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ARTICLE INFO ABSTRACT

Keywords: The tectonics of northern Aegean are affected by the westward push of Anatolia and the gravitational spreading
Aegean of the Aegean lithosphere that promote transtensional deformation in the area. This regime is also responsible
Greece for the creation of a series of pull-apart basins, collectively known as the North Aegean Trough. This work
Seismicity

accurately relocates a total of 2300 earthquakes that were recorded along the North Aegean Trough during
2011-2016 by stations of the Hellenic Unified Seismic Network (HUSN) and strong-motion sensors. Absolute
locations for these events were obtained using a nonlinear probabilistic algorithm and utilizing a minimum 1D
velocity model with station corrections. The hypocentral depth distribution of these events shows a peak at 8 km
diminishing gradually down to 20 km. A systematic overestimation of hypocentral depths is observed in the
routine locations provided by the National Observatory of Athens where the majority of events appear to be
deeper than 15 km. In order to obtain more accurate relative locations these events were relocated using the
double-difference method. A total of 1693 events were finally relocated with horizontal and vertical un-
certainties that do not exceed 0.11 km and 0.22 km respectively. Well-defined clusters of seismicity can be
observed along the Saros and Sporades basins as well as the Kassandra and Sithonia peninsulas. These clusters
either occur along the well-known NE-SW strike-slip faults bounding the basins, or along normal faults whose
strike is perpendicular to the regional minimum stress axis. Locking depth along the North Aegean Trough is
found to be remarkably stable between 13 and 17 km. This is likely a consequence of simultaneous reduction
along the SW direction of heat flow (from 89 to 51 mW/m?) and strain rate (from 600 to 50 nstrain/yr) whose
opposite effects are canceled out, precluding any sharp changes in locking depth.

Locking depth

1. Introduction

The tectonic setting of the eastern Mediterranean is shaped by the
northward movement and subduction of the African lithosphere along
the Hellenic arc at a rate of 0.9 cm/yr, as well as the westward move-
ment of the Anatolian plate at a rate of 2.4-3.0 cm/yr (Fig. 1)
(McClusky et al., 2000; Nyst and Thatcher, 2004; Hollenstein et al.,
2008; Floyd et al., 2010; Reilinger et al., 2010). This movement of the
Anatolian plate is accommodated by the dextral North Anatolian Fault
which extends from the Karliova triple junction, traversing northern
Turkey and the Marmara Sea before entering the northern Aegean. The
area of the northern Aegean is strongly influenced by the strike-slip
motion imposed by the Anatolian westward movement in addition to
extension due to slab rollback and gravitational spreading of the Ae-
gean lithosphere (Meijer and Wortel, 1997; Kiratzi, 2002; Konstantinou
et al., 2016). This combination creates a transtensional tectonic regime
as attested by a series of pull-apart sedimentary basins that extend from
the Saros Gulf to the Sporades islands, collectively known as the North
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Aegean Trough. These basins are bounded by NE-SW or ENE-WSW
faults exhibiting predominantly shear as well as some extensional de-
formation (Koukouvelas and Aydin, 2002; Papanikolaou et al., 2002;
McNeill et al., 2004; Ustadmer et al., 2008).

Several seismic reflection studies have been conducted in the
northern Aegean with the aim of elucidating the shallow crustal
structure of this area (Saatcilar et al., 1999; Laigle et al., 2000; McNeill
et al., 2004; Ustaomer et al., 2008; Beniest et al., 2016 and references
therein). These studies revealed that in the two largest basins (Saros
and Sporades) the sedimentary layer thickness ranges from 1.5-3.5 km
as a result of mass-wasting and landsliding near their margins. Except
from the well-developed NE-SW faults, the reflection profiles also show
the existence of E-W and NW-SE oriented faults which were interpreted
as Riedel fractures resulting from the transtensional character of the
stress field. On the other hand, the velocity field inferred from cam-
paign and continuous GPS data suggests that there is a counter-
clockwise rotation of Samothraki, Limnos and Agios Efstratios islands
with differential motion that decreases from 20 mm/yr in Samothraki
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Fig. 1. Map showing the broader area of the
northern and central Aegean. The dashed lines
delineate the study area of the North Aegean
Trough. Darker blue color indicates deeper points
in the bathymetry. Solid orange lines indicate
traces of active faults contained in the GREDASS
database (Caputo and Pavlides, 2013). The
yellow stars represent large earthquakes that
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have occurred in the area surrounded by dashed
lines from 1965 until now. Purple beachballs
were taken from Taymaz et al. (1991), red
beachballs are solutions from Global CMT, the
green beachball was adopted from Karabulut
et al. (2006) and the yellow one from NOA, In-
stitute of Geodynamics moment tensor database.
Red triangles represent HUSN stations while in-
verted green triangles are the strong-motion sta-
tions utilized in this study. Diamonds within a
circle depict heat flow measurements taken from
Jongsma (1974) and Pfister et al. (1998) corre-
sponding to a color that varies according to the
scale shown in lower left hand corner. Sp.isl:
Sporades islands, P.p: Pilion peninsula, Ch.p:
Chalkidiki peninsula, K.p: Kassandra peninsula,
S.p: Sithonia peninsula, A.p: Athos peninsula, 1.g:
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lerissos Gulf, S.isl: Samothraki island, L.isl:
Limnos island, AE.isl: Agios Efstratios island, S.g:
Saros Gulf, G.p: Gelibolu peninsula. The inset
map at the top left hand corner shows the geo-
dynamic setting in the eastern Mediterranean
along with the GPS velocity field (after Reilinger
et al., 2010). (For interpretation of the references
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to 7 mm/yr in the Sporades basin (Miiller et al., 2013). This decreasing
trend from NE to SW is also mirrored by shear strain rates that attain
values between 400 and 600 nstrain/yr at Saros and Samothraki, pro-
gressively diminishing to about 50 nstrain/yr or less in the Sporades
islands (Kreemer et al., 2004; Miiller et al., 2013).

The area of the northern Aegean has a rich record of historical
seismicity as demonstrated by several destructive earthquakes with
magnitudes between 6 and 7.5 having occurred over the last few
hundred years (Papazachos and Papazachou, 2003). During the last
50 years several large (Ms or Mw > 5.5) earthquakes occurred that
confirmed the dominance of strike-slip faulting in this area (Table 1 and
Fig. 1). All of these events nucleated along the NE-SW faults that pro-
pagate from the Saros Gulf to the Sporades basin, except from the 1968
event that ruptured a similarly oriented fault segment whose trace
traverses the small island of Agios Efstratios (Pavlides and Tranos,
1991). The latest large earthquake to occur in the North Aegean Trough
was the 24 May 2014 (Mw ~6.8) Samothraki earthquake. This event
exhibited a number of peculiar characteristics such as the lack of large
aftershocks, reduced levels of ground shaking and a super-shear rupture

Table 1

List of source parameters for large earthquakes (Ms or Mw > 5.5) that have occurred
within the study area during the last 50 years. H signifies hypocentral depth while the
letter ‘f” next to the depth value means that hypocenter was fixed during the location. EHB
refers to the global relocation catalog of Engdahl et al. (1998). Focal mechanisms of these
events are shown in Fig. 1.

Date Time Lat Lon H(km) Ms Mw Reference
19650309 17:57:53 39.229 23.826 4.8 6.1 - EHB

19680219 22:45:43 39.369 24.942 8.9 71 - EHB

19750327 05:15:07 40.424 26.143 3.3 6.6 - EHB

19820118 19:27:27 39.949 24.392 15f 6.9 6.6 EHB

19830806 15:43:54 40.107 24.762 10f 6.9 6.7 EHB

20030706 19:10:28 40.427 24.762 18 - 5.7 Karabulut et al.

(2006)

20140524 09:25:01 40.285 25.403 28 - 6.8 NOA

to color in this figure legend, the reader is re-
ferred to the web version of this article.)

speed (Evangelidis, 2015; Saltogianni et al., 2015; Kiratzi et al., 2016).
The installation and continual upgrade of regional seismic networks
improved considerably the monitoring capabilities in this area, how-
ever, available routine locations still lack the resolution needed in order
to be utilized effectively for detailed studies of active tectonics. This is
particularly true when the aim is to investigate hypocentral depth
variations and their relationship with heat flow, which in turn influ-
ences the seismogenic layer thickness and the resulting seismic hazard.

In this work the seismicity distribution along the North Aegean
Trough is studied during the period 2011-2016. Focusing on this period
is justified not only because it includes the seismicity prior to and after
the 2014 Samothraki earthquake, but also because the high-quality data
recorded by a large number of permanent seismic stations allow one to
obtain much more accurate event locations compared to all previous
periods. First, absolute locations of all events are obtained by utilizing a
probabilistic nonlinear location algorithm and by employing a
minimum 1D velocity model. This is followed by a comparison of these
locations with routine locations provided by the National Observatory
of Athens (NOA), Institute of Geodynamics, which is the agency re-
sponsible for the seismic monitoring of the Greek region. Accurate re-
lative locations are then derived and the resulting seismicity distribu-
tion is interpreted in terms of regional tectonics and the prevailing
crustal stress field. The depth distribution of the relocated events is used
to infer fault locking depth, whose relationship with heat flow values is
discussed.

2. Data

The seismic activity in the Aegean Sea is monitored by four per-
manent seismic networks, where the three of them are operated by
Greek Universities (Athens, Thessaloniki, Patras) while the fourth is
operated by NOA, Institute of Geodynamics. In 2008 these four net-
works merged into one network which was named Hellenic Unified
Seismic Network (HUSN) and since then all recorded data are sent to
NOA where routine processing and determination of earthquake source
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parameters takes place. HUSN consists of 120 stations that are equipped
with three-component seismometers representing a mixture of sensor
types (CMG-40 T, CMG-3ESP, Lennartz Le-3D, STS-1, STS-2, Trillium
120P). This network covers most of Greece and specifically for the
northern Aegean its coverage can be considered quite satisfactory with
a good azimuthal distribution around the North Aegean Trough (cf.
Fig. 1). In addition to HUSN stations, several strong-motion sensors are
installed in the nearby islands and their data can also be used increasing
the number of available stations to 32 and improving azimuthal cov-
erage. HUSN had undergone several upgrades in the period 2008-2011,
therefore this study focuses on data recorded from early 2011 until the
end of 2016 when both data quality and quantity was the highest. The
NOA catalog was searched in order to extract earthquake data for the
areas enclosed within the dashed lines in Fig. 1, effectively encom-
passing the North Aegean Trough and its adjacent islands of Limnos,
Agios Efstratios as well as the three peninsulas of Chalkidiki (Kassandra,
Sithonia, Athos). This search yielded a total of 2300 earthquakes, the
majority of them recorded by 8 stations or more. These were manually
picked by NOA staff and for every phase pick a weight factor was also
assigned with ‘0’ weight signifying the best quality pick and ‘4’ the
worst. Most of the P-phase picks had a weight of 0 while the S-phase
picks had weights between 1 and 2. The majority of the earthquakes
during the period of study had local magnitudes smaller than 3.0,
however, two events near Sithonia peninsula had moment magnitudes
of 5.1-5.2 and the 24 May 2014 earthquake near Samothraki had a
moment magnitude of 6.8 (M, = 6.3) as determined by NOA.

3. Absolute locations
3.1. Methodology and results

In the past earthquake locations were usually obtained by applying
different versions of the method proposed by Geiger (1912) that re-
present linearized approximations to the actual nonlinear problem. The
significant improvement in computer power and speed during the last
decade has allowed the application of algorithms that solve the non-
linear location problem without resorting to any such approximation.
The basic concept of these algorithms is that the determination of an
earthquake location can be done by a set of points sampled from the
posterior probability density function (PDF) (Tarantola and Valette,
1982; Moser et al., 1992; Lomax et al., 2000). The number and quality
of the picked phases, as well as the station distribution around the event
have a strong influence on the shape and volume of the PDF. This
means that the sampled PDF can then be used for assessing the accuracy
of the earthquake location since small volume, quasi-ellipsoidal PDFs
signify well-constrained locations. In this study, the software package
NLLOC (freely available at www.alomax.free.fr/nlloc last accessed 16
June 2017) is used in order to obtain nonlinear probabilistic locations
for the earthquakes along the North Aegean Trough. NLLOC estimates
optimal earthquake locations by finding the maximum likelihood of the
nonlinear location of the PDF, utilizing the Oct-tree search algorithm
(for an overview see Lomax et al., 2009). NLLOC also allows the usage
in the location problem of the Equal Differential-Time (EDT) function
(e.g. Font et al., 2004) which is an objective function formed from the
differences between the residuals of one event recorded at a pair of
stations. The combination of EDT with the PDF has been found to
produce robust locations even when large outliers are present.

NLLOC requires that theoretical travel times are pre-calculated
along a 3D grid, whose dimensions in this case were chosen as
500 x 500 x 180 cells with node spacing of 1 x 1 x 1 km. This cal-
culation was performed by using the finite difference algorithm of
Podvin and Lecomte (1991) and utilizing the minimum 1D velocity
model of Karabulut et al. (2006) (hereafter called K06 model) (Table 2).
The K06 model was derived from inversion of travel times of after-
shocks that occurred after the 2003 Saros Gulf earthquake, providing
good raypath coverage over the northern Aegean. As the K06 model
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Table 2

P-wave velocity model of Karabulut et al. (2006) that is
used for obtaining absolute and relative locations of the
earthquakes studied in this paper. The velocity of the
last depth entry is assumed to continue downwards as a

halfspace.
Depth (km) Vp (km/s)
0.0 2.90
2.5 3.80
4.0 5.20
6.0 5.90
12.5 6.25
14.0 6.50
18.0 6.70
22.5 7.00
26.0 7.20
31.0 7.60
35.0 7.75
37.0 7.90
42.0 8.10

included only P-wave velocities, the corresponding S-wave velocities
were obtained by using a mean Vp/Vs ratio of 1.73 estimated from
Wadati diagrams. Stations that were located further inside the Greek
mainland were excluded from the location process for the reason that
the K06 model would become more inaccurate away from the northern
Aegean. The earthquake location using NLLOC was then performed in
two steps: at first initial locations were obtained and mean residuals
were calculated for each station and each phase (P and S) with the aim
of using them as station delays. These station delays were then used as
correction factors for the arrival times of each event and the location
process ran for a second time in order to estimate final absolute loca-
tions. Horizontal and vertical uncertainties for each location were es-
timated by using the diagonal elements of the covariance matrix which
depend on the exact shape of the PDF, thus for an irregular PDF these
would be larger (Maleki et al., 2013).

Fig. 2 shows the locations estimated by NLLOC using the K06 ve-
locity model and station corrections, along with the spatial variation of
the horizontal (ERH) and vertical (ERV) uncertainties. It can be seen
that the largest horizontal uncertainties (> 4 km) are observed for
events located in the Saros Gulf and Gelibolu peninsula which are areas
at the edge or outside HUSN. The remaining events have horizontal
uncertainties of 3 km or smaller while the mean horizontal uncertainty
for all events is 3.2 km. Vertical uncertainties also seem to be larger
than 4 km in Saros and Gelibolu, as well as for events located in the area
between Limnos and Sporades islands. On the other hand, events that
are located near a recording station tend to have smaller (< 4 km)
vertical uncertainty that is closer to the mean value for all events,
which is 3.9 km. The epicenter of the 2014 Samothraki earthquake was
located at latitude 40.3049°, longitude 25.3789° with a hypocentral
depth of 12.9 km ( = 1.5 km). The distribution of seismicity exhibits
significant clustering of events along the fault that borders the northern
edge of the Saros basin, along Sithonia and Kassandra peninsulas, and
the Sporades basin. It is also interesting to note the lack of significant
seismicity along the fault that borders the Sporades basin in the area
between Limnos and Sporades (cf. Fig. 2).

3.2. Comparison with NOA routine locations

An important question is how much improved are the probabilistic
nonlinear locations when compared to the routine locations provided
by NOA. The RMS residual and the hypocentral depth are the two most
suitable quantities for comparison (Fig. 3); this is because the first one
reflects the quality of the location and the suitability of the velocity
model used, while the second represents a parameter that is usually the
most difficult to constrain in location problems. The NOA RMS residual
is spread from 0.2 to 0.7 s with a mean value of 0.4 s and a standard
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Fig. 2. Maps showing absolute locations obtain from NLLOC as a function of (a) hypo-
central depth, (b) horizontal uncertainty ERH, (c) vertical uncertainty ERV. The dashed
ellipse highlights the part of the North Aegean Trough that exhibits little seismicity.

deviation of 0.1 s. On the other hand, the locations obtained by NLLOC
exhibit a reduced residual spread from 0.2 to 0.5 s with a mean value of
0.3 s and a standard deviation of 0.07 s. The distribution of hypocentral
depths is distinctly different, with NOA depths exhibiting a small peak
at 15km and a much larger one at 28 km while many events have
depths between these two values. On the contrary, NLLOC depths ex-
hibit a single peak at 8 km followed by a progressive diminishing in the
number of deeper events down to about 20 km. Taking into account
that the Moho depth in the northern Aegean is rather flat and between
25 and 28 km (Sodoudi et al., 2006), the second peak in NOA depths
seems physically unrealistic. NOA is also routinely inverting HUSN
waveforms for the purpose of determining moment tensors of larger
events (M; > 3.0). This process inverts the waveforms at different
depths and then selects the best solution based on which depth mini-
mizes misfit, or maximizes the variance reduction between observed
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Fig. 3. Comparison between NLLOC locations and NOA routine locations: (a) histogram
showing the distribution of RMS residual for NLLOC locations (red bars) and NOA routine
locations (blue bars), and (b) histogram showing the distribution of hypocentral depths;
symbols are the same as in (a). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Diagram showing the comparison between different estimates of hypocentral
depth for 42 events that occurred in the study area. Yellow stars represent NLLOC hy-
pocentral depths and error bars depict vertical uncertainties. Red squares are depths
obtained after waveform inversion for the determination of the moment tensor. Blue
squares are routine hypocenters determined by NOA. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

and synthetic waveforms (Konstantinou et al., 2010). Since inversions
are performed every 1-2 km, it is possible to compare NOA and NLLOC
hypocentres with these depths. A comparison for 42 events that have
moment tensor solutions, suggests a good agreement between depths
determined by NLLOC and depths obtained from moment tensor in-
version (Fig. 4). This comparison also highlights that the difference
between hypocenters determined by NOA and the other two estimates
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Fig. 5. Summary of the synthetic location tests described in the text. Each map shows the stations used in the test (triangles) and the assumed event location (star). Stations shown as
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referred to the web version of this article.)

is in the order of 10 km or more.

The comparison of NOA hypocentral depths with those obtained by
NLLOC showed significant differences despite the fact that the same
picks were used in both cases. In order to understand better the causes
of this difference, synthetic tests were conducted by assuming three
fictitious events at different locations along the North Aegean Trough
(Fig. 5). It was further assumed that these events were recorded by only
8 stations and that the two closest stations also recorded an S-phase.
Hypocentral depths of 5, 10, 20 km were assigned to each of these
events and synthetic arrival times were calculated using the algorithm
of Podvin and Lecomte (1991) utilizing the K06 velocity model. Three
test locations were performed where during test 1 only the network
geometry was considered as a factor. In test 2 the synthetic arrivals
times were randomized with the addition of Gaussian noise having zero
mean and a variance of 0.05 s for P-phases and 0.1 s for S-phases, as a
means of replicating picking errors. Finally, in test 3 in addition to
network geometry and picking errors, the effect of the velocity model
was also added: the velocity model used to locate the events changed
from K06 to a much simpler one consisting of two layers and a half-
space (layer 1: 19 km, 6.0 km/s; layer 2: 12 km, 6.6 km/s; half-space
velocity: 7.9 km/s; Vp/Vs = 1.73) as the one used by NOA. Synthetic
arrival times were inverted using NLLOC and during all these tests the
epicentral locations were recovered with shifts in the order of 100 m

from the true location. If only station coverage and picking errors are
considered, the hypocentral depths could also be recovered with shifts
of < 2km from the true depth. However, depth accuracy suffers con-
siderably when a simpler model is used for locating shallow events at
depths of 5 and 10 km with shifts ranging from 7 to 10 km from the true
depth (cf. Fig. 5). On the contrary, events with depths of 20 km were
always located near the true depth with shifts of about 2 km. These
results partly explain the occurrence in NOA locations of a significant
number of events in the lower crust (15-20 km), even though the cause
for the mislocation of events in the upper mantle (> 25 km) remains
unclear and may also be connected to re-weighting practices by NOA
staff as a way of minimizing residuals at particular stations.

4. Relative locations
4.1. Methodology and error analysis

For the purpose of enhancing the accuracy of locations obtained
with NLLOC, relative locations were calculated using the double-dif-
ference algorithm (hereafter called HYPODD) of Waldhauser and
Ellsworth (2000). The basis of this algorithm stems from the idea that
when the distance between the hypocenters of two events is much
smaller than their distance to the recording station, then the spatial
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offset of these two events controls their travel time difference at that
station. HYPODD considers pairs of earthquakes recorded at common
stations and minimizes in an iterative way their observed and theore-
tical travel times by adjusting the difference in their hypocentral lo-
cation distance. The algorithm makes use of differential travel times
calculated from catalog data and/or from waveform cross-correlation of
P-/S-waves. To date HYPODD has been extensively used in order to
obtain accurate relative locations as a means of imaging fault structures
in several areas around the world.

Prior to the application of HYPODD differential travel times were
calculated using NLLOC catalog locations, by applying a separation
distance of 10 km for stations located up to 300 km away from the
sources. Each event was required to be connected with 10 other
neighboring events in order to improve connectivity. The neighboring
events are considered strong links only in the case when each link in-
cludes at least eight phase pairs as suggested by Waldhauser (2001). A
total of 2055 events conformed with these requirements, creating a
network of links that consisted of 114,532 P-phase and 58,719 S-phase
pairs. The calculation of differential travel times also yielded the
average number of links per event pair and the average offset of
strongly linked events which in this case were 14 events and 3.5 km
respectively. The percentage of outliers and weakly linked events was
3% and 15% respectively, signifying the high quality and tight clus-
tering for the majority of the data.

The relocation of the events was performed by using the LSQR
conjugate gradients method that solves the damped least-squares pro-
blem and is suitable for large datasets. The damping parameter was
chosen equal to 50 as this value produced condition numbers that were
between 40 and 80 for the majority of the clusters (see Waldhauser,
2001). The a priori weights that were applied to the data were 1.0 for
the P-wave and 0.5 for the S-wave observations while after the first 6
iterations larger weights were assigned to small inter-event distances
for both P- and S-wave observations (e.g. Roumelioti et al., 2003). The
velocity model K06 with a Vp/Vs ratio of 1.73 was again utilized in
order to compute theoretical differential travel times. From the original
2055 events HYPODD finally relocated 1693 events (~82%) due to the
loss of link between events during the iterative relocation process. The
mean value of the RMS residual after the relocation became 0.12s
exhibiting a significant reduction when compared to the mean RMS
residual of NLLOC locations (~0.3 s). Despite its efficiency in solving
large problems, the LSQR method does not provide reliable estimates of
the horizontal and vertical uncertainties for the relocated events. In
order to properly assess these uncertainties four smaller clusters were
relocated using the Singular Value Decomposition (SVD) method.
Table 3 gives detailed information about these clusters and also in-
cludes the average uncertainties of the relocated events in each cluster.
As it can be seen average horizontal uncertainties do not exceed
0.11 km, while average vertical uncertainties attain a maximum value
of 0.22 km.

4.2. Results

Fig. 6 shows a map of the relative locations superimposed on the
traces of known active faults in the North Aegean contained in the

Table 3

Details of the clusters relocated using SVD in order to assess relocation uncertainties. Neq
is the number of earthquakes contained in each cluster, cLat cLon cH represent the cluster
centroid location and depth, and ErrX ErrY ErrZ are the corresponding mean un-
certainties.

ID Neq clat cLon cH (km) ErrX (km) ErrY (km) ErrZ (km)
1 220 40.2157 25.1625 8.6 0.05 0.04 0.11
2 88 40.0206 24.2772 9.5 0.08 0.08 0.22
3 64 39.5316 23.4926 7.6 0.11 0.06 0.19
4 48 39.9266 23.4242 8.0 0.10 0.08 0.20
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Fig. 6. Map showing results obtained after relocation with HYPODD. The color of each
circle corresponds to a depth value according to the scale at the lower right hand corner.
The red star is the NLLOC location of the 24 May 2014 (Mw 6.8) earthquake (see text for
more details). The two green stars represent the locations of the two moderate events at
Sithonia peninsula. Orange solid lines represent active fault adopted from the GREDASS
database (Caputo and Pavlides, 2013). Black solid lines are depth cross-sections shown in
later Figures. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

GREDASS database (Caputo and Pavlides, 2013). It should be noted that
the hypocenter of the 24 May 2014 earthquake was not relocated by
HYPODD, most likely because there were very few nearby events re-
sulting in a loss of links; instead the NLLOC location is being plotted on
the map and on the depth cross-sections. Along the Saros basin seis-
micity is focused on the northern bounding fault, exhibiting an initial
widening of its surface expression and then a progressive narrowing
towards SW. Smaller elongated clusters of events appear on either side
of the main fault most notably near Gelibolu peninsula, to the east of
Samothraki, and to the south of the 2014 earthquake. Depth cross-
sections across the main fault reveal a rather steep distribution of hy-
pocenters, where at shallow depths it looks more diffuse becoming
narrower at greater depth (Fig. 7). These hypocenter distributions seem
to agree well with numerical simulations of damage distribution in
strike-slip faults where the damage zone is broader near the surface and
becomes very localized at depth (Finzi et al., 2009). The cross-section
along the axis of the fault zone shows that near Saros Gulf seismicity
extends to a considerable range of depths (3-20 km) in accordance with
the previous results of Karabulut et al. (2006). To the SW of Samothraki
relocated hypocenters tend to cluster within a narrow depth interval
(7-12 km), leaving an area almost free of any earthquakes. In fact this
area represents one of the two slip patches that ruptured during the
2014 earthquake as derived by Kiratzi et al. (2016) after inverting
teleseismic waveforms (cf. Fig. 7). The other slip patch appears to ex-
tend below the brittle-ductile boundary, reaching very close to the
Moho (~27 km). Even though this feature is unusual Kiratzi et al.
(2016) state that it is not an artifact, as it is required if one wants to
obtain a good fit between observed and synthetic waveforms. Ob-
viously, this issue can be resolved only after inversion of regional weak-
and strong-motion waveforms in order to better constrain the slip dis-
tribution. In the remaining part of the cross-section the hypocenters
move from 15 km to shallower than 10 km and are also looking more
diffuse.

Along the basin that extends from the tip of Athos peninsula to the
Sporades islands the seismicity shows well-defined clusters which
however, do not always coincide with known active faults (cf. Fig. 6).
The most prominent example of this is the large cluster in Sithonia
peninsula that also includes the aftershocks of two moderate earth-
quakes (Mw ~5.1-5.2) that occurred in 14 February and 4 March 2012
and corresponded to normal faulting events. This cluster seems to de-
fine a fault with a length of 25 km that is almost parallel to the faults
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Cc’ C D’ D E E Fig. 7. Depth cross-sections corresponding to the profiles defined
0 . . . 0 . . . 0 . . . in Fig. 6. The red star represents the hypocenter of the 24 May
R 2014 earthquake. The red curves represent the two slip patches
L 5 ] i 5 28 O P L derived by Kiratzi et al. (2016) for this event after inversion of
— og, A 8§ teleseismic waveforms. The unit of the slip contours is meters.
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that traverse lerissos Gulf and Athos peninsula. The cross-section F-F
depicts the hypocenters of the two largest earthquakes at 5-6 km depth,
while all other events extend from 2 km down to about 14 km (cf.
Fig. 8). The geometrical characteristics of this fault imply a rupture area
of 300 km?2. Konstantinou (2014) derived the relationship M = (4/3)
logA + 3.07 (when A > 251 km?) for the Mediterranean region in
order to estimate the moment magnitude M of an earthquake generated
by a fault when the rupture area A of this fault is known. Based on this
relationship, if the fault near Sithonia ruptures during a single earth-
quake, the moment magnitude of such an event will be equal to 6.3. The

close proximity of this fault to densely populated areas in Chalkidiki
warrants further investigation into its seismogenic potential by future
studies.

Cross-section G-G” shows a rather diffuse image of the seismicity
between Kassandra and Sporades that is distributed from a few kilo-
meters from the surface down to 15 km depth (Fig. 8). A well-defined
cluster is located to the east of Pilion peninsula, at the edge of an active
fault imaged previously by Laigle et al. (2000). Cross-section H-H’
shows seismicity extending from the surface down to 13 km, later be-
coming restricted to depths 5-15 km within the Sporades basin. Little
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seismicity is observed along the first 50 km of the NE-SW fault that
extends towards the Sporades islands (cf. Fig. 2). Further to the SW a
large cluster is located close to Sporades islands and other smaller
clusters can be found within the Sporades basin. Cross-section B-B’
along the whole length of this fault reveals that shallow (< 5km)
seismicity vanishes beneath the Sporades basin, becoming shallower
again further SW. This depth distribution agrees well with the bathy-
metry of the basin and the thickness of the deposited sediments which
at the deepest (~1.6 km) point of the basin attains a value of 3.5 km
(Beniest et al., 2016).

5. Discussion
5.1. Seismicity and crustal stress field

As mentioned earlier the North Aegean Trough represents an area
that is affected by deformation due to the combined influence of the
westward escape of Anatolia and the gravitational spreading of the
Aegean lithosphere. Recently, Konstantinou et al. (2016) inverted a
large number of earthquake focal mechanisms in order to obtain stress
axes orientations along a regular grid of nodes with spacing of 0.35° for
the whole of Greece. The resulting stress field exhibited those spatial
variations that were strongly required by the data, since the stress in-
version minimized any difference between each node and adjacent
nodes. For all nodes in the northern Aegean the orientations of the
maximum and minimum stress axes were found very close to horizontal
(plunge 4°-12°), while the azimuth of the maximum stress axis varied
by a few degrees around N283°E and of the minimum stress axis around
N15°E. Uncertainties were estimated using bootstrap resampling and
were found to be 10° or less for both azimuth and plunge of the prin-
cipal stress axes.

Fig. 9 shows a cartoon illustrating the principal stress axes config-
uration along the North Aegean Trough relative to the orientation of
known faults as well as hypothesized faults that correspond to earth-
quake clusters. The main NE-SW fault that traverses the Saros basin
exhibits a dextral strike-slip motion as demonstrated by the focal me-
chanisms of the 2003 and 2014 earthquakes (cf. Fig. 1). It is also op-
timally oriented for failure with respect to the maximum stress axis,

SPORADES
BASIN
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since the reactivation angle 6; has a value of about 33°. The NW-SE
oriented fault that is depicted to the south of the main shear zone has
been inferred from the cluster of events elongated in this direction and
seems to coincide with a fault imaged by McNeill et al. (2004) which
separates the Saros basin into eastern and western sub-basins. McNeill
et al. (2004) suggested that this fault may be a sinistral strike-slip fault
based on seafloor imaging observations of left-lateral displacement of
slump debris. The two other hypothesized faults, the one north of the
main shear zone and the other near Gelibolu peninsula have no kine-
matic indicators, however, the first is almost perpendicular to the
minimum stress axis and the second has an oblique orientation. It is
therefore likely that the first is a small normal fault and the second
exhibits strike-slip with some normal component of motion.

The NE-SW fault that extends from Limnos island to the Sporades
basin forms an angle 05 equal to 66° with the maximum stress axis,
suggesting a severe misorientation with respect to the prevailing stress
field (Sibson, 1990). This is similar to estimates of the reactivation
angle for the 1965 and 1983 earthquakes (62° and 57° respectively) that
presumably occurred along this fault. On the contrary, the 1982
earthquake that is located further away from this fault shows a smaller
reactivation angle of 45°. Even though the accuracy of this location is
not high, taking into account the transtensional tectonics of this area
leads to the speculation that this earthquake might have occurred at a
different fault which may represent an R Riedel fracture relative to the
main shear zone. It is beyond the scope of this work to investigate the
mechanics of reactivation for this severely misoriented fault, however,
low coefficient of friction and/or high fluid pressure in the fault core
are two commonly cited mechanisms (see for example Tembe et al.,
2009). Fig. 9 also includes faults A and B that exhibited substantial
seismicity during the study period. Fault A corresponds to the normal
fault imaged by Laigle et al. (2000), while fault B runs almost parallel to
the coast of Sithonia peninsula and is also normal as indicated by the
focal mechanisms of the two largest earthquakes. Both faults form a
large angle with the direction of the minimum stress axis, confirming
the field observations of Chatzipetros et al. (2013) on the islands of the
north Aegean about the co-existence of main shear zones and smaller
normal faults.

Fig. 9. Cartoon illustrating the configuration of the principal
stress axes determined by Konstantinou et al. (2016) and the
orientation of main fault zones in the study area. The yellow
stars represent locations of moderate/large events. Comb-like
lines represent normal faults (see text for more details). Note
that the length of the lines are not scaled based on the actual
fault lengths. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)

SAROS BASIN
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5.2. Locking depth and thermal conditions

The locking depth of a strike-slip fault can be defined as the depth
that separates the brittle part of the crust where seismicity occurs, from
the deeper ductile part that slips freely without producing any earth-
quakes (Vernant, 2015). There are two ways to infer locking depth,
either from seismic observations of hypocentral depth distribution or
from geodetic observations in the form of GPS velocities. In the North
Aegean Trough Miiller et al. (2013) determined geodetic locking depth
along three profiles that were close to C-C’, D-D’ and H-H’ profiles
shown previously in Fig. 6. Seismic locking depth was then estimated as
the depth value corresponding to the 95th percentile of the depth dis-
tribution for events along these profiles as well as profile E-E’. For
profiles C-C’, D-D’ and E-E’ this estimation was performed using all the
events as well as only the events that occurred before the Samothraki
earthquake. It was found that the locking depth estimated in either way
was almost the same, which implies that seismicity was occurring at the
same depths before and after this large event.

Except from determining seismic locking depth, geotherms were
also calculated for the purpose of investigating the effect of temperature
on the thickness of the seismogenic layer. Calculations were performed
by using the 1D steady-state heat conduction equation and utilizing the
heat flow values closer to each profile (cf. Figs. 1 and 6). The upper
crust was assumed to consist of wet quartzite while the lower crust was
considered to be made of diabase. Table 4 gives a summary of thermal
parameters used in these calculations based on the values given by
Afonso and Ranalli (2004). For profile C-C’ the closest heat flow value is
in Gelibolu peninsula about 20 km away; profile D-D’ falls exactly be-
tween two heat flow values therefore geotherms for both of them are
calculated; profile E-E’ falls only a few km of the heat flow value; and
profile H-H’ falls again between two heat flow values therefore two
geotherms are calculated (Fig. 10). In the case of profiles D-D’ and H-H’
it can be seen that the temperature difference at the seismic locking
depth between the two heat flow values is in the order of 80-100 °C.
This range can also be considered as the uncertainty due to the spacing
of the available heat flow measurements.

For the first two profiles in Fig. 10 there is a significant disagree-
ment between geodetic (< 10km) and seismic locking depths
(16-17 km). A likely explanation for this may be the spatially hetero-
geneous frictional properties at the brittle-ductile transition zone (Jiang
and Fialko, 2016). Causes of this heterogeneity may be spatially vari-
able lithology/pore pressure, or mechanical heterogeneity resulting
from fault immaturity. Indeed, Perrin et al. (2016) classify the western
continuation of the North Anatolian Fault as less mature and therefore
more likely to exhibit such heterogeneity. The disagreement is less se-
vere along profile H-H” where this time the geodetic locking depth is a
few kilometers deeper than the seismic.

Temperatures at the seismic locking depths for profiles C-C’, D-D’
and E-E’ along the Saros basin are in the range of 440-500 °C which
appears contrary to the often cited temperature of 300-350 °C that
marks the base of the seismogenic layer in quartz-bearing crust (Sibson,

Table 4

Summary of the thermal parameters used for calculating the var-
iation of temperature as a function of depth for the four profiles
shown in Fig. 10. These parameters have been adopted from Afonso
and Ranalli (2004).

Upper crust

Thickness 15 km
Heat production rate 1.4 yW/m?
Thermal conductivity 2.5 W/m/K
Lower crust

Thickness 10 km
Heat production rate 0.4 yW/m?*
Thermal conductivity 2.1 W/m/K

380

Tectonophysics 717 (2017) 372-382

1984). Profile H-H” within the Sporades basin exhibits a seismic locking
depth (~13 km) comparable to the other three profiles, even though
temperatures are significantly lower (220-300 °C) and a deepening of
the locking depth should have occurred. The small variations in the
thickness (13-17 km) of the seismogenic layer along the North Aegean
Trough may be attributed to a number of factors such as stress regime,
lithology or strain rates. As already mentioned, stress regime appears
quite uniform along the northern Aegean and Konstantinou et al.
(2016) have classified the principal stress axes of all the nodes in the
area to the strike-slip stress regime. Lithological changes in the form of
a shift from quartz-bearing rocks to rocks rich in feldspar are also
capable of shifting the brittle-ductile boundary to 450 °C in agreement
with the aforementioned temperatures. However, it is difficult to in-
voke lithological changes in the absence of detailed tomographic
images of the upper crust that would support such an interpretation. On
the other hand, the surface strain field affirms a significant variation in
strain rate from 600 nstrain/yr in Saros basin to 50 nstrain/yr or less in
the Sporades basin (Kreemer et al., 2004; Miiller et al., 2013). The effect
of higher strain rates along the Saros basin is that rocks may behave in a
brittle manner at temperatures much higher than 300-350 °C. Even
though lower temperatures in the Sporades basin should have increased
the depth where rocks are brittle, the low strain rates may offset this
effect and limit the seismicity to the top 13 km. It is well known that
near locking depth is the place where all large strike-slip earthquakes
are likely to nucleate, as also exemplified by the nucleation depth
(~13 km) of the 2014 Samothraki earthquake. These results therefore
have important implications for the seismic hazard in this region and
can help towards building rupture simulation scenarios that will pro-
duce strong-motion shaking estimates.

6. Conclusions
The main conclusions of this study can be summarized as follows:

1. A total of 2300 earthquakes that occurred along the North Aegean
Trough and adjacent areas during 2011-2016 were relocated using
arrival times picked from 32 weak- and strong-motion permanent
stations and utilizing a minimum 1D velocity model. Absolute epi-
central locations are very similar to the routine ones provided by
NOA, however, hypocentral depths showed significant differences
with NOA hypocenters that seem overestimated by 10 km or more.

2. Accurate relative locations were obtained for 1693 earthquakes
delineating the main shear zones along the Saros and Sporades
basin, but also a number of smaller faults not included in the
GREDASS database. This delineation generally agrees with the or-
ientation of rupture zones of historical earthquakes that occurred
along the North Aegean Trough published previously by
Papadopoulos et al. (2002). While the main shear zone that tra-
verses Saros basin is optimally oriented relative to the maximum
stress axis, the one that bounds the Sporades basin exhibits a large
reactivation angle implying the occurrence of low friction coeffi-
cient and/or high fluid pressure within the fault core. Smaller
normal faults were found to co-exist with the main shear zones with
an orientation almost perpendicular to the minimum stress axis as
observed in the nearby island of Limnos.

3. Locking depth of the main shear zones, expressed as the 95th per-
centile of the hypocentral depth distribution, is almost constant
between 13 and 17 km throughout the North Aegean Trough. This is
at odds with the trend of heat flow that is increasing along the Saros
basin and decreasing towards the Sporades basin. This discrepancy
can be explained once the strain rates are taken into account that
tend to also increase along the Saros basin, thus allowing rocks to
fail at higher temperatures, and decrease significantly towards the
Sporades basin thus limiting any deepening of the locking depth.
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counts temperature (°C) Fig. 10. Histograms that show the hypocentral depth
distribution along four profiles shown in Fig. 6 along
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