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21 ABSTRACT
22
gi We derive S-wave attenuation characteristics, earthquake source parameters and
22 site amplification functions at seismic stations used for earthquake early warning in
27
28 the Irpinia-Basilicata region, using non-parametric spectral inversion of seismograms
29
22 from 49 local events with M =1.5-3.1. We obtain relatively low Q-values (Q,=28 at a
32
33 frequency of 1 Hz) in conjunction with a strong frequency-dependence (close to
34
gg linear). The source spectra can be satisfactorily modeled using the omega-square
37 . . , .
38 model, with stress drops ranging between 0.01-2 MPa, and in the narrow magnitude
39
j‘i range available for analysis, the source spectra seem to scale self-similarly. The local
42 . . . . . .
43 magnitude M shows a linear correlation with moment magnitude My, however with
44
45 a systematic underestimation by about 0.5 magnitude units. The results obtained in
46
jg this work provide important insights into the ground motion characteristics that are
49
50 required for appropriate seismic hazard assessment and are of practical relevance for
51
gg a suite of applications, such as the calibration of ground-motion prediction equations
54 . . e . :
55 or the correction for site amplification in earthquake early warning and rapid
56
gg calculation of shake-maps for seismic emergency management.
59
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61
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The southern Apennines represent an active tectonic region within Italy that
accommodates differential motions between the Adria and Tyrrhenian microplates,
responsible for almost all of the seismicity occurring in this region. Recent in situ stress
data research (Montone et al., 2004) and seismological data analysis indicate that an
extensional stress regime is prevalent in the southern Apennines, and that the seismic
activity is confined to the narrow upper-crustal seismic zone. In particular, two main
clusters of crustal earthquakes may be identified: the westernmost cluster with shallow
earthquakes (depths < 20 km) along the axis chain (Irpinia area) and the easternmost cluster
with deeper earthquakes (about 20-40 km) located on the outer margin of the chain
(Potentino area) and the foredeep. The earthquakes in these two clusters show different
focal mechanisms indicating a pure extensional regime to the west (Irpinia) and a strike-slip

regime to the east (Potentino).

During the last century, three large earthquakes with magnitudes greater than 6 have
occurred in the Irpinia-Basilicata region: the 1930 M 6.7 Irpinia earthquake (Emolo et al.,
2004), the 1962 M 6.2 Irpinia earthquake (Westaway, 1987), and the 1980 M 6.9 Irpinia-
Basilicata earthquake (Westaway and Jackson, 1987; Bernard and Zollo, 1989; Pantosti and
Valensise, 1990). Particularly the 1980 Irpinia-Basilicata earthquake caused catastrophic
damage throughout the region, resulting in about 3,000 fatalities. Today, seismicity is
mainly concentrated within or close to the fault system associated with the 1980 Irpinia-
Basilicata earthquake and several moderate-size events occurred in recent years, such as the
1990 and 1991 Potenza earthquakes (M 5.4 and 5.1, within the deeper strike-slip zone) and
the 1996 event (M 4.9). This recent seismic activity provides clear indications that the
Irpinia-Basilicata region still represents a region of high seismic risk, now and in the future

(Cinti et al., 2004).
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In response to this threat, an earthquake early warning system prototype is in
development in the Campania-Lucania region, the core of which is made up of the dense
Irpinia Seismic Network (ISNet) recently installed along the southern Apennines chain
(Figure 1). It is equipped with sensors that can provide high-quality recordings of both
weak motions from small-magnitude events as well as strong ground shaking, thus enabling
scientists to retrieve information about the rupture processes and to obtain insights into the
scaling relationships between small and large events (Convertito et al., 2009). The network
consists of 27 seismic instruments and covers an area of approximately 100x70 km? and
has been especially designed to provide optimal coverage of the active fault system that
generated the November 23 1980 Irpinia earthquake (Weber et al., 2007). Each station is
equipped with a strong-motion accelerometer (Guralp CMG-5T) and a short period three-
component seismometer (Geotech S13-J with natural period of 1 second), thus covering the

entire necessitated dynamic recording range.

The ISNet seismic network was installed with the purpose of monitoring in real-time
the potential source region of destructive earthquakes (i.e., the region around the source
zone of the 1980 event) that, beyond the evident threat that these pose within the immediate
source area, also represent a serious danger to the city of Naples and the densely populated
coast. Thus, it is of utmost importance to provide the best possible characterization of the
seismic recordings obtained at this local-scale network. One major aim of the work
presented in this article is therefore to characterize the frequency-dependent site response
for the ISNet stations by applying the generalized inversion technique (GIT) to the Fourier
amplitude spectra (FAS) of ground motion. In addition to the information on site response,
this technique provides us with insights into seismic attenuation characteristics within the

area covered by the network as well as source spectra of the utilized events, parameters that
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are of considerable importance to better understand seismic ground motions in the area.

We first provide an overview of the dataset and the applied methodology, followed by
a discussion of seismic attenuation and, in particular, its frequency-dependence. From the
source spectra, we investigate the scaling characteristics in the available magnitude range,
derive the stress drops of the events and discuss the scaling relation between local and
moment magnitude. Finally, the site response functions for the ISNet stations are discussed

and compared to the H/V spectral ratios calculated directly from the ground motion spectra.

DATASET

Seismograms from 49 local earthquakes that occurred between February 2006 and
November 2008 recorded by the short-period sensors of 22 ISNet stations constitute the
basis of our analysis. Data were recorded with a sampling rate of 125 samples per second,
and we only considered events and stations with at least 3 available recordings. For most
earthquakes and stations, however, more than 5 respectively 10 records could be used.
Figure 2 shows the station locations, the epicenters of the selected events and the source-
station travel paths, which together show a satisfactory coverage of the area inside the
network. The hypocentral distances range from 5 to 83 km with best coverage between 10
to 65 km (Figure 3a), and the focal depths of the events are all shallower than 30 km. The
covered magnitude range is rather narrow (1.5<M;<3.1) (Figure 3b), with the largest

number of events in the range M =1.5-2.5.

The records were baseline corrected, the effect of instrumental response was removed
and the resulting seismograms were finally high-pass filtered applying a four-pole
Butterworth filter with corner frequency 0.2 Hz. For the purpose of our analysis, only the S-
wave portions of the records were used. Time windows starting 1 sec before the S-wave

onset (picked on the horizontal components) with a length of 5 sec were extracted. Before
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calculation of the FAS, the beginning and end of each window were tapered with a 5%
cosine window and the computed spectra were smoothed around 40 frequency points
equally spaced on logarithmic scale between 1 and 30 Hz using the smoothing function
proposed by Konno and Ohmachi (1998) with b = 40. Pre-event noise windows with the
same length as the S-wave windows were used to compute the signal-to-noise (SNR) ratio
and at each frequency point, only records with a SNR higher than 3 were considered. Due
to this SNR-based selection, the number of data points entering the inversion is slightly
different at each frequency. Finally, the horizontal- component spectra were combined to

their root-mean-square (rms) average.

METHODS
In order to separate source spectra, attenuation characteristics and site response
functions from one another, we applied a two-step non-parametric spectral inversion
scheme as originally proposed by Castro et al. (1990) (termed below as generalized
inversion technique, GIT) to the velocity spectra of the ISNet S-wave records. We applied
the GIT inversion both to horizontal and vertical components and compared the site
response functions obtained by the GIT inversion with the H/V ratios calculated directly

from the observed ground motion spectra at each station.
Generalized inversion technique (GIT)

Since the applied GIT approach is commonly used in the literature (e.g. Castro et al.,
1990; Parolai et al., 2000, 2004; Oth et al., 2008, 2009), we limit our discussion on the
methodology to the basic concept and refer the reader to the latter publications for the
details. We followed the two-step procedure introduced by Castro et al. (1990): in the first

step, the dependence of the spectral amplitudes on distance for a given frequency f is given

by
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Uij(f,ﬁj)=A(f’ﬁj)'§i(f), (1)

where Uj(f, rij) represents the observed spectral amplitude at the i-th station resulting from

the j-th earthquake, rj; is the source-site distance, A(f, rj) is the non-parametric attenuation

function, and Sl'(f) is a scalar factor that depends on the size of the j-th source. In this
model, the functional form of A(f, r;j) is not pre-defined and implicitly includes all effects
causing attenuation along the travel path (geometrical spreading, anelasticity, scattering,
etc.). Since the properties causing attenuation within the Earth’s crust are thought to vary
slowly with distance, A(f, rj) is constrained to be a smooth decaying function with distance
r and to take the value A(f, Ro) = 1 at a specific reference distance Ry (5 km in our case).
Site effects are not included in the formulation given by equation (1) and are supposed to be
primarily absorbed into the residuals of the observed ground motion spectra from this

parameterization.

For N spectral records, equation (1) represents a linear system of N equations, which
is formed for each frequency analyzed by taking the logarithm. The system of equations is
solved using singular value decomposition (Menke, 1989), providing us with discretized (in

bins of 2 km) attenuation functions A(f, r;;) and the source scaling factors.

Estimates of the quality factor can be obtained through fitting a parametric model to
A(f, r):
xfr
A(f,r)=G(r)exp| —

QF)vs ) @

Herein, Q(f) is the S-wave quality factor, vs the average shear wave velocity and G(r)

represents the geometrical spreading function. Since at distances larger than 70 km the

attenuation functions are only constrained by very few data points, we only used the
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attenuation functions within distances lower than 70 km to derive Q(f), setting the
geometrical spreading function to G(r)=5/r. From equation (2), Q(f) can be evaluated from

the slope of a linear least-squares fit to log A(f,r)-log G(r) versus distance. Finally, we
investigate the frequency dependence of Q assuming a model of the form O() =0 f N.

After the attenuation functions A(f, r;;) have been determined, the spectral amplitudes
at each frequency are corrected for the effect of seismic attenuation and in the second
inversion step, the corrected spectra are separated into source and site effects (Andrews,

1986):

Ry(f)=5,(f)-Z,(f) 3)

Here, R, (1) =Uy(f, 5/)/A(f, rff)are the residual spectral amplitudes after correction
for path effects, Sj(f) is the source spectrum of the j-th earthquake, and Zi(f) the site
amplification function at the i-th station. Equation (3) can be linearized as well by applying

the logarithm.

As noted by Andrews (1986), equation (3) still contains one undetermined degree of
freedom due to the linear dependence between site and source terms. This degree of
freedom must be fixed by setting a reference condition either for at least one source or one
site in the dataset. Usually, the site response of a rock site is fixed to one (respectively zero
in logso), irrespective of frequency, or the average site response at a set of competent sites is

set to unity.

We solved the second inversion by constraining the logarithm of the site
amplification of a reference site to zero. We adopted station AND3 as the reference site
because it is located on outcropping bedrock and the H/V ratio at this station is flat and

almost equal to one over the entire analyzed frequency range (Figure 4), except at the

7
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lowest frequencies where there is a slight increase to a factor of about two. In order to
evaluate the stability of the solution and estimate standard errors for the model parameters,
we performed 200 bootstrap inversions (Efron and Tibshirani, 1994) for each of the 40
frequency points following the same procedure as used by Parolai et al. (2000, 2004) and
Oth et al. (2008, 2009). From the 200 bootstrap samples, the mean and standard error were

calculated for each model parameter.
H/V ratios of earthquake data

The GIT site responses have been compared with those calculated by horizontal-to-
vertical (H/V) ratios derived from earthquake data. The H/V method, originally introduced
by Nakamura (1989) to interpret microtremor recordings, has become a very popular tool in
site response estimation in recent years. Lermo and Chavez-Garcia (1993) first applied this
technique to the S-wave part of earthquake recordings as well. The H/V method, in analogy
to the so-called receiver-function technique used to investigate the crustal and upper mantle
structures from teleseismic records (Langston, 1979), assumes that the vertical component
of ground motion is mainly controlled by source and attenuation effects and is not very
sensitive to local site amplification. Thus, by deconvolving, or dividing in the frequency
domain, the vertical component from the horizontal one, an estimate of the site response
function can be obtained. Because the S-wave amplification at the surface depends on the
angle of incidence (Lermo and Chavez-Garcia, 1993), it is necessary to average over a
sufficient number of events distributed around the station of interest with good azimuthal

and distance coverage in order to obtain stable estimates (Parolai et al., 2004).

Generally, comparisons of site response functions obtained with different techniques
(e.g., Field and Jacob, 1995; Bonilla et al., 1997; Parolai et al., 2004) have shown that the

H/V method provides a good estimate of the fundamental frequency of resonance, but
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underestimates the level of amplification with respect to the GIT. Recently, Parolai and
Richwalski (2004) showed that the observed differences in the estimated amplifications
obtained applying different techniques could be linked to S-P conversions at the bottom of

the soft layer in the case of high impedance contrasts.

RESULTS

Attenuation characteristics

The obtained non-parametric attenuation functions at all 40 frequency points are
depicted in Figure 5a, color-coded with respect to their frequency, while in Figure 5b, two
of the attenuation curves are depicted together with their estimated standard deviation from
the bootstrap analysis. The latter plot shows that in general the attenuation curves are well
constrained. The functions depict a relatively simple shape, being all monotonically
decaying with a change in the rate of amplitude decay for hypocentral distances between 20
and 50 km at higher frequencies. Below 20 km distance, the high frequencies show a
stronger decay with distance, while between 20 and 50 km, the slope of the attenuation

curves adjusts to be very similar for almost the entire frequency band.

Figure 6 shows the values of Q(f) estimated for all frequencies using equation (2) (the

vertical error bars indicate the regressional error of fit) and the least-squares fit of a relation

of the form () = Q" obtained with these values (solid black line). As can be seen from
Figure 6, the frequency-dependence of Q(f) can be well approximated with a power-law

dependency given as:
_ 0.87
O(f) =283/ 4)

We thus find a rather strong frequency-dependence of the quality factor in the region.

Other models derived for different regions in Italy, including southern Italy where the
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region under investigation by this study is located, are indicated in Figure 6 as well (within

the overlap of the frequency range of their validity and the range 1-30 Hz of our study, see

also Table 1). In particular, Castro et al. (2004b) derived the relationship o(f)=32.1f™
from a dataset of 32 earthquakes recorded at 4 stations of the Basilicata seismic network.
They obtained a much stronger frequency-dependence with N>1, while in contrast the
value of Qo is rather close to the one found here. Castro et al. (2008) corroborated the
results of Castro et al. (2004b), using a significantly extended dataset from the same
seismic network. They furthermore used a more sophisticate analysis procedure on their
non-parametric attenuation curves, providing separate estimations of upper und lower
crustal attenuation characteristics in the frequency range 1-25 Hz. Assuming body-wave

geometrical spreading (o1/r) over the first 50 km, they obtained the Q-model

o) :18'8f1'7for the upper crust (depth < 13 km). While this frequency dependence is
identical to one obtained by Castro et al. (2004b), attenuation is slightly larger at all
frequencies due to the lower Qo value (18.8 vs. 32.1). Considering however the typical
uncertainty ranges in determining such Q(f) models, the results of both studies are highly
consistent with one another, and we only list the result of Castro et al. (2004b) in Table 1
and Figure 6. Another study covering the region of interest investigated coda-Q in the
frequency range 1-12 Hz (Bianco et al., 2002) and the authors found from a multi lapse
time window analysis that intrinsic Q seems to dominate with respect to scattering Q in the
area. Other Q-models have been reported for different regions of Italy by Rovelli et al.
(1988), Malagnini et al. (2000) and Castro et al. (2004a,b), and the one that matches our
results most closely is the model for Umbria given by Castro et al. (2004a), with a
frequency-dependence N=1.2. It is important to point out that due to the trade-off between

Q and the geometrical spreading function, a reliable comparison between the different

10
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models only makes sense if the estimates of Q are made using similar geometrical
spreading functions. Moreover, it should be noted that the data used to retrieve the
attenuation models listed in Table 1 sample different frequency bands and different crustal
volumes. The studies by Malagnini et al. (2000) and Rovelli et al. (1988) sample for
instance large regions such as the entire Apennines or the entirety of southern Italy. In
contrast, our results are related to a small area limited by the extent of the ISNet network,
and also Bianco et al. (2002) analyzed data from a much larger area surrounding the ISNet
network. This limitation of our study to the small region covered by the ISNet network can
however also be seen as an advantage in the sense that with the derived attenuation
functions, we provide a means for reliable and consistent attenuation correction for events
occurring in close proximity or within the network, avoiding a bias in source parameter or

site response estimation due to inappropriate attenuation correction.
Source spectra

In order to remove the undetermined degree of freedom when separating source
spectra and sites response from the attenuation-corrected spectral amplitudes as described
by equation (3), we fixed the site response at the reference station AND3 to unity,
irrespective of frequency. Since with the non-parametric attenuation functions discussed
above we can only correct for attenuation up the reference distance of 5 km (i.e. the lowest
distance in our dataset), the obtained source spectra from the second inversion step are also

given at the reference distance of 5 km.

We did not include a term accounting for potential high-frequency decay due to the
exponential k-operator (Anderson and Hough, 1984) in the reference condition, and it may
therefore be the case that some high-frequency decay due to near-surface high-frequency

diminution at the reference site is systematically shifted into the source spectra. In order to

11
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investigate this issue, we plot the source spectra in acceleration (Figure 7a) and visually
checked the high-frequency part of the spectra. As can be seen from Figure 7a, the
acceleration source spectra generally show a clear plateau-like structure at highest
frequencies, as would be expected in the case the w?-model (Brune, 1970, 1971) is valid.
Thus we cannot see any clear indication that a systematic high-frequency decay is moved
into the source contributions. There is one systematic through appearing in the source
spectra at a frequency of about 22-23 Hz, which may be due to an amplification effect at

the reference station not accounted for in the inversion constraint.

In order to derive the source parameters (i.e. seismic moments and corner
frequencies) of the 49 earthquakes in our dataset, we fitted the w?-model to the inverted
source spectra (in acceleration, using the results from the horizontal component inversion)
using non-linear least squares:

: -1
RYVF f?
SN =Q@pf) 5 M, '{“—2
4prvgR, Je 5
: (®)
where R% is the average radiation pattern set to 0.55, Vzl/\/E accounts for the separation
of S-wave energy on two horizontal components, F=2 is the free surface amplification,

% is the density, and vs = 3.3 km/sec is the estimated average shear-wave

p=2.8 g/cm
velocity in the source region. Ry=5 km represents the reference distance, My denotes the
seismic moment, and fc is the corner frequency. Finally, we compute stress drop estimates

from the moment and corner frequencies following Hanks and Thatcher (1972):
(6)

12
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The ” fits to the inverted source spectra are indicated in Figure 7a as dashed green
lines, showing that the source spectra can satisfactorily be explained using the w?-model.
Figure 7b shows corner frequency plotted versus seismic moment (on a log-log scale), with
the regressional errors of fit (obtained when fitting equation (5) to the source spectra)

indicated as horizontal respectively vertical error bars. In the case of self-similar scaling,

the relationship My p £ holds and the slope of a fitted straight line in Figure 7b should
be close to -1/3. Indeed, we note that this is approximately the case, but at the same time, it
is clear that the magnitude range under investigation in this article is much too small to
draw any general conclusions on this issue. The stress drops derived using equation (6)
range between 0.01 and 2 MPa (Figure 7c). While this is still within the bounds generally
found for crustal earthquakes (~0.1-100 MPa, e.g. Kanamori, 1994), the values clearly
range at the bottom of this range, indicating comparatively low stress drops for the small
earthquakes in this area. Since earthquakes with low stress drops radiate only little high-
frequency energy as compared with high stress drop events, this observation can also
explain the fact that the local magnitude M, generally underestimates the moment
magnitude My, by about 0.5 magnitude units, but is otherwise approximately linearly

correlated with the latter (Figure 7d).
Site response

Based on the local geological conditions, the stations were divided into three groups,
depending on whether they are located on alluvial deposits, debris or colluvial deposits,
respectively rock. The geologic characteristics of the sites correspond to the following
approximate classification: soft soil, stiff soil and rock (Table 2). The GIT horizontal
component site response functions are shown in Figure 8 for six exemplary stations, with
two stations from each group. As mentioned earlier, station AND3 (not shown in Figure 7)

13
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was chosen as the reference site, assuming a site response of unity, irrespective of
frequency, since this station is classified as a hard rock site and the H/V ratio is roughly flat

and approximately equal to one over the entire analyzed frequency band (Figure 4).

Figure 8 shows that in general the obtained site response functions are well
constrained, with only small standard deviations resulting from the bootstrap analysis.
Overall, the rock sites show as expected lower values of the site response functions over the
entire frequency band than stiff and soft soil sites, with no evident predominant frequency
peaks. However, it can be clearly seen that also stations located on rock outcrops are not
completely devoid of amplification effects (e.g. station VDS3), which may be linked to the
weathered and fractured nature of the surface layers and to the shear-wave velocity gradient
(e.g. Theodulidis and Bard, 1995; Steidl et al., 1996). On the other hand, stations classified
as soft soil and stiff soil generally show more prominent amplification effects, with
amplification peaks at some given distinct frequencies (e.g. 4-5 Hz at station CLT3, 8 Hz at
station PGN3). The most significant amplification effects were obtained at station CMP3,

attaining a factor of about 14 at frequencies of about 8 and 12 Hz.

We also carried out a GIT inversion for the vertical (Z) component using the same S-
wave windows as chosen for the horizontal (H) one, and in order to corroborate the site
amplification functions obtained from the inversion, we calculated the H/V ratios directly
from the observed ground motion spectra as well. For the Z component GIT inversion, we
used the same reference condition as for the H component, i.e. the site response at station

ANDZ3 is set to unity, irrespective of frequency.

Figure 9 shows the comparison of the GIT H/Z ratio (i.e. the horizontal-to-vertical
ratio of the GIT site response functions, solid black line) and the H/V ratios (solid black

line with circles) for the same six stations as depicted in Figure 8. The individual GIT site

14
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amplification functions for the H (same as shown in Figure 8) and Z components are
indicated as well (grey lines with inverted triangles and squares, respectively). A first
observation is that the GIT H/Z ratio can satisfactorily explain the main features observed
in the H/V ratios (see for instance the peak at 4-5 Hz for station CLT3), with some
discrepancies only at low frequencies. These discrepancies may be linked to the fact that,
due to the reference condition, the GIT H/Z ratio at station AND3 is equal to unity, while at
the lowest frequencies, the H/V ratio observed at station AND3 starts to rise to about a
factor of two. Therefore, it is expectable that the GIT H/Z ratios slightly underestimate the

H/V ratios at low frequencies.

Another striking observation is given by the fact that the GIT site response function
of the Z component shows remarkable amplification effects for some stations (e.g. CMP3),
with the maximum of amplification shifted to higher frequencies as compared with the H
component. In such cases, the H/V ratio shows significant differences with the GIT H
amplification function, and as Parolai and Richwalski (2004) showed, this effect can be
linked to S-P conversions at the bottom of the soft layer in the case of high-impedance
contrasts, leading to a reduction of the H/V amplitude due to the amplification of the
vertical component at frequencies higher than the fundamental one. Such high-frequency
amplification effects on the GIT Z component could also result if significant direct P-wave
energy is included in the chosen S-wave windows. This situation could occur if, by
selecting a time windows starting 1 sec before the S-wave onset, some late compressional
phases with significant amplitudes compared to the high-frequency S-wave part, or in the
worst case at stations close to the considered source, the entire P-wave arrival were
included the S-wave signal window. This effect is however not expected to be significant in

our case, since the hypocentral distances are always larger than 5 km (which roughly

15
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corresponds to a minimum S-P travel time difference of 1 sec for typical upper crustal P-
wave velocities), with most data points obtained at hypocentral distances of 10 km or
larger. Furthermore, in the framework of the GIT methodology, the separation of source
spectra and site response relies on a set of records sampling different distances for each
earthquake and station. Finally, for stations showing only little amplification of the Z
component (e.g. CLT3 or CSG3), the H/V ratio provides an acceptable first order

approximation to the GIT H site response.

DISCUSSION AND CONCLUSIONS
Using the non-parametric GIT approach, we have investigated attenuation
characteristics, source spectra, and site response functions for the ISNet seismic network,
proving a means to better understand the influence of these different effects on ground

motion amplitudes.

We have determined non-parametric attenuation functions for 40 discrete frequencies
between 1 and 30 Hz. These functions generally show a relatively simple shape, with a
slight change in the rate of amplitude decay between 20 and 50 km. The quality factor Q

based on the S-wave part of the recordings shows a pronounced frequency-dependence

(close to linear), given byQ(f) = 28'3f0'87. This S-wave attenuation model differs from the
results of other authors reported for neighboring regions (Rovelli et al., 1988; Malagnini et
al., 2000; Bianco et al., 2002), and in particular shows a less severe frequency-dependence
than the results derived by Castro et al. (2004b, 2008) for southern Italy. However, as stated
above, it is important to keep in mind that the comparison of different models is
complicated by the fact that the data used to estimate them sample different frequency
bands and different crustal volumes. Nevertheless, the differences in Q estimates over the

range of different studies and regions under investigation indicate that a significant lateral
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variability in seismic attenuation characteristics exists in Italy. Indeed, Zolezzi et al. (2008),
performing an attenuation tomography study of the southern Apennines, showed for
instance that the attenuation structure clearly differs on the Tyrrhenian side with respect to

the Adriatic side of the southern Apennines chain.

The earthquake spectra corrected for attenuation were used to derive source
parameters following the w’-model (Brune, 1970, 1971), since the inverted source spectra
can be well explained with the w® spectral shape. The obtained corner frequencies and
seismic moments provide indications that at least in the narrow magnitude range under
investigation, self-similar scaling seems to hold almost perfectly. However, we
acknowledge that of course the magnitude range M =1.5-3.1 is by far to small to speculate
upon any general scaling characteristics of earthquakes in the region. The stress drops range
from 0.01 to about 2 MPa, which is close to the lower bounds typically observed for crustal
earthquakes (0.1-100 MPa, e.g. Kanamori, 1994). Thus, the earthquakes under investigation
in this study seem to show only rather weak high-frequency energy radiation. This
conclusion is also compatible with the observation that the local magnitude M, seems to

systematically underestimate My by about 0.5 magnitude units.

Finally, the results of the spectral inversion and the H/V analysis point out that only
few stations of the ISNet network are not noticeably affected by site effects. Such stations
are, as expected, located on rock sites. In addition, some stations located on what appears to
be competent rock show amplification in the high frequency range. This could be explained
by taking into account the effect of a near-surface, low-velocity layer due to the presence of
weathered rock, but also topographic effects might play a role. However, the unfortunately

rather poor knowledge of the geologic units below the stations does not allow for any
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definitive conclusion, and in order to better understand how the observed amplification

effects are caused in detail, geotechnical information of subsurface structure is required.

As we have shown, the maximum amplification is generally shifted to higher
frequencies in the Z component as compared with the H component, and in some cases,
significant amplification effects are visible on the Z component. In such cases, S-P
conversions at the bottom of the soft layer could explain the simultaneously observed
reduction of the H/V amplitude due to this amplification on the Z component at frequencies
higher than the fundamental one, causing an increased disagreement between the GIT H
site response and H/V ratio function. Summarizing our site response results, we can hence
state that our observations are in good agreement with previous studies, in particular also
with respect to the comparison of GIT and H/V site response estimates (e.g., Field and
Jacob, 1995; Bonilla et al., 1997; Parolai et al., 2004), which have shown that the H/V
method provides a good estimate of the fundamental frequency of resonance of S-waves,

but often underestimates the level of amplification with respect to the GIT approach.

On the basis of our findings, we finally conclude that the results presented in this
study allow for an improved characterization of the seismic recordings obtained by the
ISNet network. This characterization is of particular importance since the data streams
recorded by the ISNet network are intended for usage in real-time seismic information
systems (i.e., early warning and near real-time shake map estimation, lannaconne et al.,
2010), and our results provide a means to incorporate knowledge of the attenuation
structure, site effects modifying ground motions at the ISNet stations as well as potential

correction factors in magnitude estimation into these systems.
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TABLES

Table 1: S-wave attenuation models reported for Italy

Frequency range

Region (H2) Q-model Geometrical spreading Reference
Centrel r?rfpgrfm;z's 0.1<f<20 | Q) =100f Ur Rovelli et al. (1988)
r* r<30km
Entire Apennines 024<f<50 |Q(f)=130f% r’,30 <r<80 km Malagnini et al. (2000)
r°, r>80km
Umbria-Marche 03<f<95 Q) =31.2f"° 1/r Castro et al. (2004a)
_ 17 10/r°
Southern Italy 1.6<f<10 Q(f)=32.1f b=10+0.2 Castro et al. (2004b)
Irpinia-Basilicata 1<£<30 | QM) =27.1°% o This study

(southern ltaly)

(reference distance 5 km)

Table 2: List of stations with the respective geological underground classification

CGG3 stiff soil
LIO3 stiff soil
CMP3 stiff soil
TEO3 stiff soil
CLT3 soft soil
RDM3 stiff soil
coL3 stiff soil
SCL3 stiff soil
CSG3 rock
PST3 stiff soil
SNR3 rock
AND3 rock
VDP3 stiff soil
STN3 rock
NSC3 rock
PGN3 stiff soil
SRN3 soft soil
VDS3 rock
BEL3 soft soil
RSF3 stiff soil
AVG3 rock
MNT3 stiff soil
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FIGURE CAPTIONS

Figure 1. Stations of the ISNet seismic network used in this work. Grey circles indicate
rock, black triangles stiff soil and open squares soft soil sites (see also Table 2). The solid
black lines represent the surface projection of the three fault segments that ruptured during

the 23 November 1980 earthquake (M 6.9).

Figure 2. Station locations (triangles), traces of fault segments (solid black lines), and
source-station paths (grey lines) of the considered dataset. Two cross-sections through the

epicentral area (one with latitude, one with longitude) are depicted as well.

Figure 3. a) Local magnitude M versus hypocentral distrance R distribution for the dataset
used in the inversion. b) Number of events with given M, for the dataset used in the

inversion.

Figure 4. Average H/V ratio calculated at station AND3. The grey-shaded area indicates the
standard deviation. Note the approximately flat shape, with a slight rise above a value of 2

only at low frequencies.

Figure 5. a) Non-parametric attenuation functions (distance range 5-83 km) at 40
frequencies (1-30 Hz) obtained in the first step of the inversion scheme. The functions are
color-coded with respect to the corresponding frequency (see legend). b) Two of the
attenuation functions depicted in a) with their respective standard deviation from bootstrap

analysis indicated as grey-shaded areas.

Figure 6. Q(f) model derived from the analysis of the non-parametric attenuation functions
shown in Figure 5 (solid black line). Dots and error bars indicate the individual Q-values
obtained at each considered frequency, and the solid black line represents the fit to these

data points of the form Q(f)=Qof". Other models from the literature are indicated in their
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frequency range of validity (overlapping with our frequency range) for comparison (see

text).

Figure 7. Source results obtained from the spectral inversion. a) All source spectra (in
acceleration) as derived from the GIT inversion at a reference distance of Ro=5 km, color-
coded with respect to their M values. Green dashed lines indicate w? model fits. b) Corner
frequency versus seismic moment plot. The grey line indicates a log-linear fit, with a slope
close to the expected theoretical value of -1/3 in the case of self-similar scaling. c) Stress
drop values computed as given in equation (6). d) Local magnitude M, versus moment
magnitude My as estimated from the spectral fits shown in a). Note that M, systematically

underestimates My, by about 0.5 magnitude units.

Figure 8. Calculated GIT site response functions for six stations. The solid line indicates
the mean with the grey-shaded area depicting the standard deviation of 200 bootstrap
samples. The top panels are examples for stations classified as rock sites (see Table 2),
while the middle and bottom panels relate to stations classified as stiff and soft soil,

respectively.

Figure 9. Comparison of H/V ratios calculated directly from the ground motion spectra
(black lines with circles) and the GIT H/Z ratios (i.e. GIT site response on H component
divided by GIT site response on Z, black solid lines) for the same six stations as depicted in
Figure 8. The individual GIT site response functions for horizontal and vertical component

are indicated as well with grey lines with inverse triangles and squares, respectively.
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ABSTRACT
We derive S-wave attenuation characteristics, earthquake source parameters
and site amplification functions at seismic stations used for earthquake early warning

in the Irpinia-Basilicata region, using, non-parametric spectral inversion of

seismograms from 49 local events with M =1.5-3.1. We obtain relatively low Q-
values (Qo=28 at a frequency of 1 Hz) in conjunction with a strong frequency-

dependence (close to Jinear). The source spectra can be satisfactorily modeled using

the omega-square model, with stress drops ranging between 0.01-2 MPa, and in the
narrow magnitude range available for analysis, the source spectra seem to scale self-
similarly. The local magnitude My, shows a linear correlation with moment magnitude
My, however with a systematic underestimation by about 0.5 magnitude units. The
results obtained in this work provide important insights into the ground motion
characteristics that are required for appropriate seismic hazard assessment and are of
practical relevance for a suite of applications, such as the calibration of ground-
motion prediction equations or the correction for site amplification in earthquake
early warning and rapid calculation of shake-maps for seismic emergency

management.
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INTRODUCTION

The southern Apennines represent an active tectonic region within Italy that
accommodates differential motions between the Adria and Tyrrhenian microplates,
responsible for almost all of the seismicity occurring in this region. Recent in situ stress
data research (Montone et al., 2004) and seismological data analysis indicate that an
extensional stress regime is prevalent in the southern Apennines, and that the seismic
activity is confined to the narrow upper-crustal seismic zone. In particular, two main
clusters of crustal earthquakes may be identified: the westernmost cluster with shallow
earthquakes (depths < 20 km) along the axis chain (Irpinia area) and the easternmost cluster
with deeper earthquakes (about 20-40 km) located on the outer margin of the chain
(Potentino area) and the foredeep. The earthquakes in these two clusters show different

focal mechanisms, indicating a pure extensional regime to the west (Irpinia) and a strike-slip

regime to the east (Potentino).

During the last century, three large earthquakes with magnitudes greater than 6 have
occurred in the Irpinia-Basilicata region: the 1930 M 6.7 Irpinia earthquake (Emolo et al.,
2004), the 1962 M 6.2 Irpinia earthquake (Westaway, 1987), and the 1980 M 6.9 Irpinia-
Basilicata earthquake (Westaway and Jackson, 1987; Bernard and Zollo, 1989; Pantosti and
Valensise, 1990). Particularly the 1980 Irpinia-Basilicata earthquake caused catastrophic

damage throughout the region, resulting in about 3,000 fatalities. Today, seismicity is

mainly concentrated within or close to the fault system associated with the 1980 Irpinia-

Basilicata earthquake, and several moderate-size events occurred in recent years, such as the

1990 and 1991 Potenza earthquakes (M 5.4 and 5.1, within the deeper strike-slip zone) and, -
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(Cinti et al., 2004).

In response to this threat, an earthquake early warning system prototype is in,
development in the Campania-Lucania region, the core of which is made up of the dense
Irpinia Seismic Network (ISNet) recently installed along the southern Apennines chain
(Figure 1). It is equipped with sensors that can provide high-quality recordings of both
weak motions from small-magnitude events as well as strong ground shaking, thus enabling
scientists to retrieve information about the rupture processes and to obtain insights into the
scaling relationships between small and large events (Convertito et al., 2009). The network
consists of 27 seismic instruments and covers an area of approximately 100x70 ka' and

has been gspecially designed to provide optimal coverage of the active fault system that

generated the November 23 1980 Irpinia earthquake (Weber et al., 2007). Each station is
equipped with a strong-motion accelerometer (Guralp CMG-5T) and a short period three-
component seismometer (Geotech S13-J with natural period of 1 second), thus covering the

entire necessitated dynamic recording range.

Jhe ISNet seismic network was installed with the purpose of monitoring in real-time
the potential source region of destructive earthquakes (i.e., the region around the source

zone of the 1980 event) that, beyond the evident threat that these pose within the immediate

source area, also represent a serious danger to the city of Naples and the densely populated
coast. Thus, it is of utmost importance to provide the best possible characterization of the

seismic recordings obtained at this local-scale network. One major aim of the work

presented in this article is therefore to characterize the frequency-dependent site response

for the ISNet stations by applying the generalized inversion technique (GIT) to the Fourier

amplitude spectra (FAS) of ground motion. In addition to the information on site response, /

this technique provides us with insights into seismic attenuation characteristics within the ~
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area covered by the network as well as source spectra of the utilized events, parameters that

are of considerable importance to better understand seismic ground motions in the area.

We first provide an overview of the dataset and the applied methodology, followed
by a discussion of seismic attenuation and, in particular, its frequency-dependence. From
the source spectra, we investigate the scaling characteristics in the available magnitude
range, derive the stress drops of the events and discuss the scaling relation between local
and moment magnitude. Finally, the site response functions for the ISNet stations are
discussed and compared to the H/V spectral ratios calculated directly from the ground

motion spectra.

DATASET
Seismograms from 49 local earthquakes that occurred between February 2006 and
November 2008 recorded by the short-period sensors of 22 ISNet stations constitute the
basis of our analysis. Data were recorded with a sampling rate of 125 samples per second,
and we only considered events and stations with at least 3 available recordings. For most
earthquakes and stations, however, more than 5 respectively 10 records could be used.

Figure 2 shows the station locations, the epicenters of the selected events and the source-

station travel paths, which together show, a satisfactory coverage of the area inside the

network. The hypocentral distances range from 5 to 83 km with best coverage between 10

to 65 km (Figure 3a), and the focal depths of the events are all shallower than 30 km. The

covered magnitude range is rather narrow (1.5<My<3.1) (Figure 3b), with the largest

number of events in the range M;=1.5-2.5.

The records were baseline corrected, the effect of instrumental response was removed
and the resulting seismograms were finally high-pass filtered applying a four-pole

Butterworth filter with corner frequency 0.2 Hz. For the purpose of our analysis, only the
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S-wave portions of the records were used. Time windows starting 1 sec before the S-wave
onset (picked on the horizontal components) with a length of 5 sec were extracted. Before
calculation of the FAS, the beginning and end of each window were tapered with a 5%

cosine window, and the computed spectra were smoothed around 40 frequency points

equally spaced on logarithmic scale between 1 and 30 Hz using the smoothing function
proposed by Konno and Ohmachi (1998) with b = 40. Pre-event noise windows with the
same length as the S-wave windows were used to compute the signal-to-noise (SNR) ratio,
and at each frequency point, only records with a SNR higher than 3 were considered. Due
to this SNR-based selection, the number of data points entering the inversion is slightly
different at each frequency. Finally, the horizontal- component spectra were combined to

their root-mean-square (rms) average.

METHODS
In order to separate source spectra, attenuation characteristics and site response
functions from one another, we applied a two-step non-parametric spectral inversion
scheme as originally proposed by Castro et al. (1990) (termed below as generalized
inversion technique, GIT) to the velocity spectra of the ISNet S-wave records. We applied
the GIT inversion both to horizontal and vertical components and compared the site
response functions obtained by the GIT inversion with the H/V ratios calculated directly

from the observed ground motion spectra at each station.
Generalized inversion technique (GIT)

Since the applied GIT approach is commonly used in the literature (e.g. Castro et al.,
1990; Parolai et al., 2000, 2004; Oth et al., 2008, 2009), we limit our discussion on the
methodology to the basic concept and refer the reader to the latter publications for the

details. We followed the two-step procedure introduced by Castro et al. (1990): in the first
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step, the dependence of the spectral amplitudes on distance for a given frequency fis given

by
U,(fr)=A(f.1,)-S,(f), )

where Uj(f, r;) represents the observed spectral amplitude at the i-th station resulting from

the j-th earthquake, 7 is the source-site distance, A(f, 7;;) is the non-parametric attenuation
function, and S ;(f) is a scalar factor that depends on the size of the j-th source. In this

model, the functional form of A(f, r;) is not pre-defined and implicitly includes all effects
causing attenuation along the travel path (geometrical spreading, anelasticity, scattering,
etc.). Since the properties causing attenuation within the Earth’s crust are thought to vary
slowly with distance, A(f, ;) is constrained to be a smooth decaying function with distance
r and to take the value A(f, Ry) = 1 at a specific reference distance Ry (5 km in our case).
Site effects are not included in the formulation given by equation (1) and are supposed to be
primarily absorbed into the residuals of the observed ground motion spectra from this

parameterization.

For N spectral records, equation (1) represents a linear system of N equations, which
is formed for each frequency analyzed by taking the logarithm. The system of equations is
solved using singular value decomposition (Menke, 1989), providing us with discretized (in

bins of 2 km) attenuation functions A(f, r;;) and the source scaling factors.

Estimates of the quality factor can be obtained through fitting a parametric model to

Alf, r):

A(f.r)=G(r) exp[— Qfgvs j @
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Herein, Q(f) is the S-wave quality factor, vs the average shear wave velocity and G(r)
represents the geometrical spreading function. Since at distances larger than 70 km the
attenuation functions are only constrained by very few data points, we only used the
attenuation functions within distances lower than 70 km to derive Q(f), setting the
geometrical spreading function to G(r)=5/r. From equation (2), Q(f) can be evaluated from
the slope of a linear least-squares fit to log A(f,7)-log G(r) versus distance. Finally, we

investigate the frequency dependence of Q assuming a model of the form Q(f)=Q,f" .

After the attenuation functions A(f, r;) have been determined, the spectral amplitudes
at each frequency are corrected for the effect of seismic attenuation and in the second
inversion step, the corrected spectra are separated into source and site effects (Andrews,

1986):
R, (f)=S,(f)Z.(f). ©)

Here, R,(f)=U;(f.r,;) /A( f.r;) are the residual spectral amplitudes after correction

for path effects, Sj(f) is the source spectrum of the j-th earthquake, and Zi(f) the site
amplification function at the i-th station. Equation (3) can be linearized as well by applying

the logarithm.

As noted by Andrews (1986), equation (3) still contains one undetermined degree of
freedom due to the linear dependence between site and source terms. This degree of
freedom must be fixed by setting a reference condition either for at least one source or one
site in the dataset. Usually, the site response of a rock site is fixed to one (respectively zero
in logyo), irrespective of frequency, or the average site response at a set of competent sites is

set to unity.

We solved the second inversion by constraining the logarithm of the site
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amplification of a reference site to zero. We adopted station AND3 as the reference site
because it is located on outcropping bedrock and the H/V ratio at this station is flat and
almost equal to one over the entire analyzed frequency range (Figure 4), except at the
lowest frequencies where there is a slight increase to a factor of about two. In order to
evaluate the stability of the solution and estimate standard errors for the model parameters,
we performed 200 bootstrap inversions (Efron and Tibshirani, 1994) for each of the 40
frequency points following the same procedure as used by Parolai et al. (2000, 2004) and
Oth et al. (2008, 2009). From the 200 bootstrap samples, the mean and standard error were

calculated for each model parameter.
H/V ratios of earthquake data

The GIT site responses have been compared with those calculated by horizontal-to-
vertical (H/V) ratios derived from earthquake data. The H/V method, originally introduced
by Nakamura (1989) to interpret microtremor recordings, has become a very popular tool in
site response estimation in recent years. Lermo and Chavez-Garcia (1993) first applied this
technique to the S-wave part of earthquake recordings as well. The H/V method, in analogy
to the so-called receiver-function technique used to investigate the crustal and upper mantle
structures from teleseismic records (Langston, 1979), assumes that the vertical component
of ground motion is mainly controlled by source and attenuation effects and is not very
sensitive to local site amplification. Thus, by deconvolving, or dividing in the frequency
domain, the vertical component from the horizontal one, an estimate of the site response
function can be obtained. Because the S-wave amplification at the surface depends on the
angle of incidence (Lermo and Chavez-Garcia, 1993), it is necessary to average over a
sufficient number of events distributed around the station of interest with good azimuthal

and distance coverage in order to obtain stable estimates (Parolai et al., 2004).
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Generally, comparisons of site response functions obtained with different techniques
(e.g., Field and Jacob, 1995; Bonilla et al., 1997; Parolai et al., 2004) have shown that the
H/V method provides a good estimate of the fundamental frequency of resonance, but
underestimates the level of amplification with respect to the GIT. Recently, Parolai and
Richwalski (2004) showed that the observed differences in the estimated amplifications
obtained applying different techniques could be linked to S-P conversions at the bottom of

the soft layer in the case of high impedance contrasts.

RESULTS

Attenuation characteristics

The obtained non-parametric attenuation functions at all 40 frequency points are
depicted in Figure 5a, color-coded with respect to their frequency, while in Figure 5b, two
of the attenuation curves are depicted together with their estimated standard deviation from

the bootstrap analysis. The latter plot shows that in general the attenuation curves are well

constrained. The functions depict a relatively simple shape, being all monotonically
decaying with a change in the rate of amplitude decay for hypocentral distances between 20
and 50 km at higher frequencies. Below 20 km distance, the high frequencies show a
stronger decay with distance, while between 20 and 50 km, the slope of the attenuation

curves adjusts to be very similar for almost the entire frequency band.

Figure 6 shows the values of Q(f) estimated for all frequencies using equation (2) (the
vertical error bars indicate the regressional error of fit) and the least-squares fit of a relation
of the form Q(f) = Q,f" obtained with these values (solid black line). As can be seen from
Figure 6, the frequency-dependence of Q(f) can be well approximated with a power-law

dependency given as:
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O(f)=283f"". 4)

We thus find a rather strong frequency-dependence of the quality factor in the region.
Other models derived for different regions in Italy, including southern Italy where the
region under investigation by this study is located, are indicated in Figure 6 as well (within
the overlap of the frequency range of their validity and the range 1-30 Hz of our study, see
also Table 1). In particular, Castro et al. (2004b) derived the relationship Q(f)= 32.1f"’
from a dataset of 32 earthquakes recorded at 4 stations of the Basilicata seismic network.
They obtained a much stronger frequency-dependence with N>1, while in contrast the

value of Oy is rather close to the one found here. Castro et al. (2008) corroborated the

results of Castro et al. (2004b), using a significantly extended dataset from the same

seismic network. They furthermore used a more sophisticate analysis procedure on their

non-parametric attenuation curves, providing separate estimations of upper und lower

crustal attenuation characteristics in the frequency range 1-25 Hz. Assuming body-wave

geometrical spreading («1/r) over the first 50 km, they obtained the Q-model

O(f)=18.8f"" for the upper crust (depth < 13 km). While this frequency dependence is

identical to one obtained by Castro et al. (2004b), attenuation is slightly larger at all

frequencies due to the lower Qp value (18.8 vs. 32.1). Considering however the typical

uncertainty ranges in determining such Q(f) models, the results of both studies are highly

consistent with one another, and we only list the result of Castro et al. (2004b) in Table 1
and Figure 6. Another study covering the region of interest investigated coda-Q in the

frequency range 1-12 Hz (Bianco et al., 2002) and the authors found from a multi lapse

time window analysis that intrinsic O seems to dominate with respect to scattering Q in the
area. Other O-models have been reported for different regions of Italy by Rovelli et al.

(1988), Malagnini et al. (2000) and Castro et al. (2004a,b), and the one that matches our
10
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results most closely is the model for Umbria given by Castro et al. (2004a), with a
frequency-dependence N=1.2. It is important to point out that due to the trade-off between
QO and the geometrical spreading function, a reliable comparison between the different
models only makes sense if the estimates of Q are made using similar geometrical
spreading functions. Moreover, it should be noted that the data used to retrieve the
attenuation models listed in Table 1 sample different frequency bands and different crustal
volumes. The studies by Malagnini et al. (2000) and Rovelli et al. (1988) sample for
instance large regions such as the entire Apennines or the entirety of southern Italy. In
contrast, our results are related to a small area limited by the extent of the ISNet network,
and also Bianco et al. (2002) analyzed data from a much larger area surrounding the ISNet
network. This limitation of our study to the small region covered by the ISNet network can
however also be seen as an advantage in the sense that with the derived attenuation
functions, we provide a means for reliable and consistent attenuation correction for events
occurring in close proximity or within the network, avoiding a bias in source parameter or

site response estimation due to inappropriate attenuation correction.
Source spectra

In order to remove the undetermined degree of freedom when separating source
spectra and sites response from the attenuation-corrected spectral amplitudes as described
by equation (3), we fixed the site response at the reference station AND3 to unity,
irrespective of frequency. Since with the non-parametric attenuation functions discussed

above,we can only correct for attenuation up the reference distance of 5 km (i.e. the lowest

distance in our dataset), the obtained source spectra from the second inversion step are also

given at the reference distance of 5 km.

11
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We did not include a term accounting for potential high-frequency decay due to the

exponential k-operator (Anderson and Hough, 1984) in the reference condition, and it may
therefore be the case that some high-frequency decay due to near-surface high-frequency
diminution at the reference site is systematically shifted into the source spectra. In order to

Investigate this issue, we plot the source spectra in acceleration (Figure 7a) and visually

checked the high-frequency part of the spectra. As can be seen from Figure 7a, the
acceleration source spectra generally show a clear plateau-like structure at highest
frequencies, as would be expected in the case the w’-model (Brune, 1970, 1971) is valid.

Thus we cannot see any clear indication that a systematic high-frequency decay is moved

into the source contributions. There is one systematic through appearing in the source
spectra at a frequency of about 22-23 Hz, which may be due to an amplification effect at

the reference station not accounted for in the inversion constraint.

In order to derive the source parameters (i.e. seismic moments and corner
frequencies) of the 49 earthquakes in our dataset, we fitted the w*-model to the inverted
source spectra (in acceleration, using the results from the horizontal component inversion)

using non-Jinear least squares:

-1
S(f)=(2ﬂf)2-ﬂ'Mo'[1+f—z} , 6]
4mpvsR, fe
where R% is the average radiation pattern set to 0.55, V=1/ V2 accounts for the separation
of S-wave energy on two horizontal components, F=2 is the free surface amplification,
p=2.8 g/em’ is the density, and vs = 3.3 km/sec is the estimated average shear-wave
velocity in the source region. Ry=5 km represents the reference distance, M, denotes the
seismic moment, and fc is the corner frequency. Finally, we compute stress drop estimates

from the moment and corner frequencies following Hanks and Thatcher (1972):

12
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Ao:&S-MO(—j . (6)

The o’ fits to the inverted source spectra are indicated in Figure 7a as dashed green

lines, showing that the source spectra can satisfactorily be explained using the ®’-model.
Figure 7b shows corner frequency plotted versus seismic moment (on a log-log scale), with
the regressional errors of fit (obtained when fitting equation (5) to the source spectra)
indicated as horizontal respectively vertical error bars. In the case of self-similar scaling,

the relationship M, = f° holds and the slope of a fitted straight line in Figure 7b should

be close to -1/3. Indeed, we note that this is approximately the case, but at the same time, it
is clear that the magnitude range under investigation in this article is much too small to
draw any general conclusions on this issue. The stress drops derived using equation (6)
range between 0.01 and 2 MPa (Figure 7c). While this is still within the bounds generally
found for crustal earthquakes (~0.1-100 MPa, e.g. Kanamori, 1994), the values clearly

range at the bottom of this range, indicating comparatively low stress drops for the small

earthquakes in this area. Since earthquakes with low stress drops radiate only little high-
frequency energy as compared with high stress drop events, this observation can also
explain the fact that the local magnitude My generally underestimates the moment
magnitude My by about 0.5 magnitude units, but is otherwise approximately linearly

correlated with the latter (Figure 7d).

Site response

Based on the local geological conditions, the stations were divided into three groups,
depending on whether they are located on alluvial deposits, debris or colluvial deposits,
respectively rock. The geologic characteristics of the sites correspond to the following

approximate classification: soft soil, stiff soil and rock (Table 2). The GIT horizontal

13
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component site response functions are shown in Figure 8 for six exemplary stations, with
two stations from each group. As mentioned earlier, station AND3 (not shown in Figure 7)
was chosen as the reference site, assuming a site response of unity, irrespective of

frequency, since this station is, classified as a hard rock site and the H/V ratio is roughly flat

and approximately equal to one over the entire analyzed frequency band (Figure 4).

Figure 8 shows that in general the obtained site response functions are well

constrained, with only small standard deviations resulting from the bootstrap analysis.
Overall, the rock sites show as expected lower values of the site response functions over the
entire frequency band than stiff and soft soil sites, with no evident predominant frequency
peaks. However, it can be clearly seen that also stations located on rock outcrops are not
completely devoid of amplification effects (e.g. station VDS3), which may be linked to the
weathered and fractured nature of the surface layers and to the shear-wave velocity gradient
(e.g. Theodulidis and Bard, 1995; Steidl et al., 1996). On the other hand, stations classified
as soft soil and stiff soil generally show more prominent amplification effects, with
amplification peaks at some given distinct frequencies (e.g. 4-5 Hz at station CLT3, 8 Hz at
station PGN3). The most significant amplification effects were obtained at station CMP3,

attaining a factor of about 14 at frequencies of about 8 and 12 Hz.

We also carried out a GIT inversion for the vertical (Z) component using the same S-
wave windows as chosen for the horizontal (H) one, and in order to corroborate the site
amplification functions obtained from the inversion, we calculated the H/V ratios directly
from the observed ground motion spectra as well. For the Z component GIT inversion, we
used the same reference condition as for the H component, i.e. the site response at station

AND?3 is set to unity, irrespective of frequency.

14
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Figure 9 shows, the comparison of the GIT H/Z ratio (i.e. the horizontal-to-vertical

ratio of the GIT site response functions, solid black line) and the H/V ratios (solid black
line with circles) for the same six stations as depicted in Figure 8. The individual GIT site
amplification functions for the H (same as shown in Figure 8) and Z components are
indicated as well (grey lines with inverted triangles and squares, respectively). A first
observation is that the GIT H/Z ratio can satisfactorily explain the main features observed
in the H/V ratios (see for instance the peak at 4-5 Hz for station CLT3), with some
discrepancies only at low frequencies. These discrepancies may be linked to the fact that,
due to the reference condition, the GIT H/Z ratio at station AND3 is equal to unity, while at
the lowest frequencies, the H/V ratio observed at station AND3 starts to rise to about a
factor of two. Therefore, it is expectable that the GIT H/Z ratios slightly underestimate the

H/V ratios at low frequencies.

Another striking observation is given by the fact that the GIT site response function

of the Z component shows remarkable amplification effects for some stations (e.g. CMP3),
with the maximum of amplification shifted to higher frequencies as compared with the H
component. In such cases, the H/V ratio shows significant differences with the GIT H
amplification function, and as Parolai and Richwalski (2004) showed, this effect can be

linked fo S-P conversions at the bottom of the soft layer in the case of high-impedance

contrasts, leading to a reduction of the H/V amplitude due to the amplification of the

vertical component at frequencies higher than the fundamental one. Such high-frequency

amplification effects on the GIT Z component could also result if significant direct P-wave

energy is included in the chosen S-wave windows. This situation could occur if, by

selecting a time windows starting 1 sec before the S-wave onset, some late compressional

phases with significant amplitudes compared to the high-frequency S-wave part, or in the

15
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worst case at stations close to the considered source, the entire P-wave arrival were

included the S-wave signal window. This effect is however not expected to be significant in

our case, since the hypocentral distances are always larger than 5 km (which roughly

corresponds to a minimum S-P travel time difference of 1 sec for typical upper crustal P-

wave velocities), with most data points obtained at hypocentral distances of 10 km or

larger. Furthermore, in the framework of the GIT methodology, the separation of source

spectra and site response relies on a set of records sampling different distances for each

earthquake and station. Finally, for stations showing only little amplification of the Z

component (e.g. CLT3 or CSG3), the H/V ratio provides an acceptable first order

approximation to the GIT H site response.

DISCUSSION AND CONCLUSIONS

Using the non-parametric GIT approach, we have jnvestigated attenuation

characteristics, source spectra, and site response functions for the ISNet seismic network,
proving a means to better understand the influence of these different effects on ground

motion amplitudes.

We have determined non-parametric attenuation functions for 40 discrete frequencies
between 1 and 30 Hz. These functions generally show a relatively simple shape, with a
slight change in the rate of amplitude decay between 20 and 50 km. The quality factor Q
based on the S-wave part of the recordings shows a pronounced frequency-dependence
(close to linear), given by Q(f) = 28.3f°% . This S-wave attenuation model differs from the
results of other authors reported for neighboring regions (Rovelli et al., 1988; Malagnini et
al., 2000; Bianco et al., 2002), and in particular shows a less severe frequency-dependence

than the results derived by Castro et al. (2004b, 2008) for southern Italy. However, as stated

above, it is important to keep in mind that the comparison of different models is
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complicated by the fact that the data used to estimate them sample different frequency
bands and different crustal volumes. Nevertheless, the differences in Q estimates over the
range of different studies and regions under investigation indicate that a significant lateral
variability in seismic attenuation characteristics exists in Italy. Indeed, Zolezzi et al. (2008),
performing an attenuation tomography study of the southern Apennines, showed for
instance that the attenuation structure clearly differs on the Tyrrhenian side with respect to

the Adriatic side of the southern Apennines chain.

The earthquake spectra corrected for attenuation were used to derive source
parameters following the w*-model (Brune, 1970, 1971), since the inverted source spectra
can be well explained with the ®” spectral shape. The obtained corner frequencies and
seismic moments provide indications that at least in the narrow magnitude range under
investigation, self-similar scaling seems to hold almost perfectly. However, we
acknowledge that of course the magnitude range M;=1.5-3.1 is by far to small to speculate
upon any general scaling characteristics of earthquakes in the region. The stress drops range
from 0.01 to about 2 MPa, which is close to the lower bounds typically observed for crustal
earthquakes (0.1-100 MPa, e.g. Kanamori, 1994). Thus, the earthquakes under investigation
in this study seem to show only rather weak high-frequency energy radiation. This
conclusion is also compatible with the observation that the local magnitude My seems to

systematically underestimate My by about 0.5 magnitude units.

Finally, the results of the spectral inversion and the H/V analysis point out that only
few stations of the ISNet network are not noticeably affected by site effects. Such stations
are, as expected, located on rock sites. In addition, some stations located on what appears to
be competent rock show amplification in the high frequency range. This could be explained

by taking into account the effect of a near-surface, low-velocity layer due to the presence of

17
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weathered rock, but also topographic effects might play a role. However, the unfortunately
rather poor knowledge of the geologic units below the stations does not allow for any
definitive conclusion, and in order to better understand how the observed amplification

effects are caused in detail, geotechnical information of subsurface structure is required.

As we have shown, the maximum amplification is generally shifted to higher
frequencies in the Z component as compared with the H component, and in some cases,
significant amplification effects are visible on the Z component. In such cases, S-P
conversions at the bottom of the soft layer could explain the simultaneously observed
reduction of the H/V amplitude due to this amplification on the Z component at frequencies
higher than the fundamental one, causing an increased disagreement between the GIT H
site response and H/V ratio function. Summarizing our site response results, we can hence
state that our observations are in good agreement with previous studies, in particular also
with respect to the comparison of GIT and H/V site response estimates (e.g., Field and
Jacob, 1995; Bonilla et al., 1997; Parolai et al., 2004), which have shown that the H/'V
method provides a good estimate of the fundamental frequency of resonance of S-waves,

but often underestimates the level of amplification with respect to the GIT approach.

On the basis of our findings, we finally conclude that the results presented in this
study allow for an improved characterization of the seismic recordings obtained by the
[SNet network. This characterization is of particular importance since the data streams
recorded by the ISNet network are intended for usage in real-time seismic information
systems (i.e., early warning and near real-time shake map estimation, lannaconne et al.,

2010), and our results provide a means to incorporate knowledge of the attenuation

structure, site effects modifying ground motions at the ISNet stations as well as potential

correction factors in magnitude estimation into these systems.
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TABLES

Table 1: S-wave attenuation models reported for Italy

Frequency range

Region (Hz) Q-model Geometrical spreading Reference
S:;‘:;iﬁ’fpgﬁ;’ﬁs 0.1<f<20 | Q(B)=100f 1r Rovelli et al. (1988)
r %, r<30 km
Entire Apennines 024<f<5.0 Q(f) =130 £ 1,30 <r<80 km Malagnini et al. (2000)
r % r>80km
Umbria-Marche 03<f<95 QhH=312f" 1/t Castro et al. (2004a)
b
Southern Italy 1.6<f<10 Q(fh =32.1f" bZ}OC{iO 5 Castro et al. (2004b)
Irpinia-Basilicata 1<f<30 Qh=27.1 £095 5/t This study

(southern Italy)

(reference distance 5 km)

Table 2: List of stations with the respective geological underground classification

CGG3 stiff soil
LIO3 stiff soil
CMP3 stiff soil
TEO3 stiff soil
CLT3 soft soil
RDM3 stiff soil
COL3 stiff soil
SCL3 stiff soil
CSG3 rock
PST3 stiff soil
SNR3 rock
AND3 rock
VDP3 stiff soil
STN3 rock
NSC3 rock
PGN3 stiff soil
SRN3 soft soil
VDS3 rock
BEL3 soft soil
RSF3 stiff soil
AVG3 rock
MNT3 stiff soil
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FIGURE CAPTIONS

Figure 1. Stations of the ISNet seismic network used in this work. Grey circles indicate
rock, black triangles stiff soil and open squares soft soil sites (see also Table 2). The solid
black lines represent the surface projection of the three fault segments that ruptured during

the 23 November 1980 earthquake (M 6.9).

Figure 2. Station locations (triangles), traces of fault segments (solid black lines), and
source-station paths (grey lines) of the considered dataset. Two cross-sections through the

epicentral area (one with latitude, one with longitude) are depicted as well.

Figure 3. a) Local magnitude My, versus hypocentral distrance R distribution for the dataset
used in the inversion. b) Number of events with given My, for the dataset used in the

inversion.

Figure 4. Average H/V ratio calculated at station AND3. The grey-shaded area indicates
the standard deviation. Note the approximately flat shape, with a slight rise above a value

of 2 only at low frequencies.

Figure 5. a) Non-parametric attenuation functions (distance range 5-83 km) at 40
frequencies (1-30 Hz) obtained in the first step of the inversion scheme. The functions are
color-coded with respect to the corresponding frequency (see legend). b) Two of the
attenuation functions depicted in a) with their respective standard deviation from bootstrap

analysis indicated as grey-shaded areas.

Figure 6. O(f) model derived from the analysis of the non-parametric attenuation functions
shown in Figure 5 (solid black line). Dots and error bars indicate the individual Q-values
obtained at each considered frequency, and the solid black line represents the fit to these

data points of the form Q(f)=Qyf". Other models from the literature are indicated in their
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frequency range of validity (overlapping with our frequency range) for comparison (see

text).

Figure 7. Source results obtained from the spectral inversion. a) All source spectra (in
acceleration) as derived from the GIT inversion at a reference distance of Ry=5 km, color-
coded with respect to their My values. Green dashed lines indicate ®” model fits. b) Corner
frequency versus seismic moment plot. The grey line indicates a log-linear fit, with a slope
close to the expected theoretical value of -1/3 in the case of self-similar scaling. c) Stress
drop values computed as given in equation (6). d) Local magnitude My versus moment
magnitude My as estimated from the spectral fits shown in a). Note that M systematically

underestimates My by about 0.5 magnitude units.

Figure 8. Calculated GIT site response functions for six stations. The solid line indicates
the mean with the grey-shaded area depicting the standard deviation of 200 bootstrap
samples. The top panels are examples for stations classified as rock sites (see Table 2),
while the middle and bottom panels relate to stations classified as stiff and soft soil,

respectively.

Figure 9. Comparison of H/V ratios calculated directly from the ground motion spectra
(black lines with circles) and the GIT H/Z ratios (i.e. GIT site response on H component
divided by GIT site response on Z, black solid lines) for the same six stations as depicted in
Figure 8. The individual GIT site response functions for horizontal and vertical component

are indicated as well with grey lines with inverse triangles and squares, respectively.
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