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Abstract

The 10 June 2012 (UTC 12:44:17.3; lat. 36.441°N, long. 28.904°E, Mw6.0)
earthquake sequence, 60 km to the west of Rodos Island, is studied, in an attempt to
shed light to the obscure deformation pattern at the easternmost end of the Hellenic
Arc. Moment tensor solutions for the mainshock and the strongest aftershocks
revealed the operation of WNW-ESE dextral strike-slip faulting, with slip vector at
~N295°E, approximately orthogonal to the GPS velocity vectors. The strike of the
activated structure generally aligns with bathymetric linear escarpments observed in
the region, bordering the eastern section of the Rodos basin. The best constrained
focal depths are in the range 10 to 25 km, with the mainshock at the depth of 24 km.
The slip model for the mainshock, obtained through a finite-fault inversion scheme,
showed that slip was mainly concentrated in a single patch, with the locus of peak
slip (~125 cm) located ~ 4km to the NW of the hypocenter. The sequence which lies
in the western continuation of the Fethiye — Burdur sinistral strike-slip zone into the
Aegean Sea and Rodos basin, is not connected with activation of this zone. Its
characteristics comply with the activation of a dextral strike-slip structure, oblique
to this zone, which accommodates along — arc NE-SW extension.
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Mepidnyn

Meletaror n oetouikij axotovBio e 10™ lovviov 2012 (UTC 12:44:17.3; 36.441°B;
28.904°E, Mw6.0), 60 yiliduetpo. dvtika g Podov, oto avoarolikdtepo dxpo tov
eAdnvikov t0lov. O1 unyoviouol yéveons tov KOPIOD GEIGUOD KoL TWV 1oYUPOTEPDV
uetaoeioumy deiCav t Aertovpyia evog ABA-ANA pryuotog delidoapopns opilovriag
ovviotwoog, e oiavoouo olioBnons ~B295°A. H mopdraln g doung mov
evepyomombnke axolovbei v tomoypagio tov fvBod otyv evpdrepn mEpLoyn TOL
avatoAikod qunuotog g Aexdvng g Podov. Ta kaldtepo mpoodiopiouévo. oTiokd,
L6y kopaivovror amd 10 éwg 25 yAu, ue tv €0Tio, TOL KOPLOV TEIGUOD GTOV KATOTEPO
ploi10, ae fabog 24 yiliouépwv. To poviédo odicBnong yia tov kopio celoud, édeile
0t1 n oAicOnon oty ETPAVELD, TOV PHYUOTOS EIVOL COYKEVIPWUEVY TE EVO. UEUOVOUEVO
WU, Ue 10 UEYIoTO THG TWNHG TS Voo evor ~ 125 exaroota. To uéyioro dev
gupovi{etor oto VIOKEVTIPO, 0lAG ~4 yAu ota foperodvuka ovtod. H ocelouixn
akxolovBia tov lovviov 2012 fpioketor atnv OvTiK] GOVEXEIO THS OPIGTEPOCTPOPHS
{dvng Fethiye — Burdur mpog tv mlevpd tov Aryaiov [leddyovg kot g Aekavns tng
Podov. Evrovroig, o oetouog tov lovviov 2012 dev ovvdéetar pue v evepyomoinon
avtigc g {wvyg, o00Te oLVHYOpEl Yio. THY TWPOS OvouaS ovvéxeld tg. To
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XOPOKTHPLOTIKG. THG oKkoAovBiag Jeiyvovv v evepyomoinon evog OelloaTpopov
pHyHaToS opiloviiag UETOTOTIoNS, He TAAyia mopdraln w¢ mpog T (v, mov
ATOPPOPE EPEAKVOLO TOPAIINA0. TEPOG TO EAANVIKG TOC0 Kot dievBovan BA-NA.
Aéeig kAerdra: Movtédo olioOnong, Aekavn Podov, diappncn, unyoviouog yéveong.

1. Introduction

The Hellenic Subduction Zone has a significant role in the active tectonic pattern of Eastern
Mediterranean Sea. It is formed from the subduction of Mesozoic African lithosphere beneath the
overriding Aegean Sea material. Africa is moving north towards Eurasia at only 5 to 10 mm/year,
whereas the Aegean is moving faster to the south-west with respect to Eurasia, resulting in about
35 mm/yr that have to be accommodated by deformation along the Hellenic Subduction zone. The
eastern border of the Hellenic Trench, close to the coastal regions of western Anatolia, is poorly
studied, mainly due to the insufficient number of strong events.

Figure 1 - The location of the 10 June 2012 sequence, marked with the dashed rectangle, at
the easternmost section of the Hellenic Subduction Zone. The colour beach- balls (from
Kiratzi and Louvari, 2003; Kiratzi et al., 2007) denote the available focal mechanisms for
previous events with Mw>6.0. The seismicity of the period S50BC- 2012 with M>6.0 is also
plotted (open circles).

The 10 June 2012 earthquake sequence occurred offshore and in the mid-distance between the
Island of Rodos and the city of Fethiye in south-western Anatolia (Figure 1). From the Turkish
side the broader region of occurrence is dominated by the presence of the transtensional left-lateral
Fethiye - Burdur Fault Zone (FBFZ). It is a well known structure of pronounced NE-SW trending
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faults and basins, which roughly align between the cities of Fethiye and Afyon (Taymaz and Price,
1992; Ocakoglu, 2012). These faults are combined with N-S faults, to form an en-echelon basin
configuration, which continues westward into the eastern Hellenic Arc. The sinistral strike-slip
character of the FBFZ is mainly indicated by the analysis of structural data and of sediment
deposits. More specifically, structural analyses on the Turkish coastal regions suggest that the
Holocene — Recent deformation was taken up in a transtensional environment which required the
progressive addition of a sinistral shear motion, to confront the NE propagating transcurrent
motion of the Hellenic fore-arc (ten Veen, 2004).

To this end, the 10 June 2012 earthquake occurred in a region, of interaction between the western
prolongations of the Fethiye — Burdur Fault Zone and the Hellenic Subduction. The sequence is
studied here, in terms of the focal mechanisms, the time and space evolution and the slip model of
the mainshock. The data for this study were derived from the broad band stations of the Greek and
Turkish stations, thus providing a good coverage in most azimuths, except a gap in coverage in the
southeast.

2. Moment Tensor (MT) Solutions and Relocation of Aftershocks
2.1 MT Inversions

Moment tensors of the mainshock and of the stronger events of the sequence were computed by
the Time-Domain Moment Tensor inversion method (Dreger, 2003). The method is now routinely
applied and for its applications in the Aegean Sea region the details are described in Roumelioti et
al. (2010). We solved for the deviatoric seismic moment tensor only.

Table 1 — Information on the focal mechanism solutions of the strongest events of the June
2012 sequence (VR= Variance Reduction of the solution; Nst= number of stations used in the

inversion).
Date Origin Time Long | Depth | Mw | NODALPLANE1 | NODALPLANE2 | VR | Nst
Y/MM/DD hh:mm:ss.s Lat km Strike® Dip® Strike® Dip® %
Rake® Rake®

20120610 12:44:17.3 | 36.468 | 28.888 24 60 | 115 | 85 [ 171 | 206 | 81 5 78 9
20120610 15:02:41.1 | 36.464 | 28.873 15 331295 [ 78 | 173 | 204 | 83 | 12 | 56 | 3
20120610 18:28:33.9 | 36.448 | 28.895 16 39 | 153 [ 88 | 175 | 243 | 85 | 2 73| 4
20120611 02:06:35.9 | 36.400 | 28.970 22 38 | 307 |87 | 172 [ 217 | 82 | -3 | 84 | 7
20120611 17:35:39.1 | 36.422 | 28973 30 38 | 123 [ 89 | 177 | 213 | 87 1 85 | 3
20120611 19:51:06.8 | 36.429 | 28.948 14 37 | 163 [ 82 | 174 | 254 | 84 | 8 50 | 3
20120614 16:46:07.7 | 36.390 | 29.020 | 250 | 45 [ 310 | 86 | 177 | 220 | 87 | 4 [ 83 | 6
20120625 13:05:30.0 | 36457 | 28916 | 200 | 47 [ 143 | 82| 172 | 234 | 82| 8 [ 80 | 5

The inversion yields the M;; which is decomposed into the scalar seismic moment, a double-couple
(DC) moment tensor and a compensated linear vector dipole (CLVD) moment tensor. The
decomposition is represented as percent DC and percent CLVD. Source depth is found iteratively
by finding the solution that yields the largest variance reduction. It is assumed that the event
location is well represented by the high frequency hypocentral location, and a low frequency
centroid location is not determined. Moreover, the representation assumes that the source time
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history is synchronous for all of the moment tensor elements and that it may be approximated by a
delta function. Finally, it is assumed that the crustal model is sufficiently well known to explain
low frequency wave propagation.

To apply the method, broad band waveforms were retrieved from the Hellenic Unified Seismic
Network (HUSN) and the Turkish network operated by the Kandilli Observatory (KOERI). Prior
to the inversion, full broadband waveforms of the three recorded components were band-pass
filtered between 0.02—0.08 Hz or 0.05-0.10 Hz depending on the magnitude of the event and the
signal-to-noise ratio of the waveforms. Theoretical Green’s functions required to model the
propagation of the seismic waves were constructed with the method and code described by Saikia
(1994) using the velocity model of Novotny et al. (2001), which has proven to successfully
describe low frequency wave propagation (e.g., Roumelioti et al.,2010; Kiratzi, 2010, 2011 and
references therein). In Figure 2 we show the moment tensor solution and the waveform fit for the
mainshock, while the parameters of the computed focal mechanisms of the aftershocks are listed in

Figure 2 - Deviatoric moment tensor point-source inversion results for the 10 June 2012
mainshock using waveform data from the Greek and Turkish networks. For each station
three component displacement seismograms (shown as solid lines) are compared to one-
dimensional synthetic seismograms (dashed red lines), while the azimuth, the maximum
three-component trace amplitude, cross-correlation samples (Zcorr) and Variance
Reduction (VR) are also provided. The lower-hemisphere projection of the P-wave radiation
pattern is shown at right, together with the azimuthal distribution of the stations included in
the inversion. Solution information includes the strike, rake, and dip for the two possible
double-couple planes, the scalar seismic moment, the moment magnitude, and percentage
DC, CLVD. Fitting parameters as the variance, the variance reduction (Var. Red) and the
variance modulated by the percent double-couple (RES/Pdc) are also given.
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Table 1. Our solution is in very good agreement with those published by other agencies, as these
can be retrieved from the site of the EMSC (http://www.emsc-csem.org).

2.2 Relocation Results

The strongest events of the sequence have already occurred by mid July 2012. More specifically
the mainshock on 10 June 2012 (UTC 12:44:16.73) was followed within minutes by the strongest
aftershock of Mw4.8 (UTC 12:49:36.97). Unfortunately, for this aftershock a moment tensor
solution is not provided, because the waveforms were mixed with the coda of the mainshock.

In order to relocate the epicentres we joined phase data from the Greek and Turkish stations. We
read ourselves P and S phases from the closest stations, particularly the S arrivals, in an attempt to
increase the depth resolution. We used HypoDD (Waldhauser and Ellsworth, 2000) and LSQR for
the relocation; from the initial set of 65 events, we were able to relocate a subset of 51 events with
M>2.0, which passed the criteria. Our relocation was combined with waveform cross-correlation
for the closest stations. Our relocated dataset is complete for M>2.6, e.g. including 42 events in
total. Using the utilities of ZMAP we obtained a b —value equal to 0.61.

The distribution of the best located events, shown in Figure 3 and in cross-section in Figure 4,
show a number of interesting features. From a close inspection of the aftershock cloud it is
immediately noticed that the activated structure has a NW-SE trend, implying that from the two
nodal planes of the focal mechanism, the NW-SE trending plane is the fault plane. The mainshock
occurred at the northernmost cloud and within minutes the strongest aftershock occurred at the
southern cloud, with most of the aftershocks located at that cloud. The length of the activated
structure is about 9 Km, in accordance with the predictions of empirical scaling relations for an
Mwo6.0 earthquake. It is worth noting also (Figure 4) that the majority of the aftershock activity is
concentrated at shallower depths (<15 km) compared to the mainshock and strongest aftershocks
(>20 km), an observation previously made in the case of Adana 1998 sequence, located similarly
next to an active subduction zone in Eastern Mediterranean Sea (Aktar et al., 2000).

3. Distribution of Slip onto the Fault Plane

3.1 Method

To obtain the slip distribution onto the ruptured fault plane for the 10 June 2012 mainshock the
finite-fault inversion method of Kaverina et al. (2002), a nonnegative, least-squares scheme with
simultaneous smoothing and damping was applied. The same code can be used to simulate ground
motions from a slip model.

In brief, this method inverts for fault slip distributed over a grid of point sources that are triggered
according to the passage of a circular rupture front. A Laplacian-smoothing operator, slip
positivity, and a scalar moment minimization constraint is applied to stabilize the inversions.
Green’s functions based on the Novotny et al. (2001) velocity profile, shown to be effective in
modelling regional wave propagation, were used to invert the seismic waveforms, and were
calculated using the frequency—wavenumber integration method (Saikia, 1994) for 1-km intervals
in distance and 1-km intervals in depth. The source model used is a single fault plane with constant
rupture velocity and constant dislocation rise time.

3.2 Application Results

The seismic data consist of three component broad band displacement waveforms recorded at
regional stations of the Greek and neighbouring networks. Both the data and the synthetic Green’s
functions were bandpass filtered between 0.02 to 0.08 Hz. From a standard grid search of the
parameter space, the rupture velocity was found to be 2.9 km/s and the rise time 0.5 s.
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Figure 3 - HypoDD relocated epicentres of the June 2012 sequence, together with the focal
mechanism of the mainshock for comparison. Note that the cloud of aftershocks clearly
denotes the NW-SE nodal plane as the fault plane. The dashed line is parallel to the fault
plane to visually show this. The inset to the left shows the focal mechanisms of the stronger
aftershocks computed by moment tensor inversion (listed in Table 1).

Figure 4 - Cross-section along a plane perpendicular
to the fault plane (coordinates shown on top of the
section), to show that the sequence operated in the

depth range 10 to about 25 km, with the majority of

the aftershocks in the range 10 to 15 km.
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The results of the inversion show that slip is confined in a main patch, and the maximum slip is
located ~4 km to the WNW of the hypocenter location (Figure 5), providing evidence for a mainly
unilateral rupture to NW. A deeper patch of slip is also observed to the SE of the hypocenter, at a
depth of ~32 Km that fits large lapse time signal in the data. This patch was a stable feature in all
trial inversions, and is not very likely to be an artifact. Average slip in the ruptured area is ~19 cm
and peak slip reaches 125 cm. The total scalar seismic moment for the slip model is M=1.80x10%
dyn-cm, resulting in moment magnitude Mw6.1, slightly larger than the Mw obtained in the
moment tensor solution (Figure 2).

The total data variance reduction for the solution, calculated as a normalized squared misfit, is
85%, indicating a very satisfactory level of fit, between observed and slip-model produced
synthetic waveforms, which are shown in Figure 6.

Figure 5. Slip model for the event of 10 June 2012 Mw6.0 event obtained from the inversion
of broad band waveforms, for the N115°E trending fault plane, adopting a rupture velocity
of 2.9 km/s, found from a standard grid search of the parameter space. One main slip patch
is calculated where the peak slip value (~125 cm) was observed, with approximate
dimensions 5x5 km?. The asterisk denotes the hypocentre location, which lies at an absolute
depth of 24 km. Note that the locus of slip is concentrated ~ 4 km to the NW of the
hypocenter, and if directivity is present, it should be in that direction. A second slip patch is
also observed, which is deeper than the previous and less pronounced, but which was a stable
feature in all test inversions and fits the long lapse time in the data.
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Figure 6. Comparison of observed (straight lines) and of synthetic (dashed lines) waveforms.
Synthetics were calculated using the slip model for mainshock of 10 June 2012 Mw6.0 (Fig.
5). The fit in most of the stations is very good, resulting in a large Variance Reduction (85%)
for the inversion.

4. Conclusions

The eastern termination of the Hellenic Subduction Zone is insufficiently studied compared to its
western and central part, mainly due to the lack of strong earthquakes to be instrumentally
recorded by the present seismological networks in Greece and Turkey (Shaw and Jackson, 2010;
Shaw, 2012). The 10 June 2012 event Mw6.0 with an epicentre in the mid distance between Rodos
Island and the city of Fethiye in coastal western Anatolia was studied in an attempt to shed light to
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the seismotectonic features of the region. Moment tensor solutions of the mainshock and of the
strongest aftershocks revealed the operation of strike-slip faulting in the region, in the depth range
10 to 25 km, while the strongest events nucleated at the lower crust. The HypoDD relocated
epicentres of the sequence led to the identification of the fault plane, which strikes NNW-ESE
(N115°E) indicating dextral strike-slip motion. The 2012 sequence is located in the western
prolongation of the Fethiye — Burdur Fault Zone (FBFZ) towards the Aegean Sea and Rodos
Basin. This zone is considered to be connected with sinistral strike-slip faulting. To this end, the
sequence studied here is not connected with this zone, neither does it support its western
extension, but on the contrary it involves rupture of a rather deep strike-slip fault that is oblique to
the FBFZ (see Fig. 1), in a sense reflecting the interaction of Africa — Anatolia lithospheres at their
easternmost sections.

Finite — fault inversion applied to broad band displacement waveforms of the Greek and Turkish
networks, revealed that the slip onto the causative fault is concentrated at main patch of 5x5 Km?.
The locus of the peak slip which was calculated to be 125 cm is located 4 Km to the NNW of the
hypocenter, providing evidence for rupture propagation mainly towards that direction. The average
slip onto the fault plane is 19 cm and the resolved total seismic moment is 1.80x10* dyn-cm. The
obtained slip model provides very good fit to the observed waveforms.

The T-axes of the focal mechanisms of the 2012 sequence indicate extension approximately NE-
SW in accordance with the regional stress field. This along-arc extensional field is characterising
the entire region south of the Hellenic Volcanic Arc and is considered to be related to the outward
growth of the Hellenic Arc in response to the westward Anatolia extrusion. In conclusion the 10
June 2012 Mw6.0 sequence is characterized by dextral strike-slip faulting associated with the
activity of NW-SE trending faults that accommodate NE-SW extension, as observed in many
regions south of the Hellenic Volcanic Arc (Benetatos et al., 2004; Kiratzi, 2012 and references
therein).
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