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Abstract: We have estimated the quality factor, Oy for shear-waves for western and central Slovenia for
five frequency bands centred at 0.8 Hz, 1.5 Hz, 3.0 Hz, 6.0 Hz and 12.0 Hz. We used 150 high quality
broadband waveforms, from 15 shallow (depth < 8km) aftershocks of the 2004 (Mw 5.2) Krn Mountain
earthquake sequence in NW Slovenia. Magnitudes (M) range from 2.5 to 3.5 and epicentral distances
from 16 to 138km. Our results show that Oy varies with frequency f according to the power law

0, =83f % or Q; =0.012 f**° . Comparing our results to those previously obtained for the re-

gion of Friuli-Venezia-Giulia in the Southern Alps, both show high values of seismic wave attenuation
that is typical of seismogenic active regions and among all sets of data we can observe a good agree-

ment.
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1. Introduction

Seismic waves attenuate — decrease in amplitude —
as they propagate. A cause for such behaviour is
the reflection and transmission of seismic waves at
discrete discontinuities. In addition, geometric
spreading, scattering, multipathing and anelasticity
are processes that can reduce wave amplitudes as
well. The first three are elastic processes, whereas
anelasticity (or else intrinsic attenuation) refers to
the reduction of seismic wave amplitudes due to
conversion of seismic energy to heat. Attenuation
of seismic waves is usually expressed in terms of
the dimensionless quality factor Q (Q=2nE/AE) or
Q" with AE representing the dissipated energy per
cycle. Large energy loss means low Q and vice
versa, i.e., Q is inversely proportional to the
attenuation values.

We chose to study the attenuation of S-waves
based on fact that S-waves compared to the P-
waves are more destructive. The amplitudes of
shear waves are about five times larger compared
to the amplitudes of longitudinal waves and their

periods are longer by at least a factor of \/g . These
facts arise from differences in wave propagation
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velocities and the related differences in the corner
frequencies of the P - and S — wave source spectra.
Thus, the study of the attenuation of shear waves
has important engineering implications. Attenua-
tion of direct S-waves (Aki, 1980; Rautian and
Khalturin, 1978) contains the combined effect of
intrinsic loss and scattering. Attenuation as in-
ferred from the decay rate of coda (Aki and
Chouet, 1975; Rautian and Khalturin, 1978) is also
the combined effect of scattering and intrinsic at-
tenuation.

Within this study we determined the quality factor,
Oy for shear-waves for the area of western and cen-
tral Slovenia, using high-quality digital records
from the stronger aftershocks of the 2004 Kin
Mountain earthquake sequence in NW Slovenia.
We estimate Oy for five frequency bands centred at
0.8 Hz, 1.5 Hz, 3.0 Hz, 6.0 Hz and 12.0 Hz and we
mainly follow the procedure described in Polatidis
et al. (2003).

2. Regional seismotectonic setting

The studied region (Fig. 1) belongs to two regional
structural units. The western and north-western
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Fig. 1. Regional tectonic framework of Slovenia and
neighbouring regions. PAF (Periadriatic fault), FF (Fella
fault), SF (Sava fault), SAF (South Alpine thrust front),
IF (Idrija fault), RF (Rasa Fault), ZF (Zuzemberk Fault),
DF (Drava Fault). The thick line in the inset represents a
rough position of the Adria microplate. The studied area
is shown in the rectangle. The asterisk shows the loca-
tion of the 2004 Krn mountain sequence, near Julian
Alps, lying in the interaction between Southern Alps
with E-W trending major tectonic features and Di-
narides with NW-SE prevailing structures.

sectors belong to the unit of Southern Alps, while
the central and southern parts lie in the structural
unit of the Dinarides. The most prominent struc-
tures in the unit of Southern Alps are the thrust and
reverse faults, trending in an E-W direction with an
accompanying N-S oriented shortening. In NW
Slovenia, these E-W striking faults interact with
NW-SE trending faults that belong to the Di-
narides and which display dextral strike-slip kine-
matics. Two moderate size earthquakes with Mw =
5.6 (Bajc et al., 2001) and Mw = 5.2 (Ziv&ié et al.,
2006), occurred in 1998 and 2004, respectively,
along a NW-SE trending fault and both main
shocks displayed strike-slip kinematics (Kastelic et
al., 2008; Bajc et al., 2001; Ganas et al., 2008).
The epicentral area of these earthquakes, and espe-
cially of the 2004 event which is located more to
the NE, lies in the area of interaction between E-W
and NW-SE striking faults. This is evident also
from the focal mechanisms of aftershocks of the
2004 event that exhibit thrust fault plane solutions,
showing N-S shortening on E-W striking faults.
Both main shocks and the aftershocks occurred in
the shallow parts of the crust with hypocenters not
exceeding 8 km in depth, while a number of after-
shocks occurred at very shallow depths between 2
and 3 km (Bajc et al., 2001; Kastelic et al., 2006).
According to well (Placer et al., 2000) and geo-
physical data (Behm et al., 2007) the lithology at
these depths corresponds to limestone, in the first
few kilometres below surface, and to magmatic
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rocks in greater than 6 km depths. The geological
units at the surface display multiple tectonic phases
and the density of faults and other structures is
high. These faults act as heterogeneities within the
crust, which affect the nature of wave propagation.

Previous work related to the attenuation of seismic

waves in this part of Southern Alps and Dinarides,
is limited and the published work mainly refers to
northern Italy, specifically to the region of Friuli-
Venezia-Giulia. Console and Rovelli (1981) esti-
mated Q(f) = 80f "' for the frequency range of 0.1—
10 Hz for the Friuli region using strong motion ac-
celerograms at distances up to 200 km, from the
1976 Friuli earthquake sequence. Castro et al.
(1996) computed the relation of Q(f) = 20.4f"" for
S waves attenuation in the frequency range 0.4 to
25 Hz, using earthquake data from the same se-
quence. Govoni et al. (1996) used coda waves of
local moderate size earthquakes in the frequency
band between 1 to 25 Hz, to obtain Q(f) = 79/**°.
For an area of 200 x 200 km extending from
Friuli-Venezia Giulia towards Slovenia, Malagnini
et al. (2002) in the range of 0.5 to 14 Hz, using
ground velocity time-histories from distances 20 to
200 km, obtained a regional propagation model de-
scribed as O(f) = 260f *%. For the central part of
Slovenia Q values have been determined for P
waves using local earthquake recordings. Estima-
tions were done for different time intervals in the
frequency bands of 1 to 21 Hz and computed val-
ues for lapse time interval of 25 — 45 s give rela-
tion of Q =123/ (Ravnik and Ziv&i¢, 2000).
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Fig. 2. Geometry of the permanent seismic stations
(black triangles) operated by to the Environmental of
the Republic of Slovenia, Seismology and Geology Of-
fice. The inset depicts the spatial distribution of the 15
stronger aftershocks of the Krn Mountain 2004 earth-
quake sequence, whose waveforms were analysed in
this study.
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3. Data

We retrieved the broadband waveforms from the
15 stronger aftershocks of the 2004 Krn Mountain
earthquake sequence (Table 1), and we compiled a
set of 150 waveforms, in total, from the two hori-
zontal components. The data come from the data-
base of the Seismology office of the Environ-
mental Agency of the Republic of Slovenia, part of
the dataset of the permanent network of the Seis-
mic network of the Republic of Slovenia. The
equipment of permanent stations consisted of
broadband 3-component Guralp CMG-40T seis-
mometers and Quanterra Q730 acquisition unit
(Sinci¢ et al., 2006). The geometry of the station
network (Fig. 2) samples parts of western and cen-
tral Slovenia. Epicentral distances range from 16 to
138 km, My values range from 2.5 to 3.5 and
depths of aftershocks do not exceed the upper 8 km
of the crust. Due to the location of the sequence
and the geometry of the network, records from dis-
tances in the range 50 to 80 km (Fig. 3) were not
available.

We checked the quality of each record based on
the signal/noise ratio, by taking the noise spectrum
from a time window before the P arrival and the
same window over for S-wave (e.g. fig. 4). All re-
cords have signals at least a factor of 2 over the
noise for a given fc. The velocity records from the
N-S (HHN) and E-W (HHE) components were
baseline corrected, to remove long-period biases,
by subtracting the mean and the effect of the in-
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Fig. 3. Distribution of data in magnitude and distance. It
is evident that due to the location of the 2004 Krn earth-
quake sequence and the geometry of the network we
have gaps in our distance sampling. We managed to re-
solve this by averaging the amplitudes over certain dis-
tance ranges (see text for details).

strument response was removed. The records were
then band-pass filtered using a Butterworth filter in
the frequency range of 0.1 to 20 Hz. Initially, we
selected the S-wave time window long enough to
include the S-wave train (fig. 5). We applied a
10% cosine taper to both ends of the data and then
the Fourier transform was calculated. Then we cal-
culated the corner frequency, f. using equation (1)
of Andrews (1986):

Table 1. Parameters of the 15 stronger aftershocks of the Krn Mountain 2004 earth-
quake sequence the broadband records of which were analysed in this study.

No. Date Time Latitude Longitude Depth My
YYYY-MM-DD  HHMM (°N) (°E) (km)
1 2004-07-12 1626 46.3321 13.6122 333 28
2 2004-07-12 2025 46.3208 13.5877  3.66 2.6
3 2004-07-13 0552 46.3179 13.6054  5.00 2.9
4 2004-07-13 1532 46.3181 13.6011 412 29
5 2004-07-14 0437 46.3192 13.5898  3.63 3.5
6 2004-07-14 1226 46.3293 13.6141  2.63 2.6
7 2004-07-14 1538 46.3180 13.6093 477 2.5
8 2004-07-15 1858 46.3295 13.6109 297 2.7
9 2004-07-17 1918 46.3304 13.6061 324 29
10 2004-07-21 0950 46.3247 13.5846  3.69 2.7
11 2004-07-23 1352 46.3223 13.5716  3.63 2.8
12 2004-08-01 0011 46.3282 13.5644  2.83 2.5
13 2004-08-03 0923 46.3264 13.5604 276 2.7
14 2004-08-18 1424 46.3211 13.5893  3.63 3.1
15 2004-11-06 1709 46.3091 13.6203 412 28
379
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where V>(f) and D*(f)=V>(f)/(27n f*) refer

to the squared velocity and to the squared dis-
placement power spectra, respectively, calculated
for the S-wave train considered. This initial value
of f. was then used to calculate the signal duration,
T, of the S-wave strong ground motion using the
formula of Hermann (1985):

T, =L 1 00s5R
f.

c

2

where R is the epicentral distance in km. The
ground motion duration thus obtained was used to
select an S-wave time window equal to this dura-
tion (as obtained from eq. 2) and the Fourier trans-
form was again calculated. The calculated S-wave
durations were in good agreement with those visu-
ally selected from the original records. In this way
the S-wave time windows analysed were between
1.8 and 7.5 s and the corner frequencies calculated
were between 1.8 and 7.5 Hz. Averages of the S-
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Fig. 4. Example of earthquake spectra for signal (top
trace, in red) and noise (bottom trace, in black) for fre-
quency bands between 0.01 and 20 Hz. This analysis
was performed for all aftershocks and for all records.
For each record, we checked the frequency ranges for
which the signal/noise ratio was higher than 2.
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wave amplitude were taken over one octave fre-
quency bands centred at 0.8, 1.5, 3.0, 6.0 and 12.0
Hz.
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Fig. 5. Example of the procedure followed to calculate
the duration 7, for the S-wave train, which was included
in the spectral analysis. The top record depicts the ini-
tially selected time window we used for corner fre-
quency determination. For 7,; we used equation of 7, =
1/fc + 0.05R to calculate the corresponding time for the
S-wave train at the epicentral distance of R is the epi-
central distance for used event and seismic station is
40.55 km km that gave the value 7,,= 2.3 s (lower im-
age). Using this duration time we again selected the ap-
propriate time window to calculate its Fourier trans-
form.

4. Method of analysis

We used empirical functions that describe the
observed trends of the spectral amplitude decay
with distance using a nonparametric method
(Anderson and Quaas, 1988; Castro ef al., 1990,
1999, 2002; Anderson and Lei 1994, see also the
application in Polatidis e al, 2003). The
dependence of the S-wave spectral amplitudes U
on hypocentral distance R for a given frequency f
was modeled as:
S, (f ) -4

U,(f,R)= (f.R) 3)

where Uff, R) is the observed spectral amplitude of
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event i, A(f, R) is the empirically determined
attenuation function that describes the distance
decay trend, and S(f) is a scalar (one for each
earthquake i at frequency f) that depends on the
size of the earthquake. A(f, R) contains the effects
of both the geometrical spreading and the quality
factor Q but is not limited to a particular functional
form. The attenuation function A(f, R) using a ho-
mogeneous attenuation model, is further param-
eterized as:
7R

=R exp(-—2— 4
A(fR) exp( Qﬂ(f)ﬂ) )

where f is the frequency, S is the velocity of S-
waves taken equal to 3.4 km/sec and R™ is the geo-
metrical spreading function. The attenuation func-
tions, A(f, R) were obtained empirically in the fre-
quency band of 0.6 to 16 Hz by fitting the spectral
amplitude decay of the records. Using (3) equation

(4) becomes:

U (7.R)=S.( )R exp(——"R_ )
((f5R)=S,(f)R " exp( Qﬁ(f)ﬂ)

and taking the logarithm of (5) and rearranging we
get:

logU,(f,R)+nlogR=logS,(f)-log(e)

R (6
50,0

For the distances used here (R<138 km) we assume
a decay rate of 1/R (n=1), which implies body
wave propagation and spherical geometry. In fact,
all epicentral distances are within 100 km, only
one of the stations used exceeded 100 km, but was
still in the range for direct S-waves arrivals. Cor-
recting the observed spectral amplitudes for the ef-
fects of geometrical spreading and plotting

{logU, (f,R) +nlog R } versus R, for each after-

shock and frequency range, the wvalue of

corresponds to the slope b of

—rlog(e)—L—
BO,(f)
the line of the least squares fit. To calculate Qg
values, for each designated centre frequency, f we

-l
simply used the form: O, (f) = %}e)f :

5. Results

We show an example (Fig. 6) of the procedure fol-
lowed to estimate Qp(f) for a single event (No. 9 in
Table 1). As described previously Oy was deter-
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mined for the five centre frequencies as a relation
between logarithmic values of amplitude and epi-
central distance, R. The slope of the least squares'
fit, the Oy values and correlation coefficient of the
regression, are also included in the plots. The fre-
quency dependence of Oy, for this specific event, is

approximated as: Q,(f) =49 f o

Table 2 lists the Oy( f) values for all the 15 events
used in this study, for each centre frequency, and
for each horizontal component, separately. It also
lists the mean Qg values and their frequency de-
pendence, for each component separately and for
both. One observation from the mean results listed
in Table 2 is the large variation of Oy values for
individual events, reflected in the standard devia-
tion of the mean. This was also observed in similar
studies (Hatzidimitriou, 1995; Polatidis et al.,
2003; Baskoutas et al., 2004) for other regions and
was mainly attributed to the fact that the amplitude
decrease due to geometrical spreading can be more
than R”.

At a next step we normalized spectral amplitudes
to a reference earthquake of magnitude M;=2.8
(the maximum likelihood estimate of the data dis-
tribution) and we have recalculated Q values using
the normalized data set (fig. 7). To improve the
quality of the regression we have included the data
from both components and we have also calculated
average spectral amplitudes for average distances
for six distance ranges, which we determined
based on the distribution of data in distance (see
also fig. 3). More specifically for the distance
ranges 15 to 20km, 21 to 39km, 40 to 44km, 45 to
100km, 101 to 104km and 105 to 138km we have
calculated average spectral amplitudes and average
distance. These average values (standard deviation
of distances ~1.25 km and ~0.24 in spectral ampli-
tudes) were used in the regression (Fig. 8), con-
straining the regression better, improving the fit
and we chose to adopt these results as our pre-

ferred fits. The results Q,(f)=83f % show
strong frequency dependence (included in Table 3).

6. Conclusions

Data from 150 broadband waveforms belonging to
15 aftershocks of the 2004 Krn Mountain earth-
quake sequence were analysed to study the fre-
quency dependence of direct S-wave attenuation in
western and central Slovenia. The epicentral dis-
tances of the events range from 16 to 138 km and
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Table 2. Qg values of all earthquakes for the five centre frequencies and correlation coefficient,  of the least square
fit, are shown separately for both horizontal channel components. Values 0 for » and Q; values in parenthesis
represent low corellation, thus data were excluded from the summation to obtain the mean (; for each centre fre-
quency. Blank lines in two cases for the HHN channel represent poor quality data that were not used in the analysis.

Date ML 0.6-1.0Hz r 1.0-2.0 Hz r 2.0-4.0Hz r 4.0-8.0Hz r 80-160Hz r
YYYY-MM-DD Centre frequency Centre frequency Centre frequency Centre frequency Centre frequency
0.8 Hz 1.5Hz 3.0 Hz 6.0 Hz 12.0 Hz

HHE channel Qg Qy Qy Qy Qg
2004-07-12 2.8 27 0.91 75 0.82 135 0.90 194 0.95 326 0.96
2004-07-12 2.6 39 0.63 84 0.82 169 0.97 222 0.85 335 0.93
2004-07-13 2.9 42 0.59 (101) 0 (176) 0 204 0.79 446 0.90
2004-07-13 29 40 0.65 81 0.94 122 0.92 280 1.00 370 0.97
2004-07-14 35 45 0.63 74 0.81 124 0.98 209 0.87 381 0.94
2004-07-14 2.6 26 0.76 66 0.71 113 0.81 177 0.92 304 0.97
2004-07-14 2.5 56 0.48 (99) 0 (177) 0 187 0.81 330 0.84
2004-07-15 2.7 29 0.94 74 0.83 122 0.92 142 0.97 325 091
2004-07-17 2.9 38 0.91 75 0.93 110 091 171 0.90 325 0.89
2004-07-21 2.7 40 0.64 83 0.71 152 0.92 271 0.82 363 0.94
2004-07-23 2.8 30 0.64 86 0.54 143 0.52 207 0.80 357 0.88
2004-08-01 2.5 53 0.85 90 0.82 316 0.54 317 0.86 417 0.97
2004-08-03 2.7 37 0.90 73 0.91 208 0.94 231 0.91 410 0.96
2004-08-18 3.1 34 0.70 76 0.70 167 0.96 196 0.88 354 0.93
2004-11-06 2.8 52 0.55 123 0.70 156 0.98 252 0.89 402 0.91
HHE Average Q;  Qz=3949 Q=82+14 Qp = 157455 Qp =217+46 Qp=363+41

HHE Power fit Q= 54f %
HHN channel Qg Qg Qg Qg Qg
2004-07-12 2.8 30 0.96 60 0.76 114 0.87 195 0.88 298 0.94
2004-07-12 2.6 57 0.74 116 0.66 218 0.93 301 0.80 402 0.95
2004-07-13 2.9 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
2004-07-13 2.9 36 0.70 97 0.77 191 0.84 227 0.97 370 0.97
2004-07-14 3.5 99 0.78 104 0.85 197 0.96 282 0.92 429 0.99
2004-07-14 2.6 45 0.72 68 0.66 126 0.77 217 0.88 345 0.93
2004-07-14 2.5 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
2004-07-15 2.7 37 0.93 62 0.73 93 0.86 208 0.81 334 0.89
2004-07-17 2.9 32 0.95 56 0.75 93 0.62 181 0.91 318 0.91
2004-07-21 2.7 53 0.69 (128) 0 234 0.72 285 0.84 391 0.95
2004-07-23 2.8 45 0.67 71 0.73 178 0.90 352 0.81 468 0.97
2004-08-01 2.5 31 0.62 113 0.53 191 0.86 376 0.66 439 0.98
2004-08-03 2.7 29 0.64 89 0.66 165 0.87 238 0.84 403 0.90
2004-08-18 3.1 54 0.66 95 0.59 199 0.88 272 0.78 372 0.94
2004-11-06 2.8 48 0.72 (203) 0 200 0.67 307 0.73 426 0.95
HHN Average Qs Qg =46+19 Qp=85+22 Qp = 161+46 Qp = 265460 Qp=384+50

HHN Power fit Q= 60f *™®
BOt/L‘VCe?;“gpeogjms Q= 42+14 Q,=83+18 Q= 158+50 Qy = 239457 Qy=373+46
Both components

Powerpfit Q=57

the M; magnitudes from 2.5 to 3.5. The focal
depths of the events are confined within the upper
5 km of the crust. The region of study geody-
namic-cally lies in the transition between the units
of Southern Alps and Dinarides. Julian Alps and
Friuli region belong to the part of the Alpine oro-
gen with the highest seismic activity. This is the
region of occurrence of the strong 1976 My= 6.4
(Barbano et al., 1985; Slejko et al., 1999; Pondrelli et
al., 2001), and of the moderate magnitude earthquake

382

sequence of the 1998 M,,= 5.6 (Bajc et al., 2001) and
of the 2002 My= 4.9 (Bressan et al., 2007) and the
2004 My= 5.2 (Ziv¢i¢ et al., 2006) events.

In the frequency band of 0.6 to 16 Hz, and for dis-
tances from 16 up to 138 km, the frequency de-
pendence of (s can be approximated as

0, = 83 1% or Q/}I =0.012 "% We obtained

values Qy separatelly for HHN and HHE channels
with calculated values of Qe = 54f 80 and
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Table 3. Op pormaiizea are the Op(f) values calculated when
all spectral amplitudes have been normalized to a refer-
ence ML=2.8 earthquake.

f Qﬁ normalized Ql} normalized Qﬂ normalized
(Hz) HHE HHN Both
component component components
0.8 58 64 60
1.5 122 123 124
3 231 232 232
6 356 340 342
12 543 564 546
Q, = 81f 0.81 Q, = 85f 0.79 Q, = 83f 0.80

Opnn = 571 050 The small difference between the
HHE and HHN spectral decay is within the
statistical uncertainties of the estimates, suggesting
that O anisotropy is negligible. However, only
considering high frequencies bands (= 4-8 and /=
8-16 Hz), we observed values of Qg yun which are
significantly above the values for Qpupe. Comparing
our results to those previously obtained (Fig. 8) for
the region of Friuli-Venezia-Giulia in the Southern
Alps we can observe a good agreement. The only
relation directly applicable to Slovenia (No. 2 in
Fig. 8) shows the attenuation of P-waves and com-
pares well with our relation (No. 3 in Fig. 8) which
describes the faster attenuation of S-waves in Slo-

7 f=0.8 Hz b=-0.0084 44y f=L5Hz
Q=38 A b=-0.0080
. . coef =0.91 Q=173
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Fig. 6. Example of Oy determination for the five centre
frequencies selected for earthquake No 9 (Table 1).
Values of the slope, b, and correlation coefficient, coef,
of the linear least squares fit and the computed Qy val-
ues are also included in the plots.
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Fig. 7. Variation of spectral amplitudes with distance for
each centre frequency. All spectral amplitudes have
been normalized to a reference magnitude ML=2.8.
Amplitudes were averaged for certain distance ranges in
order to better constrain the regression. In this plot, we
have used all data from both horizontal components.

1: Q(f)=204f"  [Castro et al., 1996]
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Fig. 8. Comparison of attenuation relations — mainly for the
region of Friuli-Venezia Giulia and our results for S-wave
attenuation in Slovenia (No. 3). Note that the only relation
applicable to Slovenia describes P-wave attenuation (No. 2).
Our results indicate faster attenuation of S-waves in Slovenia
compared to the P-wave attenuation.
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venia. Our results are comparable to worldwide
Qﬁ'j values for the lithosphere (Sato et al., 2002),
which predict that Q/;'j is of the order of 107 at 1
Hz and decreases to the order of 107 at 20 Hz. As
coda waves are composed of § waves (Aki, 1992)
and that the attenuation mechanism of coda waves
is similar to that of the direct S waves (Aki, 1980),
at a first approximation, we may assume that our
results describe coda wave attenuation in western
and central Slovenia, as well.
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