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Abstract

Routine catalog phase data from the permanent stations of the Greek National Seismological Network were used to relocate
445 aftershocks of the 26 July 2001M 6.5 Skyros (North Aegean Sea) earthquake, using the double-difference (DD) algorithm
of Waldhauser and Ellsworth [Bull. Seism. Soc. Am. 19 (2000) 1353]. The relocated epicenters define two zones: (a) a main
NW–SB cluster of∼27 km length and (b) a secondary less pronounced NE–SW cluster of∼15 km length, which was activated
within 24 h after the mainshock occurrence. Redistribution of stresses due to the occurrence of the mainshock certainly played
a role in this activation. The Skyros mainshock occurred in a region controlled by the activity of the Aegean Sea strands of the
dextral strike-slip North Anatolian Fault (NAF). The main aftershock zone is almost perpendicular to the main tectonic NAF
strands, and confirms that the causative fault strikes NW–SE associated with sinistral strike-slip motion. The 2001 Skyros
earthquake is the first instrumentally recorded event that indicates re-activation of the old tectonic NW–SE trending structures
of continental Greece under the presently acting stress field in a way sketched by Kiratzi [Geophys. J. Int. 151 (2002) 360].
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

On 26 July 2001 (00:21:38.18 UTC) an earthquake
with epicentral coordinates 38.99◦N, 24.36◦E, depth
∼13 km, and moment magnitude,M 6.5 occurred near
the Greek island of Skyros in the North Aegean Sea.
Approximately 90 houses were damaged, mostly old
traditional dwellings in the capital of Skyros. Among
them, the almost 1000-year-old monastery of St.
George the Arab, situated inside the castle, was badly
damaged. Although the earthquake caused this limited
damage to the nearby Skyros Island, it is considered
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to be of great scientific significance. This stems from
the fact that even though the area of occurrence is
known for its dextral strike-slip faults, related to the
continuation of the North Anatolia Fault Zone into
the North Aegean Sea (e.g.Papazachos et al., 1984;
Rocca et al., 1985; Kiratzi et al., 1991; Papadimitriou
and Sykes, 2001), this earthquake provided for the
first time recorded evidence for sinistral strike-slip
faulting in a direction perpendicular to the main tec-
tonic lines (Melis et al., 2001; Benetatos et al., 2002;
Drakatos et al., 2002; Karakostas et al., 2003; Kiratzi,
2002; Roumelioti et al., 2003; Papadopoulos et al.,
2002; Zahradnik, 2002). The general picture of the
area of the 2001 Skyros mainshock is shown inFig. 1.

The aim of the present study is to relocate the epi-
centres of the 2001 Skyros sequence in order to obtain
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Fig. 1. Earthquake focal mechanisms of previous events of the broader area. For the focal mechanisms of historical events and events prior
to 1964 data from field observations and macroseismic data (Papazachos and Papazachou, 1997) are used to hypothesize the mechanism.
The rest mechanisms are fromPapazachos et al. (1998)and Louvari (2000). The mechanism for the 2001 Skyros mainshock is from
Benetatos et al. (2002). The corresponding year or full date (yymmdd) of occurrence is indicated next to each focal mechanism.

an enhanced picture of the seismicity distribution.
Even though routinely determined epicentres are ca-
pable of revealing the rough picture of the seismicity,
they are not suitable for studies of the fine structure
of the causative faults, as their location uncertainties
are sometimes larger than the source dimension itself.
In Greece, the average uncertainties in the catalogue
hypocenter locations are of the order of 12 km in
the horizontal (ERH) and 3 km in the vertical (ERZ)
direction (Skarlatoudis, 2002). Better accuracy in the
hypocentral parameters is also required for more de-
tailed studies, like the slip distribution on the fault
plane (Roumelioti et al., 2003).

The relocation algorithm (HypoDD code) that we
apply is based on the double-difference (DD) tech-
nique (Waldhauser and Ellsworth, 2000; Waldhauser,
2001). The DD technique belongs to the relative
earthquake location methods (e.g.Fréchet, 1985; Got

et al., 1994), which take advantage of the fact that if
the hypocentral separation between two earthquakes
is small enough compared to the event–station dis-
tance and the scale length of velocity heterogeneity,
then the ray paths can be considered identical along
their entire length. Under this assumption, the differ-
ences in the travel times for two earthquakes recorded
at the same station can be attributed to differences
in their hypocenter spatial separation. In this way,
errors due to inaccurately modeled velocity struc-
ture, especially those related to the structure beneath
the recording station, are minimized without the use
of station corrections. Therefore, the technique can
be particularly effective for tectonically complex
areas, such as the Aegean Sea, where inaccurately
modeled velocity structure can introduce signifi-
cant errors into the theoretically estimated travel
times.
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2. Data

The input data for the double-difference earthquake
location algorithm consist of catalogue P- and S-wave
arrival times. We used the arrival times at the stations
of two permanent networks in Greece (Fig. 2) operated
by the Geodynamic Institute of the National Observa-
tory of Athens and the Department of Geophysics of
the Aristotle University of Thessaloniki.

Phase data from the two networks were combined
for all earthquakes recorded within the first 5 weeks
after the Skyros mainshock (27 July to 31 August
2001). From the original data set, we chose only
those earthquakes for which 10 or more phases were
available. Our final data set consists of 8909 P- and
S-wave arrival times, corresponding to 570 earth-

Fig. 2. Regional map showing locations of the permanent stations operated by the National Observatory of Athens (black triangles) and
by the Geophysical Laboratory of the Aristotle University of Thessaloniki (white triangles). The star symbol corresponds to the epicenter
of the 2001 Skyros mainshock.

quakes. The selected phases were subsequently used
to estimate P- and S-wave differential travel times
relative to the routinely calculated origin times of the
earthquakes.

3. Method used

The DD technique is thoroughly described in
Waldhauser and Ellsworth (2000)and only a general
outline is given here. The technique has the capability
of incorporating travel time differences formed from
catalogue phases and/or inferred from cross-spectral
methods. Theoretical travel time differences are also
calculated based on a simple 1D P-velocity model,
input by user, and the residuals between theoretical
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and observed times are minimized in an iterative pro-
cedure.

In the general case where two events are close to
each other compared to the event–station distance and
to the scale of velocity heterogeneity in the broader
hypocentral area, the residual between observed and
calculated differential travel time for the two events
can be calculated as:

drij
k = (tik − t

j
k)

obs− (tik − t
j
k)

cal (1)

wheret is the travel time, superscriptsi and j corre-
spond to the two different events and subscriptk corre-
sponds to a particular observation (e.g. one particular
phase to one common station). The first term of the
right part of the above equation corresponds to the ob-
served (obs) differential travel time of the two events,
while the second term corresponds to the difference
in their theoretical (cal) travel time.

The double-difference equations are derived from
differencing Geiger’s equation for earthquake location
(Geiger, 1910) and have the form:
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This equation relates the residual,dr, between ob-
served and theoretical travel time difference between
the two events (Eq. (1)) to changes in each event’s
locations (x, y, z) and origin time (τ).

In the double-difference earthquake location
method, the partial derivatives inEq. (3) are esti-
mated for each event pair–station combination, and
the resulting equations build up a system of linear
equations of the form:

WGm = Wd (4)

whereG is the matrix of the partial derivatives,m
(�x, �y, �z, �τ)T the matrix containing the changes
in the hypocentral parameters required to improve the

model fit to the data,d the data vector containing the
double differences estimated throughEq. (1)andW a
diagonal matrix used to weight equations.

The above system of equations is finally solved by
the conjugate gradient algorithm LSQR (Paige and
Saunders, 1982) or the singular value decomposition
method (SVD), depending on the amount of data. In
an iterative way, locations and partial derivatives are
updated and data are re-weighted according to the mis-
fit during the inversion and the offset between events.
The LSQR method is more efficient with large data
sets, as it requires small storage, while SVD is appli-
cable to small data sets and provides reliable estimates
of the uncertainty in the relocated parameters.

4. Application

We estimated travel time differences for all the event
pairs with a separation distance less than 10 km, at sta-
tions located within 500 km from the epicentral area
(Fig. 2). In order to optimise the connectivity between
events, the original data set was sub-sampled by re-
quiring each event to be connected to a maximum
of 10 neighboring events that can be considered as
“strong” links. We adopted the typical definition of a
“strong” link (Waldhauser, 2001) that includes at least
eight phase pairs, one for each degree of freedom.

Although we started with an initial data set of 570
events, our final data, fulfilling the aforementioned re-
quirement, consists of 445 well-connected events that
form one large cluster. These events are connected
through a network of links that consists of 22,017 P-
and 13,728 S-wave phase pairs. The average number
of links per event pair is 10, while the average offset
between strongly linked events if of the order of 4 km.

The 445 events were relocated by the conjugate
gradients method (LSQR,Paige and Saunders, 1982),
solving the damped least squares problem. The damp-
ing factor damps the differences in the hypocentral
locations if the vector difference becomes large or
unstable. The choice of the damping factor is rather
empirical and depends on the condition of the system
to be solved, expressed by the ratio of the largest to
smallest eigenvalue (condition number). This ratio is
continuously reported during the implementation of
the HypoDD code. In our case, a damping factor of 50
was found to be appropriate, resulting in empirically
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Fig. 3. Map views of the relocated epicentres (b) using double-difference algorithm from catalogue travel time differences and the corresponding epicentres prior to relocation (a).
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expected values for the system’s condition number
(Waldhauser, 2001).

Regarding the weighting of the data, we tested sev-
eral weighting schemes and found our preferred one by
inspecting the relocation results. Our a priori weights,
used during the first iterations, are equal to 1.0 and
0.5 for all P- and S-wave observations, respectively.
After the first five iterations, we applied a weighting
curve that assigns larger weights for small inter-event
distances and vice versa, to both the P- and S-phase
data (Waldhauser, 2001).

Theoretical travel time differences were estimated
based on the 1D P-velocity model (Panagiotopoulos
et al., 1985) used for routine earthquake location in the
Geophysical Laboratory of the Aristotle University of
Thessaloniki. S-wave velocities were estimated from
this model, assuming aVP/VS ratio of 1.78 (Kiratzi
et al., 1987).

Although LSQR is particularly efficient with large
sets of data, it does not provide a reliable estimate of
the uncertainties assigned to the relocated hypocen-
ters (Waldhauser and Ellsworth, 2000). In order to as-

Fig. 4. Three-dimensional views of the relocated hypocenters in a direction perpendicular to the inferred fault strike. The steeply dipping
fault plane and the diffused western cluster are clearly shown.

sess the true uncertainties we also applied the SVD
method to a subset of the initial data, which includes
150 earthquakes that occurred within the first 24 h af-
ter the mainshock.

5. The relocated aftershocks and their special
features

The catalogue with the relocated hypocenter param-
eters for the 445 relocated events is not listed here but
is available upon request. Based on the analysis of a
sub-set of our data with the SVD method, the average
uncertainty in the new locations is 0.61 km in the E–W
direction, 0.71 km in the N–S direction and 0.87 km
in the vertical direction. The rms residual decreases
from 0.64 s in the initial data to 0.24 s in the relocated
catalogue.

Fig. 3 shows the relocated epicentres (part (b) of
the figure) and also compares them to the routinely re-
ported ones (part (a) of the figure). The improvement
in the location is obvious. There are two clusters of
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Fig. 5. (a–e) Evolution of the aftershock zone during the first 5–24 h after the mainshock occurrence (time intervals beginning at the
mainshock origin time are indicated at the top-right corner of each subplot) used in order to define the fault dimensions. The plots show
the activation of the NE–SW trending aftershock cloud after the first 24 h. (f) The full aftershock sequence from 26 July 2001 to 31
August 2001 where the main NW–SE aftershock zone and the diffused NE–SW cluster are shown.
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the aftershocks, one well pronounced which forms the
main aftershock zone and a spatially smaller clus-
ter orthogonal to the main one. The main aftershock
zone has a clear NW–SE trend connected with sinis-
tral shear motion in accordance with the respective
plane of the focal mechanism (Benetatos et al., 2002).
In this main aftershock zone the larger foreshocks also
occurred with epicentres close to the mainshock. The
second cluster that is less pronounced trends NE–SW
and is associated with the spread of seismicity to
nearby faults. The close proximity of the mainshock
epicenter to Skyros and the fact that a number of af-
tershocks occurred on its northern coastland explains
the damage observed there compared to the Sporades
islands in the north where no serious damage was
reported.

In Fig. 4 we present a perspective view perpen-
dicular to the main aftershock alignment (note that
the vertical scale is exaggerated). The majority of the
hypocenters are concentrated in a narrow zone, delin-
eating the seismogenic fault, which dips steeply to-
wards SW. The scattered seismicity observed off the
main hypocenter concentration belongs to the limited
cluster at the west of the mainshock epicenter. An in-
teresting observation is a slight change in the dip at
a depth somewhere between 5 and 10 km. As a re-
sult, the fault appears to be totally vertical near the
surface.

In Fig. 5 we compare the evolution of the af-
tershocks during the first 24 h (insets (a)–(e)) with
the entire 5-week-aftershock sequence (Fig. 5f). The
fault dimensions are better defined by the aftershocks
occurring within the first hour after the mainshock,
before the seismicity spreads out around the ruptured
during the mainshock area (Mendoza and Hartzell,
1988). Thus, we conclude that the causative fault of
the Skyros mainshock had a length of∼27 km in
accordance with what is expected from empirical re-
lations between moment magnitude and fault dimen-
sions applicable to the Aegean Sea area (Papazachos
and Papazachou, 1997) and worldwide (Wells and
Coppersmith, 1994). Also, Fig. 5a–eindicates that
the NE–SW cluster, whose length is 15 km, was not
activated simultaneously with the main rupture, but
triggered after the occurrence of the Skyros main-
shock. Whether this triggering was due to static stress
changes or dynamic stresses or even a combination
of both processes is hard to tell and is beyond the

scope of this paper.Roumelioti et al. (2003)showed
that the rupture during the Skyros mainshock propa-
gated bilaterally, even though a small NW directivity
component was detected. The fact that the NE—
SW trending western cluster of aftershocks is not
in the direction of rupture probably indicates the
effect of static stress changes rather than dynamic
effects.

6. Conclusions and discussion

Hypocentres of the 26 July 2001 Skyros (Greece)
earthquake were relocated using the double-difference
technique ofWaldhauser and Ellsworth (2000). Cat-
alogue data from two Greek Seismological Institutes
were combined and processed in order to optimize
the connectivity between events. The relocated epi-
centres revealed clearly the NW–SE striking zone
(L ∼ 27 km) related to the seismogenic fault of the
26 July 2001 mainshock. A more diffused cluster
(L ∼ 15 km) at the western part of the activated area
was also detected. Seismicity on this structure was
triggered a few hours after the mainshock. Vertical
cross sections perpendicular to the main aftershock
zone revealed a steeply dipping fault towards SW, in
accordance with the focal mechanism of the main-
shock (Benetatos et al., 2002).

To our knowledge, this work consists the first im-
plementation of the double-difference technique in
the Aegean area. Our results suggest significant im-
provement (rms residual in the relocated epicentres
decreases by a factor larger than 2.5 relative to the
preliminary locations) of the seismicity picture in the
examined area, although in our relocation we used
solely catalogue data. This is very encouraging for fu-
ture applications of the technique in the wider Aegean
Sea area. Supplementary data that may become avail-
able in the future, e.g. cross-correlation data, could
lead to even more accurate relocations.
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