuation beneath the island
of Tenerife. Prudencio et al. (2013b) proposed a direct relationship
between strong scattering effects and the presence of a potential par-
tial melting body near the surface at Deception Island (Antarctica),
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and simultaneously, low intrinsic attenuation effects associated with
the contact of a consolidate crystalline basement with the volcanic
structure. At Stromboli volcano (Italy), Prudencio et al. (2015c)
identified two main high attenuation zones, the first corresponding
to the centre of the island, where volcanic activity takes place, and
the second associated with an area where the ancient volcanic edifice
is located. At Mt Asama volcano, Prudencio et al. (2017a) identified
a zone where both scattering and intrinsic attenuation are present,
corresponding to a strong structural contrast associated with the
presence of a shallow magma intrusion. At Usu volcano, Japan, a
gradient of scattering attenuation is associated with deepening of
the basement, while intrinsic attenuation indicates areas of debris
avalanche deposits (Prudencio et al. 2017b).This method can aslo
be applied using passive data generated in the first few kilometres of
the crust as Del Pezzo et al. (2016, 2018) or De Siena et al. (2017)
demonstrated. An example of this shallow seismicity application
is the study performed at Long Valley Caldera, USA (Prudencio
et al. 2018). These authors highlighted the hydrothermal system
and recent eruptive areas based on high attenuation (both intrinsic
and scattering) values.

In this paper, we provide, for the first time, two separate images
of intrinsic and scattering attenuation parameters within the upper
2–3 km of crust in the Mt. Etna volcanic region using the data set
produced by the TOMO-ETNA seismic experiment (Coltelli et al.
2016; Ibañez et al. 2016a; Ibañez et al. 2016b); in this experiment,
air-gun shots were recorded by a very dense temporary seismic
network operating over this volcanic area.

The Mt Etna region is a dynamic environment in which contin-
uous structural changes associated with different volcanic stages
are observed (Patanè et al. 2006). One of the advantages of the
present study is that the seismic data used were recorded over a
very short-time period (less than 1 month), providing a snapshot
of the volcanic structure in the first 2–3 km below the crust. Our
results complement a 3-D seismic tomography study performed
by Diaz-Moreno et al. (2018) using the same data set. Mt Etna is
one of the best studied volcanic regions worldwide. Ibáñez et al.
2016a and references therein provided a review of the most recent
geophysical studies. Del Pezzo et al. 2019 and references therein
offered a review of its tectonic and seismic framework. Chiarabba
et al. (2004), De Gori et al. (2005), Martinez-Arevalo et al. (2005)
and Alparone et al. (2012) give descriptions and interpretations of
tomography images. However, uncertainties remain regarding the
nature of several structures of the volcano at all depths.

2 M E T H O D : A S S U M I N G A D I F F U S I V E
R E G I M E

Volcanoes are frequently characterized by very heterogeneous ge-
ological structures, which are well represented in seismology by
diffusive random media (e.g. Wu 1985; Wegler & Lühr 2001; Del
Pezzo 2008).

The diffusion approximation of the solution of the Energy Trans-
port Equation is valid when

λ < lg � la, (1)

where lambda is the dominant wavelength, and la and lg are the
intrinsic and scattering mean free paths, respectively. In turn, la and
lg can be written as

lg = vQs

2π f
; la = vQi

2π f
, (2)

where f is the dominant frequency, v is the wave velocity and Qi
and Qs are the intrinsic and scattering quality factors, respectively.
For lambda of ∼0.3 km, corresponding to a dominant frequency of
6 Hz with v = 2.6 km s–1 (value of the theoretical S-waves velocity
derived from the results of the tomography of Dı́az-Moreno et al.
2018 using the same set of data in where Vp was of 4.4 km s–1

and the derived Vp/Vs ratio was of 1.7), lg, as Del Pezzo (2008)
indicates, should be greater than 0.3 and much less than 30 km,
or, in the same range of frequency and wave speed, Qs should be
approximately in the range between 30 and 100.

This condition is fulfilled at Mt Etna (e.g. Del Pezzo et al. 2019)
and, therefore, the diffusion model is an appropriate approximation
for the data used in the present study. We thus applied the trans-
port equation in its asymptotic approximation (diffusion model) to
separately estimate scattering and intrinsic attenuation coefficients
(Sato et al. 2012). We followed the fitting procedure described by
Wegler & Lühr (2001).

The seismogram energy envelope is described by the diffusion
model (E[r, t]) as a function of source–receiver distance, r and lapse
time, t, through the equation

E [r, t] = E0 (4πdt)−p/2 exp

[
− r 2

4dt
− bt

]
, (3)

where E0 is the energy at the source, d is the diffusivity, b is the
intrinsic attenuation coefficient and p is a dimensional factor related
to the geometrical spreading term as it is described by Dainty &
Toksöz (1981) and used by Wegler & Lühr (2001) or Wegler (2003).
Coefficients d and b are directly related to Qi and Qs, respectively,
through the equations

Qi = 2π f

b
(4)

Qs = 2π f pd

v2
(5)

where f is the central frequency of filtered seismograms and v is the
half-space velocity.

From the above definitions of the intrinsic and scattering mean
free path,

la = v

b
and lg = pd

v
. (6)

Finally, the total Q can be defined by

Q−1
t = Q−1

i + Q−1
s . (7)

3 S E I S M I C DATA , DATA A NA LY S I S A N D
DATA M A P P I N G

3.1 Seismic data

The data analysed in this study is a subset of data from the TOMO-
ETNA active seismic experiment, which was performed between
June and December 2014 (Ibáñez et al. 2016a,b). Here, we prelimi-
nary selected 9705 air-gun shots fired by the Spanish oceanographic
vessel ‘Sarmiento de Gamboa’ in the Ionian Sea and recorded by
120 inland seismic stations on and around Mt Etna volcano (Fig. 1).

3.2 Data analysis

For each seismogram, intrinsic and scattering coefficients were esti-
mated following the procedure of Prudencio et al. (2013a, b, 2015c)
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Figure 1. Map of the study region. Red triangles represent the positions of
seismic stations used in this study. Blue dots are the locations of the air-
gun shots generated during the TOMO-ETNA experiment. The highlighted
stations (yellow triangles) and shot (light blue dot) are the stations and shot
used as examples in Figs 2 and 3.

in where similar marine data sources were used. The most impor-
tant steps of the procedure include filtering, signal extraction, water
wave extraction, signal envelope and parameter extraction.

3.2.1 Filtering

We first analysed the spectra of a selected sample of seismograms
to identify the frequency range in which the signal-to-noise ratio is
suitable for further analysis. Based on this analysis, seismic signals
were filtered at frequency bands centred at 4, 6, 8, 12, 16, 20 and
24 Hz with a bandwidth of fc ± 0.6fc, using a Butterworth bandpass
filter with eight poles. The signal-to-noise ratio was measured in
each seismogram, and all waveforms showing values of less than 2
at the end of the seismogram coda were rejected. The final data set
analysed and used to perform our images consisted of 15 961 vertical
waveforms for the lowest frequency (4 Hz) and 13 932 vertical
waveforms for the highest frequency (24 Hz). The distance range
of the selected signals range between 3.8 and 25.9 km. Fig. 2 shows
an example filtered seismogram and the corresponding spectrum of
the unfiltered signal.

3.2.2 Signal extraction

We extracted the portion of the filtered seismograms from the theo-
retical S-wave onset and to a lapse time of 20 s, measured from the
origin time. Hence, tmin was equal to the theoretically calculated S-
wave arrival time and tmax corresponded to the time interval, which
was always 20 s long. Fig. 3 shows the selected signal analysis win-
dow. The active seismic source is a pure pressure P-wave generated
on the surface of the sea, and propagated towards the sea bottom.
Therefore it is expected that after to impact the sea bottom only P
waves should be propagated to the received. However as Yamamoto
& Sato (2010) demonstrated, with the exception of a very small por-
tion of the first seismic package, the main part of the seismogram
is composed by converted P to S waves.

Figure 2. (a) Example seismic records filtered at different frequency bands.
(b) Comparison of noise and signal spectra of the same signal; note that the
signal-to-noise ratio is high up to 24 Hz. The seismic station and shot are
identified in Fig. 1.

Figure 3. (a) Seismogram of a shot with the water-wave highlighted (dark
blue line). The pink line denotes the origin time of the shot; the red arrow
indicates the real P-wave onset; the green line denotes the theoretically
calculated S-waves arrival; and the light blue line marks the end of the
analysis window. (a) and (b) Comparisons of best fit between the data and
model (b) with and (c) without the water-wave energy package.
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3.2.3 Water wave extraction

The seismic sources were air-gun shots generated on the surface of
the sea. This type of signal produces secondary waves that travel
directly from the source to the station through the water volume. Pre-
vious analysis of similar experiments (Zandomeneghi et al. 2009;
Garcı́a-Yeguas et al. 2012) has shown that this type of wave has a
known propagation velocity and high energy, and is therefore easily
identifiable on seismograms. Recently Carmona et al. (2015) iden-
tified these types of T waves in the Mediterranean basin for shallow
earthquakes.

The sound speed profile in the Mediterranean area differs from
that in open oceans (in the temperate zone), especially for the min-
imum shape under the thermocline, and the absence of the deep
SOFAR channel (Munk et al. 1995). As mentioned by Flattè et al.
(1979) and by Northup & Colborn (1974), the presence of the
SOFAR channel, in the ocean environmental, is generally located
between 800 and 1200 m. Instead, the location of this propagation
channel in the Mediterranean Sea is affected by a surface thermo-
cline and warm deep waters, due to the thermal vertical structure.

The sound speed in the Mediterranean basins is characterized
by a seasonal variability with two extremes in February and Au-
gust (Taburni 2011). During the summer period (August), the water
column is characterized by a velocity profile divided into three dif-
ferent layers, from top to bottom: (i) a surface layer with marked
decreasing values, heavily influenced by the rapid decrease of tem-
perature; (ii) a minimum velocity value located at the base of the
seasonal thermocline and (iii) a slow but steady increase due to the
effect of pressure under the thermocline layer (Salon et al. 2003).
In terms of the propagation of sound waves, this produces a chan-
neled propagation that is constrained below the thermocline. The
velocity profile in winter (February) in the northwestern Mediter-
ranean is characterized by a steady increase with depth, due to the
homogeneous vertical distribution of water masses, and therefore
it is highly influenced by the effect of pressure. Under 600 m, the
vertical velocity gradient is almost constant (about 1 m s–1 every 60
m of depth, in agreement with the value of 0.0167 s–1 calculated by
Jensen et al. (1994) for an average of Mediterranean profile), due to
the main role of the pressure, the temperature and salinity constant
values.

We have performed local velocity measurements, related to sum-
mer period (the same period in which the TOMO-ETNA experiment
was carried out), using the model proposed by Medwin (1975), lim-
ited to a 1000 m depth:

c = 1449.2 + 4.6T−0.055T2 + 0.00029T3

+(1.34−0.01T)(S−35) + 0.016Z (8)

where c is the sound speed (m s–1 ), T is the temperature (◦C), Z
is the depth (m) and S is the salinity (p.s.u.). Due to the lack of
any CTD casts database from TOMO-ETNA experiment, we have
used the temperature, salinity and pressure data provided by NOAA
(National Oceanic and Atmospheric Administration) through the
World Ocean Database (http://www.nodc.noaa.gov/OC5/SELECT
/dbsearch/dbsearch.html). We have selected the parametric profiles
measured in the Aeolian archipelago in the months of July and
August in order to maintain the same parametric conditions of the
TOMO-ETNA experiment time period providing an average sound
speed value of 1509 m s–1.

The water waves should be cut off before applying the fitting
procedure to retrieve the attenuation parameters. Here, we directly
removed them instead of using any kind of filtering since their
frequency content was the same as that of the signal under study.

We removed the intervals 0.5 s before and 2.5 s after the theoretically
estimated first onset of water waves; Fig. 3 illustrates an example of
this procedure, which was applied to all seismograms. In Fig. 3(a),
a seismogram filtered at 8 Hz clearly shows the water wave (notice
its high amplitude with respect to the rest of the seismogram); in
Fig. 3(b), we show the bias corresponding to the fit of the observed
Energy Envelope to the theoretical Energy Envelope (including the
water wave). Finally, Fig. 3(c) shows the fit to the signal modified
by removing the water wave interval.

3.2.4 Parameter estimation

Seismogram Energy Envelopes were calculated by applying a
Hilbert transform to 0.7-s time windows sliding with an overlap
of 50 per cent for each frequency band. We fit energy envelopes to
eq. (3) by using a least square method to obtain the b and d param-
eters and, consequently, Qi and Qs. The first term of eq. (3), the
trade-off between the b and d parameters were obtained following
Mayeda et al. (1992) and Akinci et al. (1995) using the F distribu-
tion at a 70 per cent level of confidence to estimate the uncertainty
intervals in parameters. The average measured uncertainty intervals
were of 8 and 6 per cent for b and d, respectively. The lack of a
severe trade-off between b and d allowed attenuation effects to be
estimated independently. We assumed p = 3 as the dimension term
for body waves (Wegler & Lühr 2001; Wegler 2003) and discarded
data with a correlation coefficient between the theoretical model
and experimental data of R < 0.7. Finally, we used b and d to obtain
Qi and Qs using eqs (4) and (5), respectively. Given b and d, the
scattering mean free path (lg = 3d/v) and the absorption mean free
path (li = v/b) could also be calculated. The v (S-wave velocity)
was set at 2.6 km s–1, as derived from a velocity model calculated
for the Etna region by Diaz-Moreno et al. (2018), after averaging
Vp in the first 3 km and successively dividing for the Vp/Vs ratio,
set at 1.7. Fig. 3 shows an example of the data fit.

4 M A P P I N G P RO C E D U R E A N D
R E S O LU T I O N T E S T S

4.1 Mapping procedure

The 2-D spatial images were calculated through space-weighting
functions describing the spatial sensitivity of observable data to
scattering and intrinsic anomalies. A detailed description of the
applied methodology is available in Del Pezzo et al. (2016); a recent
application to Long Valley Caldera can be found in Prudencio et al.
(2018). Here we give only a brief summary of the procedure.

Functions were estimated using a heuristic approach based on
Monte Carlo numerical solutions of the energy transport equation.
The weighting functions numerically calculated for each source–
receiver couple result were well approximated by

w [x, y, xr , yr , xs , ys ] = 1

4πδx D2δy
Exp

⎡
⎢⎢⎢⎣−

(
x − xr + xs

2

)2

2(δx D)2

+

(
y − yr + ys

2

)2

0.5
(
δy D

)2

⎤
⎥⎥⎥⎦ + 1

2πδx D2δy
Exp

[
− (x − xs )2

2(δx D)2
+ (y − ys )2

2
(
δy D

)2

]

+ 1

2πδx D2δy
Exp

[
− (x − xr )2

2(δx D)2
+ (y − yr )2

2
(
δy D

)2

]
, (9)
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Figure 4. Checkerboard test with 20 × 20 km2 cell size. We assigned
b = 0.75 (Qi = 50) and d = 0.21 (Qs = 3) for the high intrinsic and
scattering anomalies and b = 0.4 (Qi = 100) and d = 23 (Qs = 333) for the
low intrinsic and scattering anomalies. The best resolved area is marked by
the black contour.

where w[x, y, xr , yr , xs, ys] fits reasonably well to numerical
weighting functions with δx = δy = 0.2; δx and δy represent the
spatial aperture of the weighting function in 2-D; and w[x, y, x0, y0,
xr, yr] is proportional to the probability that, for a source–receiver
couple with coordinates at xs,ys and xr,yr, the estimated parame-
ter couple (Qi−

1, Qs
−1) is effectively the true value at the space

point with coordinates x and y. In other words, the value of the
attenuation parameter couple Qi

−1 and Qs
−1 estimated for a single

source–receiver is assigned to the whole space volume, weighted
by the w[x,y,xs,ys,xryr] associated with the same source–receiver
couple. Discretizing the study area or volume in cells, for each cell
a number, N, of weighted measures will thus be available, where N
is the number of source–receiver couples. However, for many cells,
the value of the space weighting functions (SWF) will be extremely
small. Finally, the best estimator for the value of {Qi

−1, Qs
−1} is

calculated under the assumption of Gaussian statistics (the weighted
arithmetical average) through the equation

Q−1 [x, y] =
∑N

k=1 w [x, y, xrk, yrk, xsk, ysk] Q−1
k∑N

k=1 w [x, y, xrk, yrk, xsk, ysk]
, (10)

where Q−1[x,y] is the estimate in the space point {x,y} (centre cell),
k is the source–receiver index spanning from 1 to N, Qk

−1 is the kth
measurement, and {xrk, yrk} and {xsk, ysk} are the coordinates of the
receiver and source for the kth source–receiver couple, respectively.

4.2 Sensitivity tests

To check resolution and accuracy of the imaging method, sensitivity
tests were performed (see Del Pezzo et al. 2016 and references
therein for details) using the following approach:

(1) An a priory checkerboard-like 2-D structure (otherwise called
an input test) was numerically generated and Q−1 values were
assigned to checkerboard cells such that the contrasts between

Figure 5. Spatial distribution of calculated standard deviation as a repre-
sentative quality check of the validity of the obtained images.

checkerboard cells were well outside the average per cent uncer-
tainty in the parameter estimation.

(2) For each source–receiver couple of real data, a space
weighting-average of the checkerboard structure was calculated,
using eq. (8) as the weighting function. It is worth noting that the
weighting functions for Qi−1 and Qs−1 are the same.

(3) The same imaging method used with real data was applied to
the above synthetic data set and the results were compared with the
input test. Fig. 4 shows an example checkerboard test.

(4) The resolution function (see Appendix A) was calculated.
Fig. 5 shows the pattern of the resolution function calculated for the
present data set.

5 R E S U LT S A N D D I S C U S S I O N

We interpreted the results by excluding topographic effects, depth
dependence and Energy leakage from the upper layers to the deepest
structures of the volcano as recently Sanborn & Cormier (2018)
confirmed. The reasons for these exclusions are discussed in detail
in Prudencio et al. (2017a) and Del Pezzo et al. (2018). For example,
topography is one of the main potential sources of surface wave
scattering, being thus potentially a source of bias. As Prudencio et al.
(2017a) observed, these effects are of a minor order in our approach,
and it is even lower when the attenuation is mapped as perturbation.
On the other hand, Del Pezzo et al. (2018) demonstrated that when
shallow active sources are used, 3-D images strongly resemble 2-D
images, making this 3-D extension redundant.

5.1 Average intrinsic and scattering attenuation values

Table 1 summarizes average values of Qi, Qs, Qt, lg and li for each
central frequency estimated by fitting the diffusion model to the en-
ergy envelopes. It is clearly observed that scattering dominates over
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Table 1. Average values of b, d, Qi, Qs, Qt, Qi−1, Qs−1, Qt−1, ltr and li for the Mt Etna volcanic region.

b ± error d ± error Qi Qs Qt Qi−1 Qs−1 Qt−1 ltr (m) li (km)

4 Hz 0.719 ± 0.084 1.437 ± 0.085 34 10 7 0.029 0.105 0.134 980 6.1
6 Hz 0.782 ± 0.085 1.383 ± 0.080 48 14 11 0.021 0.073 0.094 943 5.6
8 Hz 0.780 ± 0.084 1.311 ± 0.079 63 19 14 0.016 0.054 0.070 894 5.6
12 Hz 0.775 ± 0.083 1.277 ± 0.079 100 28 22 0.010 0.036 0.046 871 5.7
16 Hz 0.752 ± 0.083 1.238 ± 0.080 143 37 29 0.007 0.027 0.034 844 5.8
20 Hz 0.689 ± 0.079 1.211 ± 0.084 200 50 40 0.005 0.020 0.025 826 6.4
24 Hz 0.637 ± 0.078 1.188 ± 0.089 250 63 50 0.004 0.016 0.020 810 6.9

B: intrinsic attenuation coefficient.
d: diffusivity.
Qi: intrinsic Q value, where Qi−1 is the inverse Q value.
Qs: scattering Q value, where Qs−1 is the inverse Q value.
Qt: total attenuation Q value, where Qt−1 is the inverse Q value.
ltr: transport mean free path measured in metres.
li: absorption length measured in kilometres.

intrinsic attenuation at all frequencies. Seismograms are thus con-
trolled by the presence of geological heterogeneities at the surface.
Recently, Del Pezzo et al. (2019) analysed regional patterns of in-
trinsic and scattering attenuation for a region that includes our study
area using the Multiple Lapse Time Window Analysis (MLTWA)
method (Hoshiba 1991; Akinci et al. 1995) with local and regional
earthquakes and a source–receiver distance range of between 5 and
70 km. As in the present work, they observed that scattering effects
dominate over intrinsic absorption in the Etna region, while their
absolute Q-values (see table 1 of their paper) were much larger than
those presented here. These differences are explained by the greater
depth of the seismic sources analysed. In the present study, seismo-
grams were generated at the surface (air-gun shots) and recorded at
epicentral distances between 3 and 25 km; the data provide informa-
tion on the uppermost part of the crust (i.e. the first few kilometres).
In the work of Del Pezzo et al. (2019), earthquakes had crustal
depths (∼10 km) and were recorded at distances of up to 100 km,
providing information on deeper structures. This result implicitly
confirms that the Q factor increases with depth in the crust (Ibáñez
et al. 1991).

The attenuation parameters estimated for the Mt Etna volcanic
region are in agreement with values obtained for other volcanic ar-
eas where scattering phenomena dominate over intrinsic dissipation
(Zieger et al. 2016; Prudencio et al. 2018, and references therein).
Scattering Q values obtained for Mt Etna are almost the same as
those obtained for Deception Island (Prudencio et al. 2013b) and Mt
Asama volcano (Prudencio et al. 2017a), but higher than those mea-
sured at Stromboli (Prudencio et al. 2015c) and Mt Usu (Prudencio
et al. 2017b). The fact that scattering effects nearly always dominate
over intrinsic attenuation provides additional confirmation that vol-
canoes are heterogeneous geological objects with multiple fracture
systems (e.g. Martı́nez-Arévalo et al. 2003) the co-occurrence of
molten and rigid structures (e.g. Prudencio et al. 2013b; De Siena
et al. 2014), feeding systems such as dikes and sills (e.g. De Siena
et al. 2017) and embedded layers of ash and lava flows (e.g. De Siena
et al. 2016), all alter the geometry of wave fronts producing sec-
ondary waves with high intensity. We observe the similar patterns
at the Mt Etna, Deception Island, and Mt Asama volcanoes, where
evidence for shallow molten material combined with hydrothermal
interaction can explain the scattering Q values observed. Neverthe-
less, Mt Etna shows intrinsic Q values that are smaller than those at
other volcanoes analysed using the present technique. This can be
explained by the large size of shallow volcanoclastic deposits as De
Siena et al. (2016) or Wegler (2003) observed in other volcanoes.

Mt Etna volcano covers a region of approximately 1200 km2 and has
a total volume of approximately 530 km3 (Branca & Ferrara 2013;
Barreca et al. 2018); the edifice consists of a complex volcanic suc-
cession made up of massive and scoriaceous lava flows overlying
interbedded unwelded and lithified volcanoclastic deposits that rest
on the sedimentary and metamorphic rocks that control the rigidity
of the shallow regional structure.

5.2 Attenuation image anomalies

The spatial distribution of intrinsic and scattering attenuation es-
timated with respect to the average values reported in Table 1 are
presented in Fig. 5. Intrinsic attenuation is at least 1 order of mag-
nitude lower than scattering attenuation; therefore, total attenuation
images are very similar to scattering attenuation images and are not
shown. To interpret the images from a geo-volcanological point of
view, it is necessary to take into account that the attenuation images
are 2-D, thus they represent an average over the first 2–3 km below
the surface. The estimated depths for scattered waves inferred by
3-D numerically simulated weighting functions (Del Pezzo et al.
2018) are concentrated in the first few kilometres of the crust when
the source and receiver are both located at the surface and at a dis-
tance comparable with the average distances of the present data set.
Moreover, ray tracing performed for velocity tomography shows
ray coverage with the highest density in the first 2–3 km below the
surface (see Dı́az-Moreno et al. 2018).

According to previous studies carried out using the present tech-
nique and already mentioned above, it is more explanatory to con-
sider the distribution of attenuation anomalies than it is to consider
the absolute values; however, geological structures that are smaller
than the cell dimension (5 km × 5 km) are invisible to our data set.
To eliminate potential boundary distortions, after to perform the
checkerboard test and identify the best resolved region, that is the
area in which the method successfully retrieves the anomalies (see
Fig. 4), we interpreted the data for an extracted smaller subregion.

5.2.1 Intrinsic attenuation anomalies

Fig. 6(a) shows the distribution of intrinsic attenuation anomalies
in the Mt Etna region. As discussed, space averaged intrinsic Q
values are low compared with most other volcanic regions; the
areas characterized by strong intrinsic attenuation show changes of
almost ±50 per cent with respect to the average. In this study, high
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Figure 6. (a) Qi-1 and (b) Qs-1 anomaly maps obtained at 8 Hz for the best resolved region. The I and S labels correspond to the anomaly regions discussed
in the text. Important fault systems are marked in red. (c) Modified map derived from Dı́az-Moreno et al. (2018) for comparison of velocity and attenuation
characteristics.

contrast regions were labelled as I1–I4, while I1–I3 represent high
attenuation anomalies, and I4 is characterized by low attenuation
values.

A high attenuation anomaly observed to the south west of Mt
Etna (I1) is associated with the tectonic units of the Apenninic–
Maghrebian chain, which are mainly formed by varicoloured clays
and terrigenous turbiditic successions (Branca et al. 2011; Branca
& Ferrara 2013). The high attenuation structure I2 is located in the
southeastern part of the region and can be interpreted as the northern
segments of the Alfeo-Etna Fault System (Polonia et al. 2017).

High attenuation area I3, located in the northern part of the vol-
canic edifice, reflects a high level of fracturing belonging to the
Apenninic Maghrebian Chain and could represent prolongation of
I1 towards the north (Cristofolini et al. 1979; Bianchi et al. 1987;

Branca et al. 2011). The high attenuation values can be interpreted
as the effects of a shallow fracture system associated with regional
structural dynamics at the roof of this thrust system. Evidence for
high levels of fracturing in this area is also presented in other stud-
ies (e.g. Barreca et al. 2018, and references therein). This region
represents the Nebrodi-Peloritani Transition Zone, extending from
the Aeolian Islands to the Ionian Sea. The area is characterized
by complex fault systems in which NNW–SSE and WNW–ESE
oriented fault segments (Lentini et al. 1995; Finetti et al. 1996)
are overlapped by second-order N–S and NE–SW-striking faults
(Giampiccolo & Tuvè 2018).

The most significant high-Q anomaly (I4; Fig. 6c) is located
near of the city of Catania and correlates with a high velocity
volume observed by Diaz Moreno et al. (2018). Owing to the
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relatively low attenuation value, it may correspond to a highly
consolidated body. Intrinsic attenuation is a reliable indicator of
magmatic intrusions (e.g. De Siena et al. 2017) and therefore
I4 is likely also associated to potential shallow magmatic bodies
and submarine volcanism. These magmatic anomalies could be
related to the earliest phase of volcanism and intruded into the
Pleistocene marly clay succession of the Gela-Catania foredeep
(Fig. 6a), as recently revealed in this sector by magnetic anomalies
(Nicolosi et al. 2018).

5.2.2 Scattering attenuation anomalies

The scattering attenuation pattern is more heterogeneous than the
intrinsic attenuation one (Figs 6a and b). We identified at least eight
areas, denoted S1–S5 (high attenuation structures) and S6–S8 (low
scattering attenuation).

A high scattering attenuation anomaly (S1) is located in the south
west region of Mt Etna. In the last decades, several seismological
studies linked the seismic activity occurring in this sector of the
volcano to its recharging phases, leading to eruptive activity. In par-
ticular, the analysis of the seismicity occurred in this area before
the 2001, 2002–2003 and 2008 lateral eruptions have been consid-
ered the fragile response of the Etna crust to magmatic intrusions
mainly in the summit area and secondary in the upper South Rift
zone (Bonaccorso et al. 2006; Sicali et al. 2015). In this area, the
high degree of heterogeneity implied by the high scattering atten-
uation is confirmed by the presence of the shallow (up to 5 km
bsl) Ragalna Fault System and South Volcanic Rift Zone (Azzaro
et al. 2012). Moreover, from September 2017, this sector of the
volcano was characterized by shallow seismicity that pre-dated and
accompanied the December 2018 eruption (Gruppo Analisi Dati
Sismici 2019). The S1 anomaly is located just to the south of the
area in which Dı́az-Moreno et al. (2018) and Aloisi et al. (2002)
identified a shallow low-velocity anomaly region. It is suggested
that this anomaly represents a magma storage volume on the basis
of anomalous b values (Murru et al. 1999) and ground deformation
inversions (Nunnari & Puglisi 1994; Bonaccorso et al. 1996).

Another high scattering anomaly is located north of Catania (S2).
This anomaly could be associated with the Fiadanca, Santa Tecla
and Timple faults (Azzaro et al. 2012), which are linked to the litho-
spheric dextral transtensional North Alfeo fault system (Gutscher
et al. 2016, 2017; Polonia et al. 2017) dissecting the lower SE flank
of the volcano.

In the southeastern area, at the same location as the I2 anomaly,
a high scattering anomaly is also observed (S3). Following Polonia
et al. (2017), we interpret this anomaly as a segment of the Alfeo-
Etna fault system. The S4 high scattering anomaly is located east
of Mt Etna, offshore and beneath the Ionian Sea. This anomaly can
be interpreted as a highly fractured region where the Ionian Fault
and Alfeo-Etna fault system converge (Polonia et al. 2017). Near
I3, a high scattering attenuation anomaly is also observed (S5). As
such, this area is characterized by both high intrinsic and scattering
attenuation values and can be interpreted as a volume with a very
high level of fracturing. The S6 anomaly is located northeast of Mt
Etna, and partly extends offshore. This region could be connected
to the large low scattering anomaly of S7, and both can be related to
shallow (1–2 km bsl) carbonate units of the external thrust system
(Branca et al. 2011). Finally, the S8 anomaly is located to the west of
Catania. Owing to its scattering behaviour it can be interpreted as a
homogeneous body; this interpretation is consistent with the results
of Branca et al. (2011), who identified compact carbonates of the

Hyblean Plateau covered by the Catania-Gela foredeep sediments
at a depth of approximately 1 km bsl (Torelli et al. 1998).

6 C O N C LU S I O N S

This work provides new evidence of the structural complexity of
the Mt Etna volcanic area. The data set used comprised waveforms
recorded during the TOMO-ETNA experiment, with nearly uni-
form and homogeneous ray coverage. The methodology used in this
study, which had not been applied to this area before, allowed us to
characterize intrinsic and scattering attenuation in the region, which
in turn supports an improved geological interpretation. Mt Etna ap-
pears as a single domain, for which the shallowest rocks (2–3 km
bsl) have the highest intrinsic and scattering attenuation. However,
attenuation beneath the Mt Etna area is dominated by scattering
effects, which are strong enough to fully justify the use of diffusion
approximation for the energy transport equation.

From the scattering attenuation anomaly map, it is possible to
infer that Mt Etna volcano is situated between two large tectonic
regions that dynamically stress and fracture the area. Good cor-
relations between attenuation and velocity anomalies confirm that
the method is a suitable complement to ordinary seismic velocity
tomography.

The most prominent result is a strong correlation among the oc-
currence of seismicity, volcanic activity, and high attenuation effects
in the southwestern area of Mt Etna (named S1). In conclusion, this
work supports the hypothesis that the SW flank dynamics, including
the summit area and upper South Rift Zone, are linked to magma
recharge during recent decades.
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Giampiccolo, E. & Tuvè, T., 2018. Regionalization and dependence of coda
Q on frequency and lapse time in the seismically active Peloritani region
(northeastern Sicily, Italy), J. Seismol., 22(4), 1059–1074.

Gruppo Analisi Dati Sismici, 2019. Catalogo dei terremoti della Sicilia
Orienta–e - Calabria Meridionale (1999–2019), INGV, Catania, http:
//www.ct.ingv.it/ufs/analisti/catalogolist.php.

Gutscher, M.A., Dominguez, S., de Lepinay, B.M., Pinheiro, L., Gallais, F.,
Babonneau, N. & Rovere, M., 2016. Tectonic expression of an active slab
tear from high-resolution seismic and bathymetric data offshore Sicily
(Ionian Sea), Tectonics, 35(1), 39–54.

Gutscher, M.A., Kopp, H., Krastel, S., Bohrmann, G., Garlan, T., Zaragosi,
S. & San Pedro, L., 2017. Active tectonics of the Calabrian subduction
revealed by new multi-beam bathymetric data and high-resolution seismic
profiles in the Ionian Sea (Central Mediterranean), Earth planet. Sci. Lett.,
461, 61–72.

Hoshiba, M., 1991. Simulation of multiple-scattered coda wave excitation
based on the energy conservation law, Phys. Earth planet. Int., 67(1–2),
123–136.
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constraints from 3-D attenuation tomography, Geophys. Res. Lett., 32(21),
doi:10.1029/2005GL023736.

Mayeda, K., Koyanagi, S., Hoshiba, M., Aki, K. & Zheng, Y., 1992. A
comparative study of scattering, intrinsic, and coda Q−1 for Hawaii,
Long Valley and Central California between 1.5 and 15 Hz, J. geophys.
Res., 97, 6643–6659.

Medwin, H., 1975. Speed of sound in water: a simple equation for realistic
parameters, J. acoust. Soc. Am., 58(6), 1318–1319.

Munk, W., Worcester, P. & Wunsch, C., 1995. Ocean Acoustic Tomography.
Cambridge Univ. Press.

Murru, M., Montuori, C., Wyss, M. & Privitera, E., 1999. The locations of
magma chambers at Mt. Etna, Italy, mapped by b-values, Geophys. Res.
Lett., 26(16), doi:10.1029/1999GL900568.

Nicolosi, I., D’Ajello Caracciolo, F., Branca, S., Speranza, F. & Chiap-
pini, M., 2018. Unravelling Mount Etna’s early eruptive history by three-
dimensional magnetic modeling, Bull. geol. Soc. Am., 130, 9–10, 1664–
1674.

Northrup, J. & Colborn, J. G., 1974. Sofar channel axial sound speed and
depth in the Atlantic Ocean, J. geophys. Res., 79, 5633–5641.

Nunnari, G. & Puglisi, G., 1994. The global positioning system as a useful
technique for measuring ground deformations in volcanic areas, J. Volc.
Geotherm. Res., 61(3/4), 267–280.
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Spatial distribution of intrinsic and scattering seismic attenuation in active
volcanic islands–I: model and the case of Tenerife Island, Geophys. J. Int.,
195(3), 1942–1956.
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Prudencio, J., Ibáñez, J.M., Del Pezzo, E., Martı́, J., Garcı́a-Yeguas, A. &
De Siena, L., 2015b. 3D attenuation tomography of the volcanic island of
Tenerife (Canary Islands), Surv. Geophys., 36(5), 693–716.
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A P P E N D I X A : R E S O LU T I O N F U N C T I O N

To simplify the mathematical notation, we removed the dependence
of function w (eq. 1) on space, source, and receiver coordinates,
and denoted the weighting functions (each normalized for their
maximum) by wij, where i is the event–source index and j represents
the jth pixel of coordinates x,y; i spans from 1 to N, where N is the
number of source–receiver couples in the data set; and j spans from
1 to M, where M is the number of pixels (square regions or cells in
which the input image is divided).

We further denote with qi the Q-value (or its inverse) measured
for the ith source–receiver couple, and with qj the output of the
mapping method for the jth pixel. In this simplified notation, the
mapping method (eq. 9) yields

q j =
∑

i qiwi j∑
i wi j

. (A1)

Assuming that the standard deviation, σ , is the same for all
measures of qi and by applying the error propagation equation to
eq. (A1) we obtain

σ 2
q j = σ 2

∑
w2

i j

(
∑

wi j )
2

. (A2)

Finally, we can reasonably assume that the quantity σ 2

σq j
represents

an estimate of the resolution of the method. In other words, pixels
showing smaller resolution should be associated with higher error
and vice versa. Resolution at the ith pixel is thus given by

R j = (
(
∑

wi j )
2∑

w2
i j

)1/2, (A3)

where Rj represents all pixels in Fig. 5.
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A P P E N D I X B : Q i −1 A N D Q s −1 A N O M A LY
M A P S

Qi−1 and Qs−1 anomaly maps for 4–24 Hz are represented in Fig. B1.

Figure B1. Qi-1 and Qs-1 anomaly maps for all analysed frequency bands.
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