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Abstract

Anelastic attenuation studies have been considered one of the main controlling fac-
tors affecting seismic wave propagation, providing important information on the
earth’s structure. In order to investigate the attenuation structure of the southern
Aegean subduction area, we employed ~400 intermediate depth earthquakes record-
ed by temporary and permanent networks. Using the recorded waveforms we have
calculated a frequency-independent path attenuation operator t* for both P and S
waves. Initially an automated method was employed, where t* was automatically
calculated by the slope of the acceleration spectrum produced above the corner fre-
quency, f.. Computations were performed in the 0.2-25Hz frequency band, using on-
ly spectra with a signal to noise ratio greater than 3, and above the noise level for at
least the range 1-4Hz (for S and P waves, respectively). In the second approach, the
selection of the segment of the spectrum was carried out manually for optimum fit-
ting. No considerable linear trend revealing dependence of t* with distance could be
observed on the original data, whereas strong clustering for different focal depth
ranges was observed. The spatial variation of the obtained t* values shows that, in
general, along-arc stations present low values of t* while back-arc stations show
much larger values. The observed t* difference becomes more pronounced as the
depth of the earthquakes increases, suggesting a significant localized effect of the
high-attenuation (low-Q) mantle wedge, in agreement with independent observa-
tions.
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Hepilnym

H upelétn s avelaotikns amoofeons 1 omoio BOewpeitonr évog amd  TO0S
ONUOVTIKOTEPOVS TOPAYOVIES OTH OLAOO0H TWV TELTULKMDV KOUATOV, TOPEYEL TOAVTIUES
TAnpopopies yio w doun s Ing. oty ueléty g downs amdofeons oty (aovy
xatadvons tov Notiov Aryaiov ypnoyomomnOnrav oeoouéve, and mepimov 400
OEIoUODS EVOIOUETOD [0S TOD KOTOYPAPHKAY OO TOWIKG KOI HUOVIUG OIKTOO.
Yroloyiotnie o ypovog amooPeons t* tooo yia to. emunxn (P) 0co kot yio. to. eyrapaoio.
(S) Kduazo avelaptnro TS CVLYVOTHTAS. APYIKG EPOPUOCTHKE IO TPOGEYYIOH OOV O
XPOVOG OTOTPEeTNS DITOLOYITTHKE QVTOUATO. ATO THY KAIOH TOU QOAGUATOS ETITAYOVONG
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TAVW amo T ywvioky ovyvotnta, f.. O vmoloyiouol mpayuotomoinfnkay oro e0pog
ovyvotitwv 0.2-25Hz, ypnoiomoidviog uovo ta gacuato ue A0y0 GHUATOS TPOS
Hopofio pueyativtepo amo 3, ko ta omoio. fpiokoToy Tavew awo to exinedo Bopvfov yia
1-4Hz (1o ta. S kau yio to. P kouora, aviiororya). 2ty debtepn mpooéyyion n emiioyn
TOV TUNUOTOS TOV PACUOTOS EYIVE XEIPOKIVTA. ANuiovpyndnkoy dioypduuoca ypovoo
amdofeons pe ™y omootaoy olAa dev mopotnpnOnke onuovtikn eCaptnon uerold
700G, eV ovtiBeto vIple oRUOVTIKY OUO.dOTTOINCH Ovaloya ue To 0Tioko fabog Twv
oetouwv. H ywpikn petoforn twv tuamv tov t* édgiée on o1 orabuoi katd unkog tov
0ov mapovaialovy younlés Tiués tov t* eva o1 arobuol oto miow KEPog Tov T0Lov
eupoaviCovv capms ueyalvtepes tues. H mopornpovuevny avti dapopd. yiveton
evtovotepn kabwg 1o aboc twv oeloumv avéavel, EVOEIKTIKO THG TOTIKNG EXIOPOCHS
™me vynAng amoofeons (younloé Q) e opnRvag TOv UAVODO TOV® 0RO THY
KaToovouevy ABoopaipa, oe CVUPWVIA LE AveEAPTNTES TOPATHPHOELG.

Aélersc  wiedwa:  Avelaoriky  omdofeon, Ilopayoviog moiotnTog, — TELPOUO.
ETrKEAAAOZ.

1. Introduction

The under study area of the Southern Aegean is located where the eastern Mediterranean
lithosphere subducts under the Aegean and the Aegean micropale overrides the Eastern
Mediterranean along an active plate boundary forming the Hellenic Arc (Papazachos and
Delibasis, 1969; Papazachos and Comninakis, 1971; McKenzie, 1972). Intermediate depth
earthquakes occur at depths ranging between 60 to 180km (Papazachos et al., 2000) along a well-
defined Wadati-Benioff Zone (Figure 1). Several studies on active tectonics of the area have been
already done using seismological and geodetic data (Papazachos and Comninakis, 1971; Oral et al.,
1995; Reilinger et al., 1997; Papazachos et al, 1999; McClusky et al., 2000) revealing that the
subduction of the African plate beneath Crete which occurs at a rate of 35mm/yr, exceeds the
convergence between Africa and Eurasia (5-10mm/yr), due to the fact that Southern Aegean
moves more rapidly to the SW direction.

Figure 1 — Geotectonic setting of the broader Southern Aegean subduction area. Isodepths of
the Benioff-zone, as well as the volcanic arc are shown. Single solid and double open vectors
depict the plate motions and local stress field in the area, respectively (modified from Pa-
pazachos et al. 1998, Karagianni et al., 2005).
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Anelastic attenuation studies are an important tool in complicated tectonic environments such as
subduction zones, as they provide valuable information on subduction dynamics including slab
dehydration and melt transport (Schurr et al., 2003; Pozgay et al., 2009), on the earth’s interior
including mantle wedge temperature (Stachnik et al., 2004; Pozgay et al., 2009) and the degree of
partial melting. Seismic wave propagation is mainly controlled by attenuation which plays a
significant role in strong ground motion predictions. It is therefore of high importance to
understand the attenuation structure in the Hellenic subduction system. In the present study high-
quality seismic data of intermediate-depth events from the large-scale local network of
EGELADOS project are used in order to investigate the anelastic attenuation (Q) structure of the
southern Aegean subduction system.

2. Data Used

The EGELADOS seismic monitoring project was a large-scale temporary amphibian broadband
seismological network, consisted of 65 land stations and 24 ocean-bottom (OBS) recorders
installed in the southern Aegean area. It operated from October 2005 until April 2007 by a large
working group including the Aristotle University of Thessaloniki, the National Observatory of
Athens, Technical University of Chania, Istanbul Technical University, University of Hamburg
and GeoForschungszentrum Potsdam. Data from another local network were also taken into
account for the research of the attenuation structure. CYCNET (Bohnhoff et al., 2004) was a
digital broad-band/short period 22-station temporary seismic network installed in the central
Hellenic Arc, in the Cyclades island group, which was in operation from September 2002 until
September 2005. Finally recordings from the permanent networks of National Observatory of
Athens and GEOFON were also included. The station distribution of all the above mentioned
networks is shown in Figure 2. Red squares represent stations from EGELEDOS network; blue
triangles show broadband stations from CYCNET network while inverted blue triangles display
short-period sensors. Stations from the permanent seismological networks (NOA and GEOFON)
appear with yellow stars and purple diamonds respectively. Finally the Ocean Bottom (OBS)
instruments are denoted with green circles.

Figure 2 — Station distribution of all networks (temporary and permanent) used in the pre-
sent study.
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Data from these two experiments, together with the recordings of the permanent networks
provided a large data set of high quality for studying the attenuation structure of the Hellenic
Subduction Zone. About 400 intermediate-depth local events recorded by the on-land stations were
finally adopted for the present study from the whole data set from both temporary and permanent
networks. The epicentral, as well as the depth distribution, of the earthquakes studied is displayed
in Figure 3.

Figure 3 — Epicentral and depth distribution of all intermediate depth earthquakes employed
for the Southern Aegean attenuation structure.

3. Estimating Attenuation Operator

Inelastic attenuation, i.e. the deviation of the behaviour of the Earth from a perfect elastic body,
provides interesting information about the Earth’s structure and in conjunction with geometrical
spreading is a key factor in seismic wave propagation. Intrinsic attenuation is commonly described
by the quality factor (Q-factor) which is the loss of elastic energy of a seismic wave while it
propagates through an inelastic medium and can be defined as:

Equation 1 — Quality factor
ImE
) e=-—0

where E is the energy of the seismic wave and AE is the amount of energy lost over a period or a
wavelength. Due to this energy loss the amplitudes of seismic waves are reduced while they travel
through Earth proportional to the quality factor. Therefore, the amplitude A of a wave at a distance
r is given by Equation 2.

Equation 2 — Amplitude of a seismic wave at a distance r

@) A="ep(-2n)
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In order to determine the quality factor we need to calculate the whole path attenuation operator t*
for propagating seismic waves from the source to the recording station, which is given by (Equa-
tion 3).

Equation 3 — Whole path attenuation operator

" dr .
3) t*= _I;,HI-,:E (Kanamori, 1967)

The whole path attenuation operator t* can be estimated from the slope of the amplitude spectrum
above corner frequency f;, by applying Fourier transformation (Cormier, 1982) according to (Equa
tion 4).

Equation 4 — Fourier transformation spectrum
4) Alr.f) = Agexp(—nft") where
Ay = @rf) 25 Gr. )

In equation (4) G(r,f) is the geometrical spreading factor and S(f) is the displacement source
spectrum which assuming a Brune type source (Brune, 1970), is proportional to the corner
frequency f.. If we consider that the quality factor Q remains constant throughout the whole
raypath, then equation 3 becomes:

Equation 5 — Whole path attenuation operator
. T
£t ==
() t" =3
Replacing the above relation in equation 4 we get (equation 6):
Equation 6 — Spectral slope estimation
(6) In[A(f)] = Indy —mfe/Q

which is a linear equation with slope z#/Q. By finding the slope of this linear equation we can
practically compute the mean quality factor, Q, along the raypath since the (2mf)*S(f) factor
remains constant at frequencies above the f. in acceleration spectrum and the geometrical
spreading factor, G{r. {7, is considered to be depended only by distance.

In order to determine attenuation operator we need to know the arrival times of P and S waves
respectively. Unfortunately, this information was not available for all recordings. For this reason
we generated estimated arrival times as a function of epicentral distance, for different groups of
focal depths, calculated from data provided by the CYCNET experiment. Figure 4 demonstrates
the estimated arrival times as a function of epicentral distance for different groups of focal depth,
and for both P and S waves.

Initially all available arrival times (original and estimated) were imported in the velocity
waveforms for all three components and then differentiated to yield to the corresponding
acceleration waveforms. We then obtained the amplitude spectra of 5% tapered P and S
acceleration waveforms by applying the fast Fourier transform. The amplitude spectra were
calculated for a S5sec time window after the P and S arrival times. Noise spectrum was also
calculated Ssec before P and 5 sec before S arrival in order to estimate the signal-to-noise ratio and
apply a quality control procedure. In order to obtain precise estimates of t*, we applied certain
selection criteria. Therefore, we considered waveforms only if the amplitude of the acceleration
spectrum was at least 3 times larger than the spectrum of the background noise for both P and S
waves. In addition, only data with a frequency bandwidth greater than 4Hz for P waves and greater
than 1Hz for S waves were processed. The lower limit of the frequency band that was considered
for all calculations was 0.2Hz and the corresponding upper limit was set to 25Hz to reduce the
effect of high-frequency noise.
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Figure 4 — Estimated arrival times of P (left) and S (right) waves in relation to epicentral dis-
tance for different focal depths.

To determine ¢*, we have adopted two independent approaches. Initially an automated method was
used, where ¢* was automatically calculated by the slope of the acceleration spectrum produced
above the corner frequency, f.. In the second approach, the selection of the segment of the
spectrum for the ¢* estimation was carried out manually, by interactively picking each spectral

Figure 5 — Example of P and S velocity waveforms from one intermediate depth earthquake
recorded by three-component station ASTY (CYC-NET network) as well as the best-fit lin-
ear slopes calculated both manually and automatic. The top frame shows the velocity wave-
form and the Ssec signal starting from the origin time. The middle frame shows the observed
noise spectrum (red), the observed signal spectrum (green) and the best fitting line (blue)
using the automatic approach, while bottom frame using the manual one. The calculated t*
values are also listed.
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Figure 6 — Plots of t* versus hypocentral distance for P and S waves for all stations and for
all intermediate depth events recorded and calculated with both approaches. On the left, the
results from the automated method are presented, while on the right the results from the
manual approach are shown. Top frame shows slope fits from P-waves, middle frame from
S waves and bottom frame average S-wave slopes from both horizontal coordinates, when
both where available. Back-arc stations have larger slope values revealing high attenuation
in the area, similarly to deeper events (h>100km), which show the most pronounced attenua-
tion effects.
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frequency band over which to calculate #*, ensuring at the same time that the frequencies are
within the limits previously defined, and that the signal-to-noise ratio was above the desired level
for optimum fitting. An example of velocity waveforms from one station with Z, N-S and E-W
components with the appropriate fitting to the acceleration spectra produced, using both methods,
is shown in Figure 5.

In order to examine the variation of t* with distance, plots of the estimated t* versus the
hypocentral distance constructed using all the available data for both P and S waves. Moreover,
following Skarlatoudis et al. (2013), data were sorted into three different depth categories
(50<depth<80km, 80<depth<100km and depth>100km respectively), and the recording stations
were separated in along-arc and back-arc, according to their location. Figure 6 presents the
observed t* as a function of hypocentral distance for both P and S waves, as well as for the
average calculated from both horizontal components using both the automatic and manual
approaches.

The results of Figure (6) show that no considerable linear trend revealing dependence of t* with
distance could be observed on the original data, clearly a result of the significant spatial and depth
variations of the anelastic attenuation structure. In order to further examine this issue, we studied
the spatial variation of t* values. In general, along-arc stations present low values of t*, while
back-arc stations show much larger values. The observed t* difference becomes more pronounced
as the depth of the earthquakes increases revealing that attenuation is stronger for deeper events.
For a more detailed view of the spatial variations of the whole path attenuation operator we per-
formed an approximate interpolation of t*, mapping each path value in the middle of the ray path.
Interpolation was carried out for all stations for P, S and “mean S” waves using all the available t*
values calculated with both approaches, for the same depth classification mentioned above. Exam-
ples of the results of this initial approximate interpolation for S waves are shown in plots in Figure
7.

The spatial variation of t*, as presented in Figure 7, display some interesting features. For
hypocentral depths 50<depth<80km low values of t*, appear to be sparsely observed mainly in the
back-arc area, while large values are found throughout the for-arc area. As hypocentral depths
increase (80<depth<100km), low values of the whole path attenuation operator expand on a larger
area in the back-arc/volcanic arc region. Finally, at depths larger than 100km, very low values of
t* are clearly seen throughout the whole volcanic arc and back-arc area, defining a much larger
area with higher attenuation.

4. Conclusions

High-quality data from two temporary networks were used in order to gain insight into the
attenuation properties in the broader S. Aegean area. The whole path attenuation t* operator and
the quality factor were determined by fitting seismic acceleration spectra adopting two
independent approaches. Lateral variations of t* do not show any significant dependence of t* with
distance. To examine possible spatial variations we examined t* in terms of focal depth and spatial
variability. The results image a high attenuation area in the volcanic and back-arc region in
accordance with P and S tomographic results (Papazachos et al., 1995, Papazachos and Nolet,
1997) which clearly outlines the spatial expanse of the low-velocity (high-attenuation) area
beneath the Aegean volcanic arc. Attenuation is stronger for deeper events revealing that the
source of the attenuation is the low-velocity mantle wedge above the subducting slab of the
Mediterranean lithosphere, in accordance with earlier suggestions (Skarlatoudis et al., 2013).
Further processing of the available data by inverting the observed t* values and constructing 1D
and 3D tomographic models will reveal additional details on the attenuation structure of the whole
S. Aegean area.
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50-80km

Figure 7 — Spatial variation of the t* for different focal depth ranges (50-80km, 80-100km,
>100km) for the southern Aegean subduction area. Red regions show areas with low t* val-
ues (higher attenuation), while green and blue regions areas with larger values. On the left
column the corresponding spatial distribution with the use of the automatic method is pre-

sented, while on the right with the use of the manual one.
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