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S U M M A R Y
The mechanism of seismic attenuation for shear waves was studied through the separate
measure of the intrinsic dissipation and scattering coefficients. A modified version of the
Multiple Lapse Time Window Analysis (MLTWA) was applied to about 5000 local earthquakes
with magnitude 1.5 ≤ Ml ≤ 4.8 occurred in the period 2006–2017 in both the tectonic
(Peloritani Mountains and Hyblean Plateau) and volcanic (Aeolian Islands and Mt Etna)
areas of eastern Sicily. Observed data, processed via direct Fourier Transform instead of the
filtering and averaging procedures utilized in the ordinary MLTWA technique, were fit to the
correspondent Paasschens solution of the Energy Transport model in 3D. Model parameters
B0, the seismic albedo, and Le, the extinction length, in turn associated with the intrinsic (Qi)
and scattering (Qs) quality factors for S waves, are thus obtained from the fit in the frequency
bands centred at 1.5, 3, 6 and 12 Hz. Finally, the corrections to these estimates in case of an
opaque layer (the crust) overlying a uniform and transparent mantle, were applied in order to
obtain more realistic estimates of the seismic attenuation in the areas investigated. Obtained
results are first interpreted in terms of the characteristics of each domain and then compared
by the same point of view with a huge set of measurements of the same parameters carried
out in other tectonic and volcanic domains through the world. Results show how the rock
heterogeneity characterizes the tectonic domain and determines the value of total attenuation
coefficient, which, on the other hand, is a crucial parameter in the estimation of the seismic
hazard.

Key words: Fourier analysis; Earthquake hazards; Seismic attenuation; Wave scattering and
diffraction.

I N T RO D U C T I O N

Seismic attenuation severely influences ground motion and hence
earthquakes damage. As a consequence, its evaluation in seismi-
cally active areas is mandatory for the correct estimation of the
earthquake hazard. On the other hand, the quantification of the seis-
mic attenuation parameters is required for correcting seismic source
spectra, the observational basis of the seismic source studies.

The attenuation of seismic waves can be described by the total
quality factor, Qt which implicitly takes into account all the energy
lost by the primary waves along the Fermat’s path during the wave
propagation. Qt = 2π f/(vη), where f is the frequency and v is the
wave speed, is inversely proportional to the attenuation coefficient η
and takes into account the overall effects of both intrinsic absorption
and scattering attenuation: Qt

–1 = Qi
−1 + Qs

−1. Qi
−1 accounts for

conversion of the seismic wave energy into heat due to the presence
in the Earth medium of abnormal structural defects (i.e. microcracks
and cavities, either fluid filled or not) with dimension very small
compared to the seismic wavelength. Qs

−1 describes the energy lost
by the primary wave and converted to secondary waves (scattering)
due to the presence of medium heterogeneities (Sato et al. 2012).

Quantifying the relative contribution of intrinsic and scattering at-
tenuation to the total quality factor, Qt

−1, is important to understand
the phenomena of wave propagation and helps in the seismogram
synthesis, as the scattering phenomena actually redistribute the en-
ergy which apparently is lost in the primary wave front, into the seis-
mogram coda: the overall effect is to affect the duration of ground
shacking, a crucial parameter in seismic hazard studies. This is the
reason why the separate estimate of Qi and Qs has been the subject of
considerable interest among seismologists in the last decades (see
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Intrinsic and scattering attenuation in Eastern Sicily 1457

e.g. Carcolé & Sato 2010). Several methods have been proposed
in the past to separately estimate Qi

−1 and Qs
−1 (i.e. Wu 1985;

Frankel & Wennerberg 1987; Wennerberg 1993) even though the
most popular method is the Multiple Lapse Time Window Analysis
(MLTWA; Hoshiba et al. 1991; Fehler et al. 1992). This technique
is based on the normalization of the seismogram Energy envelopes
for the coda amplitude at a given fixed lapse time [the so called
‘coda normalization’ (CN), that allows to normalize for the source
intensity]. The theoretical (normalized) energy is well described by
the Paasschens’ solution (Paasschens 1997) of the Energy Transport
(Boltzmann) equation (hereafter ET). More recently, Eulenfeld &
Wegler (2016) used an approach different from MLTWA, obtain-
ing stable and robust estimates of separated attenuation parameters,
jointly with source and site properties. MLTWA maintains however
its validity and can be still considered as a valid tool. MLTWA has
been widely applied in several tectonically and volcanically active
regions worldwide (e.g. Mayeda et al. 1992; Giampiccolo et al.
2006; Tuvé et al. 2006; Ugalde et al. 2007; Badi et al. 2009; Del
Pezzo et al. 2011; Padhy & Subhadra 2013; Del Pezzo et al. 2015;
Singh et al. 2017). It is based on the comparison among the pat-
tern of the time integral of the signal energy, calculated in different
successive time windows along the coda, as a function of source–
receiver distance of local earthquakes, and the corresponding theo-
retical values calculated on the basis of the scalar approximation of
the radiative transfer theory applied to scalar waves (Sato & Fehler
1998).

In this paper, we applied a slightly modified version of MLTWA
to about 5000 local earthquakes which occurred in the period
2006–2017 in both the tectonic (Peloritani Mountains and Hyblean
Plateau) and volcanic (Aeolian Islands and Mt Etna) areas of east-
ern Sicily, which is a seismically very active and tectonically very
complex area, characterized by a high seismic risk.

While for Mt Etna, Peloritani Mountains and Hyblean Plateau
previous estimates of separated intrinsic and scattering attenuation
parameters have been already published (Giampiccolo et al. 2004,
2006; Tuvé et al. 2006; Del Pezzo et al. 2015), there are still no stud-
ies on attenuation of seismic waves in the Aeolian Islands region.
The studies so far carried out in Eastern Sicily suffer from a lack
of homogeneity among approaches used, datasets and instrumental
characteristics. The present availability of a high quality local earth-
quakes data set, recorded in the whole of Eastern Sicily by a dense
and well-designed seismic network installed starting from 2006,
prompted us to re-evaluate the crustal attenuation characteristics
of the whole region by carrying out a detailed seismic attenuation
study based on homogeneous data, in order to better compare the
zones investigated. It is worth mentioning that a critical point in
ordinary MLTWA applications is the half-space model assumption
(constant velocity and attenuation parameters versus depth), as the
Earth structure is in general far from being homogeneous in depth.
A better assumption is thus an earth model characterized by an in-
homogeneous crust overlying an almost homogeneous mantle (e.g.
Hoshiba et al. 2001). In the present paper we estimate the amount
of bias due to the simplistic half-space assumption following the
scheme described in Del Pezzo & Bianco (2010a).

The present paper: (i) shows a reappraisal of the seismic attenu-
ation parameters in Eastern Sicily; (ii) adds new and homogeneous
information for the area of Aeolian Islands; (iii) estimates the bias
associated with the attenuation parameters obtained under the as-
sumption of half-space instead of a more realistic earth structure
with most of scattering phenomena occurring in the crust; (iv) com-
pares the attenuation parameters with those estimated worldwide
using the same MLTWA technique and (v) gives more stable and

reliable seismic attenuation estimates for the whole Eastern Sicily
to be utilized for seismic hazard applications.

T E C T O N I C S E T T I N G A N D S E I S M I C I T Y

Eastern Sicily (Fig. 1) represents a geologically complex area in
which several geodynamic processes associated with the conver-
gence between Eurasian and Nubian plates coexist: lithospheric
subduction, continen–continent collision, strike-slip margins and
continental rifting (Cavazza & Wezel 2003; McClusky et al. 2003;
Mauffret 2007; Palano et al. 2012; De Guidi et al. 2014). The whole
area can be subdivided into four domains: (a) Southern Tyrrhenian
domain (Aeolian Islands; Fig. 1a), characterized by an island arc
associated with a subduction zone; (b) Peloritani Mountain Chain
(Fig. 1b), part of the Calabro-Peloritan Arc extending from the
northern edge of Calabria to northeastern Sicily, representing a ma-
jor tectonic structure in southern Italy; (c) Mt Etna volcano (Fig. 1c),
the most important volcanic structure of Mediterranean area, ex-
tending from Peloritani Mountains to the Hyblean Mountains in
the south and (d) Hyblean Plateau (Fig. 1d), part of the orogenic
foreland deformed by extensional and strike-slip faults.

From the seismic point of view, the Southern Tyrrhenian domain
(Aeolian Islands; Fig. 1a) is characterized, in the eastern and central
sectors, by a crustal seismicity, with sources in the upper 20 km,
associated with two main fault systems, the WNW–ESE striking
Sisifo-Alicudi system (SA) and the NNW–SSE striking ATLF sys-
tem (Neri et al. 1996; De Luca et al. 1997). Intermediate and deep
earthquakes affect the western area and are associated with the
subduction of the Calabrian arc towards the west.

The Peloritani Mountains region (Fig. 1b) is one of the most
seismically active areas in Italy, and it is characterized by the oc-
currence of crustal events (depth < 35 km) with magnitudes up to
7.2 and intensities of up to XI–XII MCS (Azzaro et al. 2007).

Mt Etna volcano-tectonic seismicity (VT hereafter; Fig. 1c)
mainly occurs in the shallower crust (depth < 10 km) with a
high rate of earthquakes of low and moderate magnitude, which
rarely exceed 4.0 (Patanè & Giampiccolo 2004). Intermediate events
(5 ≤ H ≤ 15 km) predominantly occur on the western flank whereas,
the deep seismicity (15 ≤ H ≤ 35 km) is mostly confined to the
northwestern sector of the volcano (Fig. 1c; Sicali et al. 2014 and
references therein).

The seismicity in the Hyblean Plateau area (Fig. 1d) is sparse in
space and time. The main seismic activity of the region is related to
the faults segments conjugated to the NNW–SSE oriented Malta Es-
carpment Fault System (MEFS), whereas weaker shocks are due to
the secondary inland faults (Bianca et al. 1999; Azzaro & Barbano
2000; Brancato et al. 2009). In the central sector of the Hyblean
Plateau seismicity is almost absent. A detailed description of the
tectonic and seismic characteristics of each domain, together with
all the necessary references, is presented as Supporting Information.

M E T H O D

The MLTWA is essentially a numerical technique to fit the Seismo-
gram Energy Time Envelopes calculated as a function of source–
receiver distance to the correspondent theoretical ET, in order to
characterize the propagation medium in terms of intrinsic dissipa-
tion and scattering coefficients, or, equivalently, the seismic albedo,
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1458 E. Del Pezzo et al.

Figure 1. Map of Eastern Sicily and distribution of the earthquakes selected for this study (empty circles). White triangles represent the locations of seismic
stations. Dashed boxes enclose the study areas which are shown on the right, together with earthquakes distribution and main tectonic elements.

B0, and the Extinction Length, Le, given by:

B0 = ηs

ηi + ηs
= Q−1

s

Q−1
i + Q−1

s

; Le−1 = ηs + ηi

= v

2π f

(
Q−1

i + Q−1
s

)
. (1)

It is based on the measurement of the seismic wave energy in
three consecutive time windows on the seismogram, starting from
the S-wave onset. In this paper, we use an approach slightly different
from the ordinary MLTWA commonly applied in literature, using
Fourier Transform instead of Filtering and Averaging technique. In
Appendix A the method is described in detail.

Widely used in short period earthquake seismology (see e.g. Sato
et al. 2012 and the references in this Introduction) MLTWA has also
been applied to underground mines data sets (Feustel et al. 1996),

while similar approaches have been applied to lab data in ultrasonic
acoustics (Wei & Fu 2014).

DATA A NA LY S I S A N D R E S U LT S

We selected from the INGV-Catalogue (Alparone et al. 2015;
Gruppo Analisi Dati Sismici 2019) about 5000 local earthquakes
with magnitude spanning from 1.5 and 4.8 occurred in the pe-
riod 2006–2017 and recorded by the seismic permanent network
run by Istituto Nazionale di Geofisica e Vulcanologia (INGV-OE;
Fig. 1). The seismic network consists of about 80 digital stations
equipped with three components Nanometrics Trillium broad-band
(40 s) seismometers. The signals are digitized at 100 samples s–1

with 24-bit resolution at each station. Earthquake sources within a
radius of 100 km from each station and a maximum depth of 20 km
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Intrinsic and scattering attenuation in Eastern Sicily 1459

were then extracted. Their sources include both the tectonically
(Peloritani Mountains and Hyblean Plateau) and volcanically active
(Aeolian Islands and Mt Etna) areas of eastern Sicily. Seismograms
were carefully inspected to ensure a good quality of the data on the
N–S an E–W horizontal components (absence of spikes, telemetry
gaps and multiple signals in the coda, average signal-to-noise ratio
greater than 5 in a 15 s long time window starting at 60 s from the
origin time). About 11 000 two horizontal components waveforms
were considered for the application of MLTWA (see also Appendix
A). We selected four frequency bands, centred at a frequency fc
equal to 1.5, 3, 6 and 12 Hz. tc (see definition in Appendix A) was
set at 45 s measured from the origin time of each earthquake.

The fit of the observed data to the theoretical ET eq. (A1) was
carried out using a grid search method in the parameters space with
B0 spanning from 0.05 to 0.95 with steps of 0.05 and Le−1 from
0.005 to 0.12 with steps of 0.005. The sum of least squares residuals
was normalized for the minimum values, following the procedure
described by Mayeda et al. (1992). Uncertainties were estimated
calculating the area in the B0 and Le−1 coordinates representing the
normalized squared residuals which are not statistically different at
a 90 per cent confidence level, thus representing the uncertainty area
associated with the estimates at the same confidence level. Other
examples of the application of this kind of error estimation are also
described in Del Pezzo & Bianco (2010b), where a MathematicaTM

code for the entire procedure is also illustrated. The fit thus obtained
was also checked using the internal MathematicaTM routine ’Find-
Minimum’, using the Conjugate Gradient method instead of Grid
Search. Results are comparable inside the uncertainty.

In Fig. 2 we show the data distribution in the source–receiver
distance range 0–50 km. Distances larger than 50 km were elim-
inated, due to a possible contamination of the late coda signals
with the background noise. As observed in many tectonically ac-
tive zones investigated with MLTWA (see e.g. Sato et al. 2012 and
references therein) the Energy in the time windows closest to the
S-wave arrivals show the largest scatter as a function of distance,
while the scatter decreases in the following energy windows. This
phenomenon is explained as a radiation pattern effect, which is still
visible in the coda waves following the ballistic S waves, while it
disappears in the late coda.

Panel (a) (Etna) of Fig. 2 shows that at lowest frequency (1–2 Hz),
in the distance interval from 5 to 7 km, the best fit theoretical model
overestimates the experimental normalized energy. This effect is
also present, but much less marked, in the 1–2 Hz data of panel
(b) (Eolie). We checked anyway that it does not severely affect the
average estimate of B0 and Le−1 neither in zone (a) nor in (b). We
explain this effect as due to the extremely heterogeneous crustal
structure towards the surface. Seismograms from receivers close to
the source (hypocentral distance less than 7 km) record less energy
in the time window starting from S waves onset than those from
more distant receivers, as in a pure diffusive regime. The energy
(apparently) lost at short distance is recovered in the second and
third windows. This effect is more evident at Etna than at the other
zones investigated, where much less short distance data are available
and/or the heterogeneity at surface is smaller.

In Table 1 the estimates of B0 and Le−1 together with correspon-
dent Qs

−1 the inverse scattering quality factor, Qi
−1, the inverse

intrinsic quality factor and their sum Qt
−1, the inverse total quality

factor, are reported for the frequency bands investigated.
For each subzone taken into consideration, we report in Fig. 3 the

pattern of Qi
−1, Qs

−1 and Qt
−1 versus frequency. Experimental data

were fit to the power-law Q = Q0(f/f0)n with f0 = 1 Hz (Table 2).

The estimated values correspond to a half-space earth model.
As the half-space model is an approximate (rough) assumption,
we investigated how the effects of a more realistic earth model
would affect the estimates already obtained in the half-space as-
sumption. To do this we applied the method described by Del Pezzo
& Bianco (2010a). In Appendix B, we report only a brief synthesis
of this method. Details are widely described in Del Pezzo & Bianco
(2010a).

Results from this check indicate that the parameters B0 and Le−1,
calculated in a half-space assumption are overestimated due to the
effect of the decreasing heterogeneity in the mantle as compared
with that in the crust. We wish to remark here that the results ‘cor-
rected’ for a scattering crust overlying a transparent mantle indicate
the order of magnitude and are not precise estimates of the values
which actually characterize the scattering crust. In some cases the
overestimation of Le−1 is unreasonably as high as a factor 8. This
effect is due to the gross approximations of the method (see Ap-
pendix B) which yields very unstable results at the extreme values
of the grid search. It is not our aim here, however, to give precise
estimates of the actual attenuation parameters, which may be the
goal of future attempts, but only a check of the real existence of
such a bias. Pisconti et al. (2015) tried to directly fit the coda Energy
Envelopes recorded in Central Italy to those numerically calculated
(using the method developed by Yoshimoto 2000) assuming differ-
ent B0 and Le−1 values in three different crustal model, all overlying
a transparent mantle. They obtained more precise and reasonable
results, all of which confirming a real overestimation of a factor 3–4.

In Fig. 4 we plot the corrected together with the original estimates
of B0 and Le−1 as a function of frequency for each area. Note
that in few cases, due to the intrinsic instability of the procedure,
corrections could not be applied (see Del Pezzo et al. 2011).

D I S C U S S I O N

In this work, we investigated on the mechanisms of attenuation of
S waves in the crust of eastern Sicily measuring the relative con-
tributions of intrinsic absorption and scattering attenuation to the
total attenuation. Due to the marked heterogeneity of the geolog-
ical structure of Eastern Sicily we applied MLTWA separately in
different sectors of the study area selected on the base of local ho-
mogeneity in the tectonic regime. We thus divided the Eastern Sicily
in four sectors: Mt Etna, Aeolian Islands, Peloritani Mountains and
Hyblean Plateau (Fig. 1). The first two sectors are sites of active
volcanism, the other two are seismically active, non-volcanic areas.

Results show that there are nearly uniform seismic attenuation
properties in the two zones characterized by active volcanism (Mt
Etna and Aeolian Islands). Analogously, the non-volcanic active re-
gions of Hyblean Plateau and Peloritani Mountains share a similar
attenuation pattern. In particular, the two volcanic sectors show a
predominance of scattering mechanism in the seismic energy at-
tenuation for frequencies up to 6 Hz, indicating that the geological
heterogeneity in volcanoes (magma intrusions, sources of heat flow,
faults oriented in different directions, strong layering—see Support-
ing Information) play the most important role in redistributing the
seismic energy lost by the primary waves into the seismic coda.
On the contrary, in the two adjacent seismically active non-volcanic
regions, intrinsic dissipation is predominant.

Results for each geodynamic domain are summarized in the next
subsections.
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1460 E. Del Pezzo et al.

Figure 2. Normalized energy plots at each area and frequency band, corrected for the geometrical spreading factor. Black, light grey and dark grey represent
0–12, 12–24 and 24–36 s windows used for the energy measurements. The best estimate of B0 and Le−1 are obtained from the best fits indicated as solid black
lines. (a) Etna; (b) Aeolian Islands; (c) Hyblean Plateau and (d) Peloritani Mountains.

Table 1. Measured B0–Le−1 and B0Corr—Le−1
Corr couples and corresponding quality factors, for each study region.

F B0 Le−1 Qs Qi Qt B0corr Lecorr
−1 Qscorr Qicorr Qtcorr

AEOLIAN I. 1.5 0.8 0.076 44 177 35 0.7 0.032 113 330 84
3 0.7 0.092 84 195 59 0.6 0.046 195 292 117
6 0.5 0.060 359 359 179 0.3 0.026 1225 611 408

12 0.3 0.036 1994 854 598 0.1 / / / /
PELORITANI 1.5 0.5 0.036 166 136 75 0.3 0.009 1055 382 280

3 0.3 0.044 408 175 122 0.1 0.02 2491 299 269
6 0.2 0.048 1121 280 224 / / / / /

12 0.2 0.052 2760 487 414 / / / / /
ETNA 1.5 0.8 0.064 56 168 42 0.7 0.024 165 345 112

3 0.7 0.076 109 202 71 0.5 0.035 285 334 154
6 0.6 0.088 222 272 122 0.4 0.046 583 391 234

12 0.2 0.032 3364 841 673 / / / / /
HYBLEAN P. 1.5 0.5 0.036 150 150 75 0.3 0.009 1043 470 313

3 0.4 0.040 384 207 135 0.2 0.008 1830 420 366
6 0.2 0.028 1922 481 384 / / / / /

12 0.3 0.036 2392 797 598 0.1 / / / /

Volcanic domains of Mt Etna and Aeolian Islands

In both domains we observe that Le ranges between ca. 60 and
90 km and the value of the seismic albedo B0 is higher than 0.5
below 6 Hz and decreases systematically with frequency (Table 1)
indicating that, at low frequency, scattering attenuation dominates
over intrinsic absorption (Fig. 3). At higher frequency, intrinsic

attenuation prevails over scattering. Qi, Qs and Qt show a strong
frequency dependence of the type Q = Q0(f/f0)n, with f0 reference
frequency set at 1 Hz and n ranging from 0.7 to 1.9 (Table 2).
The frequency dependence of Qs is stronger than that of Qi in both
regions. According to several authors (see e.g. Sato et al. 2012),
it can be considered as dependent on the average scale dimension
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Intrinsic and scattering attenuation in Eastern Sicily 1461

Figure 3. Pattern of Qi
−1, Qs

−1 and Qt
−1 versus frequency for each study area.

Table 2. Attenuation laws estimated for Qi, Qs and Qt in each study area.

REGION Qi = (Q0 ± σ )(f/f0)n ± σ Qs = (Q0 ± σ )(f/f0) n ± σ Qt = (Q0 ± σ )(f/f0) n ± σ

AEOLIAN I. Qi = (105 ± 1)f 0.8 ± 0.2 Qs = (15 ± 2)f 1.9 ± 0.3 Qt = (16 ± 1)f 1.4 ± 0.2

PELORITANI Qi = (97 ± 1)f 0.6 ± 0.1 Qs = (94 ± 1)f 1.4 ± 0.1 Qt = (52 ± 1)f 0.8 ± 0.1

ETNA Qi = (102 ± 1)f 0.7 ± 0.2 Qs = (17 ± 2)f 1.9 ± 0.5 Qt = (20 ± 2)f 1.3 ± 0.3

HYBLEAN P. Qi = (97 ± 1)f 0.9 ± 0.1 Qs = (91 ± 2)f 1.4 ± 0.3 Qt = (48 ± 1)f 1.1 ± 0.1

of Earth heterogeneity (Leary 1995). This significant frequency
dependence is observed when the heterogeneities responsible for
scattering are of sizes comparable to the lowest frequency analysed
(e.g. Mayeda et al. 1992; Canas et al. 1998; Akinci & Eydȏgan
2000; Giampiccolo et al. 2006; Tuvè et al. 2006; Mukhopadhyay
et al. 2010).

It is noteworthy that the present results match quite well with
the Q estimates obtained for Mt Etna by Del Pezzo et al. (2015)
based on a much more limited data set, indicating the robustness of
the used technique. Results similar to the present ones have been
obtained in other volcanoes, such as Mt Merapi (Wegler & Lur
2001) and Mt Vesuvius (Bianco et al. 1999; Del Pezzo et al. 2016).
According to Carcolè & Sato (2010) seismic waves propagating
in volcanic regions are strongly scattered by velocity and density
fluctuations which are expected to be higher in low velocity regions
where fluids, like partially melted magma and/or water, accumu-
lates or flow. The same authors associate intrinsic absorption with

the presence of fluids. The predominance of scattering attenuation
is in good agreement with results from 3D velocity and attenuation
tomography, which show the presence of many zones with velocity
(both P and S wave) and attenuation contrasts in the upper crust
(Patanè et al. 2002; Barberi et al. 2004; De Gori et al. 2005; Mar-
tinez Arevalo et al. 2005; Patanè et al. 2006; De Gori et al. 2011;
Alparone et al. 2012). The main structural feature enlightened by
all the above cited studies is a HVB (high velocity body) extending
between 2 and 7 km b.s.l. (Patanè et al. 2006). Other two significant
features were imaged by a recent joint active and passive P-wave
tomography performed in northeastern Sicily, including Mt Etna
and Aeolian Islands (Dı̀az-Moreno et al. 2018), carried out in the
frame of TOMO-ETNA field project (Ibáñez et al. 2016). The first
one is a high P-wave velocity body oriented NE–SW and located
under the southeastern sector of the volcano, between 4 and 14 km
below the sea level; the second one is a low P-wave velocity located
to the west of the central craters.
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1462 E. Del Pezzo et al.

Figure 4. Seismic albedo and extinction length, as a function of frequency, for each study area: (a) Etna; (b) Aeolian Islands; (c) Hyblean Plateau and (d)
Peloritani Mountains.

In the Aeolian Islands the geological heterogeneity presumably
generating the scattering attenuation is associated with the arc vol-
canism and the subduction of tectonic plates. Large lateral velocity
variations and sharp velocity contrasts are shown by studies based
on 3D seismic tomography (Di Stefano et al. 1999; Chiarabba et al.
2008; Diaz-Moreno et al. 2018). The most significant features are:
(1) a low velocity anomaly WNW–ESE oriented, extending from
2 to 14 km b.s.l., between Filicudi and the Vulcano–Lipari com-

plex; (2) a low velocity anomaly NW–SE trending, located between
2 and 8 km b.s.l. in the Gulf of Patti; 3) a low-velocity anomaly
extending beneath Panarea and Stromboli at a depth ranging be-
tween 2 and 14 km which, according to several authors (Piro-
mallo & Morelli 2003; Montuori et al. 2007; Chiarabba et al.
2008; Caló et al. 2009; Scarfı̀ et al. 2016), represents the prob-
able location of magma accumulation beneath such Tyrrhenian
volcanoes.
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Intrinsic and scattering attenuation in Eastern Sicily 1463

Tectonic domains of Peloritani Mountains (Northeastern
Sicily) and Hyblean Plateau (Southeastern Sicily)

In the region of Peloritani Mountains B0 decreases with frequency
and its value is lower or equal to 0.5 at all frequencies, indicating
a predominance of intrinsic dissipation. Le slightly increases with
frequency and varies from 36 to 52 km. Similarly, the Hyblean
Plateau shows that B0 is below 0.5. Le slightly increases until 3 Hz,
decreases between 3 and 6 Hz and then it increases again. Its value
ranges between 28 and 40 km. Intrinsic attenuation prevails over
scattering except at 1.5 Hz where Qi and Qs are comparable. Qt

is close to Qi in the whole frequency range investigated (Fig. 3).
Interestingly, Giampiccolo & Tuvè (2018) found that Q-coda (Qc)
measured in the Peloritani Mountains region using almost the same
data set follows the empirical relationship Qc = (50 ± 1)(f/f0)(0.7±0.1).
This pattern is very close to the relation obtained for Qt in this study
(Table 2) and supports the hypothesis that attenuation inferred from
the early coda decay tends to be a combination of both intrinsic and
scattering attenuation for increasing heterogeneity (i.e. Del Pezzo
et al. 2016 and references therein). It is on the other hand widely
accepted that Qc estimated fitting the Single scattering model to the
late coda envelope (long lapse time) is close to Qi (Mayor et al.
2016). The results of Qc regionalization (Giampiccolo and Tuvè
2018) evidenced a broad region of low Qc values in the central-
western part of the present zone. The low Qc values coincide with
low VP and high VP/VS volumes found by recent tomography studies
(Scarfı̀ et al. 2016; Totaro et al. 2017), that have been interpreted
as due to the presence of fluids filled fractures. According to Gi-
ammanco et al. (2008), seismic activity which characterizes this
sector of the Peloritani region, is compatible with the migration of
subcrustal fluids towards the surface through the complex network
of tectonic structures in the area. This evidence reinforces the idea
that intrinsic absorption is correlated with the presence of fluids (i.e.
Carcolè & Sato 2010). The present results are comparable with those
obtained by Tuvè et al. (2006) who found that scattering attenua-
tion is only slightly larger than intrinsic attenuation at low frequency
in the northeastern sector of the Peloritani Mountains, towards the
Strait of Messina. The average heterogeneity scale is dependent on
the scattering regime (Sato et al. 2012) and is related to the size and
distribution of geological fractures. At 1.5 Hz, assuming a S-wave
velocity of 3 km s–1 and a scale length of heterogeneity of the same
order of the wavelength, we can estimate from the present results
an average dimension around 2 km.

For the Hyblean Plateau, Qt, Qs and Qi are, within the errors,
comparable with those obtained by Giampiccolo et al. (2006). All
the attenuation parameters are frequency dependent and the coef-
ficient n ranges between 0.9 and 1.8. As observed for the Pelori-
tani Mountains, independent estimates of Qc versus frequency (Gi-
ampiccolo et al. 2002) provided an empirical relationship given by
Qc = Q0(f/f0)n, with f0 = 1 Hz, Q0 ranging from 20 to 70 and n
between 0.7 and 1.6, in the lapse time between 10 and 30 s, which is
very similar to that of Qt obtained in the present paper by MLTWA
technique (Table 2). Intrinsic absorption predominates over scatter-
ing above 1.5 Hz whereas at low frequencies scattering attenuation
becomes important (Fig. 3). Our results evidence a weakly hetero-
geneous crust in the Hyblean Plateau which well correlates with the
tectonic characteristics of the area, basically characterized by large
scale heterogeneities (e.g. Bianca et al. 1999; Azzaro & Barbano
2000; de Lorenzo et al. 2004; Musumeci et al. 2005), as also sup-
ported by 3D local tomography studies (i.e. Scarfı̀ et al. 2007; Bran-
cato et al. 2009; Musumeci et al. 2014; Giampiccolo et al. 2017). On
the other hand, a recent interpretation (Giampiccolo et al. 2017),

jointly based on velocity and attenuation tomography, allowed to
identify several volumes characterized by high fluid content, which
can be related both to the strong intrinsic attenuation and to the
distribution of seismicity. In particular, according to the authors,
the presence of fluids in the crust weakens the rocks and controls
the background seismicity, which is characterized by earthquakes
whose magnitude ML rarely exceeds 3.5, source radii between 100
and 500 m and very low stress-drop values ranging from 0.1 to
10 bar (de Lorenzo et al. 2004; Tusa et al. 2006).

C O N C LU S I O N S

This study provides a reappraisal of the attenuation parameters for
the shear waves in Eastern Sicily and adds new information on
the sector of Aeolian Islands. The attenuation pattern of different
seismic domains indicates that, at low frequencies (below 6 Hz),
scattering is the main attenuation mechanism in volcanic areas
whereas tectonic regions are characterized by the predominance
of intrinsic absorption. Above 6 Hz intrinsic attenuation prevails
over scattering in all the investigated regions. Qt is found to be
strongly frequency dependent in the whole Eastern Sicily, the value
of the coefficient n being higher than 0.7 (Table 2). As a conse-
quence, the total attenuation of seismic waves at high frequencies is
less pronounced than at low frequencies, a pattern which is peculiar
for the majority of the tectonically active areas investigated using
the MLTWA technique in similar distance and frequency ranges. In
Fig. 5 we plot, the present estimates of B0 and Le−1 as a function of
frequency together with those taken from literature worldwide and
averaged, separately, for volcanic and tectonic areas (Mayeda et al.
1992; Jin et al. 1994; Akinci et al. 1995; Tselentis 1998; Ugalde
et al. 1998, 2007; Akinci & Eydȏgan 2000; Bianco et al. 2002,
2005; Dutta et al. 2004; Goutbeek et al. 2004; Vargas et al. 2004;
Abubakirov 2005; Bindi et al. 2006, 2009; Giampiccolo et al. 2006;
Tuvè et al. 2006; Lemzikov, 2007, 2008; Sahin et al. 2007; Chung
et al. 2009; Yoshimoto & Okada 2009; Lee et al. 2010; Mukhopad-
hyay & Sharma 2010 2010; Del Pezzo et al. 2011; Meirova & Pinski
2014; Sawazaki & Enescu 2014). Interestingly, our results are in-
side the 1σ uncertainty level associated with the world average.
Fig. 6 shows the comparison of the present Qs

−1 and Qi
−1 estimates

(calculated from B0 and Le−1 using eq. 1) with those from other
zones investigated through MLTWA. We observe that scattering at-
tenuation is higher than the majority of the tectonically active areas,
and it is similar to the values measured in Messina Strait (Tuvè
et al. 2006), West Greece (Tselentis 1998), Southern Spain (Ak-
inci et al. 1995), North Anatolia (Akinci & Eydȏgan 2000), Iwate
(Sawazaki & Enescu 2014) and Central California (Mayeda et al.
1992). The frequency pattern of the intrinsic absorption is simi-
lar to that generally observed in other tectonic domains. Mt Etna
and Aeolian Islands show scattering attenuation at low frequencies
close to that of many other volcanic areas, whereas it is stronger
and of the same order of that observed in the crust of Andes (Badi
et al. 2009) and at Klyuchevskoy Volcano (Lemzikov 2008) in the
frequency bands above 6 Hz. The above considerations are based on
the hypothesis of a uniform Earth model. It is worth stressing that,
by applying the corrections for an opaque crust over a transparent
mantle suggested by Del Pezzo & Bianco (2010a) we find that, at all
frequencies and in each study area, both B0 and Le−1 are lower than
the values estimated under the assumption of a uniform model. For
Mt Etna and Aeolian Islands the difference between non-corrected
and corrected estimates is not significant (Fig. 4; Table 1). As also
observed by Del Pezzo et al. (2011) this happens when scattering
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Figure 5. Comparison of B0 (a) and Le−1 (b) estimated in this study, with those obtained worldwide and averaged separately for volcanic and tectonic areas.
1σ standard deviation is also plotted above and below each average value.

is strongly dominant (Del Pezzo & Bianco 2010a). Differences are
more important for the zones of Peloritani Mountains and Hyblean
Plateau.

The effect of an opaque crust overlying a transparent mantle
was discussed by Margerin et al. (1999), who were the first to
demonstrate how much energy is lost when transmitted into the
mantle (energy leakage), which, being transparent, does not trans-
mit back energy by scattering to the receiver. This crust–mantle
leakage would produce in the same way an overestimation of the at-
tenuation parameters when estimated in the half-space assumption.
In addition, as also numerically observed by Yoshimoto (2000) and
by other authors in their applications to different areas (i.e. Hoshiba
et al. 2001; Bianco et al. 2005; Del Pezzo & Bianco 2010a; Del
Pezzo et al. 2011), in the case of uniform half-space assumption the

total attenuation results always overestimated. As already discussed
above, the precise amount of this overestimation in the present case
cannot be estimated, due to the approximations in the methodology
which leads to large uncertainties. These last are maxima at the bor-
ders of the B0–Le−1 grid of values used by Del Pezzo and Bianco
(2010a) to obtain the correction nomogram used in the present
and in other applications (see e.g. Del Pezzo et al. 2011). Interest-
ing is however the difference between the half-space estimates and
the ‘corrected’ estimates in the four zone considered in this paper.
These differences, despite qualitative, are interpreted as indicative
of different tectonic properties.

The above considerations should be always taken into account
for the definition of the attenuation laws for the seismic hazard
purposes (Del Pezzo et al. 2015).
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Figure 6. Worldwide estimates of Qs
−1 and Qi

−1, including those obtained in this study.

The results obtained in this paper complete the information on
the seismic attenuation mechanisms in Eastern Sicily, aimed at im-
proving the formulation of reliable seismic hazard maps for this
zone.
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A P P E N D I X A

Energy Envelope E[r, t] in ET is given by

E [r, t] ≈ W0exp[−Le−1vt
4πr2v

δ
[
t − r

v

] + W0 H
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t − r

v

]

×
(
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) 1
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) 3
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,

(A1)

where

F [x] = ex
√

1 + 2.026/x (A2)

r is the source receiver distance, W0 is the source energy, δ is the
Dirac’s delta, H is the Heaviside function. In this paper function
arguments are closed by square brackets while algebraic groupings
are inside round brackets. Independent variables are r and t, while
the parameters characterizing the area under study are v, B0 and Le.

Equation 2 is integrated in three intervals:

I Ei [r ] =
∫ r/v+i�

r/v+(i−1)�
E [r, t] dt (A3)

for I ∈ {1, 2, 3} and normalized for

I En =
∫ tc+�c

tc

E [r, t] dt, (A4)

where � and �c are time intervals, selected by the analyst, of the
order of some seconds; tc is a time value, measured from the origin
time, selected once from the analyst for the whole data set. We
selected tc = 45 s , � = �c = 12 s. The normalized three integrals,
I E1[r ]
I En[r ],

,
I E2[r ]
I En [r ] and I E3[r ]

I En [r ] are finally corrected for geometrical

spreading, multiplying for 4πr2.
Correspondent experimental data are the three integrals of the

seismogram Energy Envelopes. Differently from the routine pro-
cedure based on calculating the root mean square of the filtered
seismograms and summing these values in three time windows
(Sato et al. 2012), we estimate the quantities in eqs (4) and (5), in a

given frequency band centred in fc calculating the smoothed (using
a 10 points moving average, shifting each step by 5 points) Fourier
Transform of the velocity seismogram, averaged over the two hor-
izontal components of the ground motion, in three time windows
corresponding to the three time windows defined by the integra-
tion intervals. It can be demonstrated that the two procedures are
equivalent, the present being faster. In this way we calculate four ob-
served values for each source receiver couple and OE1[rk], OE2[rk],
OE3[rk] and OEc[rk], where rk is the kth source receiver distance
and k spans all the source–receiver couples available.

Ratios O E1[rk ]
O Ec [rk ] ,

O E2[rk ]
O Ec [rk ] , O E3[rk ]

O Ec [rk ] corrected for geometrical spread-

ing 4πr 2
k constitute the observed data.

The fit between theoretical and experimental quantities yields the
parameters which characterize the zone (B0 and Le). We use the L2

norm, minimizing the squared sum of residuals between observed
and theoretical values.

A P P E N D I X B

The numerical synthesis of the Seismogram Energy Envelopes done
following the numerical scheme of Yoshimoto (2000) in the multi-
ple scattering assumption can be calculated in assumptions on the
velocity- and heterogeneity–depth distribution more extended than
those at the base of the analytical solution by Paasschens (1997).
To check how much the half-space assumption affect the estimates
done using MLTWA we thus suppose the earth model constituted
by a inhomogeneous crust overlying a transparent mantle. In this
assumption velocity is assumed depth-dependent through a con-
tinuous function of the depth, v = v(h); Moho discontinuity is
approximated by a sharp velocity increase around the crust–mantle
boundary; inhomogeneity in the crust is parametrized through a
depth-dependent scattering coefficient: ηs = η0f[h], where h rep-
resents the depth, and η0 is the scattering coefficient at surface;
intrinsic attenuation coefficient is instead assumed independent of
depth. Generating a set of synthetic energy envelopes as a function
of lapse time and distance in the inhomogeneous model, for reason-
able values of B0 and Le, we span a wide range of values including
most of the measurements done through the world. Then, we apply
the ordinary MLTWA technique (in the half-space assumption) to
these synthetic envelopes. The mathematical relationship between
the estimates of B0 and Le, obtained assuming half-space, with
the correspondent values used in the simulation is finally searched,
resulting in a second-order polynomial. The coefficients of this
polynomial give the correspondence map between the attenuation
parameters associated with the uniform model and the attenuation
parameters characteristic of a more realistic structure. This map
is useful to reinterpret all the couples B0 and Le calculated in the
half-space assumption when the geological structures in which data
are recorded are similar to the one adopted in the simulation.
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