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Summary 

This research provides new constraints on the intermediate depth upper-mantle structure of the Hellenic 

lithosphere using a three-step Rayleigh-wave tomography. Broadband waveforms of about 1000 teleseismic 

events, recorded by ~200 permanent broadband stations between 2010 and 2018 were acquired and processed. 

Through a multichannel cross-correlation technique, the fundamental mode Rayleigh-wave phase-velocity 

dispersion curves in the period range 30 to 90 s were derived. The phase-velocities were inverted and a 3-D shear 

velocity model was obtained down to the depth of 140 km. The applied method has provided 3-D constraints on 

large-scale characteristics of the lithosphere and the upper mantle of the Hellenic region. Highlighted resolved 

features include the continental and oceanic subducting slabs in the region, the result of convergence between 

Adria and Africa plates with the Aegean. The boundary between the oceanic and continental subduction is 

suggested to exist along a trench-perpendicular line that connects NW Peloponnese with N. Euboea, bridging the 

Hellenic Trench with the North Aegean Trough. No clear evidence for trench-perpendicular vertical slab tearing 

was resolved along the western part of Hellenic Subduction Zone; however, subcrustal seismicity observed along 

the inferred continental-oceanic subduction boundary indicates that such an implication should not be excluded. 

The 3-D shear velocity model supports an N-S vertical slab tear beneath SW Anatolia that justifies deepening, 

increase of dip and change of dip direction of the Wadati-Benioff Zone. Low velocities found at depths <50 km 

beneath the island and the back-arc, interrelated with recent/remnant volcanism in the Aegean and W. Anatolia, 

are explained by convection from a shallow asthenosphere. 

Keywords: Structure of the Earth; Surface waves and free oscillations; Dynamics of lithosphere and mantle; 

Subduction zone processes; Tomography 
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1. Introduction 

In this work, the intermediate depth seismic structure of the Hellenic lithosphere and its relation to seismicity is 

studied. The Hellenic lithosphere includes the Hellenic Arc and trench system, as well as the backarc Aegean 

microplate (e.g. Cianetti et al., 2001). This region is dominated by the presence of a complex system of 

lithospheres, i.e. Adriatic, Eurasian, Aegean and African plates. Greece is one of the most rapidly deforming parts 

of the continents globally, capable of generating earthquakes even larger than M~8.0 (e.g., Papazachos and 

Papazachou, 1997). Complexity of the Hellenic lithospheric system results from slab retreat of the N-NE 

subducting African plate along the Hellenic Subduction Zone (HSZ) and subsequent accretion of its surficial 

crustal sediments, resulting in the closure of the Tethys oceanic domains (Dercourt et al. 1993; Channell & 

Kozur, 1997; Robertson, 2004). 

Extensive research engaging geological, seismological and geodetic approaches has explained the geodynamics of 

the Hellenic lithosphere as a result of the northward advancement of the African and Ionian crust since the 

Cretaceous (e.g., Jolivet & Brun, 2010). Across this region, Africa and Eurasia converge at a rate of ~25-40 

mmyr
-1

 (McClusky et al. 2000; Reilinger et al. 2006; 2010) forced by the subduction of the Tethys oceanic slab 

under the Aegean microcontinent, resulting in roll-back of the subduction zone. Overall SW propagation 

dominates the regional kinematics, explained as the result of three fundamental processes related to convergence 

between the African, Aegean, and Anatolian plates (McClusky et al. 2000). The first process is the subduction of 

the African lithosphere and subsequent accretion of sediments. The second process regards the westward 

propagation of the Anatolian plate into the Aegean due to the northward push from the Arabic plate. The third 

process is the extension of the overriding plate in the back-arc domain. According to geodesy, the average 

horizontal velocity rate across the Greek region is about 10 mmyr
-1

, which becomes more significant along the 

Hellenic Arc (~40 mmyr
-1

; McClusky et al. 2000; Reilinger et al. 2006), which is the active margin between 

Aegean and African lithospheres, marked by a 1,300 km long trench extending from Corfu to Rhodes, separated 

and offset by 100-150 km by the dextral Cephalonia Transform Fault (CTF) (e.g., Louvari et al. 1999) (Fig. 1).   
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HSZ is the most prominent feature within the Hellenic lithosphere, widely recognized in all global and regional 

tomographic models. A commonly accepted configuration of HSZ concerns a high-velocity anomaly associated 

with lithosphere of continental and oceanic origin, extending along the concave part of the Hellenic Arc. The 

footprints of the slab, found much deeper than the lowest intermediate seismicity (~180 km depth) of the Wadati-

Benioff Zone (WBZ), penetrating below the upper-lower mantle discontinuity, has led to the assumption that the 

slab is continuous and involves alternating subduction of both oceanic and continental crusts along the HSZ 

(Faccenna et al. 2003; Meier et al. 2004; van Hinsbergen et al. 2005; Jolivet and Brun, 2010).  

Several arguments have been proposed against this generic model, concerning the affinity and the vertical and 

horizontal continuity of the slab, which has been the subject of scientific debates during the last decades. 

Although there is abundant intermediate depth seismicity evidence for oceanic subduction at the southern part of 

HSZ, the lack of subcrustal seismicity in the northern part puts in question the relation of the therein high-

velocities with a subduction process. Recent studies (Pearce et al. 2012; Halpaap et al. 2018) have imaged a 

subducted continental crust as a low-velocity layer beneath NW Greece, which, contrary to the southern oceanic 

crust (Suckale et al. 2009; Pearce et al. 2012), does not host subcrustal seismicity. Although these findings 

provided evidences on the affinity of the slab, the geometry of the transition between the two types of lithosphere 

has not yet been clarified and the question about the slab continuity remains. Moreover, the lower boundary of the 

lithospheric plates of the region, a very important parameter for understanding wide-scale tectonics, is still a 

poorly known quantity (Kind et al., 2015). 

In the current work, we measure dispersion properties of long-period Rayleigh surface-waves, which are essential 

for modeling 3-D upper mantle and asthenospheric shear-wave velocity structures with particularly good lateral 

resolution (e.g. Laske & Masters 1996), towards shedding light to the above as well as other issues related to the 

geodynamic frame of the Hellenic lithosphere. To this purpose, we have exploited new data of teleseismic 

Rayleigh surface-waves acquired from modern broadband deployments and applied a recently developed 

approach for surface-wave tomography (Jin & Gaherty, 2015). We take advantage of the capability of the regional 

Hellenic Unified Seismological Network (HUSN) of broadband receivers to roughly act as an array in order to 
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correlate similar waveform recordings of teleseismic Rayleigh-waves at neighbouring stations and perform phase-

delay measurements. Thus, a significant increase of input data and consequent improvement of the 3-D shear-

velocity model is achieved with respect to the classical surface-wave two-station method that has been previously 

implemented in the Hellenic region (Bourova et al. 2005; Kassaras et al. 2009; Salaün et al. 2012). The coherent 

results from multiple teleseismic events are stacked to produce phase velocity maps while the derived dispersion 

curves are then inverted to construct 3-D, vertically polarized shear-wave velocity (VSV) models throughout the 

region. Lastly, the produced tomographic images are combined with reliable hypocentral locations of sub-crustal 

earthquakes registered in a newly compiled seismic catalogue. 

2. Seismic structure and geodynamic setting  

The seismic structure of the Hellenic lithosphere has been constrained using various approaches of passive and 

active imaging. Passive imaging concerns teleseismic (e.g. Spakman et al. 1988, 1993; Bijwaard et al. 1998; 

Wortel and Spakman, 2000; Faccenna et al. 2003; van Hinsbergen et al. 2005; Piromallo & Morelli, 2003; 

Koulakov et al. 2009; Zhu et al. 2015) and local/regional tomography (Papazachos & Nolet, 1997; Tiberi et al. 

2000; Karakonstantis, 2017; van der Meer et al. 2018; Halpaap et al. 2018; Hansen et al. 2019), receiver function 

analyses (e.g., Gesret et al. 2011; Li et al. 2003; Sodoudi et al. 2015; Sachpazi et al. 2016), inversion of scattered 

teleseismic waves (Suckale et al. 2009; Pearce et al. 2012), active reflection (e.g., Finetti & Del Ben, 2005; 

Kokinou et al. 2005, 2006; von Huene et al. 1997; Zelt et al. 2005) and refraction studies (e.g., Bohnhoff et al. 

2001). Surface-waves have also been exploited to investigate the S-wave structure of the Aegean area (Karagianni 

et al. 2005; Bourova et al. 2005; Kassaras et al. 2005, 2009), with the most recent comprehensive broad-scale 

tomography by Salaün et al. (2012) not sufficiently sampling the western part of HSZ.  

2.1 The West Hellenic Subduction Zone (WHSZ) 

WHSZ extends ~400 km along the western coast of Greece, from Corfu to western Crete, where convergence is 

documented, associated with the subduction of multiple ocean basins and continental units, from the Jurassic-

Cretaceous until today (e.g., van Hinsbergen et al. 2005). The rate of subduction varies along the WHSZ, ranging 

from ~8 mmyr
-1

 beneath NW Greece and ~40 mmyr
-1

 beneath SW Greece (e.g., McClusky et al. 2000). A less 
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dense continental lithosphere, associated with the Adriatic microplate, which has subducted north of ~ N38° can 

explain this variation, while the denser oceanic lithosphere subducts further to the south. However, it is still under 

question how the continental/oceanic lithospheric boundary manifests itself at depth. 

WHSZ has been the subject of great interest during the last decades. The deep structure of the WHSZ has been 

investigated by broad-scale surface and body wave tomographic studies (Bijwaard et al. 1998; Di Luccio & 

Pasyanos, 2007; Pasyanos & Walter, 2002; Piromallo & Morelli, 2003; Endrun et al. 2008; Hosa, 2008; 

Konstantinou & Melis, 2008; Li et al. 2008; Koulakov et al. 2009; Salaün et al. 2012; Schmid et al. 2006; 

Spakman et al. 1988, 1993; Zhu et al. 2015). These studies show a common feature of systematic fast velocities 

extending down to ~1,400 km into the lower mantle beneath WHSZ, interpreted as the subducted slab. 

The most recent high-resolution tomographic constraints of the shallow part of the system (<250 km depth) were 

derived by Suckale et al. (2009) and Pearce et al. (2012), using an inversion technique based on the Generalized 

Radon Transform (GRT-RF) on teleseismic recordings obtained from the MEDUSA experiment, Halpaap et al. 

(2018), who applied a body-wave local tomography method, and Hansen et al. (2019), who used teleseismic and 

regional P-wave traveltime tomography over an adaptive grid. According to the above studies, WHSZ is 

composed of two lithospheric segments, continental to the north and oceanic to the south, with the separating 

boundary defined roughly at the northern tip of CTF (Halpaap et al. 2018). Several authors (e.g., Piromallo & 

Morelli, 2003; Royden & Papanikolaou, 2011; Spakman et al. 1988; Govers & Wortel, 2005; Suckale et al. 2009) 

consider this boundary as a Subduction-Transform-Edge-Propagator (STEP) fault due to a trench-perpendicular 

tearing of the slab or a ramp-type structure (Halpaap et al. 2018; Pearce et al. 2012) beneath CTF, bridging NAT 

with the Hellenic Trench (Jolivet et al. 2013). Hansen et al. (2019) argue that a vertical tear occurs beneath CTF, 

but a trench-parallel one exists from northern Greece to north Peloponnese. Interpretations of this matter based on 

mantle anisotropy vary (Hatzfeld et al. 2001; Endrun et al. 2011; Olive et al. 2014; Paul et al. 2014; Evangelidis, 

2017; Kaviris et al. 2018). Sachpazi et al. (2016) suggest multiple vertical tearing (segmentation) of the slab 

occurring on along-dip, transverse faults. Moreover, vertical tearing along-dip of the slab has been proposed to 

exist beneath the Movri Fault Zone (MFZ), a NE-SW primary dextral strike-slip fault system in NW Peloponnese 
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(Ganas et al. 2009), interpreted as the result of differential shear slip at the base of the two crusts (Durand et al. 

2014; Sachpazi et al. 2016).  

2.2 The East Hellenic Subduction Zone (EHSZ) 

The EHSZ extends from Crete to Rhodes. Seismicity, volcanism and tomography imply a different structure 

between the western and eastern part of the arc, which has been a matter of debate. However, the location of the 

transition between the two segments is unresolved. Papazachos & Nolet (1997), Meier et al. (2007), Brüstle 

(2012), Sodoudi et al. (2015) explain the slab’s increasing dipping angle from west to east by a first-order 

segmentation in SE Aegean. Tomographic studies have suggested the presence of a N-S vertical tear separating 

the HSZ from the Western Cyprus Subduction Zone (e.g., Piromallo and Morelli, 2003; van Hinsbergen et al. 

2010; Biryol et al. 2011; Legendre et al. 2012; Govers and Fichtner, 2016). On the contrary, Faccenna et al. 

(2014) have suggested horizontal tearing of the slab in the area of Rhodes to explain the presence of a NW 

dipping slab. Endrun et al. (2008) in a surface-wave study, suggest this boundary to occur at the longitude of 

central Crete. Bocchini et al. (2018), using well-located hypocentres from global and local seismicity catalogues, 

suggest a first-order slab segmentation east of Crete, with the eastern segment dipping with a steeper angle 

compared to the western one.  

A prominent feature of EHSZ is the South Aegean Active Volcanic Arc (SAAVA), a complex of Plio-Quaternary 

volcanoes aligned in an arcuate shape, whose activity is considered to be related to the subduction of the Tethys 

beneath the Aegean. SAAVA extends for 450 km, from Methana to Nisyros (Fig. 1), and is characterized by calc-

alkaline volcanic activity (e.g., Mitropoulos et al. 1987; Mitropoulos & Tamey 1992; Fytikas et al. 1985; 

Francalanci et al. 2005). Variation in magmatism is observed between the western and eastern part of SAAVA. 

The western part of the arc (Aegina, Methana) is related to Pliocene age andesite-dacite volcanism, while 

geochemical studies have showed that magmas result from the upwards migration of fluids in the asthenospheric 

mantle wedge (Pe-Piper and Piper 2002; Tzanis et al. 2018). The central and eastern parts of the arc (Milos, 

Santorini, Nisyros) consist of lavas such as tholeiitic and calc-alkaline minor basalt, andesite, dacite and minor 

rhyolite, originated by both hydrated (calc-alkaline composition) and depleted asthenospheric (tholeiitic magmas) 
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mantle. The northern margin of SAAVA correlates well with a reversal of rotation (Kissel & Laj, 1988), the 

transition of directions of the maximum horizontal compressional stress axis at crustal depths (SHmax; Kapetanidis 

& Kassaras, 2019; see Fig. S5a in the Supplementary Material) and the respective strain-rate field (εΗ1, 

Chousianitis et al. 2015) from roughly E-W compression in the north to almost N-S in the south. Moreover, this 

transition is related to a sharp contrast of the crustal stress-shape (Kapetanidis & Kassaras, 2019) and deflection 

of SKS (Evangelidis, 2017; Kaviris et al. 2018) and Rayleigh-wave (Endrun et al. 2011) anisotropy orientation.  

[Figure 1] 

2.3 The back-arc region 

The back-arc region includes N. Greece, central/north Aegean and N. Anatolia. Τhe westward motion of Anatolia 

and extension of the Aegean/N. Greece dominates the geodynamics of this region, partly driven by asthenospheric 

flow and extrusion of a lid of rigid crust (Jolivet et al. 2013). Major normal faults, which accommodate crustal 

extension in the back-arc, control the formation of “domino-style” onshore and offshore Neogene sedimentary 

basins (e.g., Westaway, 1991) in a series of E–W to NW–SE half-grabens. The most important one is the Corinth 

rift, which opens rapidly in a ~N-S direction (e.g., Armijo et al. 1996) at rates reaching 15 mmyr
-1 

at its western 

part (Briole et al. 2000; Avallone et al. 2004). The North Aegean Trough (NAT) marks the westward propagation 

of the North Anatolian Fault (NAF), a chief characteristic of the tectonics of the SE Mediterranean (Taymaz et al. 

1991; Papazachos & Kiratzi, 1996; Papadimitriou & Sykes, 2001; Goldsworthy et al. 2002). NAT and CTF 

systems are bridged by extensional grabens of the Central Hellenic Shear Zone (CHSZ), which facilitate the relay 

of plate motion (Shaw and Jackson, 2010) and result in a general clockwise rotation of the area (Chousianitis et 

al. 2015).  

Anatolia is part of the Alpine–Himalayan orogenic belt, consisting of continental lithosphere formed during the 

Cenozoic (e.g., Robertson & Dixon, 1984). It is located between Arabia and Eurasia, the collision of which leads 

to lateral extrusion that translates Anatolia westwards, towards the Aegean, along major strike-slip faults such as 

the North Anatolian Fault (NAF, Fig. 1) (van Hinsbergen et al. 2009). The geological architecture of Anatolia is 

different from that of Greece, being composed of a complex distribution of continental and oceanic lithosphere 
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(Jolivet et al. 2004) while underthrusting below Eurasia is associated with high-temperature metamorphism and 

granitic magmatism (van Hinsbergen et al. 2010).  

3. Data and method 

The surface-wave analysis aims at estimating the seismic shear-wave velocity by solving the inverse problem 

based on measured dispersion curves (Foti et al. 2018). The analysis is typically a three-step procedure: 

acquisition/processing of waveform recordings, dispersion curves estimation and inversion of Rayleigh-wave 

dispersion curves for the determination of VSV velocity models with depth. 

We have employed recordings from broadband seismological networks operating in the region of Greece, 

complemented by networks of neighbouring countries, i.e. Turkey, Bulgaria and Albania, of earthquakes that have 

occurred at epicentral distances between 5º and 160º, mostly teleseismic ones (Fig. 2a). The waveform data were 

acquired from the European Integrated waveform Data Archive (EIDA) node of GI-NOA (http://eida.gein.noa.gr/) 

via the International Federation of Digital Seismograph Networks web-services (FDSN-WS) data request 

protocol. The facilities of Bogazici University Kandilli Observatory and Earthquake Research Institute Data 

Services (KOERI DS) were also used for accessing waveform and metadata. KOERI waveforms were retrieved 

through the EIDA node located at KOERI, via the web services provided by the FDSN-WS.  Additional 

recordings were acquired from stations of the Corinth Rift Laboratory Network (CRLN), operating in Central 

Greece, as well as of GEOFON and MEDNET, mainly to cover southern Greece and the northern borders of 

Greece.  

The dataset extracted from the above databanks consists of 2-hour waveform windows for ~1000 regional and 

teleseismic earthquakes with Mw ≥ 5.0 and Mw ≥ 6.0, respectively, that have occurred during 2010-2018 at 

epicentral distances between 5º and 160º from the centre of the network (Fig. 2a). Given that this study focuses on 

the seismic structure of the upper mantle of the Greek region, the analysis is performed in the range 30-90 s. Over 

150,000 vertical component teleseismic seismograms recorded by ~200 stations were pre-filtered between 0.01 

and 0.33 Hz, decimated down to 1 sample/sec and corrected for the instrumental response to unify recordings of 

different types of seismometers and changes in the instrumentation throughout the years. 
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The second step of the surface-wave analysis is the estimation of Rayleigh-wave interstation phase-velocities. 

Herein, we constrain dispersion curves by applying the Automated Surface-Wave Measuring System algorithm 

(ASWMS; Jin & Gaherty, 2015), based on the Generalized Seismological Data Functionals (GSDF) proposed by 

Gee & Jordan (1992). In this method, phase-delays are measured between all combinations of neighbouring 

stations of the network to avoid systematic biases due to propagation effects, rather than only for pairs that are 

aligned with the epicentre, within a few degrees of tolerance along a common great-circle path, an assumption 

that would greatly reduce the number of quasi-valid measurements. Besides, the simultaneous consideration of 

paired relative amplitudes allows greater precision for the Rayleigh wavefield, compared to applying only the 

phase information (e.g., Pollitz & Snoke, 2010). The ASWMS method has the advantage that it requires minimal 

analyst interaction and can be applied to arrays with apertures ranging from continental scale, such as the 

EarthScope's TA, down to a few hundred metres (Jin & Gaherty, 2015), yielding consistent results 

(http://ds.iris.edu/ds/products/aswms).  

The procedure requires the input of broadband displacement recordings at a large multitude of stations and 

involves phase and amplitude difference measurements for phases of interest between each pair of seismograms 

(S1, S2) recorded on neighbouring stations. First, a window function WS is applied to crop the signal of interest (on 

S2), roughly based on the theoretical arrival-time of the primary surface-wave and a length broad enough to 

include most of its coda, which can be highly correlated at inter-station distances within one to two wavelengths 

(Jin & Gaherty, 2015). WS is generated by frequency-time analysis to each waveform (Levshin et al. 1992) and 

group delays are isolated for the selected range of frequencies.  

Next, the cross-correlation function, C(t), between the two seismograms is calculated, containing the time-delays 

of coherent signals. Each cross-correlogram C(t) is then cropped with a bilateral “Hanning taper” windowing 

function Wc centred on the C(t) maximum, which corresponds to a group delay whose central frequency depends 

on the dominant energy of the input data. The windowed C(t) is then convolved with a sequence of narrow-band 

Gaussian filters, for different central frequencies or periods of interest, providing a series of filtered cross-

correlograms which contain information about the frequency-dependent group and phase-delays for the specific 
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interstation path. Following GSDF (Gee & Jordan 1992), each filtered cross-correlogram is then modeled, using 

non-linear least-squares inversion, by a five-parameter wavelet. The latter is the product of a Gaussian envelope 

and a cosine function parameterized by the group and phase-delays between the two stations, a scale factor, the 

half-bandwidth and the central frequency of the Gaussian filter (Gee & Jordan, 1992).  

Data selection is performed using a quality control criterion based on frequency-dependent coherence. For this 

purpose, the auto-correlation function (AC) of each signal is calculated and fitted by the five-parameter wavelet. 

Coherence, C, is estimated for each period by comparing the amplitude XC of the respective narrow-band filtered 

cross-correlation between the auto-selected waveform windows for pairs of nearby stations and the respective 

amplitudes A1, A2 of the auto-correlations, as C=XC
2
/(A1A2). Pairs with C<0.5 were discarded, thus eliminating 

measurements with low SNR and from malfunctioning stations. 

The constructed 2-D network of frequency-dependent interstation phase-delays for each earthquake creates a 

phase gradient that can be inverted to provide a field of slowness that describes the surface-wave propagation, 

with the vector length on each node of the grid being reciprocal to the apparent phase-velocity, according to the 

Eikonal equation (Jin & Gaherty, 2015). This procedure is appropriate on the assumption that the employed 

network of seismological stations can be considered as a seismic array. The latter is true for interstation distances 

smaller than three wavelengths for the smallest period analysed, i.e. ~360 km for surface-waves with a period of 

30 sec, taking into account an average propagation velocity of 4.0 km/s. For this purpose, signals from station-

pairs with a distance larger than 300 km are discarded and do not pass through the cross-correlation stage. To 

further avoid cycle-skipping issues, which can be a problem especially on shorter periods, phase-delays are 

compared to the expected travel-time corresponding to the interstation distance and, if needed, are corrected by ±1 

or up to ±2 periods. 

Phase-velocities are derived from the inverted phase-delays in terms of apparent and structural velocities, 

approximated by the application of the Eikonal and Helmholtz equation, respectively. The Eikonal equation is 

valid for smoothly varying velocity structures; however, the resulting apparent phase-velocities can likely be 

contaminated by multipathing or backscattering effects, which invalidate the latter assumption and create biases 
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(Lin et al. 2009). To avoid this issue, the structural phase-velocities are calculated by means of an approximation 

of the Helmholtz equation that takes into account amplitude correction terms (Jin & Gaherty, 2015). For the 

calculation of the latter, the amplitude parameter of the wavelets which have been fitted on the narrow-band 

filtered AC is taken into account as the amplitude measurement at each station.  

Moreover, site conditions and problematic instrument responses, which can at times introduce non-negligible 

biases, were taken into account by determining the ratio between single-station amplitude measurements and the 

median amplitude values of all other stations for each event/period. These ratio values were found to be consistent 

at each station, except for a few outliers on some events. No significant changes were found throughout time that 

could be attributed to a serious issue on a station’s sensor or to undocumented changes in the instrumentation. The 

bias of each station was derived by the median of the log10 of the individual ratios for each period, found to be in 

the range ±0.17, or, in true values, varying from 0.68 to 1.46, further reduced to a range from 0.9 to 1.1 after the 

application of minimum curvature surface fit smoothing on the grid nodes (for example see Fig. S10 in the 

supplementary material).  

After a first run of the procedure, the calculated offsets were used to remove the systematic biases from the 

measured amplitudes on individual events (see e.g. Accardo et al., 2017). Amplitude values which lie below ½ or 

are over 2 times the median of amplitudes of neighboring stations at valid cross-correlation pairs, are discarded. 

The retained amplitudes are then “interpolated” at each grid point by fitting a minimum curvature surface using a 

fourth order Partial Derivative Equation (PDE) (Lin & Ritzwoller, 2011; Jin & Gaherty, 2015), that reduces sharp 

effects often caused by second-order nonlinear PDEs (Lŭ et al. 2008). The correction term is calculated and then 

subjected to strong smoothing (see e.g. Fig. A2 and Figs S13, S15 in the supplementary material), to reduce short-

wavelength variances relative to the resolution of the network (Jin & Gaherty, 2015) before it is finally applied, 

yielding the structural phase-velocity maps for each event/period. 

The last stage of the dispersion analysis involves stacking, to produce the final structural phase-velocity maps for 

each period. The phase-velocity maps of individual events are averaged through weighted stacking, with the 

weight of each node determined from the ray density during the slowness inversion (Jin & Gaherty, 2015). The 
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presented stacked maps of either apparent or structural phase-velocity finally pass through a last smoothing filter, 

with a smoothing length of ¼ the average wavelength. 

3.1 Phase-delay measurements and resolution 

Following the above-mentioned methodology, a total of 4,320,765 CC measurements were found to be valid 

across the network over the period range of interest (30-90 s) (Fig. 3a), with an average of ~617,252 valid CC per 

examined period, selected with a frequency-dependent coherence above 0.5. The adopted cross-correlograms 

were passed through a sequence of various narrow-band, zero-phase Gaussian filters, with their shape constrained 

between 6% and 10% of their central frequency, the latter being defined by each period of interest (30-90 s). 

Then, phase-delays from all the station-pairs were assembled and their linear trend against interstation distance 

was calculated for each period. Measurements having a phase-delay misfit higher than 10 s, relative to the least-

squares phase-delay prediction, were rejected (Fig. 3b). This is a conservative threshold value, as it rejects phase-

delay measurements which are offset by over 20% for station-pairs which are less than 200 km apart (Jin & 

Gaherty, 2015). Having started with a database of ~1000 regional/teleseismic events with M≥6, almost 20% of the 

initial events dataset (~200 events) was rejected after the application of the selection criteria (see Section 3).  

Periods < 30 s were initially taken into account, but a large proportion of them were discarded by the applied 

criteria and it was decided to proceed only for T ≥ 30 s. The main issue for discrepancies in the lower periods is 

the large spacing between the stations due to morphology limitations, i.e. the Aegean Sea, often larger than the 

wavelength of the high-frequency surface-wave of interest, but also strong attenuation and scattering at short 

periods and teleseismic distances. Large period maps (>90 sec) were also discarded due to the scarcity of paths 

sampled by long-period instruments, which is why many of the resulting cross-correlations were considered as 

unreliable. After a first series of cross-correlation measurements was performed, the results were examined to 

detect stations which could be problematic, i.e. producing a large amount of invalid measurements compared to 

the acceptable ones. This is important, as the ratio between “good” and “bad” measurements is a quality control 

criterion that can reject a whole phase-velocity map for a certain event/period, while problematic data can 

negatively affect the final maps, biasing average values and increasing the standard deviations and relative errors. 
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A total of 34 stations, whose pairs produced a valid/invalid ratio of less than 0.20, were removed and the whole 

procedure was repeated without them.  

The seismological network, herein considered as an array, has an aperture broad enough (1000 × 600 km
2
, see 

Fig. 2b) to resolve lateral phase-velocity variations up to ∼100 s period, with a lateral resolution which is mainly 

governed by the interstation distance (e.g., Pedersen et al. 2003; Bodin & Maupin, 2008). It is apparent from Fig. 

4 that the region that is better sampled by interstation links is particularly well constrained around the Corinth gulf 

and W. Anatolia, while N. Greece and S. Peloponnese are partially covered. On the other hand, the regions of 

Southern Aegean and Dodecanese Islands are poorly sampled, since the network is very sparse there due to the 

sea cover. It is noticeable that valid pathways appear increased at higher periods, given that dispersion 

measurements are more stable over the long wavefield (e.g., Shapiro & Ritzwoller, 2002). A criterion of the 

contribution of teleseismic events per grid cell was applied as a first order approximation of the ray density 

towards the herein resolution analysis. A threshold value of 10 contributing events per grid cell has been 

considered towards retaining/rejecting measured regions (Fig. 5).  

An important parameter for the inversion of phase-delays to apparent phase-velocities is the damping parameter. 

Weak damping can result in over-fitting, producing small data misfit but an unrealistic model, while strong 

damping produces a smoother model-data convergence but also larger errors between the two. It is a common 

practice during inversions to select a damping parameter which produces a compromise between a smaller “model 

length” (a less complex model) and small data misfit, i.e. the “knee” of the, optimally, L-shaped trade-off curve. 

To define the appropriate smoothing scheme, the inversion was repeated for each period, by varying the damping 

factor over a wide range of values. Data misfit was calculated by the differences between predicted and measured 

phase-delays, with the errors being weighted by the amplitude of the respective cross-correlation maxima. Model 

length was measured as the variance of the final apparent phase-velocity maps for each event and period. Data 

misfit and model length were then averaged over all events for each period and damping factor. Diagrams of the 

trade-off between model length and data misfit were then used to determine the optimal damping parameter (Fig. 

S11). These diagrams normally have the shape of an “L” and the optimal parameter is the one that corresponds to 
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the “knee of the curve”. Disregarding discrepancies observed for very small damping parameters, the curves for 

periods between 30 and 55 sec have the appearance of a smooth L-shaped curve. Larger periods exhibit increasing 

or almost constant model variance for increasing damping parameter, while the data misfit also becomes larger. In 

this case, values that produced a smaller model length after its initial increase were selected.  

3.2 Checkerboard tests 

Checkerboard tests (Spakman and Nolet, 1988) are the most commonly used model for synthetic tests to 

investigate the robustness of a tomographic solution along each spatial dimension of an a priori velocity model, 

i.e. geometry, polarity and amplitude of the reconstructed perturbations. To reconstruct the synthetic model, a 

procedure proposed by Accardo et al. (2017) is applied.  The method examines, for each event, the ray coverage 

of the real data, in terms of -valid- cross-correlations between pairs of stations for every period. For each of these 

valid combinations, the real (observed) relative travel-time differences are taken into account from which the real 

slowness field is calculated for each cell. The slowness vectors (reciprocals of the phase-delay gradient) are 

normalized by dividing with the real slowness and are then multiplied by the respective slowness value of the a 

priori checkerboard model and converted back into values of the phase-delay gradient. The time-lag weights that 

are used are the same as those measured with the real data. The rest of the procedure is then similar to the one 

followed for the determination of the apparent phase-velocity from the phase-delay gradient through inversion, 

with a map produced for each event and period that is then stacked to produce the final reconstruction. During 

stacking, the results are smoothened by a factor that is proportional to ¼ of the wavelength, as is also performed 

for the respective apparent phase-velocity maps with the real data. Although this is not a typical model 

reconstruction (no real synthetic travel-times are calculated or noise applied) it provides a qualitative estimate of 

how well the available rays of valid cross-correlations between stations, their weights and the applied smoothing, 

is able to reconstruct a certain pattern of velocity anomalies. 

We performed several checkerboard tests in order to obtain the optimum cell size of the resolved models, in terms 

of the degree of the achieved consistency of the inverted synthetic anomalies with the initial checkerboard model 

for both signed amplitude and shape. An average velocity of 3.9 km/s was considered for each examined period, 
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with the synthetic anomalies alternating between 3.5 and 4.3 km/s, representing a ±10% perturbation relative to 

the average value of the observed phase-velocity and its variation. Fig. 6 presents the synthetic tests, showing the 

capability of the method to resolve structures given the available real data distribution, which is over phase-

velocity anomalies with dimensions 1.351.35 for periods 30 – 50 s and 1.801.80 for periods 60 - 90 s.  It 

can be observed that for such a checkerboard test configuration, the shape and polarity of the periodic intervals 

are well reconstructed in some parts of the study area, including continental Greece and W. Anatolia. In the 

Aegean area, smearing occurs due to the sea coverage, while cells in N. Greece and S. Peloponnese are not 

optimally recovered. The limited resolution in these regions is taken into account in the interpretation of the 

results.   

4. Inversion of phase-velocities for shear wave velocity (VSV) 

The third step of the analysis concerns the depth inversion of the phase-velocity maps in order to obtain the 

vertically polarized shear-velocity (VSV) with depth, following a scheme implemented in the ASWSM suite (Jin et 

al., 2015). The surface-wave depth inversion problem is highly non-linear and is affected by solution non-

uniqueness. Although the error of phase-velocities propagates into the final model, the main sources of ambiguity 

in the final model are the non-uniqueness of the solution due to the starting model, the smooth nature of the 1-D 

sensitivity kernels and data errors. Different starting models may yield different final models but with similar 

goodness of fit with the experimental data (Maupin, 2016). Herein, the problem of non-uniqueness of the 

inversion due to the starting model is treated by a global search method applied to evaluate large ensembles of 1-

D earth models within defined parameter ranges, searching for those that produce reasonable misfits with the 

experimental data.  

To build starting 1-D models, for each grid cell, a grid-search and forward modeling is applied by trying out 

combinations of different velocities and thicknesses on a three-layered 1-D VSV model, representing a layer of 

sediments, crust and uppermost mantle, selecting as the best model the one with the smaller misfit in the derived 

dispersion curve with respect to the one obtained by the structural phase-velocity maps. To allow smooth velocity 

variations with depth, we subdivide the crustal and mantle layers of each initial model into sub-layers of even 
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thickness, i.e., layers with a thickness of 10 km - based, however, on the results of the crude 3-layer model - and a 

more detailed “final model” is constructed by applying inversion using the surf96 algorithm. Information on the 

Moho topography is taken into account, disabling smoothing on the layer that corresponds to the Moho 

discontinuity, to obtain a sharp velocity contrast in the “final model”. For this purpose, the CRUST1.0 model 

(Laske et al. 2013; Fig. S3 in the supplementary material) is employed. CRUST1.0 

(https://igppweb.ucsd.edu/~gabi/crust1.html) is a 1°×1° global crustal model, based on constraints from active seismic 

sources, receiver functions, and gravity. It is considered as a realistic compromise of first-order crustal thickness 

variations in the area of study, since it is generally in good agreement with results from pertinent research for the 

region, implying that the Moho depth in the area ranges from 20 to 45 km (Papazachos & Nolet, 1997; Clement et 

al. 2004; Zelt et al. 2005; Karagianni et al. 2005; Sodoudi et al. 2006; Sachpazi et al. 2007). Disabling smoothing 

on the Moho discontinuity produces an abrupt change in the VSV model, with the layer below Moho being more 

influenced by velocities of deeper layers rather than of crustal layers. On the other hand, shallower layers above 

Moho mainly refer to depths < 40km, which are not well resolved due to lack of short period data. This creates a 

trade-off between crustal and upper-mantle structure which may cause differences between phase-velocity maps 

and VSV at shallow depths to be observed.  

A simple inversion using a single initial model provides some first-order information on the problem, such as the 

resolving kernel, which shows the sensitivity of the obtained results for each layer to a range of real depths. 

Ideally, the resolution matrix would be an identity matrix and each layer would be sensitive to its own depth range 

and not affected by the structure at different depths; in such a case, each row of the resolution matrix would 

contain a single spike on the Resolution matrix Diagonal Element (RDE). In practice, however, the resolution 

kernel is represented by a smooth curve, with a maximum ideally near the RDE and non-zero Off-diagonal 

Elements (ROEs) (e.g. Fig. S17). The width of the curve or the offset of its maximum from the diagonal indicate a 

degree of influence / biases of the result on a certain layer with respect to the structure in other layers (more 

information on the resolution matrices in the supplementary material; Figs S4, S17-S21). However, an inversion 

based on a single starting model can be greatly biased by the choice of that model. 
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To remove the factor of starting model selection, a Monte-Carlo technique is applied. The main parameters (shear 

velocity and thickness) of the multi-layered (as in the previous step) best 1-D initial model are perturbed within a 

limited range to generate a set of 100 random models. Forward modeling is applied on each of these 100 initial 

models to examine whether the resulting RMS value is smaller than a threshold value set at 0.3 km/s, otherwise 

the model is discarded. For starting models with RMS<0.3 km/s, an iterative damped least-squares inversion is 

applied on the observed dispersion curves, taking also into account the respective standard deviations obtained 

during stacking of the Helmholtz maps as the error of the observed velocity measurements, to derive the final 

shear-wave model with depth, together with its statistical error distribution, by applying the surf96 code 

(Herrmann, 2013). After 10 iterations, the inversion produces an 1-D VSV “final” model for each of the 100 

starting models per grid-cell. Finally, another error filtering is applied on each node, by rejecting “final” models 

which have an RMS between observed and calculated dispersion curves larger than 20% with respect to the 

median RMS misfits of “final” models with RMS<0.3km/s. The retained models are then interpolated into a 

common, more detailed depth grid and averaged into a final VSV model and its errors in terms of the standard 

deviation for each layer.  

Similarly to the phase-velocity maps, the horizontal resolution of the 3-D model is considered to be of the same 

order as that of the recovered checkerboards (Fig. 6). However, the vertical resolution of the shear velocity from 

the surface-wave analysis is highly variable with depth, being reversely proportional to the wavelength, and, 

consequently, depth. The above implies that surface-wave provides information about bulk properties in a given 

depth range rather than sharp images of the subsurface (Maupin, 2016). We addressed this issue by quantifying 

the precisely resolved depth range and the resolution obtained at each depth, by examining the resolution matrix 

per grid node, constructed using the surf96 code and the velocity resolving kernel output. The latter analysis 

showed that in our model best resolution is achieved at depths between 40 and 100 km, while the structure above 

40 km and below 140 km is not represented by our dataset (Fig. S4 in the supplementary material).  
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5. Average structure 

The average apparent and structural phase-velocities per period interval over the whole study area (Table 1) 

appear consistent with Bourova et al. (2005), and Salaün et al. (2012). Fig. 7a presents the average apparent and 

structural phase-velocity curves for the Greek region, showing that the Helmholtz tomography has yielded slightly 

lower values for periods >50 s, by 0.01-0.03 km/s. The latter is negligible, taking into account that this difference 

is much smaller than one standard deviation. The herein Helmholtz velocities (Fig. 7b) appear to be lower, when 

compared to several global and regional continental dispersion models, consistently with tomographic results that 

show slow upper-mantle velocities for the most active features in Europe (e.g. Hearn, 1999; Piromallo & Morelli, 

2003; Koulakov et al. 2009; Zhu et al. 2015). 

In Fig. 8 we compare the inverted average VSV structure of the study region with two 1-D shear velocity global 

reference models, namely the AK135 (Kennett et al. 1995) and SPREM-VSV (Ho et al. 2016) models. The 

average 1-D model exhibits slow velocities for the whole depth range concerning AK135, and at depths ~40-80 

km compared to SPREM-VSV. Low S-wave uppermost mantle values were also found by Karagianni & 

Papazachos (2007) and Salaün et al. (2012) for the Aegean region and by Mindevalli & Mitchell (1989) for 

Turkey. Additional average velocity models and dispersion curves for selected sub-regions are included in the 

supplementary material (Figs S5b and S6, Tables S1 and S2). 

6. Stacked apparent and structural phase velocity maps 

We examine apparent and structural phase-velocity variations for periods of 30–90 s, i.e. for wavelengths between 

approximately 120 and 450 km. The final tomograms are the result of weighted stacking of the respective single-

event Eikonal and Helmholtz maps. Some examples of single-event phase-velocity maps are presented in 

Appendix A and in the Supplementary Material, to demonstrate different steps of the procedure as well as some 

characteristics of the Rayleigh wavefield as it propagates through the Aegean region. 

Figs 9 and 10 present maps of apparent and structural phase-velocities, respectively, at various periods of interest, 

derived from the Helmholtz tomography. These maps were constructed using a colour scale that changes 
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depending on the average phase-velocity at each period. As a consequence of the approach, spatial variations of 

phase-velocities appear similar to velocity perturbations, while absolute phase-velocity values are displayed 

simultaneously.  

Although the average values of phase velocities are similar, the Eikonal maps of Fig. 9 exhibit an amount of 

smearing for all periods of interest throughout the region. The source of the differentiation between Eikonal and 

Helmholtz maps is the application of the amplitude correction term on the apparent phase velocities, which 

produces finer spatial variations on the structural phase-velocities (see Figs S8, S13, S15 in the supplement).  

Contours of relative error, in terms of the ratio between the standard deviation on each grid cell and the average 

phase-velocity value for each period of interest, are shown in Fig. 10 to indicate regions where the observed 

anomalies are significant, i.e. the relative error is smaller than the value of the anomaly. As shown in Fig. 10, the 

relative error appears systematically large in S. Aegean, likely due to the poor network coverage; however, a 

similar pattern has been previously explained by multipathing effects due to strong heterogeneities beneath this 

area (Bourova et al. 2005).  

Several features of morphologic, tectonic, and geologic significance are indicated in the obtained phase-velocity 

maps. The geometry of these features is not well-recovered at the edge of our model and in regions with poor 

station coverage at sea. Thus, for these regions, interpretation is roughly based on their apparent continuity with 

well resolved neighbouring anomalies. The interpretation is thus limited to phase-velocity patterns that present 

smaller relative error than the amplitude of the anomaly.  

Both Eikonal and Helmholtz approaches depicts sufficiently the lithospheric plates that interact in the region, 

emphasizing the adequacy of surface-wave analysis to reveal the lithospheric structure in complex regimes, such 

as the Hellenic region. Structures such as the low-velocity wedge above the slab that is prominent along the 

forearc at low periods (30 s), the subducted oceanic plate extending from N. Peloponnese to the coast of Turkey, 

the continental subduction in N. Greece, the overriding Aegean and the Anatolian plate are visible in the phase-

velocity maps. No high velocities are observed beneath southwestern Anatolia but only south of it, which implies 

that the vertical slab tear, that has been proposed by several authors (e.g., Piromallo and Morelli, 2003; van 
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Hinsbergen et al. 2010; Biryol et al. 2011; Legendre et al. 2012; Govers and Fichtner, 2016), is likely limited to 

regions beneath continental Anatolia. 

Concerning the Helmholtz correction term, the regions with the largest anomalies, in absolute terms, are CLAB 

and S. Aegean (Fig. S8). Reversal of the anomaly polarity (towards higher structural velocity) is observed in S. 

Aegean, an area poorly sampled by the network, which indicates that these corrections may not be reliable. For 

smaller periods (T<60 s) the anomalies in continental Greece north of Peloponnese propagation are uniform and 

discrete from the ones to the south. 

7. Results of the 3-D VSV model - Discussion 

The new 3-D VSV model yields interesting large-scale features of the Hellenic lithosphere, which are interrelated 

with the geodynamics of the region, and have also been the subject of scientific discussions/debates throughout 

the years. In the following paragraphs we focus on the main structures which are sufficiently resolved by the 

depth inversion of the Helmholtz phase-velocities: (a) the oceanic-continental lithosphere transition, (b) slab 

segmentation, (c) lithospheric thickness and the arrangement of the asthenosphere. These issues are discussed in 

juxtaposition with information on the distribution of subcrustal seismicity (catalogues compiled in this study), 

volcanism (Siebert & Simkin, 2002; Serpen et al. 2010; Erkan, 2015) and the crustal stress-field inferred from the 

inversion of focal mechanisms (Kapetanidis & Kassaras, 2019).  

The results of our 3-D VSV model are presented as horizontal depth slices between 40 and 140 km depth (Fig. 11). 

A series of profiles at various directions (Fig. 12) are used for the construction of  vertical cross-sections (Fig. 

13). Horizontal slices of absolute and relative VSV (Fig. 11) are drawn with a common colour scale at several 

depth intervals between 40 and 140 km depth. The colour scale of the maps is centred at the average velocity of 

each layer. Percentage of misfit for each specific depth is overlain on the maps as contours of relative error 

(standard deviation of the Monte-Carlo tests with respect to the average Vsv of each depth). Misfit values were 

found in the range 0.5-3%, reaching 5% in N. Greece only for the depth of 40 km, while the amplitude of the 

velocity anomalies ranges ±9% throughout the 3-D model. It should be noted that regions/depths with significant 

misfit in the phase-velocity model can have small misfit in the Vsv model, as the relative errors of the latter only 
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reflect the instability of the Monte-Carlo solutions, which can be very low at large depths, despite the lower 

resolution. It is worth noting the difference between the shear velocity map at 40 km depth (Fig. 11) with phase-

velocity maps (Figs. 9-10), apparently the result of trade-off between the CRUST1.0 model (see Fig. S3 in the 

Supplementary Material) and upper-mantle structure derived from herein Rayleigh-wave dispersion data; this 

issue is expected to be resolved when lower period phase-velocities (10 to 25 s) become available in a 

forthcoming ambient noise tomography study.  

The global pattern of shear velocity anomalies in Fig. 11 is similar to that obtained by surface-wave analysis, i.e. 

Bourova et al. (2005) and Kassaras et al. (2009), regarding the Aegean region and Salaün et al. (2012) over the 

Greek region and W. Anatolia. Compared to the latter, our model exhibits better resolution due to the applied 

methodology, which allows much larger input of dispersion measurements with respect to the typical two-station 

method. Resolved velocity anomalies are consistent with results from body-wave tomography (e.g. Papazachos & 

Nolet, 1997; Halpaap et al. 2018; Hansen et al. 2019), regarding the imaging of lithospheric margins and slabs, 

although not in detail, which suggests that our dataset and surface-wave analysis are robust enough to depict the 

large-scale structure of the region’s upper mantle for the intermediate depth. Our 3-D model clearly images the 

boundary between the subducting African slab and the Aegean lithospheric mantle, having an arcuate shape that 

crosses from N. Greece to Rhodes, separating two distinct structures, which are strongly linked with deformation 

of the crust. The latter is supported by the differences in the directions of crustal stress and strain-rate fields (i.e. 

the directions of the maximum horizontal stress/strain and the stress-shape values; Fig. S5a) between the northern 

and southern sides of this boundary (Kassaras et al. 2016; Kapetanidis & Kassaras, 2019). 

To compare the velocity patterns obtained by teleseismic surface-wave tomography with mantle dynamics and 

crustal deformation, we have collected four catalogues of reliable seismicity data (Figs 12 and S9): 

(1) Hypocentral locations obtained for the broader study area between 2012 and 2017, using the manually picked 

P- and S-wave phases at the Seismological Laboratory of the National and Kapodistrian University of Athens 

(NKUA-SL), an optimum 1-D velocity model (Karakonstantis, 2017) and HYPOINVERSE software (Klein, 

1989). Average hypocentral uncertainties of this catalogue are 0.9 km and 3.0 km for the horizontal and 
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vertical directions, respectively, and mean RMS=0.25 s; (see Fig. S2 in the Supplementary Material for more 

statistics) 

(2) the EGELADOS catalogue (Friederich & Meier, 2008; Brüstle, 2012); 

(3) the LIBNET catalogue (Becker et al. 2010); 

(4) the CYCNET catalogue (Bohnhoff et al. 2004, 2006; Brüstle, 2012).  

The latter three catalogues include solutions having hypocentral uncertainties ≤15 km and RMS ≤ 0.7 s (Bocchini 

et al. 2018).  

Fig. 13 illustrates cross-sections of shear velocity perturbations with respect to the average 1-D model along 

various profiles shown in Fig. 12. Cross-sections of absolute shear velocity along the same profiles are drawn in 

Fig. S7 of the Supplementary Material. Only velocity anomalies with similar or larger dimensions than the ones 

retrieved by the synthetic checkerboard tests (Section 3.2) are taken into account. To facilitate the discussion and 

remove small-scale anomalies, additional smoothing is applied in the 3D Vsv model, averaging velocities on each 

horizontal layer within circles of radius 100 km centered on each grid point. Moreover, unrealistic anomalies that 

correspond to an error of phase-velocities larger or equal to the amplitude of perturbation are not taken into 

consideration. Anomalies with a perturbation percentage exceeding the relative error but which still represent 

plausible geological structures are retained and interpreted with caution. 

7.1 The Continental-Oceanic subduction Boundary (COB) 

The new 3-D shear velocity model provides constraints on the Continental-Oceanic Boundary (COB) of the 

Hellenic lithosphere, which are discussed below.  

In the northwestern extremity of HSZ, slow/fast velocities are in agreement with the dip of Moho interface of the 

continental slab (Halpaap et al. 2018) down to the maximum depth resolved by the 3-D model (140 km, cross-

section b1-b2 in Fig. 13). Sparse subcrustal seismicity distributed between 60 and 90 km depth also follows this 

pattern. Despite the reduced vertical resolution of the structure, inherent in surface-wave analysis, this finding is 
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consistent with Pearce et al. (2012) and Halpaap et al. (2018), who imaged the subducted continental crust in NW 

Greece as a Low Velocity Zone (LVZ), dipping at a similar angle with the inferred velocities configuration.  

The pattern of consistency of the Moho interface (Halpaap et al. 2018) and intermediate seismicity with shear 

velocity contrasts continues to the south. Beneath N. Peloponnese, the arrangement of the above indicate a 

shallow-dipping slab (15-20°) penetrating upper-mantle deeper than 140 km depth of our model (cross-sections 

d1-d2, f1-f2, in Fig. 13). In this region, WBZ is relatively shallow, reaching 90 km depth. This observation is 

consistent with Suckale et al. (2009), who interpret a shallow-dipping LVZ (∼20º) in this area as the hydrated 

crust of the Hellenic slab. 

Halpaap et al. (2018), attribute a lack of seismicity beyond 100 km depth for the northern HSZ to the effect of 

complete eclogitization of the crustal material, which limits dehydration embrittlement and consequently the 

potential occurrence of intermediate depth earthquakes. Eclogitization could reasonably be presumed, since it has 

been broadly adopted as a process to explain subduction of continental crust at convergence plate boundaries, 

when the oceanic crust has been consumed and slab-pull forces continue to exist. The overall arrangement of 

mantle velocities and the WBZ (Fig. 13, b1-b2, d1-d2, f1-f2) in the northern part of HSZ could be explained by a 

low-dipping continental lithosphere, whose eastern margin marks the western termination of NAT.  

In the area of S. Peloponnese, a ~30º NE-dipping zone (Fig. 13, g1-g2, h1-h2), associated with the oceanic 

subduction zone, is defined by the Moho interface (Halpaap et al. 2018), the WBZ, that reaches 180 km depth 

west of Crete, as well as the shear velocity contrasts. The inferred configuration is very similar to that found in 

WHSZ by Pearce et al. (2012), Sachpazi et al. (2016), Halpaap et al. (2018).  

The depth distribution of hypocentral locations provide implications on the characteristics of the transition 

between continental and oceanic subduction. Earthquakes deeper than 100 km in Greece are known to occur 

roughly southerly of the 39°N latitude (e.g. Bocchini et al., 2018; Fig. 12). Halpaap et al. (2018), observed an 

abrupt deepening of seismicity that occurs south of a line which connects MFZ with CHSZ, suggesting this as the 

COB boundary. An interesting feature of our model, revealed in the cross-sections of Fig. 13, is the reversal of the 

anomalies’ polarity above the Moho of the downgoing African plate, north and south of the proposed COB; 
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negative anomalies to the north (Fig. 13, a1-a2, b1-b2, c1-c2, d1-d2) and positive anomalies to the south (Fig. 13, f1-

f2) support continental and oceanic crust, respectively. Negative anomalies are related to a shallower, gently 

dipping “continental” WBZ and positive ones to a deeper, steeply dipping “oceanic” WBZ. Furthermore, this is a 

region where the resolution of the model is high, as indicated by both reconstructed checkerboard models (Fig. 6) 

and high Resolution matrix Diagonal Element (RDE) values (Figs S4 and S17b), which indicates that these results 

are reliable. The recent earthquake of Mw=6.7 that took place southwest of Zakynthos on the 25
th
 of October 2018 

(Papadimitriou et al. 2019) has likely occurred at the northernmost part of the oceanic slab’s interface with the 

upper plate, in a region delimited by the F1 and F2 vertical, transverse slab faults proposed by Sachpazi et al. 

(2016). The Vsv model’s horizontal resolution does not permit an exact positioning of the COB, but the above 

observations support a COB similar to the one suggested by Halpaap et al. (2018), i.e. a SW-NE trending line, 

sub-parallel to the MFZ, connecting it with N. Euboea (Fig. 14), likely coinciding with the F1 fault of Sachpazi et 

al. (2016).  

COB is critical for the regional tectonics, in particular concerning trench-perpendicular strike-slip faulting across 

CLAB, E-W normal faulting along the Corinth rift to its north turning into N-S normal faulting towards its south 

(Kapetanidis & Kassaras, 2019). The inferred feature is compatible with the combined results of mantle 

anisotropy (Endrun et al. 2011; Evangelidis, 2017; Kaviris et al. 2018) and crustal stress-states (Kapetanidis & 

Kassaras, 2019). Specifically, the largest angular difference (75°-90°) between the SKS fast polarization 

directions and the maximum horizontal crustal stress axis, SHmax, is observed along COB, possibly indicating 

trench-parallel mantle-flow, correlated with a slab tear that induces strain in a perpendicular direction. A 

noticeable feature in the crustal stress model of Kapetanidis & Kassaras (2019) is a reversal of stress-shape (Φ) 

values south of the inferred interface, from uniaxial extension in the north to uniaxial compression in the south, 

possibly probing increase of slab-pull forces towards the south (Fig. S5a). 
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7.2 Slab segmentation 

The issue of STEP fault(s) across HSZ is thereinafter examined based on the new data. We note that, given the 

limited capacity of the attained 3-D VSV model to provide accurate constraints, implications on the matter are 

supported by subcrustal seismicity patterns. 

7.2.1 Vertical tearing 

For the depth range between 40 and 140 km, our 3-D model, tentatively, does not show evidence of a trench-

perpendicular vertical slab tear in W. Greece, in agreement with Pearce et al. (2012), Halpaap et al. (2018) and 

Hansen et al. (2019). Prolongation of MFZ to the CHSZ towards the western termination of NAT (Serpetsidaki et 

al. 2014) is also not indicated by the arrangement of velocities. Nonetheless, subcrustal seismicity exhibits a 

particularly interesting feature beneath central and NW Peloponnese, down to the depth of ~60 km, cross-cutting 

with the Moho of the downgoing slab (cross-sections e1-e2, f1-f2, i1-i2 of Fig. 13). Halpaap et al. (2019) found a 

similar pattern of intermediate depth seismicity in this locality, interpreting it as the effect of upward migration of 

earthquake-inducing fluids through vents at the slab interface. This distribution of earthquake hypocenters shows 

brittle deformation along the COB, herein suggested to occur along a line connecting MFZ with NAT. Provided 

that existing models suggest little to no coupling between the crust and upper-mantle (Jackson & McKenzie, 

1988; Shaw & Jackson, 2010), or that strong coupling is limited to the upper part of the crust (Laigle et al. 2002), 

clustering of subcrustal earthquakes in the vicinity of MFZ likely indicates brittle deformation at the whole crust 

(Halpaap et al. 2018) reaching upper-mantle through a STEP. However, this issue, of particular significance for 

the region’s geodynamics and consequently seismic hazard is a subject of further research. 

A different structure is implied between the western and eastern part of the Hellenic Arc, manifested by a steeper 

and deeper WBZ that reaches the depth of ~180 km in EHSZ in the area of Kos (cross-section l1-l2 in Fig. 13). A 

sharp stopping of the intermediate depth seismicity east of Rhodes indicates the easternmost termination of the 

EHSZ (Bocchini et al. 2018; Fig. 12). A shallower (25°) and less active WBZ is indicated in the area of Crete 

(Fig. 13, k1-k2) along with a steeper (45°) and more seismically active one in the area of Karpathos-Rhodes (Fig. 

13, l1-l2). As seen in all cross-sections, seismic velocities roughly follow the trend of intermediate seismicity. 
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Inversion of focal mechanisms (Rontogianni et al. 2011), indicates stress differentiation between the western and 

eastern part of HSZ at least for the shallow part of the WBZ (50-90 km depth), where horizontal compression and 

triaxial stress are observed, respectively. On the other hand, vertical compression indicated at depths of 90-180 

km could account for increased slab-pull forces which in turn likely explain the larger dip of the eastern slab 

segment. 

The eastern termination of EHSZ is a region of apparent complexity, where a change of the slab geometry is 

indicated, separating EHSZ into a western and an eastern part. Cross-sections m1-m2, n1-n2 in Fig. 13 show a 

northward dipping WBZ at 30° in the west beneath Crete and another dipping NW at 40° in the east, beneath the 

area of Karpathos-Rhodes. While velocity amplitudes follow the trend of seismicity, we observe an LVZ beneath 

the WBZs (Fig. 13, m1-m2, n1-n2). Velocities correlate well with a hot mantle, explained as the result of 

convection from the asthenosphere through a N-S vertical tear separating the HSZ from the Western Cyprus 

Subduction Zone (e.g., Piromallo & Morelli, 2003; van Hinsbergen et al. 2010; Biryol et al. 2011; Legendre et al. 

2012; Govers & Fichtner, 2016), or a horizontal tear (Faccenna et al. 2014). There is no indication for a horizontal 

slab tear or slab break-off (Faccenna et al. 2014) given the continuously distributed seismicity, in contrast to 

Papazachos et al. (2005), who observed lack of seismicity at depths between 90 and 140 km. Our compiled 

catalogue does not exhibit lack of seismicity at these depths, but on the contrary, it demonstrates that the deep part 

of the slab, between 100 and 150 km, hosts the major part of seismicity, especially at the easternmost part of the 

HSZ. 

Although the resolved velocities for this part of the 3-D model should be considered with caution, since the 

associated phase-velocity relative error is not negligible (6-9%), the observed configuration complies with an 

LVZ that is present in most tomographic models in the region (e.g. Piromallo & Morelli, 2003; Biryol et al. 2011; 

Salaün et al. 2012; Gessner et al. 2013), interpreted as asthenospheric flow through a first-order slab tear beneath 

SW Anatolia producing high-temperature metamorphism and felsic magmatism (Doglioni et al. 2002; Agostini et 

al. 2007; Dilek & Altunkaynak, 2008; Salaün et al. 2012; Jolivet et al. 2015). It is moreover consistent with 
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shear-wave splitting measurements in EHSZ between Crete and Rhodes, interpreted as flow in the mantle wedge 

through a slab tear (Evangelidis, 2017).  

Taking into account the above implications, a N-S vertical slab tear beneath SW Anatolia could likely explain the 

geometry of the eastern termination of the EHSZ without considering segmentation east of Crete as suggested by 

Bocchini et al. (2018). Asthenospheric flow along a N-S axis could explain the inferred similar slab orientation, 

while it likely facilitates slab’s sink within a hot, buoyant mantle, increasing its dip, due to increased slab-pull 

forces (Rontogianni et al. 2011). 

7.2.2 Horizontal tearing 

Since variations of intermediate depth seismicity can be the effect of slab-pull forces, lack of intermediate depth 

seismicity north of N39° (Bocchini et al. 2018) could be explained by diminishing of slab-pull forces related to a 

totally detached slab along a trench-parallel tear beneath mainland Greece that was observed in tomographic 

images at depths between ~150 and 500 km (Spakman et al. 1988; Bijwaard et al. 1998; Koulakov et al. 2009; 

Zhu et al. 2015; Hansen et al. 2019). In this respect, deepening of seismicity towards the south could be justified 

by a partially detached southward migrating horizontal slab tear, whose southernmost extent is yet unclear. Zhu et 

al. (2015) suggest that the tear only affects northern Greece, whereas Spakman et al. (1988), Meijer & Wortel 

(1996) argue that it continues into southern Peloponnese. 

Meighan et al. (2013) notice that if one would expect a southward propagation of the tear, it should correlate with 

a simultaneous migration of shallow deformation related to earthquake clusters and swarms. Interestingly, the NE 

tip of MFZ marks an N-S alignment of abundant shallow seismicity that crosses the whole Peloponnese from the 

western Corinth gulf in the north, down to Messinia (e.g. Kassaras et al. 2014) in the south (Fig. 12). Southward 

propagation of the tear could be the cause of strong tectonic instability in the region of CLAB, marked by the 

occurrence of several moderate-to-strong earthquakes, as well as swarms, which have been monitored in detail by 

the HUSN and temporary deployments during the last decade (e.g. Kassaras et al. 2014; Kapetanidis et al. 2015).  
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7.3 The Lithosphere-Asthenosphere Boundary (LAB)  

Variations in the topography of the Lithosphere-Asthenosphere Boundary (LAB) provide an essential constraint 

for understanding mantle deformation in response to tectonic forces, volcanism processes and vice-versa (e.g. 

Fischer et al., 2010). The lithospheric thickness beneath the Hellenic region and W. Anatolia has been measured 

by teleseismic P- and S-receiver functions (Sodoudi et al. 2006, 2015; Kind et al. 2015). For the Greek region, 

Sodoudi et al. (2006) found the LAB of the subducted African plate at 100 km depth beneath Crete and S. Aegean 

and at about 225 km depth beneath SAAVA, whereas the LAB beneath mainland Greece is indicated near 150 km 

depth. 

Lithospheric thickness of the subducted African plate could not be herein identified, given the maximum depth 

(140 km) and the limited resolution of the 3-D model. However, the new 3-D model provides some interesting 

implications on the LAB of the Aegean and Anatolian plates. Low velocity patterns are systematically indicated 

in the Aegean and Anatolia upper plates that could likely be attributed to the asthenospheric interface and/or 

asthenospheric bodies within the upper mantle, which are linked to crustal kinematics, heat-flow and volcanism. 

A pattern widely seen in Fig. 13 is that of low velocities of the overriding plate(s) at shallow depths throughout 

the region, indicating a thin lithosphere, of the order of ~50 km. Although this finding should be taken with 

caution since low period dispersion data is not available, it is in contradiction with the 150 km depth suggested by 

Sodoudi et al. (2006) for continental Greece, but is in agreement with Kind et al. (2015), who suggest a laminated 

mantle lithospheric structure beneath the broader region of eastern Mediterranean, whose bottom consists of 

several neighboring discontinuities of decreasing velocity with depth, and with a vertical extent of the laminated 

region of up to 50 km. Moreover, it is consistent with a shallow LAB found beneath Anatolia at an average depth 

of about 70 km by receiver functions (Sodoudi et al. 2006, 2015; Kind et al. 2015), attenuation observations (Gök 

et al. 2003), results obtained from body and surface-wave tomography studies (Biryol et al. 2011; Bakirci et al. 

2012; Salaün et al. 2012; Fichtner et al. 2013) and body-wave velocity anomalies (e.g., Al-Lazki et al. 2004; 

Maggi & Priestley 2005; Gök et al. 2007) indicative for lithospheric removal in the region (Kind et al. 2015).  
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Such a thin lithosphere/laminated mantle lithospheric structure beneath Aegean/W. Anatolia is relevant to 

asthenospheric convection (e.g., Jolivet et al. 2013), as pointed out also by the large amplitude of mantle shear- 

(Hatzfeld et al. 2001; Evangelidis, 2017; Kaviris et al. 2018) and Rayleigh-wave anisotropy (Endrun et al. 

2011).The existence of a shallow LAB/laminated mantle affects volcanism and increased heat-flow which is 

widely seen throughout the Aegean and W. Anatolia (Pe-Piper & Piper 2002; Serpen et al. 2010). More 

specifically, shallow, low velocity anomalies in NW Greece (cross-sections a1-a2, b1-b2, c1-c2 of Fig. 13) are 

correlated with low-enthalpy (e.g. Paiko volcano, Andritsos et al. 2011) and remnant volcanism (thermal springs) 

in N. Aegean and NW Anatolia (Siebert & Simkin, 2002; Serpen et al. 2010; Erkan, 2015).  

Southerly, the non-deforming central Aegean lithosphere displays higher seismic velocities with respect to the 

deforming lithosphere of N. Aegean. This pattern, particularly evidenced by Rayleigh-wave anisotropy, is 

explained by viscosity contrast between the two regions due to temperature and/or fluids content alteration that 

leads to modification of the lithosphere (Endrun et al., 2011). SAAVA, a prominent feature in our tomographic 

images in S. Aegean, exhibits fast anomalies in its western part and slow velocities in the eastern part (Fig. 11). 

The latter is compatible with different eruptive behavior and magmatic compositions between the two segments 

(Pe-Piper and Piper 2002; Francalanci et al., 2005) and different stress-states (Kapetanidis & Kassaras, 2019). 

Effusive volcanism in the western part has been explained by the presence of water-rich fluids or melts associated 

with high Vp/Vs ratios (Halpaap et al. 2018), a suggestion consistent with seismicity of the WBZ of WHSZ, the 

largest part of which occurs at a shallower depth (80-100 km) with respect to the EHSZ (100-150 km). The 

abovementioned observations could be linked to variation of lithospheric thickness beneath the western and 

eastern segment of SAAVA, as it is observed from the cross-sections of Fig. 13, where LAB (or laminated upper 

mantle) appears to be shallower beneath the eastern segment (<50 km depth ) with respect to the western one (~50 

km depth). 
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8. Conclusions 

In this work, we have investigated the shear-wave structure of the lower part of the Hellenic lithosphere (>40 km 

depth) using surface-wave tomography. We have studied phase-velocity dispersion by analysing several thousand 

fundamental-mode teleseismic Rayleigh-wave recordings using a cross-correlation scheme that takes into account 

multipath/backscattering effects. The inversion of phase-velocities yielded a 3-D shear-wave velocity model for 

the region down to the depth of 140 km. The main outcome of this work can be summarized in the following: 

 Surface-wave analysis has proven sufficient in exhibiting and discriminating the gross geometrical 

characteristics of lithospheric plates in complex convergence zones. 

 The array-based methodology is found to be robust, yielding a better resolution with respect to previous 

surface-wave studies based on the two-station approach.  

 Phase-velocity maps have been constrained with a varying resolution, the best of which has been achieved in 

the area of central Greece. Both single-event and stacked Eikonal and Helmholtz phase-velocity maps exhibit 

consistent features which in turn are relevant to gross geological structures of the lithosphere, such as the slab 

beneath the Hellenides in N. Greece and the slab in the HSZ extending from northern Peloponnese to the 

Turkish coast, the mantle wedge above the slab along the forearc and a hot/buoyant upper mantle beneath the 

Aegean and W. Anatolia related to increased heat flow. Lack of low velocities south of SW Anatolia 

supports that vertical tear is limited to regions beneath continental Anatolia. 

 Both continental and oceanic subduction occur along the HSZ, as particularly supported by both phase 

velocity maps and the 3-D shear velocity model. The Continental-Oceanic subduction Boundary (COB) is 

suggested to exist along a trench-perpendicular line that connects MFZ with N. Euboea (Fig. 14).  

 Resolution restraints of the 3-D Vsv model do not permit the discrimination of trench-perpendicular vertical 

tear of the slab in the WHSZ within the resolved depth range 40-140 km. Nonetheless, reliable intermediate 

seismicity in the region of N. Peloponnese, tentatively supports a vertical lithospheric tear (STEP fault) along 

the inferred COB. 
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 Resolved seismic velocities indicate a different structure between the western and eastern part of the Hellenic 

Arc, manifested in particular by the steeper and deeper WBZ in the EHSZ, dipping to the NW. This 

differentiation can been likely explained by a NW vertical slab tear restricted onshore SW Anatolia as phase- 

and shear-velocity distribution implies. 

 The thickness of the subducted African lithosphere cannot be resolved given the limited depth of the model 

and the low resolution.  

 Implications of shear velocity anomalies for a shallow LAB and/or a laminated mantle in the overriding 

plate(s) are in-line with the spatial distribution of volcanism (present and remnant) throughout the region. 
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Table 1. The average Rayleigh-wave phase-velocity dispersion model of the study region in 10 s intervals. 

Period 

(s) No of valid CCs 

Apparent velocity (Eikonal) Structural velocity (Helmholtz) 

Average PhV 

(km/s) 

St dev. 

(km/s) 

Average PhV 

(km/s) 

St dev. 

(km/s) 

30 527,726 3.71 0.09 3.71 0.09 

40 630,728 3.83 0.06 3.83 0.06 

50 653,278 3.91 0.08 3.91 0.08 

60 645,078 3.97 0.09 3.96 0.10 

70 634,302 4.01 0.10 4.01 0.10 

80 621,901 4.05 0.10 4.04 0.10 

90 607,752 4.08 0.10 4.07 0.09 
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Figures 

 

Figure 1. Map of major tectonic features in the region of Greece and placenames discussed in the text. Selected 

seismicity (M≥3.0) is from routine analysis at NKUA-SL (period 2012-2017) and from the catalogues of Bocchini 

et al. (2018). Fault lines from Karakonstantis & Papadimitriou (2010). CTF: Cephalonia-Transform-Fault, CLAB: 

Cephalonia-Lefkada-Akarnania Block, SAAVA: South Aegean Active Volcanic Arc, CHSZ: Central Hellenic 

Shear Zone, MFZ: Movri Fault Zone, HSZ: Hellenic Subduction Zone, NAT: North Aegean Trough, NAF: North 

Anatolian Fault, CG: Corinth Gulf. 
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Figure 2. (a) Locations of the earthquakes used for the dispersion analysis. The red rectangular indicates the study 

area. Inset rose-diagram shows the distribution of event backazimuths with respect to the centre of the study area. 

(b) The valid number of CC per station used. 
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Figure 3. (a) Number of valid CC measurements across the region, (b) example of data selection in the period 

range of interest by rejecting cross-correlation measurements having a phase delay misfit higher than 10 s (gray 

circles). 
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Figure 4. Valid CCs per interstation pathway for selected periods of interest in the study area. 
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Figure 5. Seismic events used per grid cell for various period (T) intervals. 
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Figure 6. Results of a checkerboard resolution test using the source-receiver geometry of the valid CC pairs, (top) 

with phase-velocity anomaly size 1.351.35 for periods 30 – 50 s, (bottom) with phase-velocity anomaly size 

1.801.80 for periods 60 - 90 s. The a priori phase-velocity pattern is shown at the panels on the left. 

Unconstrained regions of the model have been omitted. 
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Figure. 7. (a) The average apparent (Eikonal) and structural (Helmholtz) phase-velocity curves derived in this 

study for the study region; (b) Comparison of the average structural (Helmholtz) phase-velocity model with global 

and regional dispersion curves. 
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Figure 8.  Average 1-D model of weighted VSV determined using [1 – st.dev.(VSV)/mean(VSV)] as weight, in 

juxtaposition with AK135 and SPREM reference models. Gray bold dashed lines indicate the depth range where 

the VSV model is resolved (40–140 km). 
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Figure 9. Rayleigh-wave apparent (Eikonal) phase-velocity maps at different periods. The maps are plotted for 

event number ≥10. The colour scale varies with the period (T). White colour corresponds to the average phase-

velocity shown in the lower right corner of each map. 
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Figure 10. Rayleigh-wave structural (Helmholtz) phase-velocity maps at different periods. The maps are plotted 

for event number ≥10. The colour scale varies with the period (T). White colour corresponds to the average phase-

velocity shown in the lower right corner of each map. Green contours indicate relative errors (%) with respect to 

the average phase-velocity per period of interest. Tick lines of the contours indicate the direction of error 

reduction. 
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Figure 11.  Maps of absolute vertically polarized shear wave velocity (VSV) at different depths. The colour scale 

varies with depth Z. White colour corresponds to the average VSV as given in the lower right corner of each map. 

The colour bars tick lines are placed at ±3%, ±6%, and ±9% intervals relative to the corresponding average Vsv. 

Green contours indicate the relative error (%) with respect to the average VSV per depth. Tick lines on the 

contours indicate the direction of error reduction. VSV velocities are smoothened horizontally within circles of 

radius 100 km on each grid cell. 
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Figure 12. Map of intermediate depth seismicity (Focal Depth ≥ 40 km) included in the herein employed 

catalogues. Coloured triangles are volcanoes and thermal springs (Siebert & Simkin, 2002; Serpen et al. 2010; 

Erkan, 2015). Black solid lines indicate profiles of cross-sections shown in Fig. 13. For more placenames 

discussed in the text refer to Fig. 1. 
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Figure 13. Cross sections on the 3-D VSV model along profiles shown on the map of Fig. 12, presented as 

velocity perturbations relative to the mean VSV value of the respective depth. Green contour lines and percentage 

labels represent the relative error of phase-velocities, translated at depth. Seismicity (this study, Karakonstantis, 

2017; Bocchini et al. 2018) as well as volcanoes and thermal springs (Siebert & Simkin, 2002; Serpen et al. 

2010; Erkan, 2015) are also plotted. Black dashed lines denote the Moho interface of the subducted lithosphere 

(after Halpaap et al. 2018). The white dashed line corresponds to the CRUST1.0 model of the upper plate Moho 

surface. VSV velocities are smoothened horizontally within circles of radius 100 km on each grid cell. See also 

Fig. S7 in the supplementary material for cross-sections of absolute Vsv values. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/advance-article-abstract/doi/10.1093/gji/ggz579/5698308 by guest on 10 January 2020



 

Figure 13. Continued… 
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Figure 14. Summary of the main constraints deduced for the geometry of the Hellenic lithosphere. Blue and red 

arrows denote horizontal compressional and extensional principal strain-rate axes, respectively (Kreemer et al. 

2004). Epicentres of selected seismicity (Focal Depth ≥ 40 km) are from the herein employed catalogues. For 

more placenames discussed in the text refer to Fig. 1. 
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Appendix A: Single-event phase-velocity maps  

As described in Section 3, phase velocity variation maps are constructed for each period of interest by inverting 

the derived phase-delays between station-pairs for each teleseismic event, by applying the Eikonal and Helmholtz 

equations together with quality restrictions regarding the CC and dispersion measurements.  

Single-event phase-velocity Eikonal maps provide, in general, a rough image of the lithospheric structure and the 

margins of the major plates of Africa, Anatolia and the Aegean microplate. However, their quality is limited by 

the inhomogeneous distribution of stations, along with other site-dependent factors that may bias the results. 

Consequently, lateral inconsistencies may occur, likely the effect of multi-pathing related to the Rayleigh-wave 

propagation and the fact that station-pairs baselines may be largely offset from the great-circle path. These 

influences are treated by the Helmholtz correction term (see Section 3). 

To obtain an understanding of the Helmholtz correction, a series of amplitude maps per event/period are 

generated from the minimum-curvature surface fit, the preliminary correction term and the smoothed correction 

term. Moreover, the influence of focusing and defocusing of the Rayleigh wavefield that should produce 

amplitude biases is investigated by mapping the differences between local propagation directions estimated from 

the apparent phase gradients and the epicentre-station great-circle path (Fig. A1).  

Deviations from the predicted great-circle path were found to significantly vary per event and period, in a range 

±25°. When the Helmholtz amplitude correction term is applied in the single-event maps, the bias from 

multipathing effects is significantly reduced and the shape of the phase-velocity anomalies becomes more relevant 

to the subsurface geology (Fig. A2).   

Interestingly, largest deviations from the predicted great-circle path are concentrated in the azimuths of roughly 

N150° and N220°, with reversal of the anomaly polarity occurring at N200° (Fig. S14 in supplementary material). 

For more examples, the reader is referred to the supplementary material. 
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Figure A1. Single-event measurements at a period of T = 50 s for an earthquake that occurred on 30 January 2016 

03:25:12 UTC in Kamchatka Peninsula (raypath shown in red on the map at the lower-left corner), a) phase-

delays relative to one of the stations (zero relative travel-time) with valid measurements, b) propagation direction, 

c) differences between propagation direction and great-circle path, d) apparent velocity map through the Eikonal 

equation. Contour spacing corresponds to ½ of the respective wavelength while vectors denote the propagation 

direction (normal to the contours). 
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Figure A2. Single-event measurements at a period of T = 50 s for the same event as in Fig. S12. (a, d) amplitude 

minimum curvature surface fit, (b, e) amplitude correction term before smoothing, (c, f) amplitude correction term 

after smoothing, (h, i) structural phase-velocity (Helmholtz) map, (a, b, c, h) before  and (d, e, f, i) after correction 

for amplitude-ratio biases. The respective Eikonal map (g; same as Fig. S12d) is displayed for comparison. 
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