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ABSTRACT We estimated the spectral decay parameter k using waveforms produced by small-to-
moderate earthquakes in the time period 1994-2011 in NE Italy and western Slovenia. 
We reconstructed the 3D distribution of the frequency independent part of the S waves’ 
quality factor, QS, by using k values and S waves velocity VS values as input. The 
QS model presented marked lateral and depth variations with a zone of low QS in 
the Kobarid area (western Slovenia). Considering these data together with available 
3D distribution of VP, VP/VS and shear modulus, we hypothesize that this is a highly 
fractured area permeated by fluids with variable pore pressure. At depths of 6-9 km, 
both in the central and in the western part of the area under study, two regions are 
characterized by significant lateral and in-depth QS contrasts. We interpreted these 
results in terms of amount of crack density and geological units. 

Key words:  body waves, seismic attenuation, seismic tomography, wave propagation, crustal structure, 
Europe.

1. Introduction

Friuli Venezia Giulia is one of the most seismic active regions of Italy, sited at the tip of the 
Adria plate in a convergent margin zone between Adria and Eurasia. The anticlockwise rotation 
of Adria causes a complex tectonic deformation. These characteristics make this region, together 
with western Slovenia, a natural laboratory for studies of seismic activity, strain field analysis 
and tomographic analysis. The Istituto Nazionale di Oceanografia e di Geofisica Sperimentale 
(OGS) seismic network was installed in 1977, in the area of the destructive 1976, ML 6.4 
Friuli earthquake, with the purpose of monitoring the area both for research activities and 
for emergency response by the civil protection authorities. The attenuation of seismic waves 
which propagate through the Earth can strongly influence the ground motion recorded at a site, 
thus modifying the energy content of the signal radiated from the source. Information on the 
attenuation in the area is important to obtain new insights on the crustal structure of the area 
with the purpose of contributing to seismic risk assessment.

The attenuation is modelled in literature either using the parameter k (e.g., Anderson and 
Hough, 1984), or using the quality factor Q, a dimensionless parameter introduced to quantify 
the fractional energy loss per cycle of oscillation as Q = 2πE/ΔE (Aki and Richards, 1980), 
where E is the energy and ΔE is the lost energy.
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basis and the fit of its model is just a curve fitting with first order Taylor series expansion 
of the one of Eq. (5). The reason for neglecting Q dependence on frequency in attenuation 
tomography studies is the difficulty in the evaluation of this term for the whole area under 
study and/or the lower dependence of the quality factor on frequency for higher frequencies. 
The latter reason is debated. For example, Adams and Abercrombie (1998), in a study on over 
100 earthquakes recorded at the Cajon Pass borehole in southern California, showed a weak 
frequency dependence (~f 0.34) for frequencies above 10 Hz, while for frequencies below 10 Hz 
the dependence is stronger (~f 1.80). Raoof et al. (1999) in a study of southern California found a 
lower dependence (~f 0.45) for the frequency between 0.25 and 5.0 Hz. 

Several different authors analysed the area under study in this paper and estimated the 
frequency dependence of Q for different frequency intervals (Console and Rovelli, 1981; Castro 
et al., 1996; Govoni et al., 1996; Malagnini et al., 2002; Bianco et al., 2005). In this paper, to 
describe the attenuation along each path, we considered the parameter k estimated from the 
seismograms. This choice differs from those of other authors, who parameterize the attenuation 
through the parameter t*; for coherence with previous works on k estimate in the same area 
(Franceschina et al., 2006; Gentili and Franceschina, 2011), we did not neglect the frequency 
dependence of Q. In particular, like Gentili and Franceschina (2011), we adopted Bianco et 
al. (2005) estimation, assuming constant regional frequency dependence QD(f ) = 251f 0.7. We 
assumed also a negligible dependence of the geometrical spreading on frequency. Following the 
approach of Eberhart-Phillips et al. (2005), we estimated the difference between considering or 
not frequency dependence of Q in this area. In order to approximate the frequency dependent 
QD(f) with a frequency independent term, we estimated its value at a frequency in the middle of 
the considered spectral window, i.e., in our case, 15 Hz. We found that considering frequency 
dependence does not affect too much the value of Q for high attenuation, while it is relevant 
for low attenuation. For example, for QI = 20 we have a very similar Q = 19.8 at 15 Hz. For 
very low attenuation, the effect of considering frequency dependence is larger: e.g., with 
QI = 1000 we have Q = 626 at 15 Hz. For coherence with previous papers notation, we called 
the frequency independent part of the quality factor for S waves simply QS instead of QIS. 

This work should be regarded as a refinement respect to the simplified model of Gentili and 
Franceschina (2011), in which they found an approximately linear dependence of attenuation 
on distance valid for all the region, with anomalous higher attenuation in the western Slovenian 
area (Kobarid region).  

The topic of this paper is a joint interpretation of the results of 3D QS inversion with the ones 
from tomographic inversion and the study of gravity anomalies (Bressan et al., 1992, 2009, 
2012; Gentile et al., 2000).

 2. Seismicity distribution, tectonics of the area and data set

The area we analysed is sited in NE Italy (Friuli Venezia Giulia region) and western 
Slovenia between the outer front of Southern Alps and the Periadriatic Lineament. It is included 
in a convergent margin zone between the Adria microplate and the Eurasian plate (see e.g., 
Castellarin et al., 2006; Burrato et al., 2008) and it is one of the most seismic active zones of 
Italy. The main tectonic features of the area are shown in Fig. 1.

384

Boll. Geof. Teor. Appl., 56, 383-406 Gentili and Gentile

The attenuation due to high frequency spectral decay of acceleration amplitude Fourier 
spectrum has been modelled as (Cormier, 1982):

          (1)

where A0 depends on the source and the geometrical spreading and f is the frequency. In this 
model t* is defined as:

         (2)

where Q(r) is the quality factor and V(r) is the velocity of the waves. 
Alternately, Anderson and Hough (1984) modelled high frequency acceleration spectrum, for 

frequencies greater than the corner frequency, as:
          (3)

and Hough and Anderson (1988) modelled k as:
         

(4)

where QI is the frequency-independent part of Q, and Q is parameterized as:

 .                   (5)

QD and QI are respectively the frequency dependent and independent part of Q. In their 
work they use QI(z) instead of QI(r) as in their simplified model; QI depends only on the depth 
z (plane and parallel layers). However, their model can be generalized. Hough and Anderson 
(1988) noted that the model they used for k is the same of Cormier (1982) for t* [see Eq. (1)],  
with the difference that only frequency independent part of Q is considered. In most literature 
on k estimation, the QD correction is performed before k estimation (Anderson and Hough, 
1984; Castro et al., 1997; Franceschina et al., 2006; Bressan et al., 2007). Vice versa, when 
t* is estimated for attenuation tomography inversion, the frequency dependent term is usually 
neglected (Haberland and Rietbrock, 2001; Rietbrock, 2001; Olsen et al., 2003; Eberhart-
Phillips et al., 2005). Estimates of Q dependence on frequency, based on the minimization 
of the variance of the spectrum misfit, give opposite results, depending on the analyzed area 
(Rietbrock, 2001; Stachnik et al., 2004). Confusion arises also between the parametrization of 
Eq. (5) and (see e.g., Xie, 2010):

                       (6)

where QS( f ) is the scattering Q caused by the random scattering process in the Earth media 
and Qi( f ) is the intrinsic Q caused by Earth viscosity. Dainty (1981) assumes that Qi is 
independent of frequency and that QS is proportional to frequency [and in this case Eqs. (5) 
and (6) coincide and Qi = QI), but recent studies (Jackson, 2000; Jackson et al., 2004) show a 
moderate dependence also of Qi] on the frequency. Morozov (2008, 2010) proposes a model 
in which the dependence of Q on frequency is eliminated while the geometrical spreading can 
depend on frequency. Xie (2010) claims that Morozov (2008, 2010) model lacks a physical 
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correspond to instrumentally recorded seismicity. In particular, stars correspond to the events 
with magnitude ≥ 5.0 in the area. See the figure caption for more details. 

Red symbols are the earthquakes used in this work. They are the 156 earthquakes with 
duration magnitude ≥ 3.0 recorded in the area from 1994 to 2011. In particular, there is 
a cluster of seismicity in correspondence with the two Kobarid 1998 and 2004 seismic 
sequences. Smaller clusters of lower magnitude seismicity were recorded also after the 
Sernio 2002 mainshock and in the Claut region [for seismic sequences in the area, see Gentili 
and Bressan  (2008)]. The instrumentally recorded seismicity roughly follows the historical 
earthquakes distribution. The recording stations mainly belong to the Friuli and Veneto (FV) 
seismic network, managed by OGS. Such data have also been integrated with data obtained 
by the Slovenian seismic network (during the Kobarid 2004 seismic sequence - 3 stations) 
and temporary network [both OGS in the Claut area from 2005 March to 2008 February (4 
stations) and Slovenia in the Kobarid area during the 2004 seismic sequence (2 stations)]. All  
earthquakes have been re-located by a 3D crustal model using SIMULPS12 (Evans et al., 1994) 
tomography code (Bressan et al., 2009; Bressan, private communication, 2012) obtaining high 
accuracy hypocentres locations. In particular, the horizontal and vertical location errors do not 
exceed 0.05 and 0.10 km, respectively (Bressan et al., 2009).

Fig. 2 - Seismicity in the area. Brown squares: historical seismicity (earthquakes with intensity ≥ IX are shown with 
squares dimensions proportional to earthquake intensity). Red symbols: seismicity with magnitude > 3.0 from 1994 to 
2011. Stars: earthquakes with magnitude > 5.0. Yellow stars: 1976 swarm. Green star: 1977 Trasaghis earthquake. Blue 
star: 1979 Lusevera earthquake. Red stars: Kobarid and Sernio earthquakes.
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The area is sited at the tip of the Adria plate. The progressive north-eastward pushing of the 
African plate, respect to the Eurasian plate, generates an anticlockwise rotation of the Adria 
microplate, which causes the present complex tectonic deformation (Mantovani et al., 1996). 
Several tectonic phases in the region inherited and reactivated the main pre-existing faults and 
fragmented the crust into different tectonic domains corresponding to different seismotectonic 
zones (Bressan et al., 2003). The eastern part of the region, in western Slovenia, is characterized 
by a strike-slip regime on the Dinaric faults. The Friuli area is characterized by thrust tectonics, 
mainly E-W oriented and south verging in the centre and NE-SW-oriented and SE-verging 
thrust in the western part (Bressan et al., 2003). 

Fig. 2 shows both the historical and instrumental seismicity in the area. Brown squares 
correspond to earthquakes in CPTI04 catalogue (Gruppo di lavoro CPTI, 2004) from 1100 
with intensity ≥ IX. In particular, 5 earthquakes are recorded: the January 25, 1348, Carnia 
earthquake (IMCS = IX-X), the March 26, 1511, Slovenia earthquake (IMCS = X), the 1695 
February 25, Asolano earthquake (IMCS = IX-X), the June 29, 1873, Bellunese earthquake (IMCS = 
IX-X) and the October 18, 1936, Bosco del Cansiglio earthquake (IMCS = IX). The other symbols 

Fig. 1 - Simplified structural model of NE Italy and W Slovenia (modified from Carulli et al., 1990; Galadini et 
al., 2005; Castellarin et al., 2006). Legend (structures): ST, Stava-Collaccio fault; BC, Bassano-Cornuda fault; BV, 
Bassano-Valdobbiadene fault; BL, Belluno fault; VS, Valsugana fault; AN, Antelao fault; MT, Montello fault; CA, 
Cansiglio fault; PM, Polcenigo-Maniago fault; AR, Arba-Ragogna fault; PE, Periadriatic thrust; PU, Pinedo-Uccea 
fault; DA, Dof-Auda fault; SA, Sauris fault; BC, But-Chiarsò fault; FS, Fella-Sava fault; VR, Val Resia fault; ST, 
Susans-Tricesimo fault; UD, Udine-Buttrio fault; PZ, Pozzuolo fault; MD, Medea fault; PA, Palmanova fault; ID, Idrija 
fault; PR, Predjama fault.
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standard deviation. In order to increase the robustness of the method, the weights were chosen 
as the inverse of the error of each single fit.  

In attenuation tomography the equation to be solved is:
y=Mx+e                                  (7)

where y is the vector of the differences between the real values of k and those obtained with the 
theoretical model, M is the matrix of the partial derivatives respect to QV, QV is the element 
wise multiplication of the Q quality factor 3D matrix and the V velocity 3D matrix, x is the 
variation of QV along the path (model parameters) and e is the vector of errors, which can 
be random, such as the uncertainty in k estimation, or non-random, such as errors caused by 
inadequate parameterization. It is important to remark that in Q inversion procedure the S waves 
velocity field is taken as input. It is, therefore, necessary to use a reliable velocity information in 
order not to bias results on Q inversion.

To invert the k data we used the same grid used by Bressan et al. (2012) in 3D tomographic 
inversion of velocity in the area (see Fig. 4). The grid extends 114 km in E-W direction and 
55 km in N-S direction. The grid centre has latitude 46.33° N and longitude and 13.08° E. 
The W-E grid nodes are at X: -60, -50, -35, -25, -15, -7, 0, 7, 15, 25, 36, 45, 54 km; the S-N 
grid nodes are at Y: -35, -20, -10, -5, 0, 5, 10, 20 km; the Z nodes are at depth 0, 2, 4, 6, 8, 10, 
12, 15, 22 km with a layer at negative 3 km depth to account for the Earth’s topography. The 
X-axis is positive to the east, the Y-axis is positive to the north. The velocity of S waves in the 
medium is parameterized by assigning velocity values obtained in the Bressan et al. (2012) 

Fig. 4 - Grid of the 3D QS tomographic inversion. Diamonds: location of seismic stations used for the inversion. Circles: 
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3. Method 

We estimated the k parameter for S waves. Assuming a negligible dependence of the 
geometrical spreading on frequency, we estimated the parameter from the slope of the amplitude 
Fourier spectrum of acceleration data after correction for the frequency dependent part of the 
quality factor (see e.g., Franceschina et al., 2006). Both the N-S and the E-W horizontal 
components of the signal were used. The S wave window was manually selected for both traces 
and the resulting data were tapered by 5% cosine taper and padded with zeros before applying 
the FFT. The resulting spectra were smoothed by a sliding Hann window (Oppenheim and 
Schafer, 1999) of 0.5 Hz half-width. The spectral band adopted for the analysis was determined 
by selecting the part of the spectrum (a frequency band [f1, f2] with f1 > 5 Hz) where a linear 
decay was clearly evident. We adopted a threshold on the duration magnitude of analysed 
earthquakes of MD > 3.0 in order to ensure the validity of the condition f1 > fC, where fC is the 
corner frequency, and therefore the Anderson and Hough (1984) fist order approximation of 
spectrum shape (see Fig. 3). In fact, accordingly with previous analysis in this area (Bressan et 
al., 2007) for MD = 3.0 fC ≅ 4.6 Hz. We selected f2 as the frequency at which the noise level 
starts contaminating the signal that, in this study, ranged from 20 to 45 Hz. In order to determine 
f1, accordingly with Gentili and Franceschina (2011), we estimated k values for increasing 
values of the minimum frequency; we plotted the obtained k as function of f1 and selected k(f1) 
values in an observed range of stability of this function by a visual inspection of each plot; f1, 
generally depending on event size, ranged from 5 to 10 Hz. Fig. 3 shows an example of spectral 
decay parameter estimation. 

In order to fit the amplitude spectrum, we used the L1 norm solution method. This method 
minimizes the absolute difference of the residuals rather than the squared differences, thus 
decreasing the influence of outliers on results. The k values estimated from the two horizontal 
components of each record were averaged by computing the corresponding weighted mean and 

Fig. 3 - An example of spectral decay parameter estimation. Left panel: acceleration spectra and linear regressions used 
to obtain the single record estimate of the k parameter; right panel: k estimates and corresponding standard deviations 
as function of the lower limit of the frequency bandwidth adopted for the linear regression, f1. The best estimate of k 
and the corresponding value of f1 are indicated by an arrow.
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standard deviation. In order to increase the robustness of the method, the weights were chosen 
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(2006) model], even if the values of the parameter for larger depths are smaller of a factor 2 in 
California (approximately 700 instead of 1400). These differences may be connected with the 
different tectonic settings or with the fact that Hauksson and Shearer (2006) do not consider the 
frequency dependent part of QS.

Starting from the previous 1D QS Earth model, we performed the 3D inversion using the 
program SIMUL2000 (Eberhart-Phillips, 1993; Thurber, 1993; Thurber and Eberhart-Phillips, 
1999). The code applies an iterative damped least squares method. In the inversion, as suggested 
in SIMUL2000 code, the earthquakes hypocentres and origin times were kept fixed. The QS 
crustal values are inverted using a damping value chosen evaluating the trade-off curve of the 
data variance versus model variance achieved after single iterations (Eberhart-Phillips, 1986, 
1993).  In our case, we chose a damping value of 0.002 corresponding to a data variance of 
4433 and a model variance of 2.18×10-4. After 4 iterations the program terminated for F-test 
with a weighted RMS of 0.0115 against the starting one of 0.0148.

4. Resolution and reliability of the results

An estimate of the reliability of the data is vital for the interpretation of seismic tomographic 
images. In fact, a bad distribution of stations and earthquakes causes inhomogeneity in the 
accuracy of results. We approached this problem by using the model resolution matrix. Each 
row of the resolution matrix is the averaging vector for a single parameter (see e.g., Toomey and 
Foulger, 1989). It describes the dependence of the value of an estimated parameter on the values 
of all the other parameters. Toomey and Foulger (1989) show two examples of plot depicting 
the elements of the averaging vector in the three-dimensional space of the studied volume. 
Qualitatively, a good resolution for a grid node value (parameter) is obtained when its averaging 
vector is non-zero only in the vicinity of the node (compact averaging vector). However, the plot 
of each grid node is impractical when the grid contains hundreds of nodes. An average relative 

Fig. 6 - Derivatives Weight Sum (DWS) as function of Spread Function (sf).
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paper at the nodes of the grid. Bressan et al. (2012), used 394 events from 1988 to 2004 with 
duration magnitude between 1.4 and 5.1 and performed an iterative simultaneous inversion of 
hypocentral parameters and 3D velocity structure with a damped least squares technique using 
SIMULPS12 (Evans et al., 1994). We used 977 3D seismic traces corresponding to 156 events 
from 1994 to 2011 recorded by 28 seismic stations with duration magnitude between 3.0 and 
5.7. The  lower number of earthquakes is due to our considered magnitude range. 

In every tomographic linearizing procedure, due to the non-uniqueness of the solution, a 
starting realistic crustal model is essential for avoiding error and biases in the results. In the 
Friuli area no previous knowledge for a valuation of the QS field is available; so a heuristic 
search was employed to find the 1D starting crustal model, which does not use linearization 
method. We adopted a genetic algorithm technique (Goldberg, 1989). In our case the individuals 
are the average QS values for each layer and the environmental law is defined by the total 
weighted RMS value obtained by a tomographic 1D inversion. The number of the generations 
and of the individuals grows exponentially with the number of the parameters. We had eleven 
crustal layers that were the parameters to invert. For such a number of parameters, in order 
to avoid too numerous populations and too many generations, a micro genetic technique was 
applied. The David L. Carroll GAFORTRAN code (Carroll, 2001) with a micropopulation 
of five individuals was utilized, using as cost function SIMUL2000 code (the last version 
of SIMULPS12) minimizing the total weighted RMS; 600 generations were generated. The 
starting fitness (RMS) of the best individual was 0.0243 and the average fitness of the first 
population was 0.0244, the cost-function stabilizes over a value of 0.0148 with an average value 
of 0.0152 after the 318th generation. The final QS values are shown in Fig. 5. 

Due to unavailability of experimental data in the region analysed, these results can be 
compared with the ones of studied regions. The very low value of QS between 0 and 2 km  
(QS = 18.5), corresponding to a high attenuation of the medium, is compatible with experimental 
attenuation measures from borehole recording made by Abercrombie (1998) in California. The 
rapid increase of QS value with depth is similar to Californian results [see Hauksson and Shearer 

Fig. 5 - 1D QS starting model obtained by a genetic algorithm technique.
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Fig. 7 - Spread Function (sf) describing resolution of the 3D QS inversion at 8 slices (0, 2, 4, 6, 8, 10, 12, 15 km).
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measure of the density of seismic rays near a node is given by the Derivatives Weight Sum 
(DWS). In a non-uniform and then not evenly illuminated field, a single node much more resolved 
than its neighbors can lead to a smearing effect: its value conditions the values of the adjacent 
nodes. In order to account for this effect, Michelini and McEvilly (1991) introduced the spread 
function of a node of the grid. The well-sampled nodes, characterized by high DWS, generally 
correspond to low level of spread function. There is scatter on the trend because the averaging 
vector depends on the geometry of the rays in its surrounding and not just on the density of rays. 
For this reason, estimates of the resolution, based on DWS only, supply only qualitative results 
(Toomey and Foulger, 1989). Like in Toomey and Foulger (1989), we examined a test set of 
averaging vectors and we estimated a threshold value of 7 for the spread function under which we 
consider the resolution acceptable. Fig. 6 shows the DWS values versus spread function values.

Fig. 7 shows the distribution of the spread function S on the grid in horizontal layers. The 
layers at 4, 6 and 8 km deep, characterized by wide central zones with S less or equal 7, are the 
most reliable ones. Shallower and deeper layers are unevenly illuminated by the seismic ray 
paths; there are only smaller areas where the smearing effect is not prevalent: at 0 and 2 km only 
the southernmost zone and below 8 km the westernmost one.  

Another estimate of the tomography results is based on the capability to reconstruct the Q 
field on synthetic data characterized by the same distribution of earthquakes and recording 
stations. The checkerboard test consists in alternating adjacent nodes of two different QS values 
Q1 and Q2, where Q1=Qm+a and Q2=Qm-a, Qm is the mean QS value and a is a parameter. The 
synthetic k are estimated keeping the hypocentres fixed. The test consists in evaluating the 
capability to reconstruct the original field starting from a uniform Qm field. We performed the 
checkerboard test with Qm = 200 and a = 80, obtaining in such a way a checkerboard with 
variations of ±40% (see Fig. 8a for an example of input data for one layer). We repeated the 
test adding to synthetic k a random Gaussian noise with sigma equal to 2.5% of the data value, 
compatible with the errors in k value estimation. Fig. 8b shows the checkerboard test results 
without noise added, superimposed an isoline of the S value of 7. In the layers deeper than 
2 km, the checkerboard test conformity with the 7 spread function isoline seems to be clear. 
Adding noise does not significantly worsen the QS values field restitution (Fig. 8c).

The last test was performed following the approach of Shurr et al. (2003) and De Siena 
et al. (2010): a synthetic test with anomalies comparable in size and amplitude with those 
observed in real data, but different geometry has been endowed to check the output size and 
intensity of anomalies. This test allows to explore the true resolving capability in zones of 
maximum interest. We simulated a model with parallel flat layers with the same values of QS 
of the output of the genetic algorithm, on which we superimposed two high QS anomalies in 
the western and central part, overlapping a low QS anomaly, and a larger low QS anomaly in the 
eastern part (see Fig. 9a). We added to the simulated k values the same error in the data used for 
the checkerboard test. This last test shows that the anomalies are generally well resolved (see 
Fig. 9b), although, like in Schurr et al. (2003), amplitudes may be underestimated due to the 
damping; in particular the best resolved region is the one in the eastern part, due to the large 
illumination of the area.

It is important to remark that the results below 12 km are affected by the the limitation of 
the distribution of earthquakes and stations for both QS and input VS data [see Eq. (4)]. For this 
reason, we took into account the results on the inversion only for depth shallower than 12 km.
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test adding to synthetic k a random Gaussian noise with sigma equal to 2.5% of the data value, 
compatible with the errors in k value estimation. Fig. 8b shows the checkerboard test results 
without noise added, superimposed an isoline of the S value of 7. In the layers deeper than 
2 km, the checkerboard test conformity with the 7 spread function isoline seems to be clear. 
Adding noise does not significantly worsen the QS values field restitution (Fig. 8c).
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eastern part (see Fig. 9a). We added to the simulated k values the same error in the data used for 
the checkerboard test. This last test shows that the anomalies are generally well resolved (see 
Fig. 9b), although, like in Schurr et al. (2003), amplitudes may be underestimated due to the 
damping; in particular the best resolved region is the one in the eastern part, due to the large 
illumination of the area.

It is important to remark that the results below 12 km are affected by the the limitation of 
the distribution of earthquakes and stations for both QS and input VS data [see Eq. (4)]. For this 
reason, we took into account the results on the inversion only for depth shallower than 12 km.
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Fig. 8 - continued.
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Fig. 8 - Checkerboard test of the 3D QS inversion at 8 slices (0, 2, 4, 6, 8, 10, 12, 15 km): a) an example of input 
layer; blue: -40%, red: +40%; b) checkerboard test results without noise c) with 2.5% noise added to the data. Color 
corresponds to the percentage difference respect to the mean value.
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Fig. 8 - Checkerboard test of the 3D QS inversion at 8 slices (0, 2, 4, 6, 8, 10, 12, 15 km): a) an example of input 
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5. Results

Fig. 10 shows QS images at 6 depth slices. The vertical sections 4 and 5 of the tomographic 
3D reconstruction of QS are shown in Fig. 11; the earthquakes are indicated as circles whose 
size corresponds to the magnitude. For the generic nth section with coordinate yn, earthquakes in 
the range [(yn-1+yn)/2, (yn+yn+1)/2] are projected. 

Fig. 10 - Tomographic images of QS at depth slices 2, 4, 6, 8, 10, 12 km.
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Fig. 9 - QS synthetic anomaly test: a) input synthetic model; b) recovered model for sections in (a) after adding a random 
Gaussian noise with sigma equal to 2.5% of the data value.
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Fig. 9 - QS synthetic anomaly test: a) input synthetic model; b) recovered model for sections in (a) after adding a random 
Gaussian noise with sigma equal to 2.5% of the data value.
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lateral and depth variations in the Kobarid zone, related to lithological inhomogeneity and to 
the different amount of cracking and fluid pressure. The 3-D SII tomographic model evidences 
a high rigidity body in comparison with the surroundings, placed at depth between 4 and 7 km 
(see Figs. 13, 14 and 15). The high rigidity structure is characterized by P-wave velocity range 
6.2-6.8 km/s, by VP/VS values varying from 1.74 to 1.86 and shear modulus ≥ 3.2×1010 Nm-2. 
It was associated (Bressan et al., 2009) with a rock mass of prevailing platform limestones 
and dolomitic limestones of Mesozoic age (see Fig. 16). The variability of VP/VS values was 
attributed to the different amount of fracturing and hence to the brittleness. The upper layers 
are characterized by lower P-wave velocities (4.8-6.2 km/s), by VP/VS values in the range 1.71-
1.88 and shear modulus varying from 1.8 to 2.5×1010 Nm-2. These values were associated with 
chert limestones, sandstones and marls of Mesozoic-Cenozoic age. Low VP/VS values associated 
with seismicity were explained by Powell et al. (2006) as highly fractured and fluid saturated 
rocks with high pore pressure, while they are attributed by Mjelde et al. (2003) to sedimentary 
rocks with sand/shale relatively high. Furthermore, the large variability and the heterogeneous 
pattern of VP/VS values reflects the heterogeneous crustal structure of the area, dominated by the 
extended strike-slip Ravne fault (Kastelic et al., 2008), characterized by branching and minor 
splay faults. 

In short, the joined interpretation of QS and the tomographic data of Bressan et al. (2012) 
suggests that the low values of QS in the Kobarid area are caused by large amount of fracturing 
and variable pore pressure of the fluids, as suggested by the heterogeneous VP/VS pattern. 

The QS regions are characterized by significant lateral variation in the central part of the area 
at 6-9 km depth (Fig. 11, section 4, zone 2). The high QS structure is associated with VP values 
varying from 6.3 to 7.0 km/s, range VP/VS values 1.72-1.90, shear modulus values between 
3.1 and 4.0×1010 Nm-2. Low QS regions are characterized by VP values 6.0-7.0  km/s, VP/VS 
values 1.81-1.98, shear modulus values 2.6-3.9×1010 Nm-2 (Bressan et al., 2012). The high QS 
regions correspond to a geologic unit mainly composed of Triassic and dolomitic limestones, 
while the low QS ones are related to alternation of limestones from mixed carbonate-clastic 
platform, dolomitic limestones and chert limestones of Triassic-Jurassic age. The variation in 

Fig. 12 - Functions k(RE), where RE is the epicentral distance, with the corresponding 95% confidence limits (solid and 
dashed lines, respectively), estimated for 2 stations of the network with a non-parametric approach. Circles represent 
the single-record estimates of the k parameter. Open circles correspond to the k estimates obtained with Kobarid region 
earthquakes.
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The QS images are characterized by marked lateral and depth variations. At large scale, three 
zones can be recognized with different attenuation pattern related to the geologic-structural 
heterogeneity of the upper crust. The structural heterogeneity associated with the variations of 
the mechanical properties of rocks has been highlighted by the Sequential Integrated Inversion 
(SII) of tomographic images and gravity data of Bressan et al. (2012) applied to the same study 
area, which provided the 3-D VP, VP/VS and elastic moduli pattern. 

Large attenuation, resulted from low QS values, is observed in the rightmost part of the 
studied area (Fig. 11, zone 1), corresponding to the Kobarid region (western Slovenia), in good 
agreement with the results of Gentili and Franceschina (2011). Fig. 12 shows an example of 
the anomalous attenuation in Kobarid on the k attenuation parameter: earthquakes from the 
Kobarid region (white circles) exhibit higher values of k (higher attenuation) respect to the 
general regional trend of k with distance (grey circles). Low values of QS have been associated 
with the presence of cracks, to high pore fluid pressures and to low heat flow (Hauksson and 
Shearer, 2006; Zhou et al., 2011). We emphasize that the area investigated in the present paper 
is characterized by relatively low values of heat flow: 50-60 mWm-2 (Cataldi et al., 1995) in 
the Friuli region (north-eastern Italy) and 30-40 mWm-2 (Lapanje et al., 2011) in the Kobarid 
region (western Slovenia). The results of Bressan et al. (2012) confirm the former tomographic 
VP and VP/VS models, obtained by Bressan et al. (2009) in the Kobarid region on a finer grid. 
The tomographic images showed a large variability of the VP and VP/VS pattern with marked 

Fig. 11 - Vertical cross-sections 4 and 5 (see Fig. 4) of the 3D tomographic QS image. Circles represent earthquakes. 
Circle size is proportional to earthquakes magnitude.
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Fig. 11 - Vertical cross-sections 4 and 5 (see Fig. 4) of the 3D tomographic QS image. Circles represent earthquakes. 
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the mechanical properties of the geologic units seems to play a role even in this case. However, 
the low QS structure is generally characterized by VP/VS values higher than the high QS structure, 
suggesting higher crack density.

The QS images highlight a heterogeneous lateral and deep pattern of the attenuation in 
the western side of the study area (Fig. 11, section 5, zone 3). A zone of high QS values 
(low attenuation) is recognized at 6-8 km depth, overlapping a zone of low QS values (high 
attenuation). The high QS structure is characterized by P-wave velocity range 6.2-6.8 km/s, 
VP/VS values 1.78-1.90 and shear modulus varying from 2.9 to 3.9×1010 Nm-2 (Bressan et al., 
2012). The geologic structure is mainly made-up of dolomitic limestones of lower Triassic 
age with variable density of cracks. The low QS zone is characterized by the VP range 
5.7-6.4 km/s, VP/VS values 1.85-1.95 and a relatively low shear modulus, ranging between 
2.0 and 2.9×1010 Nm-2. These values are associated with the following stratigraphic-geologic 
sequence: limestones originated from mixed carbonate-clastic platform of Triassic age and 
from sandstones and limestones of Palaeozoic era. The variation in attenuation can be assigned 
mainly to the variation of the mechanical properties of the geologic units. The rocks, pertaining 
to the high QS zone, are characterized by more hardness and rigidity. 

By summarizing, the QS anomalies appear related to the mechanical heterogeneity of the 
crust, the different geologic units and the different amount of crack density. The variation in the 
VP/VS pattern (Bressan et al., 2012) can be presumably driven also by variable pore pressure, but 
there are not reliable and exhaustive data about crustal fluids in this area.

Fig. 15 - Vertical cross-sections 4 and 5 (see Fig. 4) of the 3D shear modulus image from Bressan et al. (2012) results. 
Circles represent earthquakes used in our paper. Circle size is proportional to earthquakes magnitude.
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Fig. 13 - Vertical cross-sections 4 and 5 (see Fig. 4) of the 3D tomographic VP image from Bressan et al. (2012) results. 
Circles represent earthquakes used in our paper. Circle size is proportional to earthquakes magnitude.

Fig. 14 - Vertical cross-sections 4 and 5 (see Fig. 4) of the 3D tomographic VP/VS image from Bressan et al. (2012) 
results. Circles represent earthquakes used in our paper. Circle size is proportional to earthquakes magnitude.
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6. Conclusions

The 3D pattern of the frequency independent part of the quality factor QS has been 
determined in the Friuli Venezia Giulia Italian region and western Slovenia with attenuation 
tomography techniques. The k parameter was estimated on spectra corrected for the frequency 
dependent part of the quality factor as in Gentili and Franceschina (2011) and the 3D VS 
distribution was taken from Bressan et al. (2012). The analysis was performed on 28 seismic 
stations analyzing 977 three-components seismic records corresponding to 156 earthquakes.

The analysis revealed marked lateral and depth variations of QS values. Three main zones have 
been recognized with different attenuation pattern related to the geologic-structural heterogeneity 
of the upper crust. The low heat flow and the variable pore pressure can also play a role in low QS 
values, but no exhaustive data on crustal fluids are available for the investigated area. 

-  Zone 1: the eastern part of the study area corresponding to the Kobarid region (western 
Slovenia) is characterized by large attenuation pattern. Low QS values are associated with 
large amount of fracturing and variable pore pressure as suggested by the highly variable VP/
VS pattern and low heat flow characterizing the area. In detail, low QS pattern is associated 
with high shear modulus rocks of prevailing platform and dolomitic limestones, locally 
highly fractured, which compose the source zone of the magnitude 5.6 and 5.2 1998 and 2004 
earthquakes, the most relevant events occurred in the study area in the last 30 years.

-  Zone 2: the central part of the area is characterized by significant lateral variation of 
QS  images, attributed to the variation of mechanical properties of the geologic units. We 
associate high QS  values to Triassic and dolomitic limestones, characterized by high shear 
modulus and variable VP/VS values. Low QS values are associated with less competent 
rocks, composed by alternation of mixed carbonate-clastic limestones, dolomitic limestones 
and chert limestones.

-  Zone 3: the QS images reveal a zone of low attenuation partially overlapping a zone of 
high attenuation. The high QS structure is characterized by higher shear modulus and on 
average lower VP/VS values with respect to the low QS zone. The variation of attenuation 
is attributed to the variation of the mechanical properties of the geologic units. High QS 
images are attributed to dolomitic limestones with variable density of cracks. Low QS 
images are associated with Triassic limestones and to Paleozoic sandstones and limestones.

Finally, we emphasize that the large variability in mechanical characters of the crust are 
related to the complex deformation pattern of the area, resulting from several tectonic phases 
with different orientation of the stress tensor.
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We emphasize that the investigated area is characterized by a polyphase deformational 
zone, resulting from the superposition of several Cenozoic era tectonic phases (Venturini, 
1991), with different orientation of the principal axes of stress. Each tectonic phase inherited 
and re-activated the geological deformations of the previous phase producing a complex 
deformation pattern and different tectonic domains. The upper crust is characterized by marked 
lateral and depth variations of the elastic moduli pattern, closely related to variability in rock 
mechanical properties.

Fig. 16 - Schematic geological map (from Bressan et al., 2012). The grid of the tomographic QS inversion is also 
plotted. Symbols: 1) Hercynian very-low metamorphic basement (Ordovician-Carboniferous); 2) Paleocarnic Chain, 
non- and anchimetamorphic succession (Upper Ordovician-Carboniferous): sandstones, limestones and locally volcanic 
deposits; 3) Upper Carboniferous and Permo-Mesozoic carbonate successions: dolomitic limestones, carbonate-clastic 
platform limestones, chert limestones and locally sandstones, marls; 4) Flysch (Upper Maastrichtian-Middle Eocene) 
and molassic sequence (Miocene); 5) Quaternary covers. Solid and dashed lines: subvertical faults; barbed lines: 
thrusts. Towns: BL, Belluno; PN, Pordenone; UD, Udine; GO, Gorizia; TS, Trieste (from Bressan et al., 2012).
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ABSTRACT North-eastern Italy is one of the most seismically active areas of Italy, being affected 
in the past by eight destructive earthquakes. This area is densely populated and heavily 
industrialized, hence its seismic monitoring is crucial for Civil Defense purposes. This 
task is managed by the Istituto Nazionale di Oceanografia e di Geofisica Sperimentale 
(OGS), through its Centro Ricerche Sismologiche (CRS), that performs the automatic 
real-time locations through the Antelope® BRTT software package. An accurate 
choice of the Antelope® setting parameters is necessary to ensure the best performance 
of the real-time system, that means the most accurate location for the earthquakes 
with magnitude ML≥2.5 (the alarm threshold), avoiding any false event. This goal 
was pursued by testing different parameters on a data set built with 295 earthquakes 
representative of the local seismicity. The tuned parameters were then validated on 
the earthquakes which occurred in the monitored area in 2011: all events with ML≥2.5 
were correctly detected and located with a median epicentral distance difference of 
2 km with respect to the OGS catalogue. The OGS real-time system was tuned with 
these parameters that have been operating successfully since 2012. 

Key words:  north-eastern Italy, automatic location, seismic monitoring, Emilia, Antelope®.

1. Introduction

North-eastern Italy, with the nearby regions of Austria, Slovenia and Croatia, corresponds to 
the northernmost part of the Adriatic microplate which in this sector collides and rotates anti-
clockwise with respect to the Eurasian plate (Carulli and Slejko, 2005). The movement induces 
a remarkable state of stress. As a consequence the area and in particular the pre-Alpine belt from 
Lake Garda to the Italian-Slovenian border is one of the most seismically active districts of Italy 
(Slejko et al., 1989). The Italian earthquake catalogue CPTI11 (Rovida et al., 2011) reports 8 
destructive earthquakes (with macroseismic epicentre I0≥IX MCS) in this sector and the most 
recent is the quake of May 6, 1976 (Carulli and Slejko, 2005) that caused 989 casualties and 
stimulated the beginning of detailed seismological studies in north-eastern Italy. The space 
distribution of the epicentres (Fig. 1) describes well the pre-Alpine piedmont belt with the 
main concentration in central Friuli and to a lesser extent around Lake Garda. Moving to the 
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