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Abstract We have provided the first estimate of scat-
tering and intrinsic attenuation for the Gargano Prom-
ontory (Southern Italy) analyzing 190 local earthquakes
with M| ranging from 1.0 to 2.8. To separate the intrin-
sic Q, and scattering Q quality factors with the Wen-
nerberg approach (1993), we have measured the direct
S waves and coda quality factors (Qj, Q,) in the same
volume of crust. Q; parameter is derived with the
coda normalization method (Aki 1980) and Q, factor
is derived with the coda envelope decay method (Sato
1977). We selected the coda envelope by performing an
automatic picking procedure from T, = 1.5T up to
30 s after origin time (lapse time 7). All the obtained
quality factors clearly increase with frequency. The Q.
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values correspond to those recently obtained for the
area. The estimated Q; are comparable to the Q. at all
frequencies and range between 100 and 1000. The Q,
parameter shows higher values than Q;, except for 8 Hz,
where the two estimates are closer. This implies a pre-
dominance of intrinsic attenuation over the scattering
attenuation. Furthermore, the similarity between Q; and
Q. allows us to interpret the high Q. anomaly previ-
ously found in the northern Gargano Promontory up to
a depth of 24 km, as a volume of crust characterized by
very low seismic dumping produced by conversion of
seismic energy into heat. Moreover, most of the earth-
quake foci fall in high Q, areas, indicating lower level of
anelastic dumping and a brittle behavior of rocks.

E. Del Pezzo

Istituto Nazionale di Geofisica e Vulcanologia (INGV),
Osservatorio Vesuviano, Napoli, Italy

e-mail: edoardo.delpezzo @ingyv.it

E. Del Pezzo
Instituto Andaluz de Geofisica, Universidad de Granada,
Granada, Spain

M. Filippucci - A. Tallarico
Istituto Nazionale di Geofisica e Vulcanologia (INGV),
Roma, Italy

G. Prosser

Dipartimento di Scienze, Universita degli Studi della
Basilicata, Potenza, Italy

e-mail: giacomo.prosser @unibas.it

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10950-023-10157-5&domain=pdf

828

J Seismol (2023) 27:827-846

Keywords Seismic attenuation - Coda
normalization method - Intrinsic quality factor -
Scattering quality factor - Southern Italy - Gargano
Promontory - OTRIONS seismic network

1 Introduction

It is generally accepted that the seismic-wave attenu-
ation (except geometrical spreading) consists of two
mechanisms: intrinsic attenuation and scattering. The
intrinsic attenuation of the direct wave is the anelas-
tic damping due to the conversion of kinetic energy
into heat. The scattering is the mechanism of elas-
tic reflection, refraction, and diffraction of a seismic
wave due to propagation through inhomogeneities or
to the presence of cracks and defects in the medium.
The essential difference between these two mecha-
nisms of energy loss is that scattering attenuation is
characterized by the scale length of heterogeneities
(the mean free path), whereas the intrinsic attenuation
is characterized by time scale (decay time) (Yoshi-
moto 2000). Thanks to a great intuition, Aki (1969)
proposed for the first time that the seismic coda waves
of local earthquakes are backscattered waves from
numerous randomly distributed heterogeneities in
the Earth and may be treated by statistical methods.
Some years later, Aki and Chouet (1975), by using
data from spectral seismograms, presented evidence
for supporting Aki’s idea and introduced the param-
eter coda Q. as a measure of the amplitude decay
rate of coda waves within a given frequency band.
They also showed that this decay rate was independ-
ent of recording site and event location, if observa-
tions were made within approximately 100 km from
the epicenter. Starting from these pioneering papers,
many studies have been carried out at inferring the
attenuation of elastic waves in the lithosphere and
Earth’s interior by using coda waves (reference in
Fehler and Sato 2003). The scattering attenuation
is generally treated by three different assumptions:
the single-scattering model, usually applied in the
analysis of the early part of the coda (Sato 1977);
the multiple-scattering model, suitable for simulat-
ing the entire coda and treated by the radiative trans-
fer theory (Zeng 1991); and the diffusion model,
which is an extreme limit of the multiple scattering
process (Dainty and Tokséz 1981). In the single-
scattering model, the traveling distance of the direct
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wave should be less than the mean free path, the scat-
tered field is assumed weak respect to the unscattered
field (Born approximation), and the source-receiver
separation is neglected (Sato 1977). This approxima-
tion is then well applicable to short-period seismo-
grams and small coda, so in this paper we will refer
to the single-scattering approximation to retrieve Q..
The evaluation of the separated effects of scattering
and intrinsic attenuation on coda waves is generally
obtained by two approaches, both based on the mul-
tiple-scattering assumption: the multiple scattering
lapse time window analysis (Fehler et al. 1992) which
analyzes the coda waves over time and the Wenner-
berg method (Wennerberg 1993) which needs the
independent measurements of the quality factors of
the direct wave Q5 and of the coda waves Q,, sampled
for the same Earth volume. In the last three decades,
these two approaches were applied and developed to
evaluate intrinsic attenuation and scattering in sev-
eral areas worldwide both in tectonic contests (Akinci
et al. 2020; Bianco et al. 2002; Londoiio et al. 2022;
Sharma et al. 2015; Shengelia et al. 2020; Talebi et al.
2021, among the others) and in volcanic ones (Cas-
tro-Melgar et al. 2021; Del Pezzo et al. 2019; Ibafez
et al. 2020; Prudencio et al. 2015; Ugalde et al. 2010,
among the others) by estimating the quality factors Q,
and Q., respectively.

In this paper, the separation of Q; and Q, is
attempted for the Gargano Promontory (Southern
Italy, hereafter GP). The Wennerberg approach has
been used, and this implies the independent estima-
tions of O, and of Q, for the same area. 0, has been
estimated using the coda normalization method (Aki
1980) and Q. has been estimated using the method
of the coda envelope decay (Sato 1977), over the
same dataset as Qg The GP is classified as high
seismic hazard (horizontal peak ground acceleration
PGA = [0.200 — 0.225] g for the 10% probability of
exceedance in 50 years, from MPS04 of Stucchi et al.
2004). This classification follows the 2002 October
31th earthquake (My, = 5.7) that hit Molise (South-
ern Italy), a region bordering the GP and until then
classified as non-seismic. In 2013 the GP was covered
by the OTRIONS local seismic network, installed and
managed in cooperation between the University of
Bari Aldo Moro (hereafter UniBa) and the National
Institute of Volcanology and Geophysics (hereafter
INGV), and since then an intense microseismicity
has been recorded. The present work benefited of the
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recently released database of waveforms of the GP
microearthquakes (Filippucci et al. 2021c).

2 Geological and seismological setting
of the studied area

From a geodynamic point of view, the GP is consid-
ered a continental lithospheric block belonging to
Adria plate, subducting the Apennines chain in the
western side (de Lorenzo et al. 2017; Petrullo et al.
2017; Bentivenga et al. 2017; Bucci et al. 2019) and
Dinarids and Albanids in the eastern sector (Di Bucci
and Angeloni 2013).

The structural setting of GP (Fig. 1) is complex
and subject to different interpretations. Ortolani and
Pagliuca (1987) consider central portion of GP a
pushup structure influenced by Dinarids. Patacca
et al. (2008) invoke halokinetic factors along with
tectonics. Bertotti et al. (1999) propose a struc-
tural model up to a depth of 4 km, based on surface
geological evidence, seismic, and well data. These
authors hypothesize a basal detachment of the entire

LON

carbonate multilayer, located at a depth of 4 km in
the Carpino location and becoming more superficial
moving toward SW. Near Monte Granata the detach-
ment intersects the topographic surface.

The GP area is adjacent to the Apennine chain
which is the most seismically active part of the Ital-
ian territory, both for frequency recurrence and mag-
nitude of earthquakes. Even if the seismic history
of GP is characterized by destructive events, as the
1627 earthquake (estimated My, = 6.7) and the 1646
earthquake (estimated My, = 6.2) (Del Gaudio et al.
2007), in the last 5 decades, few events with mag-
nitude My, > 4 have been recorded in the GP. The
number of high-magnitude earthquakes increases if
we move some tenths of kilometers westward toward
the Molise, where the 2002 October 31th earthquake
occurred (Rovida et al., 2020; Rovida et al. 2022).

Since the installation of the first seismic station
on the GP (by INGV and UniBa in 1986), the instru-
mental coverage of the GP has been improved up to
4 stations in 2008. In 2013, UniBa and INGV coop-
erated for the installation of 12 new seismic stations
(OT network) which greatly improved the seismic
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Fig. 1 Seismotectonic and geological maps of the studied
area. Left: Adria microplate (simplified from Mantovani et al.
(2006). The GP is enclosed in the dashed line square. Right:
geological map of GP, modified by Miccolis et al. (2021). The
colors of the stratigraphic units are related to the geological
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cited in the text, is marked with a black star. The acronyms
refer to the main faults (MF, Mattinata Fault; AF, Apricena
Fault; CF, Candelaro Fault; SF, Sannicandro Fault)
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«Fig. 2 A Earthquakes recorded by OTRIONS and INGV seis-
mic networks between 2015 and 2018, processed in this study.
Left: geographical map of the studied area where gray dots are
earthquakes, yellow triangles are INGV stations and orange
triangles are OTRIONS stations. Blue lines are source-station
paths. The gray box shows the most important historic and
recent earthquakes occurred in the area (from Del Gaudio et al.
2007) included in the dotted boxes (see text for more details).
B Record section (Palombo et al. 2022) with the ~30% of the
analyzed waveforms (one every 0.2 km). Each one is normal-
ized by its absolute maximum amplitude. Seismograms are
sorted by hypocentral distances (y-axis) and aligned by ori-
gin time (at O s in the x-axis). The green curve denotes direct
S-wave arrival times (Ty), the light blue curve indicates 1.5 Ty,
and the red one shows the lapse time (77) at 30 s from origin
time. C Percentage histogram of earthquake magnitudes. D
Percentage histograms of earthquake foci depths

monitoring of the southern Italy and of GP. In the
following years the network has undergone some
changes (refer to Filippucci et al. (2021c) for more
details) up to the current layout, which can be viewed
on the website eida.ingv.it/it/networks/network/OT
(University of Bari "Aldo Moro" 2013). The seismic
monitoring of OT and IV networks on GP revealed an
intense activity of micro-earthquakes with magnitude
up to 2.8 and the results are disclosed in literature by
some recent papers. The 1D velocity model (de Lor-
enzo et al. 2017) revealed that the GP seismic activity
is concentrated at two different depths: deeper in the
NE with foci below 20 km and shallower in the SW
with foci above 15 km. This difference is probably
due to a slope of the brittle/ductile transition at depth,
as initially hypothesized by Filippucci et al. (2019b)
and subsequently numerically modeled by Lavecchia
et al. (2022). The hypocenter distribution, moving
from southwest to northeast, aligns itself by drawing
a seismogenic surface that deepens toward the north-
east but on which earthquakes rupture in an orthogo-
nal direction, toward the northwest, with thrust fault-
ing mechanism (Filippucci et al., 2020; Miccolis et al.
2021). The depth of this lineament agrees with the
Moho depth in the GP which is higher (25-30 km as
estimated by de Lorenzo et al. (2014; 2017)) com-
pared to the Apennine (18-20 km) (Cassinis et al.
2007). The active faults responsible of the seismicity
of GP are not yet recognized and no relationship has
been found with the San Marco in Lamis-Mattinata
composite fault reported by the DISS 3.3.0 data-
base (DISS Working Group 2021). The southern-
most part of GP is characterized by fluid circulation
along fractures at shallow depth (Tripaldi 2020), and

this may be the origin of the shallower seismicity of
this area. In this frame, Filippucci et al. (2019a), by
carrying out a 2D attenuation study at a local scale,
revealed that along the direction in which the seismic-
ity becomes deeper, that is moving from southwest
to northeast, Q. decreases. These authors found also
a high Q. anomaly which can be correlated with the
anomalies of other geophysical observations as grav-
ity (Loddo et al. 1996), surface heat flow (Vedova
et al. 2001), V,/V, (Improta et al. 2014), and mag-
netic field (Speranza and Chiappini 2002), but they
were not able to interpret it in terms of anelasticity or
scattering. In order to answer to the question whether
these anomalies are related to anelasticity or to het-
erogeneities of the GP crust, in this paper we separate
the contribution of quality factors Q; and Q; to coda
attenuation and finally discuss the trend of Q, with
depth recently obtained by Filippucci et al. (2021b).

3 Earthquake dataset

The dataset is shown in Fig. 2 and it consists of 190
low magnitude earthquakes (1 <M; <2.8, histogram
in Fig. 2D) recorded between July 2015 and August
2018 by the UniBa OTRIONS (FDSN code OT) and
the INGV RSN (FDSN code IV) seismic networks
(refer to Filippucci et al. (2021c) for a complete
description of the OT seismic network) (Fig. 2) for a
total of 24 stations. The OT network started to oper-
ate in 2013, and from 2019, recordings are transmit-
ted continuously and in real time on the EIDA plat-
form (European Integrated Data Archive). The OT
stations are equipped with 3-component short-period
Lennartz velocimeters (Filippucci et al. 2021c); the
IV stations are equipped with 3-component veloci-
meters ranging from very broadband to short period
(Michelini et al. 2016). All the considered earth-
quakes are localized in the GP, with epicentral dis-
tance less than 70 km, foci depth reaching the lower
crust down to 35 km, and M; ranging from 1.0 to 2.8
(Fig. 2). Locations have an average horizontal error
of 0.85 km and an average vertical error of 0.94 km.
Events with hypocentral distances larger than 70 km
were removed from the analysis being out of the area
of interest. This dataset has been already released and
is available for downloading (Filippucci et al. 2021d).

The data set of earthquakes used in this paper was
already presented in a previous paper (Filippucci et al.
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2021b). In this article, we selected a dataset of wave-
forms and envelopes that was the result of a manual
selection, which was very time expensive. The SNR
was a posteriori computed and we verified that for all
the waveform SNR>2 in all frequency bands. Moreo-
ver, all the waveforms and the envelopes have been
published and released (for waveforms: Filippucci et al.
2021c; Filippucci et al. 2021d; for envelopes: Filippucci
et al. 2021e; Filippucci et al. 2021a).

A total of 1477 3-component recordings were ini-
tially considered. Then, we developed an automatic
procedure for waveform picking to accept all the
recordings for which 7, > 1.5T, being T, the time
measured from the earthquake origin time and 7y the S
wave travel time.

In Fig. 2, the record section on the right shows that
the choice of 7; = 30s allows to include in the dataset
the seismograms recorded at hypocentral distance less
than 70 km. For 7, = 30s, the radius of the spherical
volume of Earth crust involved in the Q. computa-
tion is 58 km for GP (as already derived by Filippucci
et al. (2019a)). With T; = 30s, a total number of 1317
3-component recordings were suitable for further anal-
ysis, that is, the 89% of the initial dataset.

4 Methods and results
4.1 Qﬂ estimation

We estimated Q, applying the coda normalization
method (Aki 1980). This method adopts the ratio
between direct S wave and coda wave amplitude spec-
tra at a fixed lapse time T;. The obtained spectral ratio
is considered independent of site and S-wave source
effects (Sato et al. 2012).

Qﬂ was estimated for several frequencies f = {3, 4,
5, 6, 8, 10, 12} Hz with frequency bands ranging from
f/ \/5 to \/Ef by performing a linear regression of log-
arithmic normalized amplitude vs. distance, based on
the following relation (Aki 1980):

r’Ag(r.f)
b L\c(r,f, zL)] >

nfr
0,NV, M

= a(f)

r+Ar

where r is the hypocentral distance, Aﬁ and A, are,
respectively, the spectral amplitudes of S wave and
coda waves, Ar = 1.25 km, Vﬂ = 3.86 km/s is the S
wave average velocity in the GP (de Lorenzo et al.
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2017), and a(f) is the intercept of the linear fitting.
Geometrical spreading is usually represented in the
left side of Eq. (1) as r”, being y the geometrical
spreading factor which varies depending on the con-
sidered seismic wave and source-receiver distance
(Frankel 2015 and bibliography therein). For body
waves and focal depths up to 100 km, y = 1 (Yoshi-
moto et al. 1993; Frankel 2015).

We set T; = 30 s and fixed the time window length
At,, = 2.56 s. At,, starts 0.1 s before T for measuring
Aﬂ; At,, is centered on the lapse time 7, over coda
waves for measuring A..

This choice of the time window length causes the
number of sampling points to be a power of 2, being
the sampling rate of the OT network seismometers at
100 Hz. The discrete Fourier transform in the spectral
analysis module of internal functions of SAC (Gold-
stein and Snoke 2005; Goldstein et al. 2003) was
computed without zero padding to obtain the S-wave
and coda wave spectra. A 5% cosine taper was
applied to signals inside At in order to reduce dis-
tortion caused by finite length signals and avoid the
Gibb’s phenomenon (Scherbaum 2001). O, estimates
were performed without using different time window
amplitudes since Yoshimoto et al. (1993) showed that
Q values vary slightly with the length of the time win-
dows, always within the standard deviation.

We considered the three components of the seis-
mograms filtered with 4-pole Butterworth filter in the

frequency band defined by [%, \/Ef] So, the consid-

ered frequency bands (in Hz) are f = 3 Hz: [2.1-4.2],
f =4 Hz [2.8-5.7], f=5 Hz [3.5-7.1], f=6 Hz
[4.2-8.5], f =8Hz [5.7-11.3], f = 10 Hz [7.1-14.1],
f=12 Hz [85-17]. In Fig. 3, the values of
ln[ Ay ()

Ac(rfa)
km, are plotted as function of r for each frequency
band. Several tests were carried out to obtain the opti-
mal choice of Ar. Since Ar has an effect of smoothing
on data, we inferred that Ar = 2.5 km is the best com-
promise between the need of obtaining an acceptable
value of the determination coefficient (R? > 0.7) and
the need of minimizing the error on Q.

Q4(f) is the result of the linear regression through
Eq. (1), and it is plotted as a function of frequency in
Fig. 4 and listed in Table 1 with the relative errors AQj.

To analyze the robustness of the linear fitting
in Fig. 3, we compared the results of Qj; obtained

}, grouped in space windows of Ar =2.5
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Fig. 3 Average values of
the left member in Eq. (1)
vs. the source to receiver
hypocentral distance r at
each frequency. The O
parameters, obtained by the
linear fitting, are reported
with their error. All the fit-

ting parameters are reported

in Table 1
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Fig.4 Plotof 04, 0,,0;, 0, 5000
quality factors versus
frequency f obtained for
the GP
500
Q
b, 4
X
L]
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Table 1 Parameters derived from the linear regression through
Eq. (1), as shown in the Fig. 3. m is the slope, n is the intercept,
and R? is the determination coefficient. Average quality factors

v
v
X
4 ) 4 X I =Q
p
v = x u oQ
X | ] o in
X m vQ
]
4 6 8 10 12 14

Frequency (Hz)

and their errors, seismic albedo, extinction length, and percent-
age distance between Q, and Q; relative to Q, for different values
of the frequency f

f m n R? oy AQ;, 0O, AQ. Oy AQ, O AQ; B, L, M(%)
(Hz) (km) 2

3 —0.02599 6.525 058 91 12 158 14 269 57 138 16 034 19 49

4 —0.02913 6949 067 118 16 205 17 343 16 180 20 034 18 48

5 —0.02294 7.002 072 167 19 267 23 404 55 240 26 041 21 41

6 —0.0297 7.08 076 233 29 340 30 537 69 312 35 043 24 42

8 —0.0303  7.081 061 275 48 505 60 568 369 438 67 048 21 23

10 —0.0254 6874 056 421 92 679 67 1407 93 602 92 03 26 57

12 —0.02407 6744 053 598 144 855 88 2561 828 781 128 023 31 70

by using Eq. (1) with those obtained by quadratic
approximation of the coda normalization method (de
Lorenzo et al. 2013b) arising from the inversion of
log normalized amplitudes. As described in de Lor-
enzo et al. (2013b), the preferred Q, value, at each
frequency, can be obtained by comparing the values
of the Akaike AIC statistical parameter:

AIC = N,N,InE + 2N, N,

where N, is the number of data points, for which the
misfit line is less than the error on data, N, is the num-
ber of data points (always 28 as showed in Fig. 3), N,,
is the number of unknown model parameters (N,, = 2
for linear fitting, N,, = 3 for quadratic fitting), and E
is the variance.

Repeating the test for all the frequencies (Table 2),
we obtain always that the AIC for the linear fitting is
less than the AIC for the quadratic one, demonstrating
that the linear fit is always more reliable than the quad-
ratic fit. The Akaike test indicates that the increase in
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model complexity, in this case the quadratic approxi-
mation, does not imply a better fit of data.

4.2 Processing for Q. estimation

We performed a new estimation of Q, by consider-
ing the same source to receiver couples previously
used for inferring Q4. We applied the method of
coda envelope decay (Aki 1969) based on the linear
fitting of coda energy envelope. An automatic pro-
cedure was implemented to pick the starting time
of envelope decay of coda waves. The procedure
consists of selecting coda waves in a time window
between 1.57 ¢ and 7T, being 7; = 30 s. In our case,
the choice of 1.5 allows to include recordings at
distances less than 70 km (Fig. 2). It is well known
that the estimated Q, is influenced by the time win-
dow used for linear regression. In fact, depending
on this choice, coda waves sample different regions
of the lithosphere. The early coda corresponds to a
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Table 2. Comparison Linear fitting Quadratic fitting

between the AIC values

under the assumption f N,, Ny N, E AlIC N, Ng N, E AlIC

of a linear decrease of (Hz)

logarithmic amplitude ratios

vs. distance (Eq. 1) and 3 2 28 27 3.8 1123 3 28 28 34 1135

the AIC 'values under th? 4 2 28 27 4.5 1243 3 28 27 4.2 1250

assumption of a quadratic 5 2 28 28 26 848 3 22 28 25 901

decrease of logarithmic

amplitude ratios vs. distance 6 2 28 27 22 694 3 28 27 21 729

(de Lorenzo et al. 2013b) 8 2 28 27 54 1380 3 28 27 5.4 1432
10 2 28 27 5.7 1422 3 28 27 5.7 1475
12 2 28 28 5.0 1369 3 28 28 5.0 1424

smaller sampling ellipsoid (centered at the hypo- where » is  the  hypocentral distance;

center and the station). This is the reason for the
discrepancy between the results of our study and
the results of the preceding study (Filippucci et al.
2021a, b, c, d, e) as shown in Fig. 5.

We used the same dataset selected for the Q) esti-
mate and observed that all the 1317 three-component
seismograms were suitable for the Q. analysis. The
waveforms were bandpass filtered with fourth-order
Butterworth around the central frequency f = {3, 4,
5, 6, 8, 10, 12} Hz, with frequency bands defined in
the previous subsection. Assuming the single isotropic
scattering theory (Sato 1977), Q.(f) can be retrieved
by using the following relationship (Sato 1977):

A (r.f,Or zft
In| ——=—| = ln|A\())] - ——= )
VK(a) 0.()
Fig.5 Comparison 3000
between Q. parameter
obtained in this study with
that estimated by Filippucci
etal. (2021a)
Q 300
C
30
2

A (r,f, 1) = \VH*(S) + S2(r) with H(S) is the Hilbert
transform of the seismogram S(7); K(a) = 5lnﬂ with

a—1

a= Ti(a > 1 always). Equation (2) allows to estimate

Q.(f) from a linear regression analysis of the decay
rate of the logarithmic coda envelope A.(r,f,f) vs.
time ¢. Outliers generally correspond to small values
of the coefficient of determination (R* < 0.01) and
have been removed from the dataset.

Usually (e.g., Wang and Shearer 2019) the coeffi-
cient of correlation R is computed on smoothed enve-
lopes, and for this reason a R > 0.9(R*> > 0.81) is
achievable. In our study, we used R? > 0.01 (R > 0.1)
as criterion of data removal, but on raw envelopes. In
fact, at any frequency, the envelope smoothing pro-
cedure does not affect O, whereas it can drastically
increase R?, until it reaches a statistically acceptable

M Filippucci et al. (2021a)
@ This study

4 6 8
Frequency (Hz)

10
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value. Anyway, the smoothing procedure, eliminating
the casual fluctuation of the data, can produce a lower
variance on Q... Therefore, we preferred to work on raw
envelopes.

The averaged estimates of Q.(f) are plotted in
Fig. 4 and listed in Table 1 with the standard devia-
tion AQ,.

4.3 Separation of Q; and Q, effects

We applied the method proposed by Wennerberg
(1993) to infer the scattering and the intrinsic qual-
ity factors, Q, and Q;, separately. The Wennerberg’s
(1993) approach is valid for the case of co-located
source and receiver; it is based on the intuition that
the ratio between the coda amplitude decay predicted
by the multiple scattering model (Zeng 1991) and
that predicted by the single scattering model (Aki and
Chouet 1975) follows a linear trend as a function of
the dimensionless mean free time © = wT; /Q,, where
w =2xf.

Assuming that Q. is computed for the single-
scattering model, Q; and Q; can be derived for the
multiple-scattering model by this mathematical
relationship:

L_1

~ 1 - 26(z)
o0 o'

0, ®)

being 6(7) a correction needed to account for multi-
ple-scattering model of Zeng (1991).6(7) is a theoreti-
cal discrete point function of z that can be approxi-
mated by a linear function (Wennerberg 1993), where
o(7) is given by (Del Pezzo et al. 1995)
8(z) = ) S “4)
4.44 +0.738t

According with Wennerberg (1993), if we assume
that Qj is the total attenuation Q7, the combina-
tion of intrinsic and scattering attenuation effects is
described by

1 1 1

0, "0 "0 ®)

The necessary condition to separate the contribu-
tions of intrinsic and scattering attenuation is to have
independent estimates of Q. and Qy, both obtained
as function of frequency for the same Earth volume.
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This is the reason why we computed Q. instead
of using previous results (Filippucci et al. 2019a,
2021a). Then, one approach is to solve the system
formed by Egs. (3) and (5), which leads to

1 1<L_1 ) ;
05 260\0Q,  0.(r) ©
11 <25(1)—1+ 1 > ;
0, 2o\ 0, 0 7

Equation (6) implies Q.(7) > Q; always since
Qs> 0.
Since Qr = ]Qﬂ we can also evaluate the seismic

albedo B, = % defined as the dimensionless ratio of
T

scattering loss to total attenuation, and the extinction
length L, = ﬁQT that is the distance over which the

primary S wave energy is decreased by e\,

The obtained results and relative errors for 7; = 30
s are reported in Table 1 and plotted in Fig. 4 as func-
tions of f.

As already discussed, the Wennerberg approach
represents an approximate solution of the radia-
tive transfer equation based on the single-scattering
assumption. We checked the applicability of the Wen-
nerberg’s approximation to the present data set by
quantifying the deviation of the approximate Wenner-
berg solution of the energy equation from the general
solution of Paasschens (1997) by calculating the aver-
age percent variation (refer to apv in the Appendix
A of de Lorenzo et al. (2013)). To compute apv we
used the values of O, and Q;, inferred in this study, at
all frequencies, at distances of 30 km and 60 km, for
T, =30 s. Results indicate that apv ranges between
10 and 20%, inside the percentage error bar on Q, and
Q; (Table 1), as already demonstrated for the Umbria-
Marche (Central Italy) by de Lorenzo et al. (2013b).
Further studies based on MLTWA may give more
robust estimates of attenuation than those based on
the current single-scattering hypothesis.

4.4 Dependence of Q on f

The frequency dependence of Q. Q4 0; 0, at
T, = 30 can be retrieved by using the average value of
each quality factor plotted in Fig. 4 by means of the
power law relationship of rock quality parameter
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o) = Qo<;—o) with f, = 1 Hz and Q, = Q(f,). We

obtained the following values of O, and a:

Qﬁ(f) — (20 + 3) 1.34+0.10
0,(f) = (37  2)f125:00%
Qg(f) - (40 + 9) 1.52+0.22 (8)
Qz(f) - (32 + 2)f1.2710.07

Q,(f) increases with frequency with @ = 1.52 faster
than the other quality factors, indicating that the more
pronounced increase of Q, may be caused by the pre-
sent half-space assumption, as already observed by
Akinci et al. (2020) for the central Apennine.

5 Discussion

We obtained the first estimation of Oy, O, O quality
factors in the GP and a new estimation of Q.. We used
the micro-seismicity of GP recorded by the OT and
the RSN seismic network in the period 2013-2018,
recently released in a database of seismic waveforms
(Filippucci et al. 2021c,d). The new estimation of Q.
was achieved by the implementation of an automatic
procedure to pick the starting time of envelope decay
over coda waves with Eq. (2). Since the slope of the
envelope decay can vary over time (in general, the
slope decreases with time, Filippucci et al. 2021a),
the choice of the starting point T,,, could control the
Q_ results. Theoretically, Eq. (2) could be applied to a
time window that starts immediately after 7'y but this
is not the common choice. Commonly, T, = 27T
(e.g. Jin and Aki 1988; Ibanez et al. 1990; Eyidogan
et al. 1996; Mamada et al. 1997) or in other cases
Ty = 15T (e.g., Padhy et al. 2011 and references
therein). Mukhopadhyay and Sharma (2010), for the
Himalayan region, analyzed the effect of T, on
attenuation and observed non-significative differences
on Q, for different T,,,; significative decrease in the
total number of available waveforms as T, increases
from 1.5T to 2.5T, especially for lapse times below
50s. So, T, = 1.5 is the most conservative choice
in terms of data selection. To avoid “a priori” choices
on T, and to eliminate envelopes with abrupt vari-
ations along the coda decay (e.g., signal bumps),
some authors prefer to manually pick the decay onset
by visually inspecting the envelopes (de Lorenzo
et al. 2013b; Filippucci et al. 2019a, 2021a). The

comparison between Q, retrieved from the same data-
set but with a manual picking of T, (Filippucci et al.
2021a) and Q, of this work reveals that T;, ., = 1.5T
systematically falls into a zone of the envelope with a
less decay rate respect to the manual picking and pro-
duces a small shift between the two estimates inside
the standard deviation. This effect can be observed in
Fig. 5, revealing a slightly less attenuating crust for
GP than the previously estimated one.

Q. is confirmed to be frequency dependent and
increases with increasing frequency, as already
observed worldwide both in tectonic and in volcanic
contests.

Qp was estimated by the coda-normalization
method (Aki 1980). This method eliminates source,
site, and geometrical spreading effects by normal-
izing S-wave amplitudes with coda waves. It reveals
the attenuation on body waves due to the medium
anelasticity and to elastic scattering on heterogenei-
ties. Generally, the normalized amplitudes of S-waves
decrease with increasing of hypocentral distances,
demonstrating that body waves attenuate in ampli-
tude with increasing travel distance and this attenu-
ation depends on both frequency and geometrical
spreading. This effect is shown in Fig. 3 where,
from the slope of the linear fit line [Eq. (1)], Qp can
be computed for different frequency bands. As it
can be observed from Table 1 and Fig. 4, Q; regu-
larly increases in all the frequency range except for
6Hz < f < 8 Hz where it is less steep. This observa-
tion can be inferred also from plots in Fig. 3. The
revealed S-wave attenuation at f. = 8 Hz might be
due to the scattering loss at random heterogeneities
having a characteristic length or alternatively the
8 Hz frequency might be the predominant frequency
band of the anelastic response of the medium, as dis-
cussed by Sil et al. (2022) for the Kathmandu region,
Nepal. The S-wave attenuation was computed by the
assumption of the half-space approximation with
uniform V/, that is quite unrealistic especially for the
shallower layers in the upper crust. This simplifica-
tion may produce a bias in the estimation of Q5. Some
authors (Akinci et al. 2020; Pisconti et al. 2015) esti-
mated the effect of a depth-dependent crustal model
on the attenuation for the Central Apennine (Italy).
They found out that Q, and Q; are slightly affected by
these assumptions (depth-dependent or homogene-
ous Earth) in the case of a continental crust, where
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shallow earthquakes occur, while, with increasing the
source-receiver distance, the observed apparent atten-
uation decreases, suggesting an increasing of propa-
gation efficiency with depth below the Moho. The
seismicity of GP occurs at crustal depth above the
Moho discontinuity (Miccolis et al. 2021) Q p attenua-
tion should not be severely affected by the homogene-
ous half-space approximation.

5.1 Comparison with Q, and Q,; estimates in other
areas

The separated contribution on coda waves of anelastic
attenuation Q; and elastic scattering Q, was inferred
by using the Wennerberg (1993) method. The appli-
cation of this method requires the availability of inde-
pendent estimates of O, and @, as functions of fre-
quency for the same Earth volume in order to avoid
bias in the results. In our case we used the same data-
set, representative of the same crust volume of the
GP, for the estimates of the total attenuation of body
waves O and of the coda wave attenuation @, in the
single-scattering approximation. Results in Fig. 4
indicate a regular ascending trend of Q, and Q; as
functions of frequency. Q, presents an irregular low
value at 8 Hz reinforcing the idea that the lower value
of O, at 8 Hz might be due to a scattering effect. Gen-
erally, Q. regularly increases with frequency. In the
assumptions that the autocorrelation function of the
elastic heterogeneities in the Earth medium follows
a Gaussian (or von Karman) statistics, their power
spectral density function shows a regular pattern with
frequency, implicitly justifying a regular pattern of Q.
as a function of frequency (for a wide and thorough
discussion see Sato et al. (2012)). An anomaly in the
heterogeneous size distribution (as compared with
a “regular” distribution, Gaussian, or von Karman)
may produce the observed frequency anomaly in Q,
pattern.

Assuming a uniform half space with constant
velocity V; = 3.86 km/s as we did, /=8 Hz corre-
sponds to a wavelength = 0.5 km, which could repre-
sent the average distance of the random scatterers in
the GP.

For all the other frequencies, scattering on hetero-
geneities turns out to be less important than anelas-
ticity in the coda attenuation in agreement with the
preceding results in regional studies of Southern
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Apennine which included marginally the GP area
(Bianco et al. 2002).

Results of Q; and Q, in tectonic contests worldwide
suggest that the attenuation of coda waves is domi-
nated by the intrinsic attenuation (Padhy et al. 2011;
Farrokhi et al. 2016; Pujades et al. 1997; Akinci et al.
1995; Aki and Chouet 1975; Bianco et al. 2005; Tuve
et al. 2006, among others). The predominance of the
anelasticity on coda waves increases by increasing
frequency since the percentage ratio (Q, — Q,)/QO,
moves from 48 at 3 Hz to 70% at 12 Hz (Table 1).
The seismic albedo is B, < 0.5 for all the frequency
bands, which indicates that anelasticity is the pre-
dominant attenuation effect in the region. The only
exception is for f =8 Hz where B, = 0.5, indicat-
ing a predominance of scattering at the scale length
of this frequency. The extinction length L, ranges
between 18 and 31 km, increases with frequency
(with the exception for f = 8 Hz where L, is lower),
and it is comparable with other studies in tectonic
domains (Akinci et al. 2020; Londofio et al. 2022;
Sharma et al. 2015; Shengelia et al. 2020; Talebi et al.
2021, among others).

The higher is 7;, the longer is coda and the num-
ber of waveforms, as can be observed in Fig. 2B. In
our study, the choice of 7, =30 s is a compromise
between the need of high number of coda signals with
short duration. This choice implies that the selected
coda signal can include contributions of S waves
traveling in the mantle. This occurs because if we
consider an average depth of hypocenters about 20 km
and a time window of 7, = 30 s, S coda waves, trave-
ling with V; = 3.86 km/s, can arrive from a maximum
depth of about 68 km, in the case of vertical incidence
for sake of simplicity. Considering a Moho depth
of about 40 km, our results might be biased by the
constant velocity half space assumption (Del Pezzo
et al. 2019). A wide discussions on this topic can be
found in Margerin et al. (1998, 1999), Del Pezzo and
Bianco (2010), and references therein. These authors
demonstrated that if the scattering strengths of the
mantle and the crust are comparable, the presence
of a velocity contrast at the Moho could amplify the
coda signal, since part of the energy remains trapped
in the crust; if the scattering strength of the mantle is
smaller than that of the crust, the shape of the enve-
lope decay can be reproduced by the Wennerberg
(1993) model (Margerin et al. 1998). It is also worth
to note that a scattering strength for the upper mantle
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smaller than that of the crust was previously inferred
for the Italian peninsula (Bianco et al. 2005). Further
studies based on a more realistic velocity model (e.g.,
del Pezzo et al. 2011) can be used to discriminate the
scattering strength of the crust from that of the man-
tle. In the case of the GP area, the Moho depth is not
well constrained. The Moho is thought to be located
between 35 and 40 km (Chiarabba et al. 2005; Piana
Agostinetti and Amato 2009) or at depths greater than
40 km (Mele and Sandvol 2003). In fact, at depth
greater than 30 km, the seismicity become sparse
(less than 5%, Fig. 2D), the velocity contrast due to
the Moho is not observed (de Lorenzo et al. 2017),
and the trend of seismicity, that deepens toward the
Adriatic Sea, probably follows the trend of the deep-
ening of the Adriatic Moho (Miccolis et al. 2021).
The comparison between the outcomes of this
study and those previously obtained for other tec-
tonically active regions in Italy and worldwide reveals
that the GP values of seismic quality factors Q; and Q,
are within the end members at all frequencies (Fig. 6).

5.2 New insights concerning the geophysical
anomalies of the GP

The frequency dependence relationships of
Q5. 0., 0;, O, show estimates of 0, up to 40 and val-
ues of a greater than 1.25. The paradox consists of
both the small values of Q, (less than 48) and the
high values of a (greater than 1.1) that should indi-
cate a high tectonic activity and the general absence
of high-magnitude earthquakes in the GP (Morozov
2008). The My, = 5.7 Molise earthquake (Southern
Italy, 2002 October 31th) occurred in an adjacent
area previously classified as low hazard area, may
reinforce the hypothesis that the GP could reasonably
located in a tectonically active regime. This hypothe-
sis is also sustained by the observation that more than
ten historical earthquakes with estimated magnitude
Mw > 5.5 occurred in the GP and its surrounding in
the last millennium (Fig. 1A).

At 12 Hz we can observe in Fig. 4 the maximum
difference between Q, and Q,, so it might be stated
that coda amplitudes at 12 Hz are controlled by
anelastic damping and it can be considered predomi-
nantly attenuation of body waves, since attenuation
of surface waves is detectable at lower frequencies,
less than 10 Hz (Aki and Chouet 1975). Therefore,
Q. = 0, at all frequencies and this result has relevant

consequences if we examine the recent 3D tomog-
raphy of coda attenuation in GP (Filippucci et al.
2021a). The 3D images of Q. were obtained for three
frequencies (3 Hz, 6 Hz, and 12 Hz in Filippucci et al.
(2021a)) by using the Del Pezzo and Ibafiez (2020)
approach which consists of computing the polynomial
approximation of the analytical sensitivity kernels.
The polynomial sensitivity kernels were then used as
weighting functions for estimating Q.. in an Earth vol-
ume, which was subdivided in cubic pixels with side
of 5 km, producing a horizontal Q_ image every 8 km
of depth for the GP crust. We reported in Fig. 7 the
images of the 3D tomography of Q. at 12 Hz (modi-
fied from Filippucci et al. 2021a). Now we can con-
sider O, = Q; and give a physical interpretation of the
observed anomalies by interpreting them as attenua-
tion of body waves. The well-defined high Q, anom-
aly, extending down to 24 km, reveals the presence
of a body embedded in a more attenuating one in the
northern GP which might agree with the hypothesis
of the existence of a high-density and high-suscep-
tibility body in the same area (Loddo et al. 1996).
This hypothesis agrees also with the observation
of some igneous rocks that crop out in GP in a land
named Punta delle Pietre Nere (black star in Fig. 1),
intruding the upper Triassic sedimentary succes-
sions. These magmas are interpreted as derived from
an amphibole-bearing lithospheric mantle source at
70-90 km depth (Mazzeo et al. 2018).

Figure 7 shows a Q, decreasing trend (attenuation
increasing trend) moving toward the northeast sector
of GP. This sector is characterized by an anomalous
absence of seismic activity down to 20 km (Micco-
lis et al. 2021). Therefore, the observed Q; decreasing
trend well correlates with the hypothesis of a ductile
behavior characterizing the upper basement and the
sedimentary cover, as confirmed by a recent thermo-
rheological model (Lavecchia et al. 2022). At depths
greater than 20 km, a seismogenic layer is encoun-
tered (Miccolis et al. 2021) and it was modeled as
due to the presence of fluids in the deepest part of the
basement (Lavecchia et al. 2022). These results agree
with the presence of general high O, (low attenuation)
values that can be a hint of a brittle and low-strength
lower crust in the deepest seismogenic layer (Fig. 7,
32 km). The correlation between seismic attenuation
and rock rheology has been widely explored by sev-
eral authors by using numerical methods (Castillo
et al. 2022; Castaldo et al. 2019, among others) and
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Fig. 6 Comparison of a Q; and (b) Q, estimated in this study
with those obtained for other tectonically active regions of
Italy and worldwide. Color and style of curves are related to
the method adopted by the authors to separate Q; and Q, [Wen-
nerberg’s (1993) method with gray solid line; MLTWA method
(Fehler et al. 1992) with black and dashed line]. The plotted
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laboratory experiments (Sato et al. 1988; Carcione
et al. 2020, and references therein).

It is worth to note that at all depths, the most part
of earthquake foci falls in areas characterized by high
Q,, indicating a quite good agreement between the
presence of seismicity and lower levels of anelastic
damping both correlated to the brittle behavior of
rocks.

6 Conclusions

In the list below, we summarize the results of this
study and the main implications and observations
already detailed in the discussion section:

e The installation of the OTRIONS seismic network
and its inclusion in the national array managed by
INGV allowed us to record many low-magnitude
earthquakes in the GP area in the last decade.

e The first estimate of the attenuation of shear
waves has therefore been obtained for the GP
using the coda normalization method. The linear
fit is robust, as shown by comparing the obtained
results with those arising from a quadratic approx-
imation of the logarithmic ratios of amplitudes.

e After the study of Filippucci et al. (2021b), Q,
has been newly estimated by assuming as starting
time of the coda window T, = 1.5T and results
indicate that the value of this parameter depends
on the used T, as discussed in several previous
studies.

e The first estimate of scattering O, and intrinsic O,
quality factors has been obtained for the GP. The
main assumptions (single scattering, homogene-
ous half-space) of our approach may cause a bias
on the obtained Q, and Q; values. Comparison with
the solution obtained with the multiple-scattering
hypothesis reveals that these biases should be of
the same order as the uncertainties associated with
the current estimates of Q. However, thanks to the
improvements of the OTRIONS seismic network
and the ever increasing number of good quality data,
further studies including the multiple scattering
hypothesis can be conducted with the dual purpose
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of evaluating its effect on Q; and Q; and of calculat-
ing the scattering strength of the crust and mantle.

e The low value of Q; at f = 8 Hz can be an indica-
tion of the presence of random scatterers in the GP
crust with an average distance of ~ 0.5 km.

o The comparison of the Q estimates in the GP area
with those obtained in the Umbria-Marche (de Lor-
enzo et al. 2013b), under the same assumptions,
reveals that the elastic and anelastic properties of
the GP should be somewhat different from those of
adjacent Apennines, indicating a different stress—
strain regime that may result in a different level of
seismicity of the two tectonically active areas.

e Our results indicate that Q. ~ Q,, so we are now
able to obtain a physical interpretation in terms of
inelastic attenuation of the magnetic, gravimetric,
and coda attenuation anomalies found in previous
studies in GP.
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