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aftershock sequence is mainly confined in the upper plate 
(depth <40 km) and are ranging from about 4.5 to 39 km 
depth. A stress tensor inversion of focal mechanism data 
is performed to obtain a more precise picture of the off-
shore eastern Crete stress field. The stress tensor inversion 
results indicate a predominant thrust stress regime with a 
NW–SE-oriented maximum horizontal compressive stress 
(SH). According to variance of the stress tensor inversion, 
to first order, the Crete region is characterized by a homo-
geneous interplate stress field. We also investigate the Cou-
lomb stress change associated with the mainshock to evalu-
ate any significant enhancement of stresses along Crete and 
surrounding regions. Positive lobes with stress more than 3 
bars are obtained for the mainshock, indicating that these 
values are large enough to increase the Coulomb stress fail-
ure toward NE–SW and NW–SE directions, respectively.

Keywords  Aftershock · Coulomb stress analysis · Crete 
earthquake · Focal mechanism · Moment tensor inversion · 
Stress tensor inversion

Introduction

The offshore eastern Crete (OEC) earthquake (EQ) 
sequence occurred at 18:07:44.8 GMT on 16 April 2015. 
The OEC mainshock was a moderate-size (Mw = 6.0) event 
at a depth of 30  km. The OEC EQ activities are located 
50 km offshore eastern part of Crete along the Pliny trench 
in the Hellenic subduction zone (Fig. 1). The mainshock is 
revealed by a thrust motion with a minor strike-slip com-
ponent. The fault rupture zone of the main event extends 
from 10 to 20 km length due to high-resolution aftershock 
imaging.

Abstract  We examine the 16 April 2015 Mw 6.0 offshore 
eastern Crete earthquake and its aftershock sequence in 
southern Aegean Sea. Centroid moment tensors for 45 
earthquakes with moment magnitudes (Mw) between 3.3 
and 6.0 are determined by applying a waveform inversion 
method. The mainshock is shallow focus thrust event with 
a strike-slip component at a depth of 30 km. The seismic 
moment (Mo) of the mainshock is estimated as 1.33 × 1018 
Nm, and rupture duration of the mainshock is 3.5  s. The 
focal mechanisms of aftershocks are mainly thrust faulting 
with a strike-slip component. The geometry of the moment 
tensors (Mw ≥  3.3) reveals a thrust-faulting regime with 
NE–SW-trending direction of T axis in the entire activated 
region. According to high-resolution hypocenter reloca-
tion of the eastern Crete earthquake sequence, one main 
cluster consisting of 352 events is revealed. The after-
shock activity in the observation period between 5 Janu-
ary 2015 and 7 July 2015 extends from N to S direction. 
Seismic cross sections indicate a complex pattern of the 
hypocenter distribution with the activation of three seg-
ments. The subduction interface is clearly revealed with 
high-resolution hypocenter relocation and moment tensor 
solution. The best constrained focal depths indicate that the 
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The Crete Island is one of the most seismically active 
parts of the Hellenic subduction zone (HSZ) tectonic 
regime. The southern Aegean Sea is characterized by very 
uniform (in magnitude and orientation) plate velocity vec-
tors from Global Positioning System (GPS) indicating SW 
motion at about 35 mm/year (Fig. 1; McClusky et al. 2000; 
Reilinger et  al. 2006, 2010). It is dominated by a series 
of thrust and strike-slip structures bounded by normal or 
oblique faults (McKenzie 1978; Şengör et al. 1985; Mascle 
et  al. 1986; Taymaz et  al. 1990, 1991; Taymaz and Price 
1992; Le Pichon et  al. 1995; Barka et  al. 1997; Kreemer 
and Chamot-Rooke 2004; Skarlatoudis et  al. 2009; Le 
Pichon and Kreemer 2010; Yolsal-Çevikbilen and Taymaz 
2012; Yolsal-Çevikbilen et  al. 2014; Delph et  al. 2015; 
Fichtner et  al. 2013a, b; Vanacore et  al. 2013; Kind et  al. 

2015; Saltogianni et  al. 2015). The main seismotectonic 
structures of the southern Aegean Sea region are the HSZ, 
Rhodes Transform Fault (RTF), Pliny and Strabo trenches 
that compose convergent plate boundaries where the Afri-
can plate (AF) to the south is subducting beneath the Ana-
tolian (AT) and Aegean Sea plates (AS) to the north (inset 
in Fig. 1). The deformation zone associated with the con-
vergence is very wide from the Peloponnesus to the Strabo 
trench (Taymaz et al. 1990, 1991; Taymaz and Price 1992; 
Papazachos 1996; Papazachos et al. 2000; Jost et al. 2002; 
Skarlatoudis et  al. 2009; Yolsal-Çevikbilen and Taymaz 
2012; Yolsal-Çevikbilen et  al. 2014). Approximately 45° 
NE trend is observed as an oblique subduction between 
Pliny trench and HSZ. Compressional motion is trans-
formed into strike-slip on north part of the Pliny trench 

Fig. 1   Tectonic map of southern Aegean Sea showing GPS veloci-
ties with respect to Eurasia and 95 % confidence ellipses for western 
Anatolia (McClusky et  al. 2000; Reilinger et  al. 2006). Seismically 
active faults are shown by red lines (Şaroğlu et al. 1992). Blue, black, 
yellow, purple, orange, red and pink triangles with station codes 
depict locations of the KOERI, GEOFON, AFAD, THE, NOA, Seis-
mological Network of Crete, MEDNET broadband seismic stations, 
respectively. The epicenter of the 16 April 2015 eastern Crete main-
shock is indicated by the red star. For reference, focal mechanisms 
of the previous significant earthquakes are plotted (http://www.emsc-
csem.org). FBFZ and RTF stand for Fethiye–Burdur Fault Zone and 

Rhodes Transform Fault, respectively. Two closely spaced red single 
arrows display shear sense of major faults. Black and white circles on 
plot of the focal mechanisms exhibit P and T axes, respectively. The 
inset in the above right shows whole Turkey. On the lower right-hand 
corner, a map of the region is shown. Indicated are the boundaries of 
the plates and microplates in the region. Boundaries (heavy colored 
red lines) of the Aegean Sea (AS) and Anatolian (AT) plates, which 
are surrounded by the African (AF), Arabian (AR) and Eurasian (EU) 
plates (Bird 2003). The solid black rectangle shows the study area, 
which is enlarged in this figure

http://www.emsc-csem.org
http://www.emsc-csem.org


1737Int J Earth Sci (Geol Rundsch) (2017) 106:1735–1751	

1 3

and RTF (Fig. 1; Kiratzi and Louvari 2003; Benetatos et al. 
2004; Roumelioti et al. 2011; Fichtner et al. 2013a). Crete 
is located NW of Pliny trench describing the boundary 
between the AF and AT plates (Fig. 1). Figure 1 indicates 
an overview on the seismotectonic settings of the Aegean–
Anatolian region with the Aegean subduction zone. Crete 
forms the central part of the HSZ. It is evaluated as a wide 
thrust fault zone with a large component of strike-slip by 
well-defined seismicity (Bohnhoff et al. 2005; Becker et al. 
2010; Meier et  al. 2004; Shaw and Jackson 2010; Yolsal-
Çevikbilen and Taymaz 2012; Yolsal-Çevikbilen et  al. 
2014). Shallow seismicity is observed on the convex side of 
the HSZ between 0 and 60 km depths (Meier et al. 2004). 
The crustal structure in Crete is studied using wide aperture 
seismic data (Bohnhoff et al. 2001), receiver functions and 
Rayleigh phase velocities (Endrun et al. 2004). Microseis-
micity and surface wave studies (Meier et al. 2004; Becker 
et al. 2010) as well as active seismic lines (Bohnhoff et al. 
2001) allowed us to improve the structural model along the 
Aegean subduction zone to illustrate the complex geom-
etry along a strongly curved plate boundary. These stud-
ies also display a slab that dips to the North beneath Crete. 
Endrun et al. (2004) indicate that the average depth of the 
subducted oceanic Moho is 55  km beneath Crete. On the 
basis of S receiver functions, the lithosphere–asthenosphere 
boundary of the subducting AF is at 100 km depth beneath 
the southwestern part of Anatolia and dips beneath the vol-
canic arc to a depth of about 225 km and therefore implies 
a thickness of 60–65  km for the subducted African litho-
sphere (Sodoudi et al. 2006; Fichtner et al. 2013a, b; Vana-
core et al. 2013; Kind et al. 2015).

The epicenter distribution of recent moderate-size 
earthquakes (Mw  ≥  4.0) that have occurred since 2006 
around the offshore eastern Crete is shown in Fig. 1. The 
distribution of these epicenters indicates a very low activ-
ity compared with north or south of Crete (Becker et  al. 
2010). These earthquakes are mostly upper plate events 
(depth ≤  60  km) (Becker et  al. 2010). The seismic pat-
tern of Crete and surrounding area is generally character-
ized by moderate-size events. The focal mechanisms of 
these important recent events are displayed at the lower 
part of Fig. 1. Among them, the 26 June 2006 (Mw = 4.1), 
13 July 2006 (Mw = 4.5), 22 August 2006 (Mw = 5.0) and 
24 December 2006 (Mw =  4.7) are significant events that 
can be related to the OEC EQ thrust and strike-slip sys-
tem combination. These recent events indicate a complex 
thrust/strike-slip fault zone, which has also a normal fault-
ing event (#3 EQ, see Fig. 1). We interpret their orientation 
and spatial distribution in terms of the major thrust/strike-
slip fault strands and the basin boundaries (for the normal 
faults).

In this study, we performed a stress tensor inversion from 
earthquake focal mechanisms to obtain a more accurate 

picture of the OEC EQ stress field. For this purpose, seis-
mic waveforms at local and regional distances were used to 
calculate source parameters of 45 events (3.3 ≤ Mw ≤ 6.0) 
of the OEC Mw 6.0 EQ sequence using the waveform inver-
sion method (Nakano et al. 2008). This provides additional 
information on the stress field that is able to improve kine-
matic models for Crete and thus develop the understanding 
of the local and regional tectonics. Furthermore, the dou-
ble-difference relocation algorithm (Waldhauser and Ells-
worth 2000) and the Coulomb stress analysis (Toda et  al. 
2011) were applied to determine the expanded spatial dis-
tribution of the OEC EQ sequence. Determination of accu-
rate source parameters, especially source locations, using 
data from the local and regional seismic networks is cru-
cial for investigations of the seismotectonics in and around 
southern Aegean Sea.

Data and waveform inversion method

Figure  1 displays the distribution of the Kandilli Obser-
vatory and Earthquake Research Institute (KOERI, 4 sta-
tions), GeoForschungsZentrum Potsdam GEOFON (GFZ, 
7 stations), Disaster and Emergency Management Presi-
dency Earthquake Department (AFAD, 2 stations), Aris-
totle University of Thessaloniki Seismological Network 
(THE, 1 station), National Observatory of Athens (NOA, 1 
station), Seismological Network of Crete (SNC, 4 stations) 
and MEDNET (1 station) broadband seismic stations used 
in this study.

We computed centroid moment tensor (CMT) solutions 
of earthquakes in the eastern Crete using the waveform 
inversion method developed by Nakano et  al. (2008). In 
this approach, if the location yielding a minimum residual 
lies at the edge of a search area, the grid is extended to 
surround the location of the minimum residual. When the 
location of minimum residual lies within a search area, a 
new search was performed around the location using a 
reduced grid spacing to find a detailed source location. The 
seismic moment and rupture duration were estimated from 
the deconvolved form of the moment function (Nakano 
et al. 2008, 2010).

We used three-component broadband seismograms 
for the inversion of the OEC EQ sequence. Seismograms 
with good data quality were selected. The average num-
ber of waveforms used for the CMT analysis is 10. The 
observed velocity seismograms were corrected for instru-
ment response and then integrated in time to obtain the 
displacement seismograms. Waveforms were band-pass-
filtered between 20 and 50 s and decimated to a sampling 
frequency of 0.5 Hz. A total data length of 512 s (256 data 
points in each channel) was used for the inversion. Green’s 
functions were generated using the discrete wavenumber 
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method (Bouchon 1979), assuming the crustal structure 
model of Becker et al. (2010) for the calculation. Green’s 
functions were computed for every 10 km of epicentral dis-
tance up to 1500 km. At each of these radius steps, three-
component displacements were calculated at every 1° in 
azimuth for each basis of moment tensor. Green’s functions 
were calculated at every 5 km for source depths shallower 
than 100 km. For spatial grid search, hypocenter locations 
estimated by KOERI were used as an initial location. Adap-
tive grid spacings, in which the grid spacings are gradually 
decreased in each step of the search, are also applied. Spa-
tial grid search was started with a horizontal grid spacing of 
0.5° and a vertical grid spacing of 10 km. In the next step, 
the grid spacing was reduced to 0.2° horizontally and 5 km 
vertically. Finally, the horizontal grid spacing was reduced 
to 0.1°. At each grid point, the fault and slip orientation 
parameters (strike, dip and rake angles) were searched in 
5° steps. For each combination of source location, fault and 
slip orientation parameters, the waveform inversion was 
carried out to estimate the best-fitting source parameters 
(see Nakano et al. 2008, 2010 for details).

The CMT solutions were obtained using data not only 
from stations in Greece but also from Turkey, and therefore, 
azimuthal coverage was sufficient. The inversion method 
of Nakano et al. (2008) used the double-couple constraint, 
which stabilizes the inversion solution and reduces the 
trade-off between source location and non-double-couple 
components (see Nakano et al. 2008, for details). Further-
more, all stations used are located in Anatolia, Crete, Dode-
canese Islands and Cyclades; thus, possible effects of the 
structural contrast may be minimized. Determination of 
accurate source parameters, especially source locations, 
using data from the local and regional seismic network 
is crucial for investigations of the seismotectonics in and 
around Turkey and Greece.

Stress tensor inversion

The stress tensor has six unknowns, either three principal 
stresses and orientations, or three normal and three shear 
stress components (e.g., Zang and Stephansson 2010). Four 
of the unknowns are resolved by the inversion of the stress 
tensor, the fifth unknown is calculated by the assumption 
that slip occurs in the direction of maximum shear stress 
(Wallace 1951; Bott 1959) and the sixth unknown is usu-
ally resolved using the assumption that the stress tensor is 
homogeneous and constant in the binning region through-
out the time interval of interest.

In this study, we apply the technique of Michael (1984, 
1987) to the selected 45 events. The Michael approach pro-
vides a more appropriate estimate of uncertainty, compared 
to Gephart and Forsyth (1984) approach (Hardebeck and 

Hauksson 2001). The algorithm uses the statistical method 
of bootstrap re-sampling and allows determining the orien-
tation of the three principal stresses (σ1 = maximum prin-
cipal compressive stress, σ2 = intermediate and σ3 = mini-
mum) as well as the stress ratio φ =  (σ2 − σ3)/(σ1 − σ3), 
also called relative stress magnitude (Bott 1959). The φ is 
defined using the standard geologic/geophysical notation 
with compressive stress positive and σ1 > σ2 > σ3 (Zoback 
1992). The stress ratio φ ranges from 0 to 1. Values of 
φ < 0.5 and φ > 0.5 indicate a transpressional and transten-
sional regime, respectively. All parameters are determined 
by finding the best-fitting stress tensor to the observed focal 
mechanisms. Assumptions that must be fulfilled by the 
input data are: (1) stress is uniform in the area of interest 
during the observed time interval; however, this assumption 
cannot be entirely valid given the diversity and complex-
ity of the structures, (2) earthquakes are shear dislocations 
on preexisting faults, (3) similar shear stress magnitude are 
present on each fault and (4) slip occurs in the direction of 
the resolved shear stress on the fault plane.

To quantify the misfit between the best stress tensor and 
the data, the angle between the calculated slip vector from 
stress tensor inversion and observed slip vector from fault 
plane solutions is used. This angle is referred to as β. The 
angle β refers to the mean value of β for the data in a single 
inversion (Michael 1987). A synthetic control study showed 
that the amount of heterogeneity in the stress field could be 
characterized by the average misfit between the observed 
and predicted slip directions (β) (Michael et  al. 1990). If 
β ≤ 33°, stress tensors are spatially uniform. If β > 33°, the 
inversion result is interpreted in terms of a spatially hetero-
geneous state of stress (Michael 1991). Heterogeneity of 
the stress field was documented in the average misfit level 
of the inversion. For each stress inversion, 2000 bootstrap 
iterations are performed.

Michael’s algorithm is quite fast and accurate when 
compensating the directions of the principal stresses. It 
gives a reasonable accuracy even for randomly selected 
fault planes in focal mechanisms. However, the accuracy 
of the stress ratio is significantly lowered when the fault 
planes are not correctly chosen. The stress ratio is more 
sensitive to the correct choice of the fault plane than the 
principal stress directions, and substituting the faults by 
the auxiliary nodal planes introduces high errors (Lund and 
Slunga 1999; Vavryčuk 2014). This difficulty is removed 
by modifying Michael’s algorithm and inverting jointly for 
stress and for fault orientations (Vavryčuk 2014). The fault 
orientations are determined by applying the fault instability 
constraint, and the stress is calculated in iterations. As a by-
product, overall friction on faults is determined. Vavryčuk 
(2014) showed that the new iterative stress inversion is fast 
and accurate and performs much better than the standard 
linear inversion. Since the iterative stress inversion is based 
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on Michael’s method, it can easily be implemented in these 
codes enhancing their accuracy. Vavryčuk (2014) proposed 
the MATLAB code of this inversion called STRESSIN-
VERSE is provided on the Web page (http://www.ig.cas.cz/
stress-inverse).

Results

From the spatial distribution of the CMT solutions (Fig. 2), 
we observe a prominent N–S alignment of nodal planes. 
The along-strike dimension of the activated zone is ~70 km, 
and its width is approximately 18 km. The moment magni-
tudes (Mw) range from 3.3 to 6.0. Figures 2 and 3 display 
45 fault plane solutions in lower-hemisphere equal-area/
angle projection in map view and cross section (profile 
A–A′), respectively.

The 16 April 2015 Mw 6.0 offshore eastern Crete 
mainshock

In this section, we present the mainshock (Mw = 6.0) of the 
OEC EQ sequence. The largest event of the EQ sequence 

is chosen as an example. It would be interesting to present 
this large-size event whose focal mechanism differs from 
some of the aftershocks. This event is representative of the 
data set. The results of the 45 selected events are given in 
Table 1.

First, we estimate the source centroid location and focal 
mechanism of the 16 April 2015 Mw 6.0 event. Waveforms 
recorded by six stations (APE, ARG, GVD, IDI, IMMV and 
TURN; Fig. 4, blue triangles), which are located at epicen-
tral distances ranging from approximately 160 to 270 km, 
are used. Figure  4 shows the horizontal residual distribu-
tion around the best-fitting source location obtained from 
the waveform inversion. The best-fitting source location is 
at 26.806°E, 35.161°N at a depth of 30 km (Fig. 4). Using 
the hypocenter location determined by KOERI as an initial 
source location, the waveform inversion searched for the 
best-fitting source parameters. Revised source locations 
vary in average 4 km horizontally and 5 km vertically with 
respect to the initial locations of KOERI, but this variation 
does not change the general pattern in seismicity. Loca-
tion differences depend on velocity model, station coverage 
and number of stations participated in finding the hypo-
center. The observed velocity waveforms are corrected for 

Fig. 2   Topographic map view of CMT solutions obtained by the 
waveform inversion method developed by Nakano et al. (2008). Focal 
mechanisms are projected on the lower hemisphere and scaled with 

magnitude. Black and white circles on plot of the focal mechanisms 
exhibit P and T axes, respectively

http://www.ig.cas.cz/stress-inverse
http://www.ig.cas.cz/stress-inverse
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instrument response, and then, they are integrated in time to 
obtain the displacement seismograms. The focal mechanism 
of the mainshock obtained at the best-fitting source location 
is related to thrust faulting with minor strike-slip component 
(Fig. 5), characterized by a nodal plane with strike, dip and 
rake 288°, 52° and 141°, respectively. The seismic moment 
of the event is estimated as Mo = 1.33 × 1018 Nm, and the 
corresponding moment magnitude is Mw = 6.0. Waveform 
fits between observed and synthetic seismograms calculated 

for the best-fitting source parameters are shown in Fig.  5 
(Nakano et  al. 2008 for details on the approach). Wave-
form fits are in good agreement with a normalized residual 
(R) of 0.06 (Fig.  5). The residuals are calculated for each 
focal mechanism solution in this study (Table 1). The seis-
mic moment function for the mainshock obtained from the 
waveform inversion is shown in Fig. 5. The rupture duration 
of the 16 April 2016 OEC EQ estimated from the moment 
function is 3.5 s (upper right in Fig. 5).

Fig. 3   Epicenter distribution 
of the selected aftershocks 
(Mw ≥ 3.3) in the region 
offshore eastern Crete. A–A’ 
is the depth cross-sectional 
profile. Cross section is 
perpendicular to the strike 
of the fault rupture. This is a 
zooming for the narrower region 
along the mainshock area. The 
aftershock sequence lies in the 
depth range from 5 to 40 km for 
Mw ≥ 3.3 events. Orientation 
of aftershocks trends NW–SE. 
The main aftershock cluster is 
clearly depicted in the ~25 km 
width vertical zone of the cross 
section
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Table 1   Locations and source 
parameters of the 16 April 
2016 eastern Crete earthquake 
sequence

H is depth, Mw is moment magnitude, Str is strike angle and R is the normalized residual of waveform fit-
ting (R = 0 would mean a perfect fit and R = 1 no fit at all)

No Date Time (GMT) Lat (°N) Lon (°E) H (km) Mw Str (°) Dip (°) Rake (°) R

1 05.01.2015 11:53:58.91 34.9578 26.3490 8.6 4.4 90 45 60 0.08

2 17.01.2015 01:59:41.56 35.0842 26.7005 7.1 3.8 30 30 45 0.06

3 16.04.2015 18:07:44.80 35.1610 26.8060 30 6.0 288 52 141 0.06

4 17.04.2015 02:05:41.95 35.1015 26.8012 19.9 5.7 285 75 90 0.07

5 17.04.2015 07:50:30.60 34.9035 26.7002 10.2 4.0 240 60 15 0.09

6 17.04.2015 08:35:45.85 35.0048 26.7815 8.3 3.8 208 83 61 0.05

7 17.04.2015 10:23:43.49 34.9842 26.8105 28.7 4.1 244 64 106 0.11

8 17.04.2015 11:30:37.58 35.2135 26.7563 8.4 4.4 243 52 141 0.04

9 17.04.2015 16:34:10.94 35.1070 26.8660 35.3 3.8 195 75 −30 0.06

10 17.04.2015 16:39:44.82 35.1823 26.6822 18.3 4.4 286 21 134 0.08

11 18.04.2015 03:59:31.94 35.1040 26.8290 34.3 4.0 30 75 15 0.10

12 18.04.2015 13:42:10.84 34.9852 26.8643 37.8 3.9 202 61 163 0.09

13 18.04.2015 15:31:13.98 35.0620 26.8220 28 3.7 15 30 135 0.06

14 19.04.2015 02:48:47.79 35.2390 26.7412 8.4 4.1 225 75 180 0.07

15 19.04.2015 06:35:01.14 34.9638 26.7537 9.6 4.1 60 45 15 0.12

16 19.04.2015 14:20:03.48 35.1858 26.7888 15 3.7 315 75 75 0.09

17 19.04.2015 21:42:26.50 35.1025 26.8393 34.2 3.8 265 60 125 0.11

18 19.04.2015 22:21:36.94 35.0773 26.9585 10.4 3.6 30 90 0 0.04

19 19.04.2015 23:36:48.52 35.2213 26.7885 8.8 3.9 345 45 90 0.06

20 20.04.2015 07:43:03.26 35.2220 26.7527 13.3 4.2 64 79 134 0.09

21 21.04.2015 01:57:39.73 35.2593 26.7757 7.9 4.3 270 45 120 0.14

22 21.04.2015 02:45:57.82 35.1780 26.8160 28 3.7 288 52 141 0.05

23 21.04.2015 07:18:36.63 35.1512 26.8077 26.4 3.7 270 45 120 0.12

24 22.04.2015 20:19:55.80 35.2498 26.7933 20.4 4.4 15 47 21 0.09

25 22.04.2015 22:17:35.12 35.2033 26.7825 10.6 3.8 258 52 141 0.15

26 24.04.2015 04:08:36.35 35.1803 26.8603 37.2 3.6 255 90 −15 0.12

27 27.04.2015 08:24:05.93 35.3123 26.7485 12 3.5 225 90 30 0.09

28 27.04.2015 14:16:32.08 35.2125 26.8142 27.3 3.9 60 60 120 0.11

29 03.05.2015 16:46:18.89 35.0422 26.9162 30.8 4.0 240 30 75 0.15

30 05.05.2015 13:31:27.64 35.1928 26.8133 29.5 3.7 82 77 149 0.09

31 11.05.2015 05:02:00.81 35.0863 26.8658 38.6 4.2 255 90 −15 0.05

32 11.05.2015 18:10:15.80 35.0307 26.7578 38 3.6 255 90 −15 0.08

33 11.05.2015 18:14:48.68 34.9997 26.7653 37.1 3.5 68 61 17 0.08

34 16.05.2015 18:43:16.58 35.2398 26.7357 8.4 3.7 64 79 134 0.12

35 21.05.2015 00:03:04.75 35.2515 26.7950 26.9 3.5 261 33 152 0.11

36 21.05.2015 00:11:53.89 35.2225 26.8088 27 3.4 288 52 141 0.06

37 21.05.2015 00:41:33.93 35.2168 26.8067 35.2 3.3 270 45 120 0.03

38 22.05.2015 22:09:19.00 35.2427 26.7595 6.2 3.9 45 60 120 0.05

39 24.05.2015 09:57:56.90 35.1218 26.8470 36.6 3.7 225 90 −45 0.08

40 28.05.2015 00:33:03.23 35.1937 26.9667 9.5 3.6 195 90 −45 0.09

41 28.05.2015 12:56:38.56 35.0273 26.7640 12.2 3.9 288 52 141 0.06

42 28.05.2015 12:59:24.26 35.0767 26.7493 12.5 4.1 195 90 −45 0.11

43 29.05.2015 00:03:50.40 35.1588 26.6963 23 4.2 288 52 141 0.05

44 09.06.2015 21:49:47.08 35.0993 26.7555 8.5 5.6 240 45 141 0.07

45 15.06.2015 04:15:58.68 35.1255 26.6792 7.9 3.7 225 35 145 0.08
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Relocation of hypocenters

We select 470 events that are well recorded by at least three 
stations for six-month period following the date of 5 Janu-
ary 2015. We calculate the absolute hypocentral param-
eters of aftershocks with the hypocenter location algorithm 
described by Lienert and Havskov (1995). In general, we 
locate all earthquakes using the 1-D (P- and S-wave) veloc-
ity model of Becker et  al. (2010). We choose only events 
with at least 4 P-phases and 1 S-phase, hypocenter param-
eters with RMS errors < 0.5  s, azimuthal gap < 180° and 
horizontal and vertical errors  <  1  km, using the HYPO-
CENTER earthquake location program (Lienert and Havs-
kov 1995). The catalog covers the period from 16 April 
2015 to 7 July 2015 for shallow earthquakes with hypo-
central depth <40  km. Figure  6 shows the epicentral and 
hypocentral distributions in the eastern Crete region. The 
catalog consists of 470 events. The average horizontal and 
vertical uncertainties of the 470 events (Ml ≥ 1.4) are found 
to be 3 and 4  km, respectively. In minimizing the errors 
in the location parameters, network geometry, phase read-
ing quality and uncertainties in the crustal structure are 
restricting factors. Relative earthquake location methods 
can improve absolute hypocenter locations. For this pur-
pose, the double-difference relocation algorithm (HypoDD, 
Waldhauser and Ellsworth 2000) is used. The algorithm 
assumes that the difference in travel times for two close 
events observed at one station can be connected to the spa-
tial offset between the events with high accuracy. Absolute 
location parameters of aftershocks and P/S travel time dif-
ferences between the event pairs are used for the inputs. 
Event locations are improved for the 6-month period that 

the aftershock sequence mainly operated. Relative location 
errors of the 352 relocated events are smaller than 1 km in 
horizontal and vertical directions.

The main EQ cluster consisting of 352 events is located 
offshore Crete. The aftershock activity in the observation 
period between 16 April 2015 and 7 July 2015 extends 
from the north to the south direction (Fig. 6). This observa-
tion is also shown in the cross section inclined to the fault 
rupture (Fig.  6, profile B–B′, red). The best constrained 
focal depths (from waveform modeling and hypoDD anal-
ysis) indicate that the aftershock sequence is mainly con-
fined in the upper crust (depth <40 km) and is ranging from 
4.5 to 39 km. The main aftershock cluster (Fig. 6, profiles 
B–B′, C–C′ and D–D′) is clearly depicted with a 30-km 
vertical extension in all three cross sections.

In the northernmost end of the main cluster, the seismic-
ity occurred in a zone extending about 18 km east to west 
and the depths of the aftershocks are found to be between 
4.5 and 38 km (Fig. 6, profile B–B′, by red). The middle of 
the main cluster (profile C–C′, orange) covers aftershocks 
occurring at depths of 5 and 39 km. The dip angle of the 
NW–SE nodal plane (Fig.  5, top left) complies with the 
alignment of the aftershocks on the C–C′ cross section in 
Fig. 6. This observation does not contradict the results of 
the cross section perpendicular to the fault rupture (Fig. 3, 
profile A–A′). The southernmost end of the main cluster 
(profile D–D′, purple in Fig.  6) is associated with a fault 
plane trending mainly NW–SE direction.

Figure  7a, b shows the frequency of analyzed events 
with respect to the computed Ml and hypocentral depth. We 
observe that most of events lie in the Ml range from 2.5 
to 3.5. In addition to this, depth ranges mainly from 5 to 

Fig. 4   Map showing the source 
centroid locations and contour 
plots of the horizontal residual 
distribution around the best-
fitting source (red star). Black, 
yellow, orange and pink trian-
gles with station codes indicate 
locations of the GEOFON, 
AFAD, NOA and MEDNET 
broadband stations, respectively. 
The red star indicates 16 April 
2015 Mw = 6.0 mainshock
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15 km. Most events occur in the depth range between 5 and 
15 km. The seismicity decreases nearly to zero in the depth 
range between 15 and 18 km. The number of events slowly 
increases with increasing depth from 18 to 25 km. In the 
depth range of 25–38  km, a relative maximum of events 
occur. In the depth range of 15–25 km, the amount of brit-
tle fracture is significantly reduced. Figure  7c indicates 
cumulative number of EQ as a function of time.

Analysis of stress tensors

The results of the stress tensor inversion are presented in 
Fig. 8 and Table 2. The measure of the misfit values is eval-
uated by the areas of 95  % confidence limit (see Fig.  8). 
Stress tensor inversion of the OEC EQ aftershocks reveals 
a heterogeneous stress for the entire catalog (β  =  44°) 
according to Michael (1991). The maximum principal 
stress, σ1, trends S153°E with a plunge of 4°, and the mini-
mum principal stress, σ3, trends S250°W with a plunge of 
64° (Fig. 8b). The resulting stress tensor corresponds to a 
transtensional regime (φ = 0.60, Fig. 8c). The orientation 
of maximum horizontal compressive stress (SH) is NW–SE, 
and thrust stress regime is found for the study region.

High variance (0.18, Table  2) indicates heterogene-
ous stress tensor from the observed focal mechanisms and 
correlates with a large heterogeneity of the stress field 
(Michael et  al. 1990; Lu et  al. 1997; Wiemer et  al. 2002; 
Bohnhoff et al. 2006; Görgün et al. 2010). The alignment 
of σ1 is NW–SE. Deformation regimes obtained from the 
stress tensor inversion indicate the predominant thrust 
stress regime along the area of Crete. We conclude that a 
high degree of heterogeneity in stress field with high vari-
ance indicates heterogeneity. There is a significant variance 
in stress tensor orientations. Thus, the Crete region is char-
acterized by a heterogeneous interplate stress field.

Calculation of the Coulomb stress change

The static Coulomb stress change caused by a mainshock 
has been widely applied to assess areas of subsequent off-
fault aftershocks (Reasenberg and Simpson 1992; Toda 
et  al. 2008, 2011). The Coulomb stress change is defined 
as ΔCFF = Δτ + µΔσ, where τ is the shear stress on the 
fault (positive in the inferred direction of slip), σ is the 
normal stress (positive for fault unclamping) and µ is the 
apparent friction coefficient. Failure is promoted if ΔCFF 
is positive and inhibited if negative; both increased shear 
and unclamping of faults are taken to promote failure, 
with the influence of unclamping controlled by fault fric-
tion (Toda et  al. 2011). After the occurrence of an earth-
quake, the areas with positive values of ΔCFF are loaded 
with stress. The Coulomb stress change on a ‘receiver fault’ 
(fault receiving stress from a mainshock) requires a source 

model of the earthquake fault slip, as well as the geometry 
and slip direction on the receiver (Toda et  al. 2011). It is 
assumed that the receiver faults share the same strike, dip 
and rake as the mainshock source fault, and we can resolve 
stress on a major fault of known geometry (McCloskey 
et  al. 2003). We can also find the receiver faults at every 
point that maximize the Coulomb stress increase given the 
earthquake stress change and the tectonic stress (King et al. 
1994), termed the ‘optimally oriented’ Coulomb stress 
change (Toda et al. 2011).

We used the mainshock (Mw 6.0) source parameters 
deduced from waveform modeling to calculate the Cou-
lomb stress change (Table  1). The principal axes of the 
stress tensor were also used to compute the spatial distri-
bution of the Coulomb stress change (Table 2). The stress 
changes are resolved at 45  km depth based on the esti-
mated geometry of major active faults. Increased shear 
stress in the rake direction and unclamping on surrounding 
‘receiver’ faults are interpreted to promote failure (Toda 
et  al. 2008). The Coulomb 3.3 software (www.coulomb-
stress.org) is used to project thrust-faulting mechanism at a 
depth of 45 km with a strike/dip/rake of 288°/52°/141° and 
a friction coefficient µ = 0.4 in an elastic half space with 
uniform isotropic elastic properties (Lin and Stein 2004; 
Toda et al. 2005, 2008, 2011).

The spatial distribution of the Coulomb stress change 
due to the occurrence of the 16 April 2015 Mw 6.0 OEC 
EQ is presented in Fig. 9. Stress increase regions close to 
failure are represented by the red lobes. Positive Coulomb 
stress change is observed in NW–SE and NE–SW direc-
tions of the rupture zone. The eastern and western ends of 
the OEC EQ rupture are brought to 3–5 bars closer to fail-
ure. Stress changes of ≥0.1 bars are generally observed to 
influence seismicity rates (King et al. 1994).

To further compare the Coulomb stress change and 
aftershocks, a cross section is presented in Fig.  10 along 
the profile A–B shown in Fig. 9. Here, the stress is resolved 
on the dominant focal mechanism, which in most cases is 
thrust faulting. We find that the spatial and depth distribu-
tion of aftershocks and their focal mechanisms are consist-
ent with the calculated Coulomb stress changes imparted 
by the coseismic rupture. Most of the aftershocks lie in the 
OEC EQ region (Fig.  10) for which the Coulomb stress 
decreased (mainshock energy released) by ≤−5 bars, 
and there is a stress drop between 10 and 50  km depths 
(Fig. 10). Nevertheless, many aftershocks (especially upper 
crust <15 km events) are located far from the fault plane, 
where the positive Coulomb stress change is out of range. 
These earthquakes may only be consistent with stress 
transfer if they strike on faults with different orientations, 
such as secondary strike-slip or oblique focal mechanism 
as shown in Figs. 2 and 3. Taking into account the main-
shock and its aftershocks, the dimension of the activated 

http://www.coulombstress.org
http://www.coulombstress.org
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area can be explained on the basis of the Coulomb failure 
criterion because of stress transfer loading. In this way, the 
post-seismic stress changes affect the production of after-
shocks, as evaluated by spatial and depth distributions of 
focal mechanisms.

Discussion

The spatiotemporal and source characteristics of the 16 
April 2015 Mw 6.0 OEC EQ sequence are investigated. 
The distribution of relative relocated hypocenters and focal 
mechanisms clearly indicates the activation of a S153°E-
trending thrust fault system offshore eastern Crete region. 
The stress tensor inversion results reveal a predominant 
thrust stress regime with a NW–SE-oriented maximum 
horizontal compressive stress (SH). The entire study region 
is rather heterogeneous according to the stress tensor inver-
sion variance (0.18). The relative stress magnitude (stress 
ratio, φ) is estimated to be 0.60 (transtensional stress 
regime) for the OEC EQ region. Therefore, the region off-
shore eastern Crete is characterized by a heterogeneous 
interplate stress field as far as the orientation of stress is 
concerned (Fig. 8).

The aftershocks source mechanisms are dominantly 
thrust motion with T axis-oriented NE–SW. The source 
centroid depths reveal that these earthquakes occurred 
along a fault located in the shallow crust. The T axis orien-
tations in the EC aftershocks are consistent with the GPS 
observations (McClusky et  al. 2000; Nyst and Thatcher 
2004; Le Pichon and Kreemer 2010; Reilinger et al. 2010). 
GPS vectors display an SSW-oriented strike-slip movement 
as the primary source of the mainshock (McClusky et  al. 
2000; Reilinger et al. 2010; Fig. 1). The focal mechanism 
solutions of the OEC EQ and the high-resolution after-
shock locations suggest that we interpret their orientation 
and spatial distribution in terms of the major thrust fault 
strands and the basin boundaries (for the normal faults). 
Focal mechanisms display not only thrust mechanisms but 
also strike-slip mechanisms. These strike-slip or oblique 
mechanisms may occur due to the local stress change in the 
activated region after the mainshock. Moreover, the after-
shocks in southern part of the mainshock show that several 

small fault segments exist in this area. These small second-
ary faults may have different faulting mechanisms with the 
main cluster (i.e., events 32 and 33, Table 1).

In the area of Crete, the structure of the upper 20 km is 
defined by results of wide-angle seismic reflections (Bohn-
hoff et  al. 2001). The thickness of the upper crust of the 
AS plate is well determined and ranges from 8 to 13  km 
beneath Crete. Receiver function (Knapmeyer and Harjes 
2000; Endrun et al. 2004) and surface wave studies (Meier 
et  al. 2004) display that the average depth of the oceanic 
Moho within the NE-dipping subducting African litho-
sphere is about 55  km below Crete. In this study, high-
resolution hypocenter determinations are projected onto 
the profiles shown in Fig.  6. Along profiles B–B′, C–C′ 
and D–D′, the epicentral distance to each profile does not 
exceed 20  km. On profiles B–B′, C–C′ and D–D′, hypo-
centers cluster along the interface or contact between the 
plates. The lateral width of the seismogenic zone is about 
25  km. The interface between the AS and AF plates is 
seismically active where the interface is located between 
about 5 and 40 km depths. At shallower depth (<15 km), 
plenty of events are detected around the interface. There is 
an offset between 15 and 23 km depths. On profile D–D′, 
this offset is approximately 10 km wide. It might be inter-
preted as decollement, as in this region, the relative motion 
of the plates caused mainly ductile deformation during the 
time of observation (Meier et al. 2004; Becker et al. 2010). 
Interplate seismicity within the HSZ and Pliny trench indi-
cates a seismically active NW-dipping zone. Below 15 km 
depth, this zone appears to be almost parallel to the inter-
face between the plates. At depth greater than 20 km below 
Crete, seismicity is gradually reduced in the AS plate. The 
concentration of seismicity along the Pliny trench extends 
from shallow depths down to the plate interface and indi-
cates active movement. The crustal seismicity of the AS 
plate in this area is generally confined to the upper 20 km 
in agreement with the idea of a ductile deformation of the 
lower crust caused by a rapid return flow of metamorphic 
rocks that spread out below the forearc (Becker et al. 2010). 
In the region of the Pliny trench at the SE of Crete, a SE-
dipping seismogenic structure is observed that combines 
with the seismicity of the Pliny trench at a depth from 15 
to 40 km (Fig. 6). The Pliny trench east of Crete indicates a 
seismic activity during the observation period and seems to 
be deforming seismically.

Prominent crustal seismic activity within the AS plate in 
the area of eastern Crete is observed throughout the whole 
observation period (Figs. 6, 10). This activity close to the 
eastern coast of Crete and southern coast of the Kasos and 
Karpathos Islands was also identified in earlier seismic-
ity studies of the region (Delibasis et al. 1999; Meier et al. 
2004; Becker et  al. 2006, 2010). Combining our findings 
with the ISC catalog (Engdahl et al. 1998), we conclude that 

Fig. 5   Estimated focal mechanism and source parameters of the 
event. Waveform fittings obtained from the waveform inversion. 
Black and red lines represent the observed and synthesized seismo-
grams, respectively. The station code and component of motions are 
indicated at the upper right of each seismogram. Maximum and mini-
mum displacements are shown at the upper right of each seismogram. 
Upper right side, the moment functions (mf , red line) and the func-
tions mf

d (green line) obtained from the waveform inversion of the 16 
April 2015 Mw 6.0 mainshock. Blue line represents the deconvolved 
form of the moment function (md)

◂
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Fig. 6   Epicenters of the eastern 
Crete EQ sequence. The size 
of the epicenters is propor-
tional to magnitude. Profiles 
labeled B–B′, C–C′ and D–D′ 
represent directions of seismic 
cross sections. The colors of the 
hypocenters are related to the 
seismic profiles (i.e., B–B′ red, 
C–C′ orange and D–D′ purple). 
Seismic cross section along 
B–B′, C–C′ and D–D′ directions 
are shown at the bottom. The 
black dashed line indicates 
Moho depth along the study 
area (Meier et al. 2004; Becker 
et al. 2010)

Fig. 7   Frequency of analyzed events with respect a to the computed Ml and b to the computed hypocentral depth. Cumulative number of EQ for 
the entire catalog is shown in c. Yellow star indicates the mainshock
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Fig. 8   a P and T axes for the events in Fig.  2 with retrieved prin-
cipal stress directions. The P and T axes are marked by red circles 
and blue plus signs, respectively. b Confidence limits of the principal 
stress directions retrieved by the iterative method (Vavryčuk 2014). 
Red, green and blue colors correspond to the σ1, σ2 and σ3 stress 

directions, respectively. The contours around the best model define 
the 95 % confidence region of each stress axis. c Histograms of the 
stress ratio (φ), which is found to be 0.60. This value indicates that 
the study region is described by transtensional stress regime

Table 2   Results of stress tensor 
inversion for the entire set of 45 
focal mechanisms in the region 
offshore eastern Crete

OEC EQ represents the events offshore eastern Crete. Results are based on all fault plane solutions (Fig. 2)

OEC EQ represents the offshore eastern Crete earthquake. Results contain number of fault plane solutions 
within the relevant volume, directions for the three principal stresses (σ1–3) in terms of azimuth and plunge, 
average misfit (β̄), stress ratio (R) and variance

Volume No. Fps σ1 (Az) σ1 (Pl) σ2 (Az) σ2 (Pl) σ3 (Az) σ3 (Pl) Misfit R Var.

OEC EQ 45 153 4 61 26 250 64 44 0.60 0.18

Fig. 9   Coulomb stress change, 
taking into account the 2015 
eastern Crete mainshock. Color 
palette of Coulomb stress 
values is leveled in the range 
−5/+5 bar. Red color repre-
sents positive stress changes, 
while blue negative. Yellow 
star indicates the 16 April 2015 
Mw 6.0 mainshock. Red lines 
display the coseismic rupture 
based on the calculated focal 
mechanisms. Black circles 
represent Ml ≥ 3.5 aftershocks 
of the eastern Crete EQ from 16 
April to 7 July 2015. Yellow star 
represents the mainshock
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the eastern Crete region composes a continuously seismi-
cally active feature in the Aegean crust. This crustal activ-
ity expands from near-surface depths (~5 km) down to the 
presumed plate interface at approximately 40 km depth. It 
is traced by this study in N–S direction from offshore Crete 
in the east and possibly even further east toward the Karpa-
thos Island. An active transtensional regime offshore east-
ern Crete resulting in forearc slices separated from the Cre-
tan block due to internal deformation of the Aegean crust 
in this area (ten Veen and Kleinspehn 2003). The develop-
ment of these slices is explained by the blocking of the fur-
ther outward expansion of the AS plate boundary in west-
ern Crete due to the incipient collision with the AF plate 
and the simultaneous expansion of the Aegean crust by 
the stretching of Cretan–Rhodes forearc in the east caused 
by the still active slab rollback in this area (ten Veen and 
Kleinspehn 2003; Becker et  al. 2010; Meier et  al. 2004). 
Seismic studies indicate similar wedge-shaped sedimentary 
basins in the vicinity of the Pliny trench (Bohnhoff et  al. 
2001). Toward the south of the Pliny trench, Becker et al. 
(2010) observed a sharp drop of crustal seismicity within 
the overriding AS plate and seismicity is almost exclusively 
found at the presumed plate interface. This observation is 
supported by the interpretation of ten Veen and Kleinsp-
ehn (2003). The Strabo trench has a similar character as 
the Pliny trench but it cannot be finally resolved due to 
absence of high precision earthquake locations (Becker 
et  al. 2006, 2010). The microseismicity located at crustal 
depth between the Pliny and Strabo trenches (Becker et al. 

2010) agrees with event locations of intermediate magni-
tude seismicity of the ISC catalog. However, this observa-
tion indicates that the region between the Pliny and Strabo 
trenches displays strong internal deformation and cannot 
be interpreted as a further forearc sliver. These observa-
tions are in agreement with the results of swath bathymetry 
and seismic reflection profiles (Huguen et al. 2001), which 
observed faulted, locally uplifted basement blocks south of 
the Pliny trench. According to Huguen et  al. (2001), this 
southernmost domain of the Cretan continental margin is 
disconnected from its northern part by the Pliny trench.

The strong aftershock activity indicating the seismogenic 
part of the plate contact between the AF and AS plates, 
which has its eastern termination above the Pliny trench, 
expands to the east of Crete over a width approximately 
90 km (Fig. 10). The eastern part of the interplate seismic-
ity is also observed by earlier temporary seismic networks 
(Becker et  al. 2010; Meier et  al. 2004), while these stud-
ies are not able to detect its eastern termination due to the 
lack of events during the observation period. We interpret 
that this interplate seismicity is vertically scattered, and 
Coulomb changes indicating possible areas of stress accu-
mulation are detected. Seismic activity in this region is 
also found in the instrumental ISC catalog. The accretion-
ary complex to the NW of the Pliny trench produces only 
microseismic activity (i.e., no large- or intermediate-size 
events). Also, the presumed plate contact between the AF 
and AS plates north of the Pliny trench exhibits active seis-
mic behavior. Figure 10 depicts the activity in this region at 

Fig. 10   A Cross section of 352 earthquake hypocenters along the 
subduction zone for A–A′ profile shown in Fig. 9. White line donates 
the 16 April 2015 Mw 6.0 EQ coseismic rupture fault geometry based 
on this study (Table 1). Stress regime obtained in this study is repre-
sented by a solid white circle as a thrust regime. Red and blue arrows 
display the maximum horizontal compressive stress (SH) and the min-

imum horizontal compressive stress (Sh) from the stress tensor inver-
sion, respectively. This cross section indicates clearly a Benioff zone 
in the region offshore eastern Crete associated with 7 months seismic 
activity (red circles) within 90 km of A–A′ profile marked in Fig. 9. 
The size of the solid red circles is proportional to magnitude



1749Int J Earth Sci (Geol Rundsch) (2017) 106:1735–1751	

1 3

high spatial resolution; indications for a SE-dipping struc-
ture merging with the seismicity of the Pliny trench at a 
depth of 20 km can be found. Below this depth, the current 
merged activity can be traced down to the observed depth 
of the plate contact at 40 km. The observed seismicity dis-
tribution might indicate a connection between the Pliny 
and Strabo trenches. Aftershock activity observed offshore 
Crete is confined to the upper 40 km of the crust and does 
not reach down to depths of the lower continental crust. 
Furthermore, a roughly NS-trending structure adjacent to 
the east coast of Crete with hypocentral depths between 5 
and 40 km is active during the observation period (Fig. 10). 
The activation of NS- and NE–SW-trending thrust faults 
is in good agreement with the current stress field in the 
region offshore eastern Crete (Fig. 8). Seismicity within the 
Aegean lithosphere below Crete is low at depths approxi-
mately 20 km (Fig. 6) pointing to rather ductile deforma-
tion of the overriding plate in contrast to brittle behavior 
at shallower depths. These observations are in good agree-
ment with numerical modelings of rheological properties of 
the plate contact in the forearc (Gerya et  al. 2002; Gerya 
and Stöckhert 2006; Becker et al. 2010). These modelings 
forecast rapid return flow of metamorphic rocks, includ-
ing hydrated mantle material, along the hanging wall of 
the subducted slab that spread out beneath the forearc and 
ductile behavior of the plate contact and deeper parts of the 
overriding plate in the region of the forearc high.

The coseismic Coulomb stress changes are corre-
lated with the distribution of aftershocks in cross-sec-
tional view (Fig.  10). Considering the location of the 
OEC EQ sequence, the zone with the negative stress val-
ues can reveal the expected dimension of the epicentral 
area (approximately 70  km). Taking into account these 
observations, the dimension of the activated region can 
be explained on the basis of the Coulomb failure criterion 
because of stress transfer loading. Both the upper crust 
(depth ≤ 40 km) and the crust beneath the fault plane are 
brought closer to failure. Afterslip on the fault plane acts 
to reload the upper crust (Fig.  10). This type of thrust 
faults may tend to increase the failure stress in the upper 
crust coseismically, producing confined and low productive 
aftershock sequence.

Conclusions

We present results from the 16 April 2015 Mw 6.0 OEC 
EQ sequence. A seismically active zone is detected in 
the Aegean lithosphere along the east of Crete. We deter-
mine 45 CMT solutions that cover Mw range from 3.3 to 
6.0 for the HSZ in the vicinity of eastern Crete. NE–SW 
extensional thrust faulting on eastern Crete is interpreted 
as along-arc extension. The striking direction of σ3 in the 

eastern Crete reflects the SE-directed retreat of the plate 
boundary.

In the area of Pliny trench southeast of Crete, high 
seismic activity is observed in a zone that extends from 
the interplate seismicity at approximately 40  km depth 
toward upper crust. Within this zone, cluster of hypocent-
ers indicate southeast dipping zones in east of Crete that 
corresponds to the horst character of Crete. The seismo-
genic part of the plate contact has a width of approximately 
90 km from the area of Pliny trench in the south to roughly 
the east coast of Crete in the north. The plate contact below 
Crete and north of Pliny trench exhibits seismic behavior 
and therefore seems to be seismically coupled. Seismic 
activity at the plate contact is rather distributed, and we 
observe locked zones and corresponding stress accumula-
tions during observation period.

Seismic activity below Crete is mainly confined to the 
upper 20  km indicating a ductile behavior of the lower 
crust. In the area of the offshore eastern Crete, a SE-dip-
ping seismogenic structure is identified, which combines 
with the seismicity of the Pliny trench at a depth of 20 km. 
The downdip location limit of the seismogenic zone along 
the plate contact below the east coast of Crete complies 
with the idea of a return flow metamorphic material. This 
material is assumed to flow along the hanging wall of the 
subducted slab spreading out beneath the forearc and pro-
ducing the rapid uplift of Crete. We suggest that this region 
constitutes a forearc slice which moves as a rigid block 
accommodating relative motions along the transtensional 
structures of the Pliny trench.
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