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A B S T R A C T   

In this study, we measured shear wave splitting (fast direction and delay time) from 5193 crustal earthquakes 
that occurred in the south Aegean that were recorded by 65 stations of the EGELADOS, GEOFON, and MedNet 
networks between November 2005–January 2007. We utilized the Multiple Filter Automatic splitting Technique 
(MFAST) that allows quick processing of thousands of events and obtained a total of 3732 high-quality mea-
surements. In general, the majority of fast directions follows a trend of NNE-SSW or NNW-SSE, while the average 
delay time was found equal to 0.149 s. Analysis of the percentage of anisotropy with hypocentral depth indicates 
that the interval between 5− 20 km exhibits up to 6% of crustal anisotropy with the majority of values being 
smaller than 4%. Comparison of the observed fast shear wave directions with the maximum horizontal stress 
(Shmax) shows that stress-induced anisotropy can explain the fast directions along the forearc (Peloponnese, 
Kythira strait, eastern Crete, Kasos, Karpathos, Rhodes) and SW Turkey. In the Cyclades most fast directions are 
significantly different from Shmax. Structural anisotropy is dominant in southern Peloponnese, in some parts of 
Crete and Karpathos. In Cyclades fast directions at several stations agree well with the stretching lineations along 
the exhumed metamorphic core complex and some major fault zones. A comparison of fast shear wave directions 
of crustal anisotropy with those of SKS mantle anisotropy shows good agreement in the forearc (Peloponnese, 
eastern Crete, Karpathos, Rhodes) as well as SW Turkey and suggests that the crust is deforming in the same 
direction with the mantle flow. This pattern becomes less clear in the Cyclades where stations near the meta-
morphic core complex exhibit good agreement, while others exhibit large deviations between the two fast di-
rections and point to a possible decoupling of the two lithospheric units.   

1. Introduction 

The subduction of the African lithosphere beneath the Eurasian plate 
at a rate of 0.9 cm/yr formed the Hellenic subduction zone along the 
southern Aegean and is responsible for the observed shallow and 
intermediate-depth seismicity in this area (Fig. 1) (Papazachos et al., 
2000; Reilinger et al., 2010; Floyd et al., 2010; Shaw and Jackson, 2010; 
England et al., 2016). The strongly curved forearc of the subduction 
extends along NW-SE direction from Peloponnese, Kythira and Crete 
changing to NE-SW direction along Karpathos and Rhodes. Crustal 
seismicity is high along the forearc where occasionally moderate to large 
events may nucleate, while large thrust earthquakes may occur along 
the Hellenic, Strabo and Pliny trenches (Shaw et al., 2008; Mouslo-
poulou et al., 2015; Saltogianni et al., 2020). The Cyclades islands, 
located to the north of the volcanic arc, essentially represent outcrops of 

an exhumed metamorphic core complex and are characterized by rela-
tively low levels of crustal seismicity. The southern Aegean upper plate 
has been subjected to extensional deformation since the Oligocene, as a 
result of gravitational spreading due to slab rollback (Konstantinou 
et al., 2016 and references therein). Several studies have tried to 
investigate the effect of the retreating slab on the long-term deformation 
of the crust and upper mantle, concluding that both of them have un-
dergone the same direction of flow at least since the Miocene (Brun and 
Sokoutis, 2010; Endrun et al., 2011; Jolivet et al., 2013). 

Seismic anisotropy refers to the phenomenon where shear waves 
may split into two almost orthogonal polarization phases, one termed as 
“fast” and the other as “slow” due to their different velocities (Crampin 
and Chastin, 2003; Crampin and Peacock, 2005). In the upper mantle, 
rocks may become anisotropic when olivine crystals develop Lattice 
Preferred Orientation (LPO) during deformation, resulting in the fast 
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polarization direction aligned with that of maximum shear (Maupin and 
Park, 2007). Crustal rocks may also display seismic anisotropy either as 
a result of fluid saturated micro-cracks aligned along the direction of 
maximum horizontal stress, hereafter referred to as Shmax (Crampin and 
Peacock, 2008), or due to the preferred orientation of minerals along 
fault zones, sedimentary layers and metamorphic rocks (Brocher and 
Christensen, 1990; Boness and Zoback, 2006; Okaya et al., 2018). Sub-
duction zones are attractive targets for studying seismic anisotropy since 
they exhibit significant long-term deformation over a range of depths, 
from the upper crust down to the lithospheric upper mantle (e.g., Saiga 
et al., 2011; Balfour et al., 2012; Huesca-Pérez et al., 2019). Seismic 
anisotropy can be inferred by applying a variety of methodologies, such 
as receiver functions or surface waves dispersion, however, the com-
monest method is the detection of shear wave splitting in recorded 
waveforms of local/regional and teleseismic earthquakes. 

Mantle anisotropy in the southern Aegean has been investigated by a 
series of studies using teleseismic data recorded by permanent as well as 
temporary seismic networks (Hatzfeld et al., 2001; Schmid et al., 2004; 
Paul et al., 2014; Evangelidis et al., 2011, 2017). On the contrary, crustal 
anisotropy has received much less attention with only few studies 
reporting shear wave splitting measurements around the Corinth rift 
(Giannopoulos et al., 2015; Kaviris et al., 2017), the Marathon area near 
Athens (Kaviris et al., 2018) and the Santorini caldera (Konstantinou 
et al., 2013; Kaviris et al., 2015). Although spatially limited, the results 
of these studies indicate that crustal anisotropy is caused by a combi-
nation of the present-day stress field, structural features, and in volcanic 
areas by the presence of transient deformation sources. In this work, we 
utilize high-quality waveform data recorded in the southern Aegean by a 
dense temporary network in order to obtain shear wave splitting pa-
rameters (fast direction, delay time) from local earthquakes and inves-
tigate the causes of crustal anisotropy. First, we give a brief description 
of the seismic network and of the procedure that was followed for the 

detection of events as well as the calculation of absolute earthquake 
locations. The methodology for estimating shear wave splitting param-
eters is then outlined along with the criteria for selecting the best quality 
measurements. The spatial distribution of the splitting parameters is 
subsequently correlated with the present-day stress field and structural 
features of the southern Aegean in an effort to decipher the influence of 
these factors on crustal anisotropy. Finally, we discuss the relationship 
between crustal and SKS mantle anisotropy as a means of investigating 
the coherence of lithospheric vertical deformation in the southern 
Aegean. 

2. Data and earthquake locations 

EGELADOS (Exploring the GEodynamics of subducting Lithosphere 
using an Amphibian Deployment Of Seismographs) was a temporary 
seismic network consisting of both land and ocean bottom seismographs 
which operated from October 2005 until March 2007 (Friederich and 
Meier, 2008). The network consisted of 56 land-based stations and 
covered the entire southern Aegean from Peloponnese in the west to 
southwestern Turkey in the east, as well as many of the smaller islands in 
the Cyclades (Fig. 2). The majority of these stations were equipped with 
broadband sensors such as Güralp 60 s and STS-2 seismometers, while 
only seven stations were equipped with short-period 1 Hz Mark sensors. 
Data recorded during the same period by 8 permanent broadband sta-
tions of the GEOFON seismic network and one station of the MedNet 
network were also incorporated in the EGELADOS dataset. Inclusion of 
data from the ocean bottom seismographs that were deployed south of 
Crete was not possible as they all stopped working shortly after 
deployment. 

For the purposes of this study we considered data from November 
2005 until January 2007 which covers the period when all aforemen-
tioned stations were fully operational. Initially, automatic event 

Fig. 1. Simplified tectonic map of the south Aegean. The black arrows and values near each arrow represent the direction and velocity of plate motion relative to 
Eurasia (McClusky et al., 2000). The orange lines represent the active faults that have been extracted from the Greek Database of Seismogenic Sources (GreDaSS) 
(Caputo and Pavlides, 2013). The red triangles represent active volcanoes. The brown dashed lines indicate the isodepth curves of the Wadati-Benioff zone 
(Papazachos et al., 2000). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

K.I. Konstantinou et al.                                                                                                                                                                                                                        



Journal of Geodynamics 143 (2021) 101810

3

detection and picking of P phases was performed, followed by manual 
checking of the automatic picks and the careful manual picking of S 
phases. A total of 6316 earthquakes were detected and picked in this 
way, representing both shallow and intermediate-depth seismicity. We 
calculated the absolute locations of all events by utilizing the NonLinLoc 
package (Lomax et al., 2009) which implements a nonlinear probabi-
listic algorithm along with the Oct-Tree searching method (Lomax and 
Curtis, 2001). NonLinLoc can be used with any velocity model (1D or 
3D) and provides comprehensive uncertainty and resolution informa-
tion represented by the posterior density function. The minimum 1D 
velocity model of Brüstle (2012), derived from the inversion of EGE-
LADOS travel time data, was utilized in order to calculate theoretical 
travel times (Table 1). The average horizontal and vertical uncertainty 
of these locations were found to be 4.1 km (±4.1 km) and 4.6 km (±3.3 
km), while the average root mean square (rms) residual was 0.28 s 
(±0.12 s). Histograms describing the distribution of these uncertainties 
and rms residuals can be found in Fig. S1 of the Supplementary material. 
The thickness of the crust in our study area varies from about 24 km–33 
km (Sodoudi et al., 2006), therefore from the initial 6316 earthquakes 
we selected 5193 events with hypocentral depths of less than 30 km for 

further analysis. 

3. Shear wave splitting measurements 

The waveforms of the selected earthquakes were further processed 
with the Multiple Filter Automatic Splitting Technique (MFAST) pack-
age (Savage et al., 2010). MFAST has the advantage of allowing the 
quick processing of thousands of events and uses the algorithm of Silver 
and Chan (1991) for calculating the splitting parameters (i.e. fast di-
rection ϕ and delay time δt). The problem of the dependence of such 
measurements on the filter used and the chosen time window is cir-
cumvented in MFAST by the use of cluster analysis (Teanby and Kendall, 
2004), where the most stable result is obtained by finding the optimal 
filter and measurement window. This task is accomplished by measuring 
splitting parameters over multiple time windows and by using a set of 
predefined filters for the purpose of finding the frequency band with the 
largest signal-to-noise ratio (SNR). The cluster of measurements with the 
smallest variance is chosen as the best cluster and the measurement that 
is designated as “final” is the one that exhibits the smallest error in 
splitting parameters within this cluster. 

In this study, we chose a set of 14 bandpass filters with lowest corner 
frequencies between 0.1− 1 Hz and highest ones from 5 to 10 Hz 
(Table S1 in Supplementary material) that have been shown to be 
suitable for analyzing local/regional waveforms in previous crustal 
anisotropy studies (Audoine, 2002; Hu et al., 2020). The SNR of the 
filtered data was calculated using the same 3 s window length for both 
noise and signal. The noise window precedes the S arrival time and in-
cludes an offset in order to take into account any uncertainty in the S 
phase pick. The length of each measurement window was calculated 
based on the dominant frequency (fd) of the signal. The minimum 
window length was chosen to be one period long (~1/fd), while the 
maximum value for the window length was 2.5 times the minimum 
window length. If the S phase recorded at any station had an incidence 
angle greater than 35◦, then it was not selected for analysis in order to 
avoid distortions generated by S-P conversions at the surface. MFAST 
automatically assigns a quality label to each final measurement that may 

Fig. 2. Map of station distribution of EGELADOS temporary seismic network along with the additional stations of GEOFON and MedNet networks.  

Table 1 
Minimum 1D velocity model utilized in this study (from Brüstle, 2012).  

Depth (km) Vp (km/s) Vs (km/s) 

0 5.74 3.08 
5 5.89 3.38 
10 5.89 3.45 
15 5.91 3.45 
20 6.23 3.77 
25 6.26 3.93 
30 7.53 4.10 
35 7.55 4.10 
40 7.86 4.56 
50 7.92 4.59 
70 8.13 4.68 
100 8.42 4.91 
150 8.43 4.91 
200 8.43 4.91  
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range from A to D, signifying best and worst qualities respectively. 
Assignment of the first two qualities (A and B) is made based on whether 
the measurement is within a cluster of quality Acl and Bcl as well as the 
values of SNR and the 95 % confidence interval of the ϕ measurement 
(δϕ). Quality A conforms to the criteria of SNR > 4 and δϕ < 10◦, while 
quality B corresponds to SNR > 3 and δϕ < 25◦; an example of a quality 

A measurement can be seen in Fig. 3. 
After the processing of all available data, MFAST yielded a total of 

7962 splitting measurements of which we selected 3732 quality A and B 
measurements for further analysis. Fig. 4 shows the distribution of the 
crustal earthquakes whose waveforms were used for splitting measure-
ments, along with the stations that are colored based on the total 

Fig. 3. An example of quality A measurement of an event recorded 7 January 2006 (16:06 UTC) at station TUR4. Red lines mark the S-phase pick and grey boxes in 
panels (a), (b) and (e) show the time window used for measurement. Black dashed lines are the minimum start and maximum end times for windows used in the 
processing (panels a and b). (a) waveforms bandpass filtered between 0.1–1 Hz, (b) rotated components before and after correction for anisotropy, (c) fast direction 
and delay time determined for each measurement window as a function of window number; blue crosses indicate optimal values of ϕ and δt, (d) cluster measurements 
with the blue large cross being the chosen cluster, (e) waveform and particle motion uncorrected (left) and corrected (right) for anisotropy according to the final 
chosen window, (f) contours of the smallest eigenvalue of the covariance matrix for the final chosen measurement; the blue large cross in this measurement marks the 
best splitting parameter (in this case ϕ = 76◦, δt = 0.11 s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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number of observations each one yielded. As it can be seen the majority 
of the stations are associated with a large number of splitting mea-
surements in the range of 30–100, while five of them produced more 
than 120 measurements and about ten stations, located mostly in SE 
Peloponnese/western Crete, produced 10–30 measurements. The next 
step was the statistical analysis of both the fast axis orientation ϕ and the 
delay time δt at each station. We first calculated the mean resultant 
length R (Mardia and Jupp, 2000) as a means of investigating the 
variance of the fast directions in each station. R takes values from 0 to 1 
with the former value indicating large scatter and the latter value rep-
resenting data clustered around a dominant direction. The smallest R 
value can be found at station TUR8 (~0.44) and the largest one (~0.84) 
at station KERA, while all stations except from TUR8 and NEAK 
exhibited R values higher than 0.5 indicating small variance in ϕ. We 
also formally tested the significance of ϕ variations at each station using 
the Rayleigh test (Trauth, 2010) that utilizes the null hypothesis that the 
sample of ϕ measurements is drawn from a population of orientations 
uniformly distributed around a circle (i.e. there is no preferred direc-
tion). The test produces a p-value that is compared to the significance 
level in order to decide whether or not to reject the null hypothesis. The 
obtained p-value at each station was found to be much smaller than 0.05 
(95 % confidence level) leading to the rejection of the null hypothesis 
and indicating that the data at each station show a preferred direction. 
The mean direction at each station can then be calculated as 

ϕmean = atan

(∑N
i=1 ωisinϕi

∑N
i=1 ωicosϕi

)
180
π (1)  

where ϕi represents the i-th fast direction value at that particular station, 
N is the number of observations, and the individual weights ωi can be 
calculated using the following expression 

ωi =
1
/

σ2
ϕi

∑N
i=1 1

/
σ2

ϕi

(2)  

where σϕ
2 represents the uncertainty of the i-th individual fast direction. 

We calculated mean fast directions at each station by utilizing both Eqs. 
(1) and (2). On the other hand, mean delay times were found to vary 
from a minimum of 0.08 s (station IOSI) to a maximum of 0.19 s (stations 
KAPA, KERA, TUR2). Table S2 in the Supplementary material contains 
all the information related to the 3732 high-quality measurements, 
while Table S3 summarizes the results for R values, the Rayleigh test and 
the mean ϕ direction/delay time per station using Eqs. (1) and (2). 

Another aspect of shear wave splitting is “null” measurements, a 
term that refers to the situation when either there is no anisotropy in the 
plane of the S phase particle motion, or the initial polarization of the 
shear wave is parallel to the fast or slow direction (Silver and Chan, 
1991; Wüstefeld and Bokelmann, 2007). MFAST considers a measure-
ment to be null when the resulting delay time is equal to zero and the 
absolute difference between ϕ and the initial polarization of the shear 
wave is either ≥70◦ or ≤20◦. In this study, we identified in total 1942 
null results at 65 stations that are provided in Table S4 of the Supple-
mentary material that accompanies this work. Null measurements can 
be used to check the validity of the mean fast directions calculated 
previously. The mean fast direction can be considered robust if the null 
measurements are either aligned parallel to it and/or they are aligned in 
a perpendicular direction. Fig. S2 in the electronic supplement shows 
rose diagrams where the null measurements have been plotted at each 
station along with the mean fast direction. As it can be seen, for the 
majority of the stations the null measurements are almost parallel 
and/or perpendicular to the mean fast direction. 

In order to visualize the spatial variation of the measured fast di-
rections, we plotted rose diagrams for each station on the map, also 
highlighting the calculated mean fast direction (Fig. 5). In northern 
Peloponnese we observe that some fast directions are trending approx-
imately NNE-SSW/NE-SW (PE01, PE03, PE05, PE07), whereas in the 
south the orientation changes to NNW-SSE/NW-SE (PE09, PE08, PE11). 
Stations in Crete exhibit a more complex pattern, with fast directions in 
four stations (KERA, RETH, LAST, SIVA) trending NNW-SSE/NW-SE, 

Fig. 4. Map showing the total number of shear wave splitting measurements per station. The grey circles represent the NonLinLoc locations of the events that were 
used for measuring splitting parameters. Other symbols are the same as in Fig. 1. 
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Fig. 5. Map of fast shear wave directions in the south Aegean determined by using MFAST. Black rose diagrams are plotted on each station and scaled according to 
the number of measurements. The red solid bars inside the rose diagrams are the calculated mean fast directions (see text for more details). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Summary of the variation of shear wave anisotropy with depth in the southern Aegean. (a) histogram that shows the distribution of hypocentral depth with 
superimposed the percentage of anisotropy of each measurement as red dots; the numbers in white fonts represent the total number of measurements in each bin, (b) 
& (c) panels show the variation of delay time and normalized delay time versus hypocentral depth for all high-quality measurements. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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whereas at another four (GVD, KARN, ZKR, IDI) fast directions are 
trending NNE-SSW. Further to the east, at stations in the islands of 
Karpathos and Kasos the fast directions are trending NNE-SSW/NE-SW, 
while in Rhodes and along the Turkish coast stations exhibit a N-S trend 
occasionally perturbed towards NE or NW. In the Cyclades the fast di-
rections can be grouped in two orientations, namely NNE-SSW (typical 
examples are APE, IOSI, ASTY, PARO) and NNW-SSE or NW-SE as in the 
case of stations such as SERI, KIMO, FOLE and AMOS. In the next sec-
tions we will attempt to investigate the causes of crustal anisotropy in 
the southern Aegean by considering the relationship of our results with 
the regional stress field and the tectonic characteristics of the area. 

4. Discussion 

4.1. Depth distribution of anisotropy 

As mentioned earlier, the selected earthquakes used for measuring 
shear wave splitting had hypocentral depths of less than 30 km. In order 
to investigate the relationship between depth and anisotropy, we first 
constructed a histogram of depth distribution for the high-quality 
measurements using a bin size of 5 km which is proportional to the 
average vertical uncertainty (Fig. 6a). The majority of the measurements 
(~80 %) are clustered in the depth range of 5− 20 km which extends 
from the brittle seismogenic upper crust to the progressively ductile 
lower crust. The amount of seismic anisotropy is then quantified by 
calculating the percentage of anisotropy ξ for each measurement (Sav-
age, 1999).  

ξ = [(δt × Vs)/d] × 100 %                                                                (3) 

δt is the measured delay time, d is ray path length and Vs is the average 
shear wave velocity at the hypocentral depth estimated at 5 km intervals 
from the velocity model of Brüstle (2012) (cf. Table 1). These anisotropy 
percentages are also plotted in Fig. 6a where it can be seen that the 
maximum value of ξ does not exceed 6%. We observe that the majority 
of the measurements exhibit anisotropy percentages of less than 4% 
without displaying any significant variation with depth. On the other 
hand, a plot of the delay time versus depth exhibits large scatter 
(Fig. 6b), which is a recurrent observation in crustal anisotropy studies 
(Crampin et al., 2004; Peng and Ben-Zion, 2004; Cochran et al., 2006). 
The normalization of the delay time by dividing it with the ray path 
length decreases the scatter significantly and confirms the results we 
obtained for the anisotropy percentage (Fig. 6c). The average normal-
ized delay time is found equal to 0.0035 s/km with the majority of 
measurements being smaller than 0.01 s/km. The results presented here 
are in general agreement with those published previously by Endrun 
et al. (2011) and Cossette et al. (2016) for the area of the Cyclades. The 
former study utilized 12− 18 s period surface waves and observed a 
percentage of anisotropy of up to 3.5 %, while the latter one used 
receiver functions and found a percentage of up to 5%. These anisotropy 
percentages are below the limit of 5.5 % that marks the boundary be-
tween intact and heavily fractured rock (Crampin and Peacock, 2008). 
Considering that for the majority of our measurements anisotropy is 
below 3%, we can conclude that the upper and lower crust in the 
southern Aegean consist of rocks that are not heavily fractured. This 
conclusion also agrees with the observation that most large earthquakes 
in this area nucleate at 10− 15 km depth, suggesting that rock integrity is 
high enough to allow the rupture to develop and propagate. 

4.2. Possible causes of crustal anisotropy 

One possible cause of crustal anisotropy is the influence of the 
regional stress field which promotes the alignment of microcracks and/ 
or pores along a particular direction, a phenomenon that is often 
referred to as stress-induced anisotropy (Johnson et al., 2011). In order 
to investigate to what extent crustal anisotropy in the southern Aegean is 

stress-induced, we utilized the regional stress field model of Kon-
stantinou et al. (2016) that is derived from the inversion of a large 
number of earthquake focal mechanisms. We determined the direction 
of Shmax using the method of Zoback (1992), which classifies the stress 
field into five regimes by using the plunges of the σ1, σ2 and σ3 axes. Our 
Shmax directions are in agreement with those published recently by 
Kapetanidis and Kassaras (2019) for the southern Aegean (see Fig. S3 in 
the electronic supplement). Fig. 7 shows a map where the deviation of 
the mean fast direction from the direction of Shmax is represented in each 
station by a rotational wedge. The wedges can be grouped into four 
classes based on the amount of the deviation they exhibit, ranging from 
less than 20◦ to more than 60◦. As it can be seen the majority of the 
stations in Peloponnese agree well with the direction of Shmax (within 
~11◦ to 26◦) with only one station exhibiting a larger angular difference 
(~56◦). A similar agreement can be observed along the Kythira straight, 
Karpathos, Kasos and Rhodes. Most stations along the Turkish coast also 
exhibit small angular differences below 30◦ with the exception of two 
stations where the disagreement is in the order of more than 60◦. Sta-
tions on the island of Crete show larger angular differences (>60◦) 
especially in the western part and in Gavdos island. At this point it 
should be noted that the stress field model of Konstantinou et al. (2016) 
does not include the Cyclades, since there were too few focal mecha-
nisms available in that area for performing stress inversion. However, an 
extrapolation of Shmax directions in the Cyclades shows an almost E-W 
orientation (cf. Fig. S3) which would produce deviations >60◦ for most 
of the stations there, signifying that stress-induced anisotropy cannot 
explain the mean fast directions. 

Crustal anisotropy may also be induced by the shear rock fabric of 
fault zones or by the foliation of metamorphic rocks, a phenomenon that 
is referred to as structural anisotropy (e.g., Okaya et al., 2018). In this 
sense, if a station is located close to a fault, then the observed anisotropy 
is expected to be influenced by this structure. In order to investigate this 
further, we utilized the faults contained in the Greek Database of Seis-
mogenic Sources (GreDaSS) (Caputo and Pavlides, 2013). As previously, 
Fig. 8 shows a map of rotational wedges describing the angular deviation 
between the mean fast direction of anisotropy and the strike of the fault 
that is closest to the station (i.e. within a range of few km). We can 
observe good agreement at stations in eastern/southern Peloponnese, 
Crete, Kasos and Karpathos islands with angular deviations in the order 
of <30◦. A comparison between Figs. 7 and 8 reveals that the stations 
located in the forearc exhibit crustal anisotropy that is influenced by 
both the present-day stress field and structural features, with the latter 
being more dominant in Peloponnese. Most of the stations in the 
Cyclades have large angular deviations (~78◦) indicating that fault 
zones contribute very little to the observed anisotropy. Exceptions to 
this trend are stations FOLE, IOSI and ANID that exhibit angular de-
viations of ~27◦ where fast directions appear to be influenced by the 
NE-SW faults of the Santorini-Amorgos zone. Several stations (KEAI, 
ANDR, MYKO, NAXO, APE, PARS) are located on the exhumed meta-
morphic core complex of the Cyclades, whose exhumation took place 
during the Miocene (Jolivet et al., 2009). For these stations, we 
compared the mean fast directions with the stretching vectors (uncor-
rected for paleomagnetic rotations) of the metamorphic core complex. It 
can be seen that there is a very good agreement between the two di-
rections, producing angular deviations in the order of less than 30◦ with 
the exception of station NAXO where the deviation exceeds 40◦ (cf. 
Fig. 8). This indicates that old (“frozen”) structure is influential on 
crustal anisotropy observed in stations at/near the metamorphic core 
complex. 

4.3. Comparison with SKS mantle anisotropy 

One advantage of using the EGELADOS data for measuring crustal 
anisotropy is that mantle anisotropy has been also measured at the same 
set of stations. More specifically, Evangelidis et al. (2011) utilized 
waveforms of teleseismic events in order to measure SKS splitting 
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Fig. 7. Comparison of shear wave splitting results with the regional stress field derived by Konstantinou et al. (2016). Rotational wedges show the angular difference 
between the mean fast direction and maximum horizontal stress at stations where both measurements are available. The angular difference follows the color scheme 
shown at the lower left hand corner of the map. The average angular difference and its standard deviation are also shown in brackets. In the Cyclades there are no 
estimates of maximum horizontal stress (see text for details). 

Fig. 8. Comparison of shear wave splitting results with structural features in the south Aegean. Rotational wedges show the angular difference between the mean fast 
direction and the strike of active faults from the GreDaSS database. At stations that are highlighted by their station code the rotational wedge represents the angular 
difference between the mean fast direction and the stretching lineations of the metamorphic core complex (Jolivet et al., 2009). All other symbols are the same as 
in Fig. 7. 
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parameters in the broader Aegean area and to infer the sources of mantle 
anisotropy. This allows us to compare our results with those obtained for 
the anisotropy in the mantle and assess the coherency of the vertical 
deformation in the lithosphere of the southern Aegean. For this com-
parison we again make use of rotational wedges that indicate the 
angular difference between the average fast direction of anisotropy in 
the crust and the average fast direction of anisotropy in the mantle 
provided by Evangelidis et al. (2011). Fig. 9 shows a map of these 
rotational wedges for a total of 39 stations where both kinds of mea-
surements are available. 

In previous studies along subduction zones it was found that fast SKS 
directions generally tend to orientate parallel to the trench, while in the 
backarc the orientation becomes perpendicular to the trench (Long, 
2013). The volcanic arc then serves as a transitional zone between the 
two, where fast SKS directions form oblique angles with the strike of the 
trench. As outlined by Evangelidis et al. (2011), this simple pattern of 
mantle anisotropy cannot fully describe the SKS observations in the 
southern Aegean owing to the curved geometry of the subduction zone 
and the strong lateral variations in velocity structure. A number of sta-
tions (N = 17) in Peloponnese, the Cyclades, Karpathos, Rhodes and SW 
Turkey exhibit angular differences between crustal and mantle anisot-
ropy of 30◦ or less. There is good agreement (10◦–30◦) between the two 
fast directions for most of the stations that lie in the forearc and SW 
Turkey, with some exceptions (KARN, RETH, GVD, RHOS, TUR4, TUR3) 
where the angular deviation is between 47◦–72◦. The situation in the 
Cyclades is more complicated, with some stations exhibiting small 
(≤30◦) angular difference (PARO, ANPA, APE, IOSI, AMOE, SYRO) 
while at all other stations the disagreement between the two fast di-
rections is significant (≥40◦). The former group of stations coincides 
with part of the exhumed metamorphic core complex and at some of 
these stations fast directions of crustal anisotropy also agree with the 
stretching vectors as discussed in the previous section (cf. Fig. 8). 

We can conclude therefore that in the forearc area there is enough 

evidence to support coupling between the mantle flow and the crustal 
deformation. This conclusion does not seem to hold for western Crete 
where angular deviations are larger, probably due to the fact that 
western Crete has likely entered a continental collision stage and its 
crust exhibits significant structural inhomogeneity (Ranjan et al., 2019). 
This may also be the reason for the SKS fast directions being almost 
perpendicular to the trench rather than parallel, in contrast to what can 
be seen in Kasos, Karpathos and Rhodes (cf. Fig. 9). Endrun et al. (2011) 
suggested that the observed anisotropy in the Cyclades indicates fossil 
fabric in the lower crust that was attained during lithospheric extension 
in the Miocene which was not overprinted owing to the very small 
present-day strain rates there. Such a suggestion implies coupling be-
tween the crust and the lithospheric mantle, which can be seen in some 
stations exhibiting small angular deviations. However, most of the sta-
tions in Cyclades do not follow this trend, which may indicate either 
decoupling of the two units, or that crustal anisotropy is influenced by 
post-Miocene tectonic structure in the upper crust. 

5. Conclusions 

We studied crustal anisotropy in the southern Aegean using a dataset 
of 5193 local earthquakes that were recorded by 65 EGELADOS/GEO-
FON/MedNet seismic stations during November 2005 – January 2007. 
By utilizing the well-known MFAST automatic shear wave splitting 
methodology we were able to extract a total of 3732 splitting parame-
ters. The results presented in this work are novel for the southern Aegean 
not only on account of their quantity, but also their quality which is 
evaluated through well-defined criteria, hence our results are fully 
reproducible. The main conclusions of this study can be summarized as 
follows:  

1 Variation of the percentage of anisotropy with hypocentral depth 
indicates that the depth interval between 5− 20 km exhibits up to 6 % 

Fig. 9. Comparison between crustal and SKS mantle anisotropy in the south Aegean. Rotational wedges indicate the angular difference between the mean fast 
direction of crustal anisotropy determined in this study and the mean fast direction of SKS mantle anisotropy (Evangelidis et al., 2011). Station codes mentioned in 
the text are also highlighted on the map. All other symbols are the same as in Fig. 7. 
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of crustal anisotropy. The average value of the delay time is equal to 
0.149 s while the average normalized delay time is 0.0035 s/km. The 
low values of anisotropy percentage (<4 %) in most measurements 
indicate that the upper and lower crust in the south Aegean consists 
of rocks that are not heavily fractured and maintain a high degree of 
integrity allowing large ruptures to propagate through them.  

2 Comparison of the observed fast shear wave directions with the 
maximum horizontal stress (Shmax) derived from the model of Kon-
stantinou et al. (2016) shows that stress-induced anisotropy can 
explain the fast directions along the the forearc (Peloponnese, 
Kythira strait, eastern Crete, Karpathos, Rhodes) and SW Turkey. In 
the Cyclades the majority of fast directions are significantly different 
from Shmax.  

3 Structural anisotropy, induced by rock fabric along fault zones near 
stations, can explain the origin of crustal anisotropy in southern 
Peloponnese, as well as in some parts of Crete and Karpathos. In the 
Cyclades the fast directions at several stations agree well with the 
stretching lineations along the exhumed metamorphic core complex 
and some major fault zones such as Santorini-Amorgos, hence 
anisotropy there can be considered also of structural origin.  

4 A comparison of fast shear wave directions of crustal anisotropy with 
those of SKS mantle anisotropy for the same set of stations shows 
good agreement in the forearc (Peloponnese, eastern Crete, Karpa-
thos, Rhodes) as well as SW Turkey and suggests that the crust is 
deforming in the same direction as the mantle flow. This conclusion 
becomes less clear in the Cyclades where stations near the meta-
morphic core complex exhibit good agreement, while others exhibit 
large deviations between the two fast directions and point to a 
possible decoupling of the two lithopsheric units. 
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