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Abstract. The lateral variation of the stress field in the ing to the segmentation of the slab. Beneath the Cretan sea, at
southern Aegean plate and the subducting Hellenic slalshallower levels, the slab is under NW-SE compression. Ten-
is determined from recordings of seismicity obtained with sional principal stresses in the crust exhibit very good align-
the CYCNET and EGELADOS networks in the years ment with extensional strain rate principal axes derived from
from 2002 to 2007. First motions from 7000 well-located GPS velocities except in volcanic areas, where both appear
microearthquakes were analysed to produce 540 wellto be unrelated, and in the forearc where compressional prin-
constrained focal mechanisms. They were complemented bygipal stresses are very well aligned with compressional prin-
another 140 derived by waveform matching of records fromcipal strain rates. This finding indicates that, except for vol-
larger events. Most of these earthquakes fall into 16 distincicanic areas, microseismic activity in the southern Aegean is
spatial clusters distributed over the southern Aegean regiomot controlled by small-scale local stresses but rather reflects
For each cluster, a stress inversion could be carried out yieldthe regional stress field. The lateral and depth variations of
ing consistent estimates of the stress field and its spatial varithe stress field reflect the various agents that influence tec-
ation. At crustal levels, the stress field is generally dominatedonics in the Aegean: subduction of the Hellenic slab, incip-
by a steeply dipping compressional principal stress directiorient collision with continental African lithosphere, roll back
except in places where coupling of the subducting slab andf the slab in the southeast, segmentation of the slab, arc vol-
overlying plate come into play. Tensional principal stressescanism and extension of the Aegean crust.
are generally subhorizontal. Just behind the forearc, the crust
is under arc-parallel tension whereas in the volcanic areas
around Kos, Columbo and Astypalea tensional and interme-
diate stresses are nearly degenerate. Further west and north, Introduction
in the Santorini-FAmorgos graben and in the area of the is-
lands of Mykonos, Andros and Tinos, tensional stresses ardhe Hellenic subduction zone in the southern Aegean be-
significant and point around the NW-SE direction. Very sim- longs to the seismically most active regions in Europe and
ilar stress fields are observed in western Turkey with the tenhas therefore been the target of many geoscientific research
sional axis rotated to NNE-SSW. Intermediate-depth earthefforts. Seismicity is and was observed by the global seismic
guakes below 100km in the Nisyros region indicate thatnetwork, by permanent seismic observatories in Greece (Na-
the Hellenic slab experiences slab-parallel tension at thestional Observatory Athens (NOA), Thessaloniki, Patras and
depths. The direction of tension is close to east-west and thu€hania universities, now the Hellenic Unified Seismic Net-
deviates from the local NW-oriented slab dip presumably ow-work (HUSN)) and Turkey (Kandilli Observatory) as well
as by temporary seismic deployments in the entire southern
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Aegean Hatzfeld et al. 1993 Friederich and Meier2008), could be accomplished. A sufficient number of high-quality
on Crete Bohnhoff et al, 2005 Jost et al.2002 Meier et al, focal mechanisms could be determined for several clusters
2004 Becker et al.2009), in the CycladesBohnhoff et al, of microseismicity allowing us to obtain estimates of the lo-
2004 Dimitriadis et al, 2005 2009 and in the western Hel-  cal stress field for each cluster region separately. The inher-
lenic subduction zondHaslinger 1998 Rigo etal, 1996 Pa-  ent assumption of homogeneity of the stress field commonly
padimitriou et al.2010. In view of the severe seismic hazard made in stress tensor determinations from focal mechanisms
of the region, a central aim of all research efforts is and wasshould hence be much better fulfilled than in studies where
to promote the understanding of the current seismotectonicwidely distributed earthquakes are used. In this way, similar
of the Aegean. to work done in California by e.gdardebeck and Michael
Seismicity observations contributed to the understanding2004), more reliable constraints on the lateral variation of
of Aegean seismotectonics via earthquake locations whichihe stress field can be gained. Since it is not a priori clear that
delineate active faultsQomninakis and Papazachd®©80Q focal mechanisms of microearthquakes reflect the regional
Papazachos et all984 2009 Papazachqsl990, via fo- stress field but may rather be controlled by small-scale local
cal mechanisms of earthquakes which allow an (ambiguoustresses, we compare the principal stress directions obtained
determination of fault planes and slip direction (d2gpaza- for the shallow earthquake clusters with principal directions
chos et al.1991, Taymaz et a].1991, Benetatos et 312004 of the crustal strain rate field calculated from a smooth in-
Bohnhoff et al, 2005 Kiratzi et al, 2007, via observation terpolation of the GPS velocity measurement§lofyd et al.
of aftershocks which permit inferences on the size of the(2010.
fault plane and the amount of slifp{akatos and Latous-
sakis 2007 and finally via stress field determinations from
catalogues of focal mechanismBapazachos and Deliba-
sis 1969 Bohnhoff et al, 2005 Rontogianni et a).2011). 2 Data
Besides seismicity, direct observations of plate motions by
geodetic measurements (eKphle et al, 200Q McClusky  The results of this study are derived from two passive, tempo-
et al, 200Q Reilinger et al. 2006 Hollenstein et al.2006 rary seismic deployments in the Aegean Sea, the CYCNET
2008 Aktug et al, 2009 Floyd et al, 2010 provide con-  (Bohnhoff et al, 20049 and the EGELADOS Kriederich
straints on today'’s stress field. These observations are conand Meier 2008 experiments. The CYCNET was deployed
plemented by the study of surface fault populations (e.g.for two years beginning in autumn 2002 and covered the
Angelier, 1978, sea bathymetry measurements and reflec-Hellenic volcanic arc. It consisted of in total 22 seismic
tion seismic profilesachpazi et a1.1997 Bohnhoff et al, stations and comprised both short-period (1Hz) and 120s
200)). Streckeisen broadband sensors. The EGELADOS network
The focus of this paper is on the lateral and depthwas a follow-up project started in autumn 2005 which cov-
variations of the stress field in the southeastern Aegearered the entire Hellenic subduction zone from the Pelopon-
which we determine from focal mechanisms of shallow andnese in the west to western Turkey in the east. EGELA-
intermediate-depth earthquake clusters recorded during thBOS was an amphibic network encompassing on-shore 45
temporary CYCNET Bohnhoff et al, 2004 and EGELA-  Giuralp 60s broadband seismometers, 4 Streckeisen 120s
DOS (Friederich and Meig2008 experiments. In the south- sensors, 7 Mark 1 Hz seismometers and 24 ocean-bottom sta-
eastern section of the Aegean, the availability of seismic datdions equipped with 60 s Giralp broadband sensors and long-
suitable for focal mechanism and stress field determinationperiod hydrophones. In addition, data of eight permanent sta-
has been particularly sparse in the past. Most previous studions of the GEOFON network equipped with Streckeisen
ies rely on data from larger events recorded by teleseismibroadband sensors could be used.
stations Benetatos et gl2004 Kiratzi et al, 2007). Focal The analysis of the seismicity recorded by the two net-
mechanisms of microseismic events have been obtained bwyorks is described byohnhoff et al.(2006, Meier et al.
Hatzfeld et al.(1993 using data from a temporary network (2004, Becker et al(2006 andBrustle(2012. First onsets
covering the entire southern Aegean. A notable exception ior P and S waves were manually picked for all events. Dur-
the work byRontogianni et al(2011) who use focal mech- ing the picking, the analysts also determined first motions
anisms of intermediate-depth earthquakes from previous litof the P arrival for later use in focal mechanism determina-
erature and the NOA database to derive the stress field of thgon. Bristle (2012 focused her attention on the southeast-
subducting slab in four large sectors along the Hellenic arcern part of the Aegean and derived a minimum 1-D model
Bohnhoff et al.(2009 used a focal mechanism from previ- for that region using the VELEST prograrKisling et al,
ous work, from a local network on Crete, from the Harvard 1994). They used this new reference model to relocate all
CMT catalogue and from web sites operated by INGV andearthquakes recorded by CYCNET and those recorded in the
ETH for a determination of the stress field around Crete.  southeastern Aegean by EGELADOS using the nonlinear lo-
With the CYCNET and EGELADOS temporary networks, cation program NonLinLocliomax and Curtis200%, Lo-
a dense observational coverage of the entire southern Aegeanax et al, 2009. In this way, a catalogue of about 7000
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earthquakes with location uncertainty of less than 20 km wasThe misfits were summed for all traces of the event. In ad-
compiled which forms the observational basis of this study. dition, we determined the seismic moment from the square
Events from this catalogue with magnitudes larger than 3.8 oot of the ratio of the average energy of the data traces and
were checked for suitability of focal mechanism determina-the average energy of the synthetic traces. Misfits for each
tion by waveform matching. For about 140 of them, a reliable set of fault angles and depth were calculated providing a list
focal mechanisms with an acceptable waveform fit could beof ranked moment tensors and source depths. The resulting
obtained. For all other events of the catalogue, focal mechabest fitting focal mechanisms are depicted in Big.
nisms were determined from first motions using the HASH-  With the minimum 1-D reference velocity model based on
method ofHardebeck and Shearg002). VELEST, this procedure typically provided source mecha-
nisms by which the observed seismograms could be well re-
produced in amplitude and phase by the time-shifted syn-

3 Methodology thetic seismograms (Fid2). For some events, time shifts
were large but did not vary much across different traces, in-
3.1 Moment tensors from waveform matching dicating an error in origin time or source location or both.

To obtain an agreement in phase of less than half a dominant

For about 140 earthquakes of magnitude larger than 3.§eriod we added a relocation step for these events which was
recorded during the EGELADOS experiment and providing also done by waveform fitting. Synthetic seismograms for
at least eight good-quality traces, we were able to obtain fo-epicentral locations on a small rectangular grid around the
cal mechanism solutions using waveform fitting. The signal-original location were calculated and a rms-misfit between
to-noise ratio of each trace was checked automatically duringhe traces was computed. The grid point associated with the
extraction from the data archive and checked visually latersmallest misfit was taken as the improved location.
Instead of performing a direct inversion for the six elements
of the moment tensor, we applied a grid search. Assuming.2 Focal mechanisms from first motions
a double-couple mechanism, we searched through regularly
spaced values of strike and dip of the fault plane, rake of theSince waveform inversion for moment tensors was only fea-
slip vector in the fault plane and, in addition, source depth.sible for larger events with magnitudes greater than 3.8, we
Epicentral source coordinates, which can be determined withurned to determination of focal mechanisms from first mo-
much less uncertainty than source depth, were adopted frortions to include smaller but well-recorded events. We chose
the locations previously obtained using first arrivals. For eachan approach developed Wyardebeck and Shearé2002
set of angles and depths, a moment tensor with unit seistHASH) which performs a search through a grid of fault
mic moment was calculated and synthetic seismograms werplane normals and slip directions to find focal mechanisms
computed for each seismic station and available componenthich are compatible with the observed first motions. Since
using the GEMINI codeKRriederich and Dalkolmo1995. first-motion readings, locations and the velocity model may
We took a minimum 1-D reference model that was derivedbe erroneous, the HASH method attempts to not only deter-
from local earthquake first arrivalB(Ustle 2012 using the  mine solutions exactly fitting the first motions but also solu-
program VELEST Kissling et al, 1994). The synthetic and tions which become acceptable when errors of first motions,
data traces were low-pass filtered with corner frequency ofstation azimuth and take-off angles are taken into account.
0.1 Hz and the synthetic time series were adjusted to the samieérom the entire set of solutions the method calculates statisti-
length and sampling rate as those of the data. cal properties and provides a preferred focal mechanism and

A misfit between instrument-corrected synthetic seismo-estimates of the quality of the solution. The latter include the
grams and observed seismic records was then determined asis angular difference between the acceptable nodal planes
follows: first, a normalized cross-correlation function of data and the preferred one and the fraction of solutions that differ
and synthetic traces with time lags in the range-@0s to by less than a given angle from the preferred one. In addition,
+60 s was calculated; second, the synthetic seismogram wake station distribution is ranked according to the distance of
shifted by the time lag associated with the maximum cross-the stations from the nodal planes. Together with the number
correlation; third, an amplitude scaling factor was calculatedof unexplained polarities, these quality criteria allow a rank-
from the ratio of the rms—amplitude of the highest ampli- ing of each obtained focal mechanism.
tude data trace and the rms—amplitude of the correspond- To use HASH with EGELADOS and CYCNET data, we
ing synthetic trace, and each synthetic trace was scaled bgearched our database of 7000 events in the southeastern
this factor; fourth, a misfit was calculated from the summedAegean established lBriistle(2012 for suitable readings of
squared difference of the corresponding time samples of dat® wave first motions. At least 10 first-motion readings were
and scaled and time-shifted synthetic trace weighted by theequired. The errors of azimuth and take-off angle were esti-
inverse energy of the maximum amplitude data trace and bynated from the location error determined during localization
the inverse square of the maximum cross-correlation. In thisvith NonLinLoc (Lomax and Curtis2001). We rejected all
way, traces with high cross-correlation yield smaller misfits. focal mechanism solutions with a relative polarity error of
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(positive) eigenvalue is associated with the least compres-
sive andi3 with the most compressive stregs= 0 implies
A1 =Xz andiz = —2i; and indicates a biaxial compressive
stress regime. FaR = 0.5, 1, = 0 andi3 = —A1 indicating
a plane deviatoric stress state. In the cas® ef 1, 1o = A3
andis = —0.511 signifying a biaxial tensional stress regime.
We implemented an approach that combines the grid
search proposed b@ephart and Forsytfl984) and an ap-
proach byMichael(1984). For principal stress directions and
R value varying on a regular grid, we determine the angle be-
tween slip vector and resolved shear stress on the fault plane
for each focal mechanism entering the stress tensor deter-
mination. The angles are summed to yield a misfit for each
specific stress tensor. The stress tensors are ranked accord-
20 22 24 26 28 30 ing to this misfit and the best fitting solution is the preferred
Longitude stress tensor. However, since focal mechanisms contain sub-
stantial uncertainty, we need meaningful confidence regions
determined by waveform inversion. Colour of beach balls indicatesOf the preferred solutlop. Thgy C.an be Obt?med bya bO.OtStrap
source depth. Red: 0—20km, yellow: 20—40 km, green: 40-80 km,prom:"dure Efron and Tibshirani198§ which was applied

blue: 80—100 km, deep blue: 100—150 km, magesti50 km. Size to stress tensor determination Michael (198%. In princi-
of beach ball indicates magnitude. ple, one should repeat the experiment with new earthquakes

in the same region many times and then observe the varia-

tion of the preferred solution. Since this is impossible, one
greater than 0.3, a variation of the nodal planes of more thamesorts to a random resampling of the available data set by
45°, a fraction of less than 50 % of the solutions withir? 3@ randomly pickingV focal mechanisms out of the original
the preferred one and a station distribution rank of less tharones. Some focal mechanisms will occur more than one time
0.3. From the about 7000 considered events 540 passed tland some will be absent. By finding the preferred solution for
guality criteria (Fig.3). The average location error of these many of these randomly picked data sets of focal mechanism
events is 7.5 km. Adding the moment tensor solutions fromwe can obtain an estimate of the variability of the preferred
waveform inversion provides us with a database of 680 goodsolution. Thep % confidence limit is obtained by finding the

40

Latitude
38

36
T

34
T

Fig. 1. Map of earthquakes for which focal mechanisms could be

quality focal mechanisms. p % of the stress tensors which are closest to the one deter-
_ _ mined from the original data set. To calculate the similarity
3.3 Stress tensor inversion of two tensors, we followMichael (1984 who uses a nor-

) ] ) ] malized scalar product of two tensors defined as follows:
Focal mechanisms are typically highly variable. One reason

is the variations owing to the previously mentioned uncer- , >i—13 Zj:1,3 M;jNij
tainties in focal mechanism determination. A further reason™ — \/Z- > M?'-\/Z‘ 3y N?.'
is the fact that the condition for compatibility of a focal i=1.3 £j=1.3 Tijy £i=1.3 £j=1.3 7ij

mechanism with the local stress field, namely that the slipthe confidence limits of the principal axes are visualized by
direction be parallel tp the projection of the traction vector plotting the directions of the principal axes of th&6 closest

onto the fault plane (i.e. the resolved shear streSgpbart  qytions into binned lower-hemisphere Schmidt projections
and Forsyth1984 McKenzig 1969, is not very restrictive.  anq colour coding each bin according to its relative frequency
Third, local stresses may exhibit small-scale variations andys occurrence in the set of solutions. In addition, we display

differ from the large-scale regional stress field. the frequency distribution oR values occurring in the %
It can be shown that the angle between the slip vector angysest solutions.

the resolved shear stress on the fault plane only depends on the stress tensor itself is graphically represented by visu-
four quantities ficKenzie 1969 the directions of the prin-  5ji7ing the dependency of deviatoric tangential and normal
cipal stress axes and a dimensionless number defined by  gyress on the orientation of the surface they act on. Surface
AL — A2 normals are discretized as bins on a sphere, and the values
= (1) of tangential and normal stresses are represented by assign-
ing a colour code to each bin. A graphical display is finally
where thex; are the principal values of the stress devia- realized by a Schmidt projection of the lower half of the
tor with ), 4; = 0. We follow here the convention used by binned and colour-shaded sphere onto the earth’s surface.
engineers and physicists that tensional stresses are positiWe use separate Schmidt projections for the absolute value
and compressional stresses negative. Thuss the largest  of tangential stress and the signed value of deviatoric normal
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Fig. 2. Left: example of ranking of source mechanisms for an intermediate-depth earthquake at 135 km depth. Each row of beach balls
displays the 10 best solutions for a given source depth. The size of the beach ball is inversely proportional to the waveform misfit. Depths
range from 160 km at the bottom to 100 km at the top. The small circle in the beach balls indicates the location of the tension axis. Right:
example of the waveform fit for the intermediate-depth earthquake. Data are shown as black lines, shifted synthetic traces as red lines.
Relative amplitudes of data and synthetic traces are correctly reproduced.
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Fig. 3. Map of earthquakes for which focal mechanisms could be determined from first motions. Left: shallow earthquakes. Right: earth-
quakes deeper than 20 km. Colour of beach balls indicates source depth. Red: 0-20 km, yellow: 20—40 km, green: 40-80 km, blue: 80-100 km
deep blue: 100-150 km, magental50 km.

stress. In both cases the deviatoric stress tensor is normadk Results and discussion
ized by setting the largest eigenvalugto 1. For tangential

stress, the principal stress axes show up as places of zero tagiress inversion from focal mechanisms builds on the as-

gential stress whereas for normal deviatoric stress, the prin- . o .
. N . sumption of homogeneous stress within the region spanned
cipal stress directions lie at the extrema of normal stress

. ) : o . -~by the associated earthquakes. For this reason, stress inver-
According to our sign convention, positive (negative) devi-

atoric normal stress indicates tension (compression) Whilesion studies attempt to divide the region of interest into small
) \comp : subregions under the constraint that they still contain a suf-
tangential stress only depends on deviatoric stress, the truF : . .
. L icient number of focal mechanisms. Because of the limited

normal stress differs from deviatoric normal stress by the

. . . . ._number of focal mechanisms available in many studies, these
isotropic pressure which cannot be determined by stress in- bregi h be ch fairly | King th lid
version from focal mechanisms subregions have to be chosen fairly large, making the valid-

’ ity of the homogeneity assumption debatable. In this study,

the large number of high-quality focal mechanisms and the
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clustering of seismicity allows a determination of the stress
field separately for each cluster. Homogeneity of the stres:
field is much better fulfilled in this case than for regionally

distributed seismicity. In the following we will separately

present and discuss results obtained for shallow seismicit
that provide constraints on the crustal stress field and result
obtained for intermediate-depth earthquakes from which weg & [
get information on the stress field in the Hellenic slab.

Latitu

4.1 Stress state of the Aegean crust from shallow
seismicity

We have grouped the shallow seismicity (depth less thar
20km) into 12 clusters as depicted in Fig: Iraklion

basin, Kamilonisi basin, Gulf of Gékova, Kos, Astypalea,
Mykonos, Amorgos, Columbo volcano, South and North Longitude
Karpathos, Sigacik and Zante (not shown on map). In this
way, average deviations of the slip direction from the re-
solved shear stress on the fault plane did not excegdi2e

resulting stress solutions allow a fair image of the distribu-

tion of stress in the southeastern Aegean at the crustal 1evel e chanisms can be explained by a single stress solution with
(Table 1). In general, the compressional principal axes dip 5 gmall average angular misfit of 23.6Fig. 5). The P axes

steeply while the tensional and intermediate axes are subst the focal mechanisms tend to dip steeply while the T axes
horizontal. Notable exceptions are the clusters at Zante, S5.¢ ¢lose to horizontal with an accumulation in the N=S di-
Karpathos and Gokova. In the majority of cases, the StreéS§ection. The tensional and compressional stress axes are well
ratio R is less than 0.5 indicating a larger magnitude of getermined with concentrated confidence regions while the
compressive principal stress compared to tensional prinCijntermediate stress axis is less well constrained. Compres-
pal stresses. Unfortunately, the stress r&tidoes not allow  gjong| stress slightly dominates and is directed subvertical
any inferences on the ratio of compressive to tensional stresg;i, 4 dip of 62. The tensional axis is close to horizontal
because it is independent of the isotropic part of the stresgii, 5 dip of 12. Its orientation is about NNW-SSE with
tensor. Hence, for example, a dominant vertical COmpressive,, o imuyth of 155 The distribution of stress ratio values
principal stress could be caused either by gravity stresses ing g, ingicates a well-constrained value of around 0.3. Stress
side a vertically layered elastic crust or by additional COM- yirections and stress ratio indicate a normal faulting regime.
pressive stress created by a magma upwelling in the mantlgy yimum tangential stress is reached either on rather steeply
In both cases, we would obtain the same stress ratio-6f0. SE-dipping planes striking SW-NE or W-E-striking planes
However, there are also clusters withy 0. If R <0.5,the  qinning at about 45towards north. These results are consis-
compressive principal stress dominates but tensional and ingant with the general SW-NE trend of the Amorgos fault zone
termediate principal stresses differ, indicating a deviation of, 4 the preferred occurrence of normal faulting earthquakes.
the stress field from that of a vertically layered elastic crust. o gimilar result with a tensional axis slightly rotated to the

Is R > 0.5, the tensional principal stress is larger than the yest was found for the Andros—Mykonos cluster described
compressive ones. Both cases indicate the action of some teg; e Appendix (FigA6).

tonic force on the crust.

In the following we discuss the results of focal mechanism4.1.2  Columbo volcano, Kos—Nisyros and Astypalea
determination and stress inversion for each cluster. They are
visualized by a composite figure displaying the distribution At the southwestern tip of the Amorgos fault zone and north-
of T and P axes of the focal mechanisms, the 80 % confidenceast of Santorini sits Columbo volcano which exhibited high
regions of the three principal stress axes, the frequency distriseismic activity during the observation period of the EGE-
bution of R values among the 80 % stress solutions closest td. ADOS and CYCNET deployments (Fid). As for the
the preferred one and a graphical representation of the stregsmorgos cluster the P axes concentrate in the centre of the

Fig. 4. Shallow earthquake locations with focal mechanisms and
definition of cluster regions.

tensor. focal sphere while the T axes tend to appear in the outer
parts with a large spread of directions. As a consequence,
4.1.1 Amorgos and Andros—Mykonos only the compressional stress axis can be well determined.

The 80 % closest bootstrap solutions exhibit a large spread
The biggest number of focal mechanisms in this study isof directions for both tensional and intermediate stress axis.
available for the Amorgos fault zone region. The 72 focal In contrast, theR values concentrate at very low values with
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Table 1. Summary of stress inversion results for shallow earthquake clusters. Clusters are ordered according to the number of available focal
mechanisms. Azimuth is measured in degrees from north over east.

Cluster Number of Average Dip/ Azimuth/ Dip/ Azimuth/ Dip/ Azimuth/ R
focal misfit/deg deg deg deg deg deg deg
mechanisms
Tensional axis Interm. axis Compr. axis

Amorgos 72 23.6 12 155 25 59 62 268 0.3

Columbo 40 26.9 13 0 20 95 65 239 0.0

Zante 29 28.0 43 90 34 320 27 209 0.1

Mykonos 23 7.4 10 309 11 217 75 82 0.2

S-Karpathos 19 27.7 43 311 8 48 46 147 0.1

Sigacik 21 14.0 0 25 11 295 79 115 0.9

Gokova 16 23.9 38 20 5 286 52 190 0.3

N-Karpathos 15 11.6 0 47 26 317 64 137 0.5

Astypalea 14 221 29 40 14 302 58 189 0.0

Iraklion 10 11.8 31 270 10 174 58 69 0.7

Kos 10 17.6 17 149 25 248 59 29 0.0

Kamilonisi 9 20.8 6 72 36 165 54 332 0.8
Tension and pressure axes Tensional stress axis Intermediate stress axis Compressional stress axis

-
= R 4
. : }
i
i '
0.05 0.1 0.15 o 0.02 0.04 0.06 0.08 0 0.05 0.1 0.15 0.2
Tangential stress Normal stress

Stress ratio

A

i
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I

Fraction of solutions
0.2
T
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0 0.2 0.4 0.6 0.8 1

R-value 0 0.5 1 1 ° |

Fig. 5. Results of stress inversion for cluster of shallow earthquakes near Amorgos. Top row from left to right: location of tension (blue
circles) and pressure axes (red circles) of focal mechanisms, 80 % confidence region for least compressive (deviatoric tensional), intermediate
and most compressive (deviatoric compressive) principal stress axes. Bottom row from left to right: distrib&tieaduds for best 80 % of

stress tensor solutions, absolute value of tangential stress and signed normal stress versus surface normal.

a sharp maximum aR = 0. The best fitting stress solution the mantle puts the crust under vertical compressive stress
with an average angular misfit of 26.% characterized by without any preference for near-horizontal tensional stress.

a steeply dipping compressive axis and degenerate tensiondlowever, as discussed before, the stress solution does not
principal stresses. Hence, there is no preferred tensional dienable us to make any statements about the ratio of true com-
rection. Planes of maximum shear stress can strike in anyressive to tensional principal stresses. Very similar solutions

direction. One could speculate that magma upwelling from
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Fig. 6. Results of stress inversion for cluster of shallow earthquakes near Columbo volcano. Explanation of subfigures is&s in Fig.

were obtained for the clusters near Kos—Nisyros and Asty- The situation is very different for the earthquakes north

palea which are described in the Appendix. of Karpathos (Fig8) where the compressional axis moves
_ o _ back to a dip of 64 with about the same azimuth as south of
4.1.3 Karpathos, Iraklion and Kamilonisi basin Karpathos. Tensional and intermediate principal stresses are

clearly different. All principal axes have small 80 % confi-

The focal mechanisms of the earthquakes around KarpathOgence regions. The distribution & values is narrow with

can only be well explained by a stress tensor if they aré, mayimum at 0.5. The tensional axis is exactly horizon-

splitinto two subregions, one encompassing the events nortgy \yith an NE-SW orientation parallel to the Hellenic arc.

of Karpathos and one containing the events surrounding theanes of maximum shear stress have intermediate dip and

southern part of Karpathos. Results for the two regions argjye either roughly N—S or E-W. Apparently, the stress state

very different. For the events south of Karpathos (3. i the Aegean plate significantly changes with distance from

the compressional stress axis is well constrained while thgp,o plate contact from dominating subduction parallel com-

bootstrap solutions exhibit a strong spread for the other tWq,essjon to dominating tension perpendicular to the subduc-

axes. The distribution ok values is very narrow with a clear o, girection. Arc parallel tension is also found for the Irak-

maximum a® = 0.1 indicating a degeneracy of the tensional ;o and Kamilonisi basins (Figé3 andA4) as described in

and intermediate principal stresses. The compressional axis,ore detail in the Appendix.

dips at only 48 which is the second smallest value among

all clusters considered. The direction of the compressional . L )

axis is about SE-NW (azimuth 12)7and nicely coincides 4.1.4  Gokova graben and Sigacik basin

with the local direction of subduction. This finding suggests

that the stress field in the Aegean plate south of Karpathod he Gokova graben is located at the easternmost tip of the

is modified by the downgoing African lithosphere which ex- Hellenic subduction zone on the transition from the Aegean

erts some horizontal pressure on the upper p|ate and hend@icroplate to the Anatolian plate. GPS observations in this

rotates the compressional stress axis from its subvertical oriarea Reilinger et al.2010 indicate a significant relative mo-

entation found for the other event clusters. Due to the degention between the Aegean and western Turkey which may in-

eracy of the tensional principal stresses planes of maximuniluence the regional stress field. Our stress analysis @ig.

shear stress may strongly vary in strike and dip. exhibits a well-defined compressional axis, a less well de-
fined tensional axis and a variable intermediate axis. The

stress ratiak shows a fairly concentrated distribution around
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Fig. 7. Results of stress inversion for cluster of shallow earthquakes south of Karpathos. Explanation of subfigures is &s in Fig.
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Fig. 8. Results of stress inversion for cluster of shallow earthquakes north of Karpathos. Explanation of subfigures is &s in Fig.
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Fig. 9. Results of stress inversion for cluster of shallow earthquakes near Goékova. Explanation of subfigures is &s in Fig.

0.3. Thus, tensional and intermediate principal stresses siggompressional axis. Its small dip also indicates the action of
nificantly differ. The dip of the compressional axis is rela- horizontal pressure exerted by the subducting slab at the plate
tively small (52) with a N—S orientation and suggests some contact. Otherwise, we would expect a steeply dipping com-
influence of subduction on the stress field. The tensional axipressional axis.

also dips by 38 with a NNE-SSW orientation. Planes of

maximum shear stress are either horizontal or steeply dipz 1 5 Overview of the stress field in the Aegean

ping striking roughly E-W. One may speculate that the su- micro-plate

perposition of stresses related to subduction and to the north-

ward motion of western Turkey relative to the central Aegean

(Reilinger et al. 2010 controls the regional stress field. The C .
stress field in the Sigacik basin (Fig5) that exhibits a ver of the stress field in the Aegean micro-plate we plot the stress
el gact n (FA XNIDRS @ VETY  tensor visualizations showing normal stress into a map of the

clegrly cpnstramed horlzontally oriented tensional axis is de'southeastern Aegean region (Fid). Dark blue colours in-
scribed in the Appendix.

dicate tensional normal stress and dark red colours signify
compressional normal stress. We observe a tensional stress
4.1.5 Zante parallel to the Hellenic arc from the Iraklion basin in the
west over the Kamilonisi basin to north Karpathos in the east.
The cluster in Zante is very close to the western Hellenic sub-This behaviour can be explained by the fan-like spread of ve-
duction front along western Peloponnese. The stress determiecity vectors in the southern part of the Aegean microplate
nation for these events (Figj0) results in a well-constrained which is mainly caused by the rollback of the Hellenic slab
compressional stress axis dipping subhorizontal at an anglan the southeastern Aegean (Reilinger, 2010). A similar ob-
of 27° and less well defined tensional and intermediate axesservation was made yenetatos et a[2004 based on av-
A small stress ratidk = 0.1 indicates nearly degenerate ten- eraged focal mechanisms of larger-magnitude earthquakes
sional and intermediate principal stresses. The azimuth of thé M > 5). The stress fields at Zante, South Karpathos and
compressional axis is 20%vhich is close to the SSW-NNE also Gokova appear to be influenced by nearby subduction
direction. Planes of maximum shear stress strike WNW-ESEprocesses which exert a subhorizontal pressure on the upper
with either very small or very large dip. The findings suggestplate leading to a rotation of the compressional stress axis
a strong influence of subduction on the stress field. The subtowards smaller dips. This effect is most pronounced for the
duction direction is roughly parallel to the azimuth of the Zante cluster. The stress field in the volcanic arc could be

In order to provide a comprehensive picture of the variation
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Fig. 10. Results of stress inversion for cluster of shallow earthquakes near Zante. Explanation of subfigures is &s in Fig.

NNE-SSW in the Sigacik and Gokova area. A similar ob-

servation is made benetatos et al(2004 who find fo-

cal mechanisms with generally N-S directed T axes in the

. region north of the volcanic arc. However, our results indi-

gVO/-, i cate a systematic rotation of the tensional stress axis which
«

&
i

is reflected in the curved shape of graben systems extending
from Mykonos to Sigacik in the north and from Amorgos to
Gokova further in the south.

Latitude
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P . 4.1.7 Comparison with the GPS-derived regional strain
\Q ] rate field

arpathos

L < ) =
I T £,
% AL . Since in this study stress tensors have been obtained for local

2 28 2 28 clusters of microearthquakes, it is not a priori clear that they
Longitude A .
represent the regional stress field. The fault area ruptured by
Fig. 11. Stress solutions visualized by distribution of normal stress microearthquakes analysed in this study may be well below
versus fault plane normal. 1kmé. For example, according tévells and Coppersmith
(1994, the rupture area of a magnitude 3 earthquake is about
0.2 k. Hence, our stress solutions might well reflect local
influenced by magmatic processes in the mantle because ttatresses expected to exhibit small-scale spatial variations and
stress solutions exhibit dominant subvertical compressionapotentially being unrelated to the large-scale regional stress
axes with nearly degenerate tensional and intermediate prirfield.
cipal stresses. The exception is the Amorgos fault zone where There are two major arguments against this proposition:
a NNW-SSE oriented tensional stress direction was identifirst, if microearthquakes were controlled by local stresses on
fied. Nearly the same trend (NW-SE) of the tensional axisa scale of 1 km or less, we would not have been able to find
is observed for the Andros—Tinos—Mykonos cluster in thestress solutions for an entire cluster with such small angular
northwest of Amorgos while tensional stresses are orienteanisfits (Tablel). Second, the principal stress axes obtained

35
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in this study align very well with the principal directions of Table 2. Comparison of azimuths of tensional/compressional prin-

the regional strain rate field as will be shown in the following. cipal stress axes with extensional/compressional principal axes of
For comparison of stress and strain rates, we start out wittgtrain rate for shallow earthquake clusters.

GPS velocities obtained bigloyd et al. (2010 and com-

pute a continuous velocity field using a method and associ- Cluster A2|muth/deg Ammuth/deg
ated computer program developedTape et al(2009. The tenz't(r)g : sl eg‘:;i'?;f;
method uses a representation of the velocity field by multi-

scale spherical wavelets and determines wavelet coefficients Amorgos 155 162
by a least-squares fit of theoretical to observed velocities. We Mykonos 309 296

use wavelets of order 3 to 8 with half-widths ranging from Sigacik 25 17

1400 km down to 40 km. The GPS velocities (Fig, left) (ljo}lg;/aathos ig _g 4
can be fit by the con_tinuous velocity field in th_e sgutheast— Iraklioz 270 300

ern Aegean with residuals of less than 5% (Hig, right). Kamilonisi 79 100

There appears to be no point in defining blocks, as potentially

discontinuous motion by a finite number of blocks does not Cluster Azimuth/deg  Azimuth/deg

result in a better fit of the observed velociti€ddyd et al, compressional  compressional

2010. The program offape et al(2009 also computes the stress strain rate
components of the symmetric strain rate tensor by differen- S-Karpathos 147 173
tiating the velocity field. Since neither vertical velocities nor Zante 209 240

vertical derivatives of velocity are available, the program as-
sumes a stress-free spherical Earth’s surface and a linear vis-
cous rheology to obtain constraints on the unavailable teny 5  giress state of the Hellenic slab from intermediate
sor components. With these assumptions, two eigenvectors depth events

of the strain rate tensor are parallel to the Earth’s surface

and one points perpendicular to it. If, in addition, vertical Events located at depths greater than 50 km could be grouped
velocity is negligible, the surface-parallel eigenvectors caninto four different clusters (Figl4): Cretan Sea, Rhodos and
be calculated from the horizontal velocity components 0”'Y~surroundings, Cyclades and a big cluster in the Nisyros—Kos—
Figure13shows the resulting extensional and compressionalastypalea region. Tablg@ summarizes the stress tensor solu-
principal directions of strain rate in the southeastern Aegeantjons obtained for these four clusters. These clusters differ
The former ones compare very well with a similar result ob- yvery much from the shallow ones. The compressional stress
tained byFloyd et al.(2010. axis dips much less and is closer to horizontal than vertical.
Comparison of principal stress and strain rate axes yieldsrhe tensional axis varies strongly and can dip very steeply.
the following results: for cluster regions with distinct ten- The angular misfit for the Rhodos and Cyclades events is
sional stress axes and near-vertical compressional stress axefiite large and thus reflects a violation of the assumption
azimuths of principal directions of tensional stress and extenof a homogeneous stress field. Hence, the results for the Cy-

sional strain rate are very similar (Tatflp The largest devi-  clades cluster and to a lesser degree those of the Rhodos clus-
ation is 37 for the cluster north of Karpathos. Moreover, for ter should be regarded with caution.

clusters with inclined or subhorizontal compressional stress

axes (Zante and S-Karpathos), the azimuths of the comprest.2.1 Nisyros—Astypalea

sional principal stress axes compare well with those of com-

pressional strain rate with deviations of about.3® view  We were able to collect focal mechanisms for 42 earthquakes

of the errors of the determined stress field and the fact thatdeeper than 100 km clustering in the Nisyros—Astypalea area.

the strain rate field in the southern Aegean is an interpolaT and P axes of the focal mechanisms nicely cluster on dif-

tion of rather sparse velocity observations, these deviationgerent halves of the focal sphere (Fitb). The 80 % closest

appear acceptable. The only regions where strain rate difbootstrap stress solutions exhibit a small scatter for all three

fers significantly from deviatoric stress are the volcanic areagrincipal axes. The stress ratio concentrates at a value of

around Columbo, Astypalea and Kos—Nisyros. They exhibitR = 0.4 indicating nearly equal magnitudes for the tensional

a well-constrained near-vertical compressional stress axis buand compressional principal stresses. The compressional axis

no distinct tensional axes. In contrast, extensional strain ratelips at an angle of 32ndicating near slab-normal compres-

in these regions is much greater than compressional straision. The azimuth is rotated by 1#wards the south from

rate. Apparently, volcanic activity creates local stresses thaSE—NW. This direction only slightly deviates from the SW-

also control the character of seismicity. NE direction of subduction. The dip of the tensional axis is
47°, about parallel to the expected dip of the eastern part of
the Hellenic slab. Its azimuth, however, only deviates by 7
from straight E-W and thus differs by 38om the presumed
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Fig. 12. Observed GPS velocities #loyd et al.(2010 (left) and residuals between observed and interpolated continuous velocity field
(right).
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Fig. 13. Extensional (left) and compressional (right) principal directions of strain rate derived from a continuous interpolation of observed
GPS velocities in the AegeaFRlpyd et al, 2010.

SE-NW subduction direction. Maximum shear stress occuronly reach depths of about 140 km. Hence, the slab is either
at either nearly horizontal planes or very steeply dippingcurved in the case itis still continuous or it is torn somewhere
planes striking about SW-NE, favouring normal faulting in- between the Cyclades and Astypalea. This slab deformation
side the slab. or tearing could explain a rotation of the tensional axis to the
The solution for the stress field suggests that the slab exwest because the counterforce exerted by western slab parts
periences slab-parallel tension that is however not exactlys missing.
down-dip but slightly rotated to the west. Down-dip tension  Rontogianni et al(2011) give a stress tensor solution for
has been found bkujita and Kanamor{1981) for old slabs  the Hellenic slab in this region derived from focal mech-
with low convergence velocities at the trench. Due to theiranisms of 19 earthquakes at depths between 90km and
increased density caused by thermal contraction they tend80 km. They find a N—-S-oriented compressional axis dip-
to sink faster than they converge at the trench. This mechping at 46 and a slab-parallel tensional axes directed along
anism will put the slab under down-dip tension. We specu-NW-SE. Their solution is roughly consistent with ours but
late that the observed rotation of tensional stress relative taloes not exhibit the rotation of the tensional axis towards the
the down-dip direction is related to the segmentation of theW-E direction. However, their solution exhibits a high angu-
Hellenic slab which dips more strongly in the east than in thelar misfit (51°) interpreted by them as indication of the het-
west. Beneath Astypalea, hypocentres reach depths of aboetrogeneity of the stress field. In contrast, our stress solution
180 km while further in the west beneath the Cyclades theywith the tensional axis rotated towards W-E obtained from
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Table 3. Summary of stress inversion results for shallow earthquake clusters. Clusters are ordered according to the number of available focal
mechanisms. Azimuth is measured in degrees from north over east.

Cluster Number of Average Dip/ Azimuth/ Dip/ Azimuth/ Dip/ Azimuth/ R

focal misfit/deg deg deg deg deg deg deg

mechanisms
Tensional axis Interm. axis Compr. axis

Nisyros 42 20.1 47 277 27 39 32 147 04
Rhodos 16 28.6 75 297 2 32 15 123 0.8
Cyclades 11 34.6 64 284 17 52 19 148 0.2
Cretan Sea 10 134 16 35 52 283 33 136 0.3

39

: e tation of compression is close to but not exactly parallel to
' the Hellenic arc in this area which rather trends along ESE—
WNW. Lateral compression could be caused by reduced cur-
vature of the slab in the segment along the island of Crete.
According to the ping-pong model &Fank(1968, a slab of
reduced curvature would become too “wide” laterally during

38

Y v . .
P v ;/\ ) subduction and thus develop compressive lateral membrane
L N % 4‘(,\5&@_ 7 Nidros stresses. We speculate that either the rather straight shape of
K X & o . »w‘éw E R e vl the island of Crete or the incipient collision with continental
> v D e ‘5"5; w7 25 African lithosphere imposes this curvature reduction of the
Clretan’ Sea > ¢ T
gl 3 ) A= i arc.
N § g Rontogianni et al(2011) provide a stress solution for a re-

» K = , = gion encompassing Crete, the Cretan Sea and the Cyclades
i m area based on 12 earthquakes in a depth range of 50-80 km.
= . . B = They find a W-E-oriented compressional axis roughly con-
Longitude sistent with our result. Their tensional axis is, however, near-
vertical while ours is nearly horizontal and pointing SW-NE.
Fig. 14. Intermediate-depth earthquake locations with focal mech-Thijs discrepancy illustrates the potential variability of stress
anisms and definition of clu_ster _regions. The meaning of the coloursg|tions that are derived from only a few focal mechanisms
of the beach balls are as given in Fy. and based on different collections of earthquakes.
The stress field in the slab beneath Rhodos (RKi).and

the Cyclades (FigA8) is much less well constrained and
42 densely clustered focal mechanisms allows a match withherefore described in the Appendix.

an angular misfit of 20only.

35

4.2.2 Cretan Sea 5 Conclusions

The cluster in the Cretan Sea comprises 10 events at depthsnalysis of first motions of 7000 well-located earthquakes
ranging from 50 to 80 km. Their focal mechanisms can bein the southeastern Aegean recorded by the CYCNET and
fit very well by a single stress tensor (Fit). As for the  EGELAOS networks produced 540 well-constrained focal
Nisyros events, the scatter of the bootstrap solutions and fomechanisms. An additional 140 focal mechanism of larger
the stress ratio is very small. The compressional principalevents could be determined by waveform matching. Many
axis dips at 33 with an exact SE-NW orientation. The ten- of these earthquakes fall into spatial clusters of several tens
sional axis dips at a low angle of 1@ointing roughly SW—  of events permitting a local determination of the stress field
NE (35> azimuth). The intermediate axis dips more strongly from the focal mechanisms. In this way, the lateral variation
at 52. The stress ratio of 0.3 indicates a slight dominance ofof the stress field in the southern Aegean could be mapped.
compression and also a dominance of horizontal over verticaln addition, the intrinsic assumption of a homogeneous stress
tension. Nevertheless, the stress field allows both strike sligield in stress inversions is much better fulfilled for the indi-
and thrusting mechanisms. vidual clusters than for spatially distributed earthquakes.

The slab appears to be under down-dip tension and lat- At crustal levels the stress inversion yields steeply dip-
eral compression, although the compressional axis deviateging compressional principal stress axes for nearly all clus-
by 33 from the horizontal. In addition, the SE-NW orien- ters. Stress ratios indicate a dominance of compressional over
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Fig. 15. Results of stress inversion for cluster of intermediate-depth earthquakes near Nisyros. Explanation of subfigures istas in Fig.
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Fig. 16. Results of stress inversion for cluster of intermediate-depth earthquakes beneath the Cretan Sea. Explanation of subfigures is as ir
Fig.5.
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Appendix A A4 Andros—Mykonos

Stress solutions for further cluster regions A cluster of shallow earthquakes was observed along the is-
lands of Andros, Tinos and Mykonos characterized mainly

Al Kos and Astypalea by normal faulting events. The stress determination works

extraordinarily well with an average misfit of only 7.4
Similar results as for the cluster at Columbo volcano were(rig. A6). All three principal stress axes have small 80 %
obtained for the shallow clusters near Kos and Astypaleaconfidence regions. The stress ratio is also well constrained
(Figs.Al andA2). The compressional stress axis dips steeplyaround values of 0.3. Thus, a meaningful tensional stress axis
and the distribution of the bootstrap solutions is well fo- can also be defined pointing about NW-SE. The compres-
cused. With respect to the other two axes, the bootstrap Sasional axis dips very steeply at7&lanes of maximum shear
lutions exhibit a wide spread. In addition, and contrary 10 stress strike around SW-NE with intermediate to strong dip.
the Columbo case, there is a spreadfotvalues as well.  The stress solution indicates a tensional tectonic stress in that

The best fitting solutions yiel&@ = 0. With the same restric- part of the Aegean microp|ate in the NW-SE direction.
tions as for the Columbo case, one could speculate here as

well about a magmatic contribution to the earthquake activ-A5 Rhodos
ity because the Kos—Astypalea region is located right above _ _
the intermediate-depth seismicity associated with the easterfior the intermediate-depth events of the Rhodos cluster

part of the Hellenic slab. (Fig. A7), the stress field is less well constrained as the angu-
lar misfit is rather large (28 and the distribution oR val-
A2 Iraklion and Kamilonisi basin ues of the bootstrap solutions is very broad. In addition, only

the tensional axis appears to be well constrained at a dip of
The stress solutions for these two regions (FAgdandA4)  75°. This value is much greater than the gentle dip of the
show dominating subhorizontal tensional principal stress andsjab in the Rhodos region as indicated by depth profiles of
again nearly subvertical compressional stress. The stress ranjicro-seismicity Briistle 2012. A similar observation was
tio is around 0.7 to 0.8. For the Iraklion basin, all stress made byKiratzi and Papazachq4995 who analysed focal
axes are fairly well determined but values show a large mechanisms of large intermediate-depth earthquakes along
spread with the majority of values greater than 0.5. The tenthe Hellenic arc. The compressional and intermediate prin-
sional stress axis is oriented W-E indicating horizontal EX-Cipa| stresses are close to degenerme:(o.s) and exhibit
tension and again a normal faulting regime. Planes of maxa very small dip. With an azimuth of 42he intermediate

imum shear stress strike N-S and are either near-vertical ogtress axis which is also compressional points approximately
near-horizontal. For the Kamilonisi region, only the tensional arc-parallel and thus lies in the slab plane.

axis is well determined. Its direction is rotated counterclock-

wise by about 20to WSW-ENE. The strike of planes of A6 Cyclades

maximum shear stress is rotated in the same way and the dip

is around 45. Interpretation of these results should be doneThe stress solution for the intermediate-depth Cyclades clus-
with caution because of the small number of available focalter (Fig.A8) even more suggests that the stress homogeneity

mechanisms. condition is violated. The area covered by the selected earth-
gquakes is too large and stress in the subducting slab in this re-
A3 Sigacik basin gion is potentially heterogeneous. The angular misfit is rather

large in spite of the small number of events, neither axis is
The stress field in the Sigacik basin exhibits nearly de-well constrained and the distribution of stress ratio values is
generate intermediate and compressional principal stressegery wide. We therefore refrain from further analysis and in-
(Fig. A5) and a dominating and very clearly constrained hor- terpretation of the stress solution for this cluster. More fault

izontally oriented tensional stress axis striking NNE-SSW.pjane solutions are needed to allow a further subdivision of
This is the same direction that was found for the tensionakhis region.

axis in the Gokova graben. Planes of maximum shear stress
have intermediate dip and are oriented about WNW-ESE.
The reason for the tensional stress could again be the north-
ward motion of western Turkey relative to the central Aegean
as observed by recent GPS measuremdrisliiger et al,
2010.
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Fig. Al. Results of stress inversion for cluster of shallow earthquakes near Kos. Explanation of subfigures is &s in Fig.
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Fig. A2. Results of stress inversion for cluster of shallow earthquakes near Astypalea. Explanation of subfigures is s in Fig.
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Tension and pressure axes Tensional stress axis Intermediate stress axis Compressional stress axis
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Fig. A3. Results of stress inversion for cluster of shallow earthquakes in the Iraklion basin. Explanation of subfigures is &s in Fig.
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Fig. A4. Results of stress inversion for cluster of shallow earthquakes in the Kamilonisi basin. Explanation of subfigures is &s in Fig.
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Fig. A5. Results of stress inversion for cluster of shallow earthquakes near Sigacik. Explanation of subfigures is &s in Fig.
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Fig. A6. Results of stress inversion for cluster of shallow earthquakes near Mykonos. Explanation of subfigures is &s in Fig.
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Fig. A7. Results of stress inversion for cluster of intermediate-depth earthquakes near Rhodos. Explanation of subfigures i®as in Fig.
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Fig. A8. Results of stress inversion for cluster of intermediate-depth earthquakes beneath the Cyclades. Explanation of subfigures is as in
Fig. 5.
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