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Abstract

We used 1029 earthquakes, -with magnitudes ranging from M 3.0 to M 6.5, located in central Apennines, Italy, and recorded by
414 local stations to study the variation of the quality factor Qg of shear waves with depth. We first determined average nonparametric
attenuation functions in the frequency band from 0.5 to 20 Hz and hypocenter distances less than 155 km to correct the observed
acceleration spectra for attenuation effects. Then, we separated source and site effects from the corrected spectral records to determine
the changes of Qg with depth. We used a 1D local shear-wave velocity model to calculate the travel times of the source-station paths,
and we inverted the observed spectra to determine Qg in three different depth intervals (0—4 km, 4-10 km and 10-15 km) and five
frequencies (0.5, 1, 4, 10 and 20 Hz). We found that Qg increases with frequency - at all depths considered and tends to have lower
values at shallow depths. The average value of Qg is consistent with previous studies made in central Italy and can be approximated by
Og= 431994 To describe the frequency dependence of Qg with depth (H), we determine the following relations: Qg = 5539, 0.5<f<
10 Hz and Qg =151.5, > 10 Hz for 0—4 km, Qg = 52/%87 for 4 < H<10 km and Qg =51/*°2 for 10 < H< 15 km. We conclude that the
O-depth-dependent model can be useful to improve estimates of source parameters and ground motion prediction in the central
Apennines region of Italy.
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1. Introduction

In central Italy (latitude 41 N—43 N and longitude 12 E-15 E), where the regions of Abruzzo, Umbria and Marche are located, active faults

generate damaging earthquakes, having magnitudes as high as M, 7 like the earthquake that occurred in 1915 (Avezzano, 1915). The

seismicity in this region results from the collision between the African and the European continental margins (Alvarez et al., 1974 ; Pauselli
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generate long earthquake sequences like the recent sequence of 20162017 (Luzi et al., 2017), which began with the earthquake of
Amatrice (M, 6.0) in August, followed immediately after by the earthquake of Norcia (M, 6.5) in October, the 2009 L’ Aquila (M, 6.1)

seismic episode that lasted about 1 year (Chiaraluce et al., 2011 ; Valoroso et al., 2013 ) and the 1997 Umbria—Marche sequence that started
with a ML 4.5 foreshock 23 days before the main events having M, 5.5 and M, 6.0 (Castro et al., 2002 ). Because of the high seismic risk
that these earthquakes impose in the region, it is important to understand how the seismic waves attenuate with distance. Several studies
have already been conducted in this region to investigate the properties of seismic wave attenuation, especially after the occurrence of
significant earthquakes that have made new data available. For instance, Bindi et al. (2009 ) and Malagnini et al. (2011 ) analyzed
foreshocks and aftershocks of the 2009 L’ Aquila earthquake (central Italy) and used a coda-normalization technique to obtain ground-
motion prediction relations valid for this region. De Lorenzo et al. (2013 ) determined the attenuation properties of coda waves using data
from a temporal array deployed during the 1997 Umbria—Marche earthquake sequence to estimate the quality factor O for both P and §
waves. They found that Op/Og > 1 and concluded that the rocks in the Umbria—Marche region are partially saturated with a heterogeneous

degree of fluid. Other previous attenuation studies in this region have been made by Del Pezzo and Zollo (1984 ) using data from the Ms
5.8 Norcia earthquake that occurred in the Umbria region in September 1979. They estimated coda Q and the turbidity coefficient and
concluded that scattering losses are the main cause of S-wave attenuation. Castro et al. (1999, 2004 ) and Bindi et al. (2004 ) studied S-

wave attenuation with seismic records from the 1997 to 1998 Umbria—Marche sequence. Castro et al. (1999) determined empirical
attenuation functions for P and S waves and studied Q anisotropy. They found that for deep wave paths and low frequencies (f <4 Hz),
Ogy > Ogy- Castro et al. (2004) and Bindi et al. (2004) found that at high frequencies (> 8-10 Hz), the frequency dependence of O
weakens, taking a value between 318 and 438. Most recently, Pisconti et al. (2015) used data from permanent and temporal stations
deployed during the same 1997 seismic sequence to estimate intrinsic and scattering Q using multiple lapse time window analysis. They
concluded that the crustal heterogeneities that produce seismic scattering in central Italy are important at low frequencies (<2 Hz). All
these previous studies of attenuation provide average estimates of Q for different frequencies but do not account for the variability of O
with depth. These average values of Q are typically representative of large, sampled volumes that include the crust and part of the upper
mantle. To estimate ground motion intensity of specific paths, it is important to use the average value Q along the specific path instead of
regional averages. This is particularly important for shallow earthquakes that radiate seismic waves when travelling along the near-surface
parts of the crust and that tend to have both low Q and low shear-wave velocity values. For these reasons, it is important to use a depth-
dependent attenuation model.

Although previous results are difficult to compare because they are based on data sets that sample different crustal volumes, a common
feature in central Italy is the significant attenuation of seismic waves, especially at high frequency, compared to other regions of Italy (i.e.
Castro et al., 1999; Luzi et al., 2017). The spectral inversion studies have generally provided complex parametric descriptions for
geometric spreading (Bindi et al., 2004 ; Malagnini et al., 2011 ; Pacor et al., 2016), while for anelastic attenuation, the frequency
dependence of QO remains a consistent feature (Ameri et al., 2011 ; Bindi et al., 2017). However, the depth dependence of O has not been
considered, and the quality Q obtained by previous studies is an average value of the crustal volume investigated.

Estimates of Q are also important to determine source parameters, such as the stress drop, and to evaluate earthquake damage-related
radiation due to changes of rock properties (Ben-Zion & Ampuero, 2009 ; Castro & Ben-Zion, 2013). In a recent study of ground motion
prediction in the L’ Aquila region, Pacor et al. (2016) observed that earthquake depth seems to control the stress drop scaling. In this case,
source parameters were obtained using empirically determined nonparametric attenuation functions to infer the stress drops.

In this paper, we characterize the quality factor O of shear waves (Qg) with depth using a large collection of seismograms recorded since
2008 by the National Accelerometric Network (RAN, Rete Accelerometrica Nazionale), the National Seismic Network (RSN, Rete Sismica
Nazionale) and other temporal stations that operated in central Italy during main seismic sequences. We determine a frequency-dependent
1D Qg model of the crust that is compatible with the velocity model obtained for central Italy by De Luca et al. (2009) which is also used
to locate the earthquakes in that region. The Qg model consists of three layers over a half-space, obtained following the two-step inversion
scheme proposed by Castro et al. (2019). The resulting depth-dependent Q model indicates that S waves attenuate significantly more when
traveling along the 4 km-thick near-surface layer. Finally, we obtain O-frequency relations, for each layer of the model, that can facilitate
the O correction of ground-motion records.

2. Data

The data set used in this study consists of 1029 earthquakes located in the central region of Italy (Fig. 1) and recorded by 414 local
stations. This data set is composed of acceleration and velocity earthquake signals, recorded since 2008 and includes data mainly from the
2009 L’Aquila (M, 6.1) sequence, already analyzed by Pacor et al. (2016), and the 20162017 central Italy (M, 6.5) sequence. Figure 2

shows the depth, magnitude and hypocentral distance distribution of the records. Most of the events analyzed have focal depths between 8
and 10 km and a magnitude of 3.1. The number of events decreases as the magnitude increases, as predicted by the Gutenberg—Ricther law.
The maximum local magnitude of the events is 6.3 (2016 Norcia earthquake), and there is a gap of earthquakes between 4.9 and 5.2 and
between 5.6 and 5.9. Most earthquakes in the data set are local events (hypocentral distance less than 100 km), and very few events have
hypocentral distance greater than 150 km. The stations belong to the following permanent networks operated by the Istituto Nazionale di
Geofisica e Vulcanologia (INGV), the National Seismic Network (RSN) and the Mediterrean Network (Mednet). The rapid response
networks are operated together with the University of Genova and the Reseau Seismologique and Geodesique Francais (RESIF). Other
permanent stations belong to the National Accelerometric Network (RAN) operated by the Department of Civil Protection. Stations from
temporal networks were also used, and those include the networks for aftershock monitoring (Margheriti, 2011), for site effects
(Bergamaschi, 2011 ; Cultrera et al., 2016) and for seismic microzonation (Working Group SM-AQ, 2010; Cara et al., 2019). The
acceleration records can be obtained from the Italian Accelerometric Archive (http://itaca.mi.ingv.it), and the velocity records from the
European Integrated Data Archive (EIDA; http://eida.rm.ingv.it).

Fig. 1

Maps of central Italy showing the location of earthquakes (circles), stations (triangles) used and
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Number of events analyzed: a focal depth distribution; b magnitude distribution; ¢ hypocentral distance distribution
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The collection of records selected for this study is composed of 63,459 signals in the local magnitude range of 3—6.3 with hypocenter
distances of less than 155 km for the analysis. Figure 1 (right) shows the ray-path coverage of the data set selected, showing a dense
coverage in the central zone of the investigated region. We limited the analysis to this 155 km regional hypocentral distance because there

are less recordings beyond this distance (Fig. D and to include only source-station paths that sample the crust and the upper mantle. We

also observed that the rate of amplitude decay with distance is very similar between 70 and 155 km (Fig. , suggesting that the

geometrical spreading is about the same up to 155 km. The time windows used to calculate S-wave spectral amplitudes were selected using
a distance-dependent energy criterion. A minimum length of 4 s was used to be able to resolve above 1 Hz for the range records with a
close hypocenter distance. The time windows start 0.1 s before the direct shear wave arrival and end when the accumulated energy of the
record reaches 90% of the total for hypocenter distances » <25 km, 80% for » = 25-50 km and 70% for » > 50 km. These distance-
dependent criteria permit to determine time windows containing S waves in a semiautomatic mode, avoiding surface-wave contamination.

These windows are also tapered with a Hanning window. and the resulting spectral amplitudes are smoothed with the Konno and Ohmachi
© Springer Nature
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spectral amplitudes to be used in the analysis: SNR =10 for 0.2—0.4 Hz, SNR =5 for 0.4-15 Hz and SNR = 10 for /> 15 Hz. More details
on the data processing can be found in Pacor et al. (2016).

Fig. 3

The frame on top shows nonparametric attenuation functions for all frequencies, and the bottom plot for 0.5 Hz (black line), 1 Hz (blue), 4 Hz

(red), 10 Hz (purple) and 20 Hz (green). For comparison, the dashed line is the geometrical spreading function defined in Eq. (5)
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3. Method

To determine a depth-dependent shear-wave attenuation model for central Italy, we consider a 1D layered O model, following the procedure
introduced by Castro et al. (2019). In this technique, average nonparametric attenuation functions (NAF) are determined first using a
linearized model. The NAF are used to separate source and site effects by correcting the observed spectral amplitudes for attenuation
effects. In this approach, the residuals between the scaled NAF and the observations are interpreted as site effects.

In this paper, we determined simultaneously source, site and nonparametric attenuation functions with a generalized inversion, as in Oth et
al. (2011) and Pacor et al. (2016). The advantage of this technique is that only one inversion for each frequency is required to retrieve
source and path effects. Then, specific source-station attenuation paths are used with an attenuation parametric model to estimates values of
Q at different depths.

A general representation of the observed spectra Ul.j(]f rij) for a fixed frequency f from a source S(f) recorded at the j site can be expressed
as:

Uij (f,7i5) = Si (f) A(f,7i5) Z;(f)

where |Z;( f)| represents the site effects, and |A(f, ri;)| is the nonparametric attenuation function (NAF) that accounts for energy loss due to

intrinsic and scattering attenuation and to geometrical spreading.

We used a two-step technique to estimate the crustal structure of Q. We first inverted Eq. ( 1) to retrieve the average NAF for each

frequency to characterize the spectral amplitude decay with distance r.

Because the good coverage of the data set (Fig. 1), in terms of number of events and azimuthal distribution of stations, Eq. ( 1) can be
solved following a nonparametric approach (e.g. Castro et al., 1990, 1996; Oth et al., 2008 ; Parolai et al., 2000) in a single step as in Oth
et al. (2011). The unresolved degree of freedom between site and source terms is eliminated by fixing the site amplification of a reference
site to one. To select the reference station, a preliminary inversion was computed using the vertical components of the spectral amplitudes
and fixing the average site effect of all sites to one. Horizontal-to-vertical spectral ratios (HVSR) were also calculated to estimate the
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2.3, in the frequency band between 0.2 and 30 Hz. The resulting reference stations are SLO, LSS, T1217 and T1221. These sites were also
identified by Priolo et al. (2019) as possible reference sites by decomposing the residuals of response spectra and evaluating the site effect

contribution. The inversion is also constrained normalizing the spectral amplitudes at 5 km by making A(f,5) =1 at all frequencies. A
smoothing constraint is included when inverting Eq. ( 1), making the NAF monotonically decreasing functions of distance. The resulting

attenuation functions implicitly contain the effects of geometrical spreading and total Q.

We corrected the observed spectral amplitudes for attenuation effects using the NAF. Then, the corrected amplitudes can be written as:

Di; (f) = Si (£) Z;(f)

Since we are interested in specific source-station attenuation paths, we can eliminate source and site effects calculating the following ratio:

3
Us: (f.7:
it ot AL (fyri)
Dy; (f) ?
where Afj (f,74;)| represents the attenuation between the source i and the recording site j. This function is parameterized as:
4
—fTij
AL(f,r35) = Gij (ri;) exp [ 0sp ]
where |G;; (735)| is the geometrical spreading function, and and IEI are the shear-wave quality factor and velocity, respectively.
In this study, we assume the following geometrical spreading function:
5

_ 5/r b<r<T70
G(r)_{s»/\/ﬁ r>170 }

Equation (5) is an approximation of the function estimated by Pacor et al. (2016) for the L’Aquila region, a subdomain of central Italy.
Equation (5) normalizes the amplitudes at the minimum distance of 5 km and changes the rate of amplitude decay at 70 km, where the

NAF also show a change on amplitude decay (Fig. 3 ). The change of rate of amplitude decay at »> 70 km may be due to the enrichment of

the spectral amplitudes due to refracted and surface waves that may have contaminated the time windows used to calculate the direct S-
wave spectral amplitudes.

The second step of the inversion consists of finding discrete values of for a layered-space fixing f. As in Castro et al. (2019), Eq. (4)

can be expressed as:

where |M;;| is the logarithm of the observed amplitude corrected for source, site and geometrical spreading effects, for a given frequency f.

N =4 is the number of layers of the model, k refers to the layer and |[C' = —m fLog(e). We calculate r;;z by ray trace using the standard

velocity model of central Italy (Chiaraluce et al., 2011 ; De Luca et al., 2009 ; Valoroso et al., 2013 ) listed in Table 1.
Table 1

Velocity model used to calculate ray travel times

Depth (km) Vp (km/s) Vs (km/s) Thickness (km)

0.0 5.0 2.70 4.0
4.0 6.2 3.35 6.0
10.0 6.3 3.41 15.0
25.0 7.0 3.78 5.0
30.0 8.0 4.32 100.0

4. Results

Figure 3 shows the nonparametric functions (NAF) obtained for all the frequencies analyzed and for the five frequencies selected from 0.5

© Springer Nature
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increment of 5 km. The rate of amplitude decay with distance changes gradually with frequency (Fig. 3 a); for instance, for /<1 Hz, the

amplitude decay of the NAF is approximately the same within that frequency range. However, at high frequencies (> 10 Hz), the NAF

attenuate more than those at low frequencies (<1 Hz). The changes of rate of amplitude decay with distance can be due to geometrical
spreading being affected by the complex crustal structure of central Italy, particularly at shallow depths. For instance, Pacor et al. (2016)
found that in this region, the geometrical spreading function G(r) that better describes the observed amplitude decay is G(r) ~ I/r for r <10

km, G(r) ~ 7~ for 10-70 km and G(r)~ 7= for »>70 km. The NAF (Fig. 3) show a change of rate of amplitude decay for » <10 km
and another near 70 km, particularly at low frequencies (f <1 Hz). To be consistent with previous studies, we define the geometrical

spreading as in Eq. (5) to correct the observed amplitudes.

To analyze the possible radial variability of the attenuation, we selected an M 4.3 earthquake with focal depth of 9.8 km, located in the
center of the recording network (42.72 N, 13.21 E) and recorded by 148 stations. We calculated the residual between the average

attenuation at 4 Hz, represented by |A(f, ;)| (Fig. 3) and the attenuation between that event and the recording sites (Afj( f,7i;))). The

continuous line in Fig. 4 (left) is the average NAF at 4 Hz, and the circles are the attenuation for each source-station path, which tend to be

slightly above the average attenuation. The residuals, also shown in Fig. 4, do not show any radial trend. The high residual (above 0.5) of

two of the 148 stations is probably related to near-site attenuation. The proximity between the observed amplitudes and the NAF suggest
that the nonparametric functions capture some of the O structure and the depth dependence of the shear-wave attenuation. Being that the
case, the determination of source parameters using NAF (e.g. Pacor et al., 2016 ) may be a more reliable method to estimate the earthquake
stress drop.

Fig. 4
The red line (left frame) represents the average attenuation at 4 Hz, and the circles the

source-station attenuation (Eq. (4)). We selected an M 4.3 earthquake (event 252) with focal depth of 9.8 km which was recorded by 148

stations. The right fame shows the residual between the average NAF and the attenuation along the respective source-station path versus
azimuth
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We calculate separate inversions using Eq. (6 ) for five visually chosen central frequencies (0.5, 1.0, 4.0, 10.0 and 20 Hz) based on the

frequency band of the data analyzed. Since the NAF (Fig. 3 a) show a gradual change of rate of amplitude decay with distance within well-
defined frequency bands, we consider those five frequencies representative of low-, intermediate- and high-frequency bands, and we used
only those (Fig. 3 b) for further analysis. Figure 5 shows the estimates of //Qg and Qg versus the layer depth for the five frequencies
considered. In general, Qg increases with frequency and with depth, although between 4 and 15 km, Qg is approximately constant for a
given frequency. The depth-dependent Qg model obtained (Fig. 5) shows that shear waves will attenuate considerably more when traveling

along the last 4 km of the near-surface layer, particularly at low frequencies. In this layer, Qg varies between 2.1 at 0.5 Hz and 152 at 20
Hz. It is interesting to note that at high frequencies (> 10 Hz), Qg converges to a value between 151 and 152. At larger depths (4-10 km),
Qg takes values between 26 at 0.5 Hz and 632 at 20 Hz. Between 10 and 15 km depth, Qg is approximately the same as in the previous
layer. We cannot estimate Qg at deeper layers because most earthquakes in central Italy are shallow events with focal depths less than 18
km.

Fig. 5

Values of O and 1/Q versus mid-depth (H) of the layer in km, for the five frequencies analyzed (0.5, 1, 4, 10 and 20 Hz), resulting from the
inversion. Red circles are for 0.5 Hz, gray diamonds for 1 Hz, blue circles for 4 Hz, green circles for 10 Hz and red diamonds for 20 Hz

1000 0.001
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Figure 6 shows the values of Qg obtained as a function frequency for each layer of the model and the error associated to the estimates. The

root mean square (RMS) is also shown (left bottom frame). The RMS values range between 0.59 and 0.84 for the different frequencies.
These low values of the residual mean are low enough to validate our results. The errors in the estimates of //Q vary between 0.56 and
1.97%, and we propagated them to the Qg values in Fig. 6. It is interesting to note that in the first layer (depth less than 4 km), Qg flattens
to a constant value of 151.5 at > 10 Hz. Castro et al. (2000, 2002, 2004) found in central Italy that for /> 10 Hz, the frequency
dependence of Q weakens. Castro et al. (2004 ) estimated that for > 10 Hz, the average |Q| has an approximately constant value of 438. In
the same region, Bindi et al. (2004 ) found that Q = 318

analyzed have focal depths of less than 10 km (Fig. 2), it is reasonable to calculate an average Qg from the 1D model using only the first

at 10 Hz and |Q = 440

for > 8 Hz and hypocenter distances » < 60 km. Since most of the earthquakes

Q = 294

two layers. Thus, we calculate at 20 Hz, and a mean value of 367 between 10 and 20 Hz, in coherence

with the previous studies.
Fig. 6

Values of Q obtained, and error bars, as a function of frequency for the three layers of the model. The left lower frame displays the RMS of the
residual mean
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To compare these estimates of Qg with previous attenuation studies that report average values of Qg, we calculate for each frequency the

average Qg weighting the values of Qg estimated according to the respective thickness using the first three layers of the 1D model (Table 1

). Fieure 7 displavs with triangles these average values and the O-freauencv relation obtained bv weighting in the regression the values of
© Springer Nature
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18:

Fig. 7

Average crustal shear wave Q obtained using estimated Q from the three layers of the model (triangles). The circles are estimates of Q (Q(f) =
49199 0.5 < f< 8.0 Hz) reported by Bindi et al. (2004) using data from the 1997—1998 Umbria—Marche (central Italy) sequence. The diamonds
are estimates of total O from Pisconti et al. (2015). The dashed lines are the upper and lower limits expected from the estimated errors of the

Q-frequency relation displayed on top of the figure (Eq. (7) in the text). The star at 20 Hz is the average from the first two layers of the 1D
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For comparison, the circles show the values of shear wave Q calculated with the relation |Q (f) = 49 f0'9 obtained by Bindi et al. (2004)

using records from the 1997-1998 Umbria—Marche (central Italy) sequence. The diamonds in Fig. 7 are the values of total QO reported by
Pisconti et al. (2015) for the same region. The dashed lines are the upper and lower limits expected from the estimated errors of the Q-

frequency relation (Eq. 7).

To be able to correct the ground-motion records for attenuation, using the 1D model obtained (Fig. 5), we calculated the following Q-

frequency relations by calculating a linear fit of Q versus f'in the logarithm domain, weighting the values of O with their respective
standard deviation:

8
Qs (f) = (6.0 £ 1.3) f12015 for h < 4 km
where 4 is the depth. For the second and third layer of the model, we found:
9
Qs (f) = (52.4+ 1.1)fO8™0M for 4 < h <10 km
10
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5. Discussion
5.1. Q¢ and the Spectral Decay Parameter Kappa

The low values of Qg for the first 4 km of the model can be compared with estimates of the high-frequency spectral decay parameter
kappa (k) introduced by Anderson and Hough (1984). If we consider a surface layer with low shear-wave velocity and Q underlain by a
basement with higher wave-propagation velocity and Q, x can be related to the quality factor, following Hough et al. (1988), by:

11
H r

~ B Qb

K

where H is the thickness of the low-Q layer, and |3;| and |B,| are S-wave velocities of the near-surface layer and the basement, respectively.

In this model, x accounts for the attenuation along the path, and the near-surface parameter () is neglected (there is no site effect).

We calculated x using the method proposed by Anderson and Hough (1984 ) selecting a hard-rock station, since we determined the values
of Qg of our 1D model using site amplification-corrected spectra. The logarithm of the high-frequency S-wave spectral acceleration

amplitude is least-squares fitted. x is calculated from the slope of the linear fit which equals |—wLog(e)x. We used records from Leonessa

station (IT.LLS), one of the reference sites selected in the inversion scheme. The average frequency band used for evaluating « is 15-30
Hz, although it varies from record to record, depending on the magnitude and distance. We estimated the high-frequency decay parameter
using the rock station LSS to have an independent estimate of Q at the surface layer and to verify that the estimates of O from the 1D
model and those from x agree.

This procedure was applied for 50 records of LLS at hypocenter distances between 15 and 57 km, and the linear least-square fit of the x
estimates gives:

12
k (r) = 0.008654 + 0.00006157

Relating Eqs. (11)and (12), ﬁz 0.008654, and for =2.7 km/s, we obtain =171. Since « is estimated within the high-frequency
11

band of the spectrum, we can compare this estimate of QO with the values of our model at high frequencies. For instance, at 10 Hz, our

model (Fig. 5) gives Qg =151, and at 20 Hz, Qg = 152, which are comparable to the estimate of O using the ¥ model. The kappa model of

Anderson and Hough (1984 ) assumes that Q is frequency-independent, and we found from our frequency-dependent 1D O model that at
high frequencies, Q is approximately constant with frequency, in agreement with the kappa model. This has been previously observed by
Castro et al. (2004 ) and Bindi et al. (2004 ) who found that at high frequencies (f> 810 Hz), O in central Italy is approximately constant.

5.2. Depth-Dependent Q-Frequency Relations

Equations (8), (2) and (10) are compared in Fig. 8 which shows insignificant differences of the values of Qg between the second (4-10
km deep) and the third layer (10-15 km deep) of the model. However, there are significant differences between the first Qg layer and the
deeper layers. At low frequency (0.5 Hz), Qg is smaller by a factor of 12 at depths less than 4 km, and at high frequency (20 Hz), is
smaller by a factor of about 3 than Qg between 4 and 15 km depth. For depths of less than 4 km and /> 10 Hz, Q does not increase with

frequency and takes a constant value of 151.5. Thus, a better representation of the frequency dependence of Q in this superficial layer is:
Fig. 8

QO-frequency relations obtained using the values of Qg (triangles) obtained for the first 4 km of the model (left frame). The relation O(f) =
52.4/987 was obtained with the values of Qg (red squares) estimated for the second layer of the model (4-10 km) and the relation O(f) =
50.6/%? with the values of Qg (blue diamonds) for the 1015 km depth layer. The dashed lines are the upper and lower limits expected from

the estimated errors of the O-frequency relations
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13
Q(f) = (5.5 +£1.1) F139501 1650 0.5 < £ < 10 Hz

14
Q =151.5 for f > 10 Hz

Castro et al. (2004 ) suggested that the change of frequency dependence of O at /> 10 Hz may be related to the presence of faults in the
crust. Abercrombie (1998), for instance, observed that at seismogenic depths in California, Q shows a small increase with frequency at
high frequencies (> 10 Hz). However, the depth of the seismogenic zone in central Italy is probably between 7 and 11 km, the depths
where most events seem to occur (Fig. 2). Thus, it is more likely that the low values and weak dependence of Qg with frequency in the
first near-surface layer (depths less than 4 km) are related to the presence of sediments on top of fractured rocks in the valleys of central
Italy. For instance, in the Colfiorito basin, Sano et al. (1998) reported the presence of lake deposits 35 km thick. The presence of
sediments associated with low Q values in a basin is common in many other regions. In the Imperial Valley, California, Singh et al.
(1982) found that in the upper 4 km, that are composed essentially of sediments, shear-wave Qg varies between 57 and 100, and along the
active Imperial fault, Qg =20 /(25 < f<3 Hz). Rock damage generated by faulting during earthquake activity may also be the cause of
low Q values. Castro and Ben-Zion (2013) found a significant variation of Q (by a factor of 3) before and after the EIl Mayor—Cucapah
earthquake (M, 7.2), Baja California, as a result of rock damage generated by the fault rupture. In central Italy, earthquake-generated
surface damage was observed after the 24 August 2016 M, 6.0 Amatrice event (Bonini et al., 2019). In the same region, the Norcia M,
6.5 earthquake on 30 October 2016 also caused important near-surface ruptures (Civico et al., 2018). During this seismic sequence,
shallow earthquakes, with focal depths less than 5 km, occurred before and after the main event (Chiaraluce et al., 2017).

5.3. Comparison with Previous Studies

To analyze how Eqgs. (8) to ( 10) fit the observed NAF at different frequencies and how they compare with previous models proposed by
other authors, we compare in Fig. 9 the amplitude decay with distance expected from these O-frequency relations. The purpose of this

comparison is to validate those equations for future use. Figure 9 also shows other attenuation models reported in previous studies (Bindi
et al., 2009 (BNDO09); Malagnini et al., 2011 (MAL11); Pacor et al., 2016 (PAC16)) and the attenuation functions obtained combining
Eqgs. (8) to (10) with the geometrical spreading function defined in Eq. (5). Figure 9 shows the spectral amplitudes versus hypocentral
distance at 0.9 Hz (top), 5.3 Hz (middle) and 15.8 Hz (bottom). The functions labeled H1 (red continuous line), H2 (red dashed line) and
H3 (red dotted line) correspond to Eqgs. (8), (2) and ( 10 ), respectively, and the triangles the attenuation functions calculated with the

average Qg (Egs. (5) and (7)). For comparison purposes - it is assumed that either the whole ray path is along the first layer of the

1D model (model H1), that the seismic rays travel along the second layer, between 5 and 10 km depth (model H2), or for model H3 that
the rays travel along the 10—15 km depth layer. For shallow ray paths (depths less than 4 km), the first low-Q layer (H1 model) predicts a
more rapid decay of amplitudes with distance than the other models. Models H2 and H3 predict practically the same amplitude decay with
distance for the three frequencies considered. For f= 0.9 Hz, the H2 and H3 models predict less attenuation than the observed NAF for
hypocenter distances less than 100 km, but the average attenuation (triangles) follows the observed attenuation closely for R <80 km. One
possible explanation for this feature is that the NAF represent the average attenuation from source-station paths traveling along different
crustal depths, and the 1D models H2 and H3 do not account for the contribution of the superficial layer to the total attenuation. At 0.9
Hz, model MALI11 predicts less attenuation than the other models, and the PAC16 model gives amplitude values closer to the observed
NAF than the other models. At 5.3 Hz, model MALI11 is like H2 and H3 models, and the three models underestimate the observed
attenuation by a factor between 1.14 and 2.21 in the 10—155 km distance range. However, the average attenuation (triangles) follows the
observed attenuation better than all the other models. Models BNDO9 and PAC16 are similar up to 70 km. Beyond 70 km, BND09
overestimates the attenuation between a factor of 1.13 and 4.0, and PAC16 follows the observed NAF closer. At 15.8 Hz, models H2 and
H3 underestimate the attenuation by a factor between 1.5 and 30 because they do not consider the low Q value of the first layer of the 1D
model. The average attenuation function (triangles) follows the trend of model H3 and does not fit the observed attenuation (blue line)

because at high frequencies (> 10 Hz), Q is approximately independent of frequency (Bindi et al., 2004 ; Castro et al., 2004 ) and Eq. (7)

is a linear fit of the three-layer average Q. At high frequencies (f> 10 Hz), and at 15.8 Hz, a constant | = 367| (as in Fig. 7) fits the

observed attenuation better. The bottom frame in Fig. 9 shows with stars the attenuation function calculated with Eq. (5 ) and a constant

O =367. The other models follow the observed NAF up to about 50 km and all tend to overestimate the attenuation by a factor between
1.1 and 25.6. Model H1 overestimates the amplitude decay above 40 km because the effects of layers 2 and 3 are not considered. At low
frequency (e.g. 0.9 Hz), the wave lengths are longer, the waves penetrate deeper and layers 2 and 3 have stronger effect on the amplitude
decay, while at high frequencies (15.8 Hz), short-wavelength waves are more affected by the near-surface Q value of the first layer of the
1D model. The main causes of the differences between our 1D model results and those reported by other authors include: the different
crustal volume sampled by the different data sets, which can impact the average value of Q obtained; and the different geometrical
spreading functions adopted by other authors. For instance, at 0.9 Hz and » < 10 km, all the attenuation curves, except for H1, are similar
because the geometrical spreading used is approximately the same (G(r) ~ 1/7). The attenuation function calculated with model H1 is
different because Q is lower than that used for the other models (e.g. a factor of 23 lower than the MAL11 model). For »> 30 km, the
MALI11 model predicts less attenuation than the other models because G(r) ~ 0.03(/30) *7, while BNDO09, for -instance, uses G(r) =
8.5/r.
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Comparison of observed NAF (blue lines) with hypocentral distance at 0.9 Hz (top), 5.3 Hz (middle) and 15.8 Hz (bottom) with different
attenuation models: light gray lines from Bindi et al. (2009), gray from Malagnini et al. (2011 ) and black from Pacor et al. (2016). The red

continuous lines are the amplitude values calculated with Eq. (8), the dashed lines with Eq. (9) and the dotted lines with Eq. (10) that
correspond to Q in the first (h <4 km), second (4—10 km) and third layer (5—15 km) of our model, respectively. The triangles are the average

attenuation calculated with Eqgs. (5) and (7)), and the stars are the average attenuation for the 15.8 Hz (bottom frame) attenuation function

calculated with a constant 0 =367 and Eq. (5)
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5.4. Effects of the Depth-Dependent Q on Source Spectra

To illustrate the effects of the depth-dependent O model on the spectral amplitudes, we can compare it with the theoretical attenuation

resulting from a uniform Q model:

15
As (fy1) = A=/

We assume vertical incidence and make 4, =1, » =9 km and average values of Q given by Eq. (7) and an average shear-wave velocity v
=3.09 km/s. For the 1D Qg model, the seismic ray travels 5 km in the second layer of the model and 4 km in the low-Q layer. We use Egs.
(8) and (92) for the values of Q in the first and second layer, respectively. The S-wave velocities for the first and second layers are 2.7

km/s and 3.35 km/s, respectively. At low frequencies (f <4 Hz), the depth-dependent Q model reduces the spectral amplitudes by a factor
between 1.4 and 2.7, while the average model reduces the amplitudes by a factor between 1.2 and 1.3. At high frequencies (10-20 Hz),

the 1D average O model (Eqs. 8, 9) reduces the amplitudes by a factor between 1.6 and 1.7, but if we use instead Eqgs. (92) and ( 14 ), the

amplitudes are reduced by a factor between 1.5 and 2.1. In contrast, the average O model (Eq. 7) reduces the amplitudes by a factor of

only 1.3. Thus, we expect that at short hypocentral distances, the depth-dependent O model will have a strong effect at low frequencies
(an amplitude reduction of more than 40%) and less significant effect at high frequencies (amplitude reduction of less than 60%). This
observation can explain why the corner frequency estimated for large- and moderate-size earthquakes may tend to be smaller than the

actual value, as explained below.

As mentioned previously, stress drop scaling in the L’ Aquila region may be controlled by earthquake focal depth (Pacor et al., 2016).
Since the attenuation plays an important role in the evaluation of source parameters, we analyze the effect of the O correction on the
source spectra by calculating the source acceleration spectra predicted for a magnitude M, 3.5 event using the EI model (Brune, 1970)
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vertical incidence and using and average (J value (Eq. 7)) and the 1D ¢ model. Because of the short distances considered, the source

spectra corrected with the average Q closely follow the original source function. However, when we correct the source function with the

1D QO model, the spectral amplitudes are attenuated considerably more. In the first case (at 5 km), most of the travel path is within the
low-Q layer of the model, and Eq. ( 8 ) dominates the attenuation. For the 9 km hypocenter distance we used Eq. (9) for the first 5 km of
the wave path and Eq. (&) for the last 4 km. At 10 Hz, for instance, the use of an average crustal Q reduces the amplitude of the source
function by about 20%, while the 1D Q model reduces the spectral amplitude by 43% at the same frequency. Table 2 lists the corner

frequency of the source acceleration spectra after the O correction using the depth-dependent attenuation model and the average Q for

different hypocentral distances. The stress drop (Ao pg|) was calculated with the Brune (1970) model using (Singh & Ordaz, 1994 ):

16

where f is the corner frequency, = 3.0 km/s is the average shear-wave velocity and M= 2.2387 x 10'* N-m is the seismic moment for
an M, = 3.5 earthquake. The corner frequency was estimated following Andrews (1986) as:

f. = %, /SV/SD

17

where
Table 2

Corner frequency and stress drop estimates using the 1D Q model and the average Q for an M, = 3.5 event

Hypocentral distance (km) Corner frequency (Hz) Stress drop (MPa)

5 3.73 3.7 1D

5 2.94 1.8 Average
9 3.67 35 1D

9 2.89 1.7 Average
40 6.35 18.0 1D

40 2.99 1.9 Average

18
SD=2/0°°D2(f)df

19
SV=2/000V2(f)df

D(f) and V(f) are the displacement and velocity source spectra, respectively. The corner frequency changes 21% by using the average O
instead of the 1D O model for hypocentral distances between 5 and 9 km, for vertical incidence (epicentral distance zero). The 9 km

corresponds to the focal depth where most of the events were recorded (Fig. 2), and it is within the likely depth of the seismogenic zone
in central Italy (between 8 and 10 km). The stress drop remains approximately constant between 5 and 9 km depth for the same magnitude
event regardless of the Q correction (Table 2 ). This indicates that the variations of Q have little effect on the stress drop dependence on
depth.

For a hypocentral distance of 40 km and a focal depth of 9 km, the rays travel half of their path along the second layer of the model, at
3.35 km/s (Table 1), and the other half along the 2.7 km/s layer. In this case, f, and the stress drop change 53% and 90%, respectively,

when using the 1D O model instead of the average Q. These results emphasize the importance of using the 1D Q model, particularly for
events with shallow focal depth (less than 10 km) and large hypocentral distances (greater than 40 km).

6. Conclusions

We determine a depth-dependent Og model for S waves in central Italy, and we find that Qg increases with frequency at depths greater than
4 km, and it has lower values at shallow depths (Fig. 6). At shallow depths (H <4 km) and high frequencies (f> 10 Hz), O becomes
frequency-independent in this region, as reported in previous studies (Castro et al., 2000, 2002, 2004 and Bindi et al., 2004). At low

frequency (0.5 Hz), Qg is smaller by a factor of 12 at depths less than 4 km, and at high frequency (20 Hz), smaller by a factor of about 4

than Qg between 4 and 15 km depth. The average value of Qg is consistent with previous studies made in this region of Italy and can be
4 11 ~ Aﬂﬂ.9[‘,,l\!’/t/1f\1’1’,[‘,,‘l,‘,‘l,,,{‘,,,, R S e A 4 ,,,,,A arrk ot a1 1 S B

© §@gér I\rlre;ture



http://www.springer.com/

1UllVLIVULIID ULLLLVLI., YYLU vvalualy uuiv ll\./\alu\./ll\./)’ uuy\.uuvuuu AV zs yviuil U\JPIJI, aAllu vVvuy 1111U UiV 1V11v vy 1115 i1viauivilo. zs 7 J.JJ

Hz) and Qg = 151 (f> 10 Hz) for 0-4 km; Qg = 52.4/"% (

0.5 < <20

\WVev >y S Ly

Hz) for 4-10 km; and Qg = 50.67"° (

0.5 < £ <20

Hz) for 10-15

km depth. The low values of Qg in the near-surface layer are probably related to several factors: the complex crustal structure that

combines shallow faults that are evidenced by earthquakes with focal depths less than 5 km (Chiaraluche et al., 2017); valleys filled with

low-shear-velocity sediments, like the Colfiorito basin (Sano et al., 1998); and rocks damaged during the earthquake sequences (Bonini et

al., 2019; Civico et al., 2018). Based on the theoretical comparison of O, we conclude that the depth-dependent O model has a strong

effect at low to intermediate frequencies, where source parameters are estimated, and a lower effect at high frequencies (> 10 Hz). Since

the total attenuation of § waves traveling in a stratified crust is the product of the combined effect of Q in each layer, it is important to use

O depth-dependent corrections to evaluate ground motions generated by earthquakes.
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