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Abstract The Central External Dinarides are known as
a tectonically complex region of moderate seismicity
where several strong earthquakes occurred in the last
century. In order to gain insight into the attenuation of
seismic waves in the area, the extended coda normali-
zation method was applied to band-pass-filtered
seismograms of local earthquakes recorded at sev-
en seismological broadband stations. Obtained re-
sults indicate strong attenuation of direct body
waves: Qpp=0p(1 Hz) is found between 21 and 120
and 0y s=0s(1 Hz) is between 46 and 113, whereas the
exponent # in the power law of frequency dependence of
the quality factor is found in the range of 0.63—1.52 and
0.65-0.97 for np and ng, respectively. P-waves are, on
the average, attenuated more than S-waves. The three
island stations (Dugi Otok (DUG]I), Zirje (ZIRJ), Hvar
(HVAR)) are distinguished by the strong low-frequency
P-wave attenuation and more pronounced frequency
dependence of the Op factor (Qp s/Qop>1.7, Oy p<60,
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np>ng). The remaining four inland stations (Udbina
(UDBI), Mori¢i (MORI), Kijevo (KIJV), Ca¢vina
(CACV)) all exhibit similar qualitative attenuation prop-
erties for P- and S-waves (np=ns=~1 and Qs=~Qop),
although individual values of the O-factors vary notably
within this group. Low-frequency attenuation of direct
S-waves in the crust is stronger than mean attenuation of
scattered coda waves in the lithosphere, especially for
long coda lapse times. The results are also qualitatively
in agreement with the thermal regime in the area.

Keywords Body waves - Attenuation - Coda
normalization method - Crust - Dinarides - Croatia

1 Introduction

Attenuation is an important parameter needed to retrieve
seismic source properties, to estimate moment magni-
tude and ground motion characteristics and to assess
seismic hazard. It reflects the process of seismic waves’
energy loss as they propagate through inelastic and
heterogeneous media that results in amplitude decrease;
moreover, it reflects medium’s properties. Inelasticity
causes conversion of elastic energy into heat; this intrin-
sic absorption is caused mainly by small-scale crystal
dislocations, interstitial fluids and frictional heating.
Attenuation due to the heterogeneity, however, redistrib-
utes energy through scattering on all sorts of variations in
physical characteristics of rocks (faults, cracks, intru-
sions, small-scale irregularities, etc.). Discrimination of
these two effects is not a simple task (Sato et al. 2012),
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but for practical use, there is often no need for
separating intrinsic and scattering attenuation, as
mostly the total attenuation is of interest (Havskov
and Ottemoller 2010).

Attenuation is usually described by the quality factor
0, a measure of the energy loss per cycle. Depending on
the type of seismic waves that are considered, we dis-
tinguish attenuation of S-waves (Os '), P-waves (Qp ),
coda waves (Oc ), etc. In order to estimate direct S-
wave attenuation, Aki (1980) developed empirical coda
normalization method applicable to one station only.
Yoshimoto et al. (1993) extended it to direct P-waves.
The method is based on the proportionality of source
spectral amplitudes of body waves and the coda waves,
which enables the elimination of seismic source effect in
direct waves by normalization with observed coda
wave’s amplitudes. This procedure also removes site
effects, leaving only the factor of attenuation.

The Central External Dinarides (CED) is one of the
most active areas in the Dinarides where several strong
earthquakes occurred in the last 150 years; hence, the
seismic hazard level is one of the highest in Croatia and
its neighbouring countries (Herak et al. 2011). The area
is tectonically very complex with the Moho topography
varying rapidly from the Adriatic microplate towards
the Dinarides, where Stipcevi¢ et al. (2011) and
Stipcevi¢ (2012) found indications of a very thick crust.
However, the structure and geodynamics of the
Dinarides are very complex and insufficiently
understood.

For the region of the External Dinarides and its
adjacent area, Herak (1991) and Dasovic et al. (2012,
2013) analyzed attenuation of coda waves applying the
modified coda-Q method (Aki and Chouet 1975). These
studies found the coda waves’ attenuation to be very
strong. Attenuation of coda waves reflects the average
attenuation of the lithosphere, whereas attenuation of the
direct seismic phases of shallow local earthquakes de-
picts the properties of the crust, mostly its upper layers.
As no attempt has been made so far to infer attenuation
properties of direct waves in the CED, we address this
important issue by applying the extended coda normal-
ization method to local earthquakes recorded at seven
seismological stations. Insight into spatial distribution of
seismic attenuation within the crust should provide ad-
ditional information on the properties of the main tec-
tonic units there. At the same time, the results will
hopefully enable more reliable modelling of propaga-
tion and source effects for local earthquakes.
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2 Tectonic setting and seismic activity

The area of our interest is a part of the complex Alpine—
Carpathian—Dinaric orogenic system. It is characterized
by interaction of the Adriatic microplate, the Dinarides
and the Pannonian basin (Tomljenovi¢ et al. 2008;
Ustaszewski et al. 2008 and references therein). Due to
the push of the African plate, the Adriatic microplate
collides with the European plate and underthrusts the
Dinarides to the northeast resulting in a broad thrust and
fold belt.

According to Tomljenovi¢ et al. (2008), the External
Dinarides are derived from the Adriatic microplate and
are composed of Mesozoic to Tertiary shallow-marine
carbonate platform formations (limestone, dolomites,
breccias, etc.). Palacogene shortening is considered to
be the main deformational phase which resulted in char-
acteristic NW trend and SW vergence of compressional
and imbricated structures. The adjacent Internal
Dinarides are situated to the northeast of the External
Dinarides; they are composed of several tectonic units
with dominant NW-SE trend (flysch, ophiolite and
suture zone) (for more details, look in Tomljenovié
et al. 2008; Ustaszewski et al. 2008 and references
therein).

The area of the CED lies in the part where the
Mohorovici¢ discontinuity is the deepest: using re-
ceiver function method Stipcevi¢ et al. (2011) and
StipCevi¢ (2012) estimated the depth of the Moho
larger than 40 km, under some stations even deeper
than 50 km. The crust is the thickest along the
External Dinarides next to the Internal Dinarides
and it thins out in the perpendicular directions to
NE and SW. The crust is three layered: the upper
crust is up to 28 km thick (e.g. models for the
stations KIJV and Cagvina (CACV) in Stip&evié
et al. 2011) with carbonate sediments of up to
11 km of thickness, possibly even more.

The belt of the highest seismic activity in the
External Dinarides extends south-eastwards from
Mt. Dinara to the areas of Imotski, Ston,
Dubrovnik and farther to the Montenegrin coast
(Fig. 1). The area is characterized by reverse faults,
striking predominantly in the NW-SE and W-E
directions, and some strike-slip faulting mostly in
the hinterland (Ivanci¢ et al. 2006; Kuk et al. 2000).
The majority of earthquakes occur in the upper
crust, not deeper than 20-25 km. Seismicity is mod-
erate to high with rare occurrence of strong events,



J Seismol (2015) 19:849-860

851

Latitude [°N]

@ Jabuka

e
e,
e

Magnitude:
® 550-599
® >60

15 16

17

Longitude [°E]

Fig. 1 Studied area in the geographical context. Triangles mark seismological stations used in the analysis, and dotted lines roughly
delineate the region of our interest. Historical seismicity (M >5.5) after Croatian Earthquake Catalogue (updated version described in Herak

et al. 1996) is shown by solid circles

and it is intensified towards southeast. Croatian
Earthquake Catalogue (Herak et al. 1996; updated
with events up to 2013) includes 16 earthquakes
with M >5.5 in the studied area of the CED (dot-
ted-line polygon in Fig. 1) in the last 150 years. The
strongest was the one of 2 July 1898 near Sinj with
1y=1X °MCS (M =6.7; Markusi¢ and Herak 1999).
The strongest event in Croatia in the twentieth cen-
tury occurred on 29 December 1942 near Imotski
with M =6.2 and I,=VIII-IX °MCS.

There is also notable seismic activity in the
Central Adriatic area. Most of the earthquakes there
occur in the vicinity of Jabuka Island, a large

eruptive intrusion. Many earthquakes used in the
analysis for the Hvar (HVAR) station are, in fact,
the aftershocks of the 29 March 2003 17:42
mainshock (M =5.5) of the Jabuka earthquakes se-
ries, which was analyzed in detail by Herak et al.
(2005). This epicentral area is located W and NW of
Jabuka Island. Seismic profiles indicate the presence
of reverse structures extending to the SE.

Seismic activity is also prominent at fault systems
along Dugi Otok Island and Mt. Velebit. In the Velebit
region, the largest instrumentally recorded earthquake
was the one of 1916 (M =5.8, I,=VIIl °MCS) near
Senj.
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3 Method and data analysis
3.1 Method

In order to estimate attenuation of high-frequency S-
waves, we used the coda normalization method pro-
posed by Aki (1980) and its extension to P-waves sug-
gested by Yoshimoto et al. (1993). The coda normaliza-
tion method is a purely empirical technique based on
observations that the ratio of source spectral amplitudes
of S-waves, Ag(f), and spectral amplitudes of coda
waves, Ac(f, f), depends only on distance, i.e. time ¢,
and on the radiation pattern. Yoshimoto et al. (1993)
showed that this holds also for source spectral ampli-
tudes of P-waves, Ap(f). This means that the source
effect can be eliminated by normalizing S- and P-wave
spectral amplitudes with coda spectral amplitudes mea-
sured at a fixed time (7). The effect of radiation pattern
is removed by averaging the ratio over many events.
Local site effects are also removed by this normalization
because coda waves are scattered S-waves and because
the ratio of the effects for S-waves and P-waves is
constant. This gives us relations

Ae(f)r Tf
Ac(ﬂ tc) = Qp(f)VP’ + const. (la)
As(f)r Tf

In Ac(ﬂ tc) = Qs(f)vs' + const. (1b)

where r represents hypocentral distance, vp and vg are
average seismic velocities of direct phases and Qp and
Qs are quality factors for P- and S-waves, respectively.
By applying linear regressions following Eqs. (1a) and
(1b) to the observed data triplets [4ps(f), Ac(f, tc), ¥] and
assuming appropriate average seismic velocities, the
quality factors can be obtained from the slope of the
regression line.

Quality factors for P- and S-waves are frequency
dependent. This dependence is usually well described
by a simple power law

O(f) = Qof" = InQ(f) = InQy + nlnf", (2)

where QO is either QO,P:QP(fZI HZ) or QO,S:QS(f:
1 Hz). Qop, Oos and frequency dependence exponents
np and ng are estimated by linear regression (for more
detailed description, please see, e.g. Aki 1980;
Yoshimoto et al. 1993; and Sato et al. 2012).

@ Springer

3.2 Data

The analyzed seismograms of local earthquakes were
recorded by seven seismological broadband stations
from the Croatian seismograph network: Udbina
(UDBI), Kijevo (KIJV), Ca¢vina (CACV), Moriéi
(MORYI), Dugi Otok (DUGI), Zirje (ZIRJ) and HVAR
(Fig. 2), managed by the Croatian Seismological Survey
(see Table 1 for detail).

A total of 1199 seismograms of 817 local earthquakes
with epicentral distances between 40 and 120 km and
local magnitude larger or equal to 2.0 were used. All
earthquakes are shallow with source depth mostly down
to 15 km, i.e. in the uppermost crust. Epicentres of the
analyzed earthquakes are shown in Fig. 2.

3.3 Data analysis

To obtain spectral amplitudes, we firstly detrended all
three components of the seismogram and applied
Butterworth band-pass filter of the fourth order for up
to 12 central frequencies (f=1.5,2,3,4,5,6,8,9, 12, 16,
18, 24 Hz) with the bandwidth of 273, depending on the
sampling frequency fs (Table 1). Then, we calculated the
signal as root mean square of the total velocity of the
wave field defined as

n+‘\
vrrMms ( \/N (tn) + Vs (tn) + Viw (tn)

where 1, is the time of the n™ sample measured from the
earthquake origin time and N=2fg/f+1 is the length of
sample for which mean is calculated. The noise level,
defined as the mean of a 5-s-long window of vzrums
preceding the P-wave onset, was then subtracted from
the whole signal. 4p(f) and As(f) were taken as the
maxima of the signal in the 5-s-long windows starting
at the onset of P- and S-waves, respectively (Fig. 3).
Ac(f, tc) is taken as a mean value of the signal of a 5-s-
long window starting at £-=55 s after earthquake origin
time. We used only well-recorded seismograms for
which signal to noise ratio (SNR) for P-, S- and coda
waves were greater than 2.

We chose earthquakes with source-receiver distances
up to 120 km, for which the P, and S, phases dominate in
the first 5 s of the P- and S-wavetrains; therefore, estimates
of the O-factors mostly describe attenuation properties of
the upper layers of the crust. Chosen #-=>55 s ensures that
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Fig. 2 Seismological stations (triangles) and epicentres of earthquakes (circles) used. Earthquakes for which the fault plane solution is

known are marked by corresponding beach ball diagrams

the normalizing window is in the coda wavetrain and SNR
is favourable even for weak, distant earthquakes: for most
earthquakes, /->2f5 and always #->1.5¢s.

For each central frequency, possible outliers were
discarded from the sample. Outliers were defined as
values out of range [q,—a-iqr, g3 +a-iqr], where ¢,

and g3 are the lower and the upper quartiles, igr is the

interquartile range of lni‘;(ST(Q)r for each of the 10-km-

wide classes of hypocentral distances, a=1.1 for P-
waves and a=1.5 for S-waves. Ordinary least squares
method was used for the linear regression (Eq. 1); from
the slope of the regression line b (Fig. 4), we calculated
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Table 1 Instruments, sampling frequency fs and time interval in which considered events occurred

Station Instruments /s (sps) Time interval N

Udbina (UDBI) Giiralp CMG-40T 50 2009-2013 112
Kijevo (KIJV) Giiralp CMG-40T 50 2007-2013 246
Cagvina (CACV) Giiralp CMG-40T 50 2007-2013 238
Mori¢i (MORI) Giiralp CMG-40T 50 2011-2013 125
Dugi Otok (DUGI) Giiralp CMG-40T 50 2011-2013 59
Zirje (ZIR]) Giiralp CMG-40T 50 2011-2013 137
Hvar (HVAR) Giiralp CMG-40T, STS-2 40, 50, 100 2001-2013 282

N is the number of analyzed seismograms

op(f)=— b:{p and Qg(f) =— &, assuming vp=
5.80 km/s and vg=3.45 km/s in agreement with Herak
and Herak (1995). After Op and Qg were obtained for
each central frequency, Qo p=0p(f=1 Hz) and Qps=
Os(f=1 Hz) along with the frequency dependence ex-
ponents np and ng in Eq. (2) were estimated by
applying the robust linear regression (iteratively
reweighted least squares method with bisquared
weighting function).

Described procedures are applied to each station’s
data set independently and to the set that consists of all
the data together denoted as CED.

20 S—wa\)e
Coda ]
L f=6Hz |
@' 15
€
= 10f 1
(2]
z
0 1 1 1 1 1 1
0 10 20 30 40 50 60 70

ts]

Fig. 3 Example of the procedure applied to the seismogram of a
local earthquake that occurred on 19 April 2013 at 08:49:13.7, M=
2.6 and A=83 km, recorded at station MORI. 7op: N-S compo-
nent of the seismogram with horizontal bars indicating positions
and lengths of time windows used in the analysis. Bottom: root-
mean-square (RMS) envelope of the total velocity field for band-
pass-filtered signal for /=6 Hz. Circles denote the amplitudes used
in the analysis (Eq. 1)
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4 Results and discussion

Obtained values for Op(f) and QOs(f) are presented in
Fig. 5. For low frequencies, Qp is consistently lower
for the island stations than for stations located on main-
land, whereas there is no prominent difference in atten-
uation of S-waves, except at the most outward station
HVAR for intermediate and high frequencies. The min-
imum values of Op and Qg are 32 and 60, respectively, at
f=1.5 Hz obtained for the station DUGI, whereas the
largest O-values of Op=1089 and Qs=1707 are ob-
served for HVAR at /=24 Hz. The results, of course,
depend on the choice of the average velocities vp and vg
in the upper crust. However, the variation of QO-factors
due to the uncertainty and/or spatial variation of veloc-
ities are small and within their estimated confidence
levels. Standard errors are larger for P-waves than for
S-waves, especially at the lowest considered frequencies
of 1.5 and 2 Hz; scatter of the data for these frequencies
are larger, and the sets are smaller due to often
unfavourable signal to noise ratios. High level of ambi-
ent noise at low frequencies is most probably caused by
the sea waves and strong winds that are common there.

Frequency dependence is pronounced for all stations
and both types of body waves (Table 2): np=0.56-1.52
and ns=0.65-0.97. O, p ranges between 21 at DUGI
and 120 at CACV, whereas Qs is between 46 at UDBI
and 113 at KIJV. The results for the area as a whole
(CED) are Op()=75f*"° and Os()=96f **°. These
results are close to what was found in studies related to
the neighbouring areas. For Umbria—Marche region,
Italy, de Lorenzo et al. (2013) obtained Qg=(25+4) f
0-99+0.02 There are estimations of body wave attenuation
calculated using the nonparametric attenuation func-
tions in Slovenia and Italy. Kastelic et al. (2010) obtain-
ed 0s=83/"* for western and central Slovenia. Castro
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Fig. 4 Plots of the logarithm of the normalized spectral ampli-
tudes against hypocentral distance for P- and S-waves for three
central frequencies. Op(f) and QOs(f) are calculated from the slope
of the regression line. Example for the station UDBI

et al. (1996) estimated Og=16/"? from accelerograms
for the Friuli region in NE Italy. For the region of Garda,
Castro et al. (2008) reported Qp=65f"" and Qs=160f
06 For Marche in Italy, Castro et al. (1999) evaluated O-
factors for P-, SV- and SH-waves from accelerograms:
0p=108.41"7°, 05y=105.6/"% and 0s;=86.1/"". In
the same manner, Polatidis et al. (2003) determined the
S-wave attenuation for back-arc region of the Hellenic
arc as Qs=55f %', Tselentis (1998) calculated Qs

(1 Hz)=119 applying the approach proposed by
Tsujiura (1966) to Western Greece. In Northern
Greece, Hatzidimitriou (1995) obtained Qs=(85+1)f
0912007 by applying the coda normalization method.
In the Sea of Marmara, Turkey, Horasan and Boztepe-
Giiney (2004) estimated Qg=(40+5) f 1-03+0:06,

Numerous studies have shown that Os/QOp ratio can
give some insight into attenuation mechanisms: scatter-
ing, pore fluid content, confining pressure or the relative
change in elastic moduli may dramatically affect the
ratio. Winkler and Nur (1979) suggest that Os/Op is
better indicator of rock fluid content than vp/vg.
Laboratory experiments showed that partially saturated
rocks have Qs/Op>1 whereas for total saturation and
dry rock Qg/Op<1 (ultrasonic and acoustic frequency
range; Toksoz et al. 1979; Winkler and Nur 1982).
According to Adam et al. (2009) and references therein,
results obtained for carbonates suggest that, in general,
Op<Qs for f=10-100 Hz and that the attenuation is
sensitive to the type of the fluid (e.g. brine or hydrocar-
bon), fluid flow and the size of pores. Their research
shows that P-wave attenuation increases (QOp decreases)
notably when brine replaces light hydrocarbon in the
pores. A thorough review of research on the influence of
various parameters on attenuation of seismic waves was
published by Barton (2007). Hough and Anderson
(1988) pointed out that, in general, OQs/Op>1 for most
kinds of scattering. According to Padhy (2009), high
values of the ratio Os/Op are expected when there is
notable scattering from shallow heterogeneities in the
crust.

Let us look at the Os/QOp ratio at different frequencies
in Fig. 6. For almost all stations, the ratio has values
between 0.55 and 1.40. For the area as a whole, the ratio
is between 1.0 and 1.4. Only for the most NW station
UDBI, which is located in a low-seismicity region, in
the hinterlands of Mt. Velebit, the ratio is consistently
less than 1; i.e. P-waves are somewhat less attenuated
than S-waves (Qs<Qp). For the rest of continental sta-
tions (KIJV, CACV and MORI) Qg/Op=1: they differ
for /<5 Hz, but for intermediate and high frequencies,
the ratios are very similar and increase slightly with
frequency. The ratios for island stations DUGI and
ZIR]J are high (>1.5) at low frequencies, but below 1 at
high frequencies (f>10 Hz). The smallest difference
between all stations is at intermediate frequencies (Qs/
Op=1) except for HVAR which differs considerably
from all other stations: values of the ratios are very high
exceeding 2.0 (Qs/Op=2.75 at f=6 Hz). This means that
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attenuation in the area surrounding HVAR is much
stronger for P-waves than for S-waves. Being the most
outward station of all, a large proportion of raypaths
considered lie largely or even entirely within the
Adriatic microplate. This result may therefore indicate
fundamental difference of attenuation properties of the
two major tectonic units. Furthermore, as noted above, a
large portion of HVAR seismograms are of the earth-
quakes in the Jabuka Island region in the middle of the
Aderiatic sea, which is a Triassic igneous body extruded
by the diapir tectonics with the ongoing halokinetic
activity (Pikelj et al. 2015). This may indicate that pores
in the large region around the epicentral area are partial-
ly saturated with saltwater at seismogenic depths, thus
strongly influencing body wave attenuation (Adam et al.
2009; Winkler and Nur 1982). Salt intrusions may also
enhance backscattering, which would in turn increase

Table 2 Estimated values for Op (1 Hz), Os (1 Hz), np and ng

Station Oopto np*o Qos*to nsto

UDBI 58+7 1.03+£0.08 46+2 0.97+0.03
K1V 110+15 0.63+0.07 113+7 0.67+0.03
CACV 120+23 0.56+0.09 98+4 0.66+0.02
MORI 69+5 0.75+0.04 73+7 0.77+0.05
DUGI 2145 1.52+0.14 59+4 0.95+0.04
ZIRJ 55+5 0.87+0.05 96+9 0.65+0.04
HVAR 34+3 1.03+£0.04 98+7 0.89+0.03
CED 75+6 0.75+0.04 96+7 0.69+0.04
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the scattering component of attenuation. This would be
consistent with the observed Os>Qp which is an indi-
cation that scattering Q dominates over intrinsic Q in
total attenuation (Kang and McMechan 1994; Padhy
2009). The Jabuka area is also characterized by higher
temperatures and higher heat flow than the
neighbouring regions (see the discussion below). In
general, the attenuation of P-waves is slightly stronger
than S-wave attenuation, more noticeably at low fre-
quencies; in terms of scattering, this would imply nota-
ble scattering of S-waves in the crust. Regarding the
intrinsic attenuation and its diverse mechanisms, and in

@ UDBI - CACV ~O- DUGI /v~ HVAR
B KIJV W MORI {3 ZIRJ --¥¢-- CED

3.5

1 5
f[Hz]

Fig. 6 Ratio Os(f)/Op(f) for different frequencies. Solid symbols
mark inland stations, and empty symbols stand for island stations
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light of previous discussion, results may suggest mostly
partially saturated rocks.

There are several studies for various regions of the
world that have considered Qg/QOp, and most of them
report the ratio Os/Op>1 for all frequencies. Castro et al.
(2008) found Qs/QOp to be between 0.7 and 2.8 for the
region of Garda, the Central Alps, which is in an
excellent agreement with results presented here.
Yoshimoto et al. (1993) estimated Qs/Qp>1 for Kanto
region, Japan, whereas Mahood et al. (2009) obtained
ratios between 1.3 and 2.0 in East Central Iran. For
Garhwal Himalaya, Tripathi et al. (2014) calculated
0s/0p=1.6-3.0; Singh et al. (2012) estimated Qs/Qp=
3.9-4.8 for Kamaun Himalaya and, for Kinnaur
Himalaya, Os/QOp=1.5-1.8 (Kumar et al. 2014). Chung
and Sato (2001) obtained Qs/Qp=1.1-2.8 for more sta-
ble SE South Korea. The frequency trends are very
diverse, different for each studied area. In a comprehen-
sive study of the frequency-independent crustal attenu-
ation in southern California, Hauksson and Shearer
(2006) obtained the mean value of Os/QOp equal to 1.3,
which they interpreted as indication of partial saturation
of crustal rocks with pore fluids. They attribute isolated
cases of Os/Op<1 to elevated crustal temperatures, high
fluid saturation or a larger reduction in the shear modu-
Ius compared to the bulk modulus.

When quality factors at 1 Hz for P- and S-waves, Qg p
and O s, are compared, we see that their ratios vary with
location of the corresponding stations (Fig. 7). The
stations situated on islands (empty circles in Fig. 7),
next to the border with the Adriatic microplate, have
Qo.s about twice as large as Qg p, whereas stations well
in the Dinarides (solid circles in Fig. 7) have O, s equal
or less than Oy p. Frequency dependence exponents # for
P- and S-waves are almost equal for inland stations, but
for island stations, np is larger than ng.

The two groups are far from homogeneous, especial-
ly when absolute attenuation and details of frequency
dependence of Q are considered. For instance, as noted
above, HVAR stands out by very large Os(f)/Op(f) for all
frequencies. UDBI—situated in the low-seismicity Mt.
Velebit karst region, perhaps the most puzzling area of
the External Dinarides characterized by a possible con-
temporary seismic gap—is distinguished within its
group by the lowest Op and Qg and is the only station
with Os(f)/Op(f)<1, regardless of frequency. On the
other hand, the stations KIJV and CACYV located in the
area where seismicity is high and the crust is the thickest
exhibit comparatively low attenuation at 1 Hz (Qpp,
0os>95) and the weakest frequency dependence (np,
ns<0.70), which may indicate that the share of scatter-
ing Q in total attenuation is smaller than elsewhere (e.g.
Kang and McMechan 1994).

Attenuation is more sensitive to the heat than are the
seismic velocities: velocity depends nearly linearly on
temperature, whereas attenuation shows exponential de-
pendence on temperature (Stein and Wysession 2003).
The lowest formation temperatures and heat flows are
reported for the Split-Sinj area: <30 °C at 2000-m depth
and <20 mW/m? (Jeli¢ et al. 1995) and <30 °C at 3000-
m depth (Grandi¢ et al. 2010). The highest formation
temperatures and heat flows are found in the area of
Jabuka Island: 260 °C at 2000-m depth and 235 mW/m?
(Jeli¢ et al. 1995) and 60-70 °C at 3000-m depth
(Grandi¢ et al. 2010). Area west of Dugi Otok Island
also stands out with temperatures 50-60 °C at 3000-m
depth (Grandi¢ etal. 2010) and > 60 °C at 2000-m depth
(Jeli¢ et al. 1995). Lenkey et al. (2002) reported on the
heat flow: it is~30 mW/m? for the most of the area,
40 mW/m? along Dugi Otok—Vis to more than 50 mW/
m? NW of Zadar. In the thermal model of European
lithosphere Tesauro et al. (2009) indicated increase in

Fig. 7 Relations between O p
and Qo s (left) and np and ng
(right). Error bars stand for 120
standard error. Solid circles
represent mainland stations, and
empty circles denote island s 80
stations
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depth of 1200 °C—isotherm (lithosphere—asthenosphere
boundary) from 130-140 to 150—160 km from NE, NW
and SW towards the CED. Comparison of these thermal
characteristics with the results of this study shows that
higher Qp factors, i.e. lower P-wave attenuation, are
estimated at stations in areas with lower temperatures
and low heat flow, whereas lower Op values are found in
areas with higher temperatures and high heat flow.
Furthermore, the stations with lower Qp values are in
the area of high vp in the upper crust (Herak and Herak
1995). These relations are not that straightforward for S-
waves: for ZIRJ and HVAR, we would expect lower
values, compared to other stations.

Dasovic et al. (2012, 2013) estimated coda-Q atten-
uation for stations UDBI, K1JV, CACV, DUOK (DUGTI)
and HVAR by applying coda-Q method proposed by
Aki and Chouet (1975) for different parts of coda de-
fined by the lapse time #, i.e. the time elapsed since the
origin time. Comparison of their Oy c=0Oc (1 Hz) with
Qo s obtained in this analysis is presented in Fig. 8. It
should be mentioned that more earthquakes were used
here for the S-wave analysis than for the study of atten-
uation of coda waves. Moreover, DUGI and DUOK are
two different stations on the island of Dugi Otok, which
operated at different times and at different locations:
DUOK was operational in the years 2000-2001 (van
der Lee et al. 2001) around 17 km NNW from DUGI
which operates since 2011. Keeping this in mind, we
can conclude that overall attenuation of direct S-waves
is larger than attenuation of the coda waves. In the
carliest part of coda (#.=30 s), corresponding mostly
to scattering within the crust, at KIJV, CACV and
HVAR, the Q-factors are almost equal, but Oy /Oy s
increases as the # increases. This indicates that direct
body waves and the scattered waves constituting early
coda are attenuated there by similar mechanisms.

Ratio of frequency dependence exponents for coda
and S-waves is between 0.51 and 1.35; as lapse time
increases, coda-Q weakens its frequency dependence,
i.e. n¢/ng decreases. Coda-Q is a result of a complex
interaction of intrinsic and scattering attenuation. Higher
QOc in later part of coda is interpreted as being caused by,
on average, less-attenuated backscattered waves coming
from larger depths where intrinsic Q-factor is higher.
Moreover, in its later parts, multiple scattering becomes
important causing more energy to be distributed back
into coda. This is especially important at high frequen-
cies and is known as the high-frequency coda enrich-
ment (Padhy and Subhadra 2010). In the work of Padhy
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was estimated for different parts of coda: #_ represents the lapse
time of a middle of the 30-s-long coda window that was analyzed

and Subhadra (2010) for NE India, O, ¢ is at least twice
as high as Qys and nc<ns. De Lorenzo et al. (2013)
report Qo /Qos>2.5 and nc<ns for Umbria-Marche
region in Italy. Mahood and Hamzehloo (2011) showed
that in East Central Iran, Qp/Qps>1.2 and nc=ns.
Results obtained in this study for the CED indicate that
scattering of direct S-waves could also be notable, indi-
cating heterogeneous upper crust. However, for better
distinction of intrinsic and scattering attenuation, other
techniques should be applied (for example, Wennerberg
1993 or MLTWA method explained in Sato et al. 2012).

5 Conclusions

We estimated quality factors of high-frequency body
waves by applying extended coda normalization method
to seismograms of seven seismological broadband
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stations in the area of the CED. The analysis of local
earthquakes shows that this seismically active and tec-
tonically complex area highly attenuates both P- and S-
waves. P-waves, in general, lose more energy on their
path than S-waves (Qp<Qs): obtained Op (1 Hz) values
range from 21 to 120, while for Os (1 Hz), values from
46 to 113 are found. The exponent controlling the fre-
quency dependence of Q-factors in the simple power
law ranges from 0.63 to 1.52 for np and from 0.65 to
0.97 for ng.

From the analyses above, we can roughly differenti-
ate between two types of attenuation properties. The
first one is characteristic of the island stations DUGI,
ZIRJ and HVAR. They distinguish themselves by the
strong low-frequency P-wave attenuation and more pro-
nounced frequency dependence of the Op factor (Q s/
Qop>1.7, Qo p<60, np>ns). Hence, although attenua-
tion is larger for P-waves than for S-waves near 1 Hz, as
frequency increases, S-waves tend to attenuate more
relative to the P-waves. The second group is formed
by the four stations (UDBI, MORI, K1JV, CACV) situ-
ated on the mainland, which all exhibit similar attenua-
tion properties for P- and S-waves (np=ns=1 and Qy s=
Qop)-

The results are qualitatively in agreement with the
thermal regime in the area. Comparison of thermal
characteristics of the greater region of CED with the
results from this study shows that the highest Op
factors (CACV, KIJV) are estimated at stations in
arecas with low temperatures and low heat flow,
whereas the lowest Op (at the three island stations)
corresponds to areas with higher temperatures and
high heat flow. Furthermore, the stations with lower
QOp values are located in the area of increased vp in
the upper crust.

At low frequency, attenuation of direct S-waves in
the crust is stronger than attenuation of scattered coda
waves in the lithosphere, especially for later parts of
coda, i.e. larger lapse times.
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