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Abstract

Velocity vectors estimated by GPS observations in the Eastern Mediterranean and Middle
East region were used to investigate the crustal strain distribution in this region. Nine years of
data from 1988 to 1997, estimated by McCLUSKY et al. (2000) were used to derive principal
components of strains. We employed the Least-Squares Prediction (LSP) technique to segregate
signals and noise in the data. Estimated signals were used to reconstruct the strains; dilata-
tions, maximum shear strains, and principal axes of strains. Results of crustal strains clearly
portray active tectonic strains in the study region.

There are large convergent strain rates in the Mediterranean Sea, along the Hellenic Arc
and south of it, which are directly related to the subduction of the African plate along this arc.
Large extension strain rates with orientations varying between NNE-SSW and N-S are found in
northern Aegean Sea and northwestern Anatolia. The southern Aegean Sea is characterized by
relatively small strain rates. )

Convergent strain rate is dominant in the northeastern Africa, but occurs at a relatively
low rate. Patterns of strain rates located north and south of the Bitlis suture are quite similar,
suggesting that most of the motion of Arabia is being transferred directly to Anatolia.. East of
the Karliova triple junction (KTdJ), the compressional axes of strains show a tendency of being
more easterly toward the NNE, resulting in shortening normal to the Caucasus thrust front.
There is no indication of active deformation (almost strain-free) along the Cyprean Arc, south
of Turkey, and near the Gulf of Iskenderum. Strain rates and level of earthquake occurrence are
low in the central part of Anatolia, indicating that internal deformation in this region is very
small. The principal axes of GPS strain rates show remarkable agreement with seismic data and
fault plane solutions. In general, distinct seismic clusters accompany the areas of high geodetic
strain rates, whereas the strain-free regions are nearly aseismic.

Key words: GPS data, Crustal strain, Eastern Mediterranean, Least-Squares Prediction, Plate
motion

1. Introduction ’ .

The Eastern Mediterranean and Middle East region has been the focus of intense
geological and geophysical investigations since the advent of modern Earth sciences
(e.g., McKENzIE, 1970; Mueller and KanLg, 1993). It is one of the most tectonically
active areas on the Earth’s surface (e.g., McKenzie 1970, 1972, ArMiJgo ef al., 1999). The
tectonic framework of the Eastern Mediterranean and Middle East region is shown in
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Crustal Strains in the Eastern Mediterranean and Middle East as Derived from GPS Observations
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Fig. 2. Focal mechanisms (lower hemisphere projection) for shallow (depth of <100km),
major earthquakes (M >5.0) (DzIEwoNsKI et al., 1981; JacksoN and McKENzIE, 1988) in the
Eastern Mediterranean region.

Fig. 1. This region has a wide variety of tectonic processes including various stages
of continental collision (Zagros/Caucasus/Black Sea), subduction of oceanic litho-
sphere and associated back arc spreading (Cyprus/Hellenic/Calabrian arcs, Aegean
and Tyrrhenian Seas), continental strike-slip faults (North and East Anatolian and
Dead Sea faults), continental extension (western Turkey/Marmara Sea/Gulf of Cor-
inth), major continental strike-slip faults (North and East Anatolian and Dead Sea
faults), and a variety of smaller-scale processes associated with African-Arabian-
Eurasian plate interactions. All of the above processes are contained within an area
of approximately 1000 X 2000 km? Moreover, the Eastern Mediterranean region has a
remarkably long historic record of major earthquakes (Fig. 2) (e.g., AMBRASEYS, 1975;
AMBRASEYS and JACKSON, 1998).

The present-day geodynamic deformation in the Eastern Mediterranean results
from the relative motion among three continental plates, namely: Eurasia, Africa,
and Arabia (e.g., McKENzIg, 1970). Plate motion models (DEMETS et al.,, 1990; DEMETS et
al., 1994; JesTIN et al., 1994) based on an analysis of earthquake slip vectors, seafloor
spreading, and fault systems indicate that the Arabian plate is moving in a NNW
direction relative to the Eurasian plate at a rate of about 20-25 mm/yr. These models
also indicate that the African plate is moving in a northward direction relative to the
Eurasian plate at a rate of about 10 mm/yr. Differential motion between Africa and
Arabia (~10-15mm/yr) is thought to be taken up predominantly by left-lateral
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motion along the Dead Sea transform fault (McCLuskY et al., 2000). The northward
motion of the Arabian plate results in continental collision along the Bitlis-Zagros
fold and thrust belt, earthquake activity (Fig. 2) and high topography in eastern
Turkey and Caucasus mountains (Fig. 1), and westward extrusion of the Anatolian
plate (McKENzIE, 1970; JACKSON, 1992; REILINGER et al., 1997 a; ARMIIO et al., 1999). The
leading edge of the African plate is subducting along the Hellenic arc at a rate of ~
40 mm/yr, which is greater than the relative northward motion of the African plate
itself (REILINGER et al., 1997 a), requiring a southward movement of the Hellenic arc
relative to the Eurasian plate (e.g., SONDER and ENGLAND, 1989; RovDEN, 1993). On the
other hand, the African plate is also thought to be subducting along the Cyprean arc
and/or the Florence rise south of Turkey, although it is less well defined in these
regions than along the Hellenic arc (e.g., JacksoN and McKENzIE, 1988).

Recently, there has been a significant improvement to the plate motion model for
the Eastern Mediterranean region resulting from an analysis of seismic information,
field studies of surface faulting, and air/satellite images. Using such data, JACKSON
and McKenzie (1988) and Jackson (1992) have suggested that the Aegean Sea and
Turkey consist of separate microplates with Turkey moving towards the west,
relative to the Eurasian plate, at an average velocity of ~37mm/yr accommodated
by an additional N-S deformation of ~11mm/yr in the Aegean, resulting in a total
SW motion of ~41 mm/yr. A large part of this deformation is seismic, as the Aegean
shows a total seismic extension of the order of 20mm/yr (PapazacHos and KIRATZI,
1996). The recent space geodetic data analysis (e.g., OrRAL et al., 1992; Lt PicHON et al.,
1995) has confirmed the westerly motion of the Anatolia plate.

Crustal deformation in the Middle East and Eastern Mediterranean is mainly
occurring at the boundaries of three major plates, Eurasia, Africa, and Arabia, and
the boundaries of microplates including Anatolian and Aegean. Attempts to quanti-
fy broad-scale plate motions and the detailed deformations associated with plate
interactions in this region have used space geodetic observations, which were
initiated in the region in the early 1980s (e.g., SMITH et al., 1994; STRAUB and KAHLE;
1994, 1995; KAHLE et al., 1995; LE PicHoN et al., 1995; NOOMEN et al., 1996; REILINGER et al.,
1997 a, b; Davigs et al., 1997; PLAG et al,, 1998). In this study we use GPS velocity field
compiled by McCLuskY et al. (2000) for the period from 1988 to 1997, and applied the
Least-Squares Prediction (LSP) technique for strain fields analysis developed by
Moritz (1962) for gravity data reduction and introduced for horizontal crustal strains
by EL-Fixy (1998) and EL-Fiky and KaTo (1999). We add a discussion on the results of
strain fields in this tectonically active region, as well as along the boundaries of the
above main and micro-plates, comparing them to the seismicity data and fault plane
solutions.

2. GPS Velocity Field

GPS techniques have been rapidly developed and used for crustal deformation
researches since around 1980 in various regions of the Earth. In the Eastern
Mediterranean region, the GPS measurements were also initiated in 1988. The
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campaign observations have been expanded and repeated in selected parts of the
area each year between 1989 and 1997, except for 1995 (REILINGER et al., 1997 a). There
is a series of published papers concerning displacement field of the Eastern Mediter-
ranean and Middle East based on GPS observations (e.g., KAHLE et al., 1996; PETER
et al., 1998; REILINGER et al., 1997 a; b; STRAUB et al., 1997; and McCLuskY ef al., 2000).
Among the several publications above, we employed McCLUsKY et al. (2000), because
itintegrates all the GPS measurements in the region and gives the data set as a table.
The data length spans over nine years, which is long enough to obtain reliable
velocities at sites. According to McCrusky et al. (2000), the Aegean region of Greece
was observed in 1988/1989, 1992, and 1996 (for details also see KAHLE et al. 1996); in the
West Hellenic Arc region of Greece, observations were made in 1989, 1990, 1991, 1992,
1993, 1994, and 1996; the 1996 West Hellenic Arc survey mainly included observations
from stations from the new Continuous Ionian Network (CION) (PETER et al, 1998);
between 1988 and 1992, measurements were concentrated during alternate years in
western and eastern Turkey, with a sufficient overlap to allow integration of the
networks, but since the 1994 survey, almost all of the stations have been reoccupied
during each survey (REILINGER et al., 1997 a); in addition to these broad-scale surveys
in Turkey a small and relatively dense network of stations spanning the various
strands of the North Anatolian Fault (NAF) in the Marmara region was observed in
1990, 1992, 1994, and 1996 (STRAUB et al., 1997); the Caucasus network was observed in
1991, 1994, and 1996 (REILINGER ef al., 1997b). Regarding the northeastern edge of the
African plate, three stations located on Egypt were observed over a three-year period
(1994-1997). Altogether, 189 stations in total were observed in the Eastern Mediterra-
nean-Middle East region during the period 1988-1997. Fig. 3 reproduces velocity field
derived from GPS observation by McCLUsKY et al. (2000). The velocity field in this
figure is relative to the Eurasian plate, which is defined by minimizing the horizontal
velocities of 16 stations in Western Europe and central Asia. Asis readily seen in this
figure, there is a counterclockwise rotation of central/western Turkey and the
southern Aegean/ Peloponnisos. Northward motions of northeastern Africa as well
as the northern part of the Arabian plate are also clearly seen in the figure.

Monitoring the crustal strain perturbations in space and time is a key to
understanding the physical process in the crust, as well as forecasting crustal
activity. Dense GPS measurements with long time spans provide us with one of the
ideal tools to realize this. In the present study, we try to delineate the crustal strain
of the Eastern Mediterranean using above dense GPS measurements in the data
period and discuss its tectonic implications.

3. Strains Analysis

To delineate crustal strains in the Eastern Mediterranean and Middle East
region, we applied the Least-Squares Prediction (LSP) method used by EL-Fiky and
Kato (1999). The method is a corollary of the least-squares collocation method
developed by Moritz (1962) for the reduction of gravity data. In this method ErL-Fixy
and KaTo (1999) assumed that the spatially distribution of geodetic data [ is given by
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the summation of tectonic signal ¢ and noise z so that it is expressed by the following
observation equation;
l=t+n.

Where ¢ is the tectonic signal vector at the observation points and # is the noise
vector, which represents the measuring error. Here, the signal is the tectonic
deformation that arises from inside and outside the region. Noise is generated from
erroneous fluctuations that are inherent in each of the GPS sites. Such noise stems
from known or unknown sources such as monument instability, underground water
flow, or other artificial causes. This noise may have to be removed to obtain the
crustal deformation of the tectonic origin. Thus, the problem is to extract the signal
S at any arbitrary location from [/ using a filtering technique, considering that noise
n is limited only to the site or adjacent local regions and tectonic signal ¢ may have
rather wider correlations in nature (EL-Fiky and Kato, 1999). Thus, the hypothesis in
which the signal has a spatial correlation whereas the noise does not is made use to
separate them components. Variance-covariance analysis of data is a good measure
to find such spatial correlation. If we assume that the velocity field is isotropic and
homogeneous, the covariance of data is only a function of site distance (e.g., EL-Fiky
et al., 1997). We then demean the EW and NS velocity components and calculate the
variance C;(0)=(X [;[;)/N and covariance C,(d,)=(X [l;I;)/N, of the data for each
component. Here, N is the total number of data sites and N, is the number of data
points within a specific discrete distance interval, from which d, is taken as the
median of this assumed interval. Variances are estimated at each observational site,
whereas covariances are estimated for all site pairs within the assigned distance
interval. Thus obtained variances C; (0) may include signal and noise, but the
covariances C;(d,) include only signals according to the above hypothesis.

The plot of the covariances with respect to distance would be a curve that
naturally diminishes with distance. One simple mathematical function to express
such plots would be a Gaussian function in the following form, C;(d;)=C,(0) exp (-k*d?),
which we choose here as the empirical covariance function (ECF). Two parameters
C,(0) and % are fitted from a covariance plot of the data. C;(0)is the expected variance
at the sites and C,(0)=C,;(0)—C;(0) is considered the noise component at the site. & is
an indication of how far the correlation reaches, which has the dimension of inverse
distance.

The obtained variance-covariance plot and fitted ECF are shown in Fig. 4. The
east-west component where Cy, is the variance-covariance of velocity vectors and the
north-south component where Cy, is the variance-covariance for this component are
shown in Fig. 4 (a) and Fig. 4 (b), respectively. )

Once such ECF is obtained, we can estimate signal S at any arbitrary point from
the following formula (e.g., EL-FIkY and KaTo, 1999);

S=C,CL7 L
Where the matrix Cy is composed of elements ¢y, (1£t£N, 1<s<P, where P is the
number of grid points whose signals are to be estimated); ¢y is given by ¢ =Cy: (0) exp
(-k.ds?) for EW component and ¢y =Cy (0) exp (-k,2ds2) for NS component, respectively,
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(b)

covering the study region.

4. Results and discussion
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Fig. 4. Variance- covariance of displacement vectors for discrete baseline distances and
fitted empirical covariance functions;(a) EW component, and (b) NS component,
respectively. Estimated parameters (Cy(0), Cun(0) and k) for EW component and (Cy(0),
Cyn(0) and k,) for NS component are shown in the figure.

where dg, is distance between the data site and the predicted site. The above formula
was used to reconstruct velocity vectors (signal) at grid points of 10 km X 10 km mesh

Before applying LSP, systematic bias is removed from all site velocities by
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Fig. 5. Observed GPS horizontal displacement vectors and its 95% confidence ellipses at
some sites (black arrows) and predicted one by LSP (grey arrows) for the period from
1988 to 1997,

subtracting the average of velocities. Then, we applied the LSP as described above
to each of the vector components (East-West and North-South) independently. Thus
the obtained variance-covariance plot and fitted ECF are shown in Fig. 4. ECF for
each of the components are fitted to the data. Estimated parameters (EW: &k, C,, NS:
k., and C,, are used to compose the covariances matrices, which can be further used to
reconstruct displacement vectors (signal) at grid points in the Eastern Mediterranean
region (Fig. 4). Then estimated velocities at these grid points are differentiated in
space to obtain crustal strains in this data period.

The obtained covariance functions (Figs. 4a and 4 b) approach zero at distances
of 500 km and 620 km for EW component and for NS component, respectively. These
correlation distances are about three times greater than one of East Asia (Japanese
islands) (KaToet al.,, 1998). This might indicate that the characteristic wave-length of
crustal deformations or crustal blocks are a little less fragmented in the Eastern
Mediterranean region compared with to Japanese islands.

In Fig. 5, we compare the smoothed displacement vectors obtained at some data
points estimated by LSP with the observed one. As is readily seen in Fig. 5, the

observed horizontal displacements and those estimated by LSP are approximately
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Crustal Strains in the Eastern Mediterranean and Middle East as Derived from GPS Observations

the same over the area, but some differences exist.

Figs. 6, 7, and 8 are estimated areal dilatational strains, maximum shear strains,
and principal axes of strains, respectively. These figures, though estimated from
only nine years of data, may well portray the characteristics of the tectonic strains in
the Eastern Mediterranean region.

In northeastern-Africa, convergent strain rate is dominant (Figs. 6 and 8), but it
occurs at a relatively low rate. This might be dué to the subduction of the African
plate along the Hellenic arc and/or Cyprean arc. Maximum shear strain in the
western part of this region reaches 0.04 gstrain/yr and compressional axes oriented
in N-S. The three stations located on the northeastern edge of the African plate
(HELW, MEST, and MATR) used in this study were observed over only a three-year
period (1994-1997). On the other hand, the displacement vectors of these stations
have high uncertainties. Therefore, the reported motions (Fig. 3) are not so reliable
for providing a useful constraint on the Africa plate motion. These stations show a
northward motion relative to the Eurasian plate at rates of 62, 5+2, and 64 mm/
yr, respectively. This is about half of the rate determined by NUVEL-1A (10+1mm/
yr at N2° =2°E).

The strain rates along the Dead Sea fault around station BARG in Fig. 3, are very
low or almost strain-free. The displacement rate of this station, 7mm/yr, is also
slower than the rate estimated for African plate by NUVEL-1A (11+1mm/yr in N2°
+3°E direction). The satellite laser ranging (SLR) observations near HELW and
BARG supported those low GPS rates for northeastern Africa (RoBBins et al., 1995).
The problem with SLR observations is that the results have high uncertainties at
these locations (Helwan, 69 mm/yr at 213° £62°; Bar Giyyora, 9+3mm/yr at 12°+
53°). Thus, the significance of these observations for overall African plate motion is
difficult to determine, because of the possible effects of the Dead Sea fault and/or the
Sinai microplate (e.g., COURTILLOT et al., 1987). On the other hand, the GPS velocity
field (Fig. 3) suggests possible motion across the Gulf of Suze (GZ in Fig. 3) (e.g., JOFFE
and GARFUNKEL, 1987) and the Sinai block (i.e., HELW/MEST and BARG/TELA). In
fact, long span and denser GPS observations are needed to clarify both the low strain
rate and slow rate for northeastern Africa as well as possible motion of the Sinai
block relative to Africa.

Along the Bitlis suture, the collision zone between the Arabian and Anatolian
plates, the strain rates are very low. The velocity field of three sites (KIZI, KRCD,
GAZI), located south of the Bitlis suture on the northern edge of the Arabian plate
shows a NW motion relative to Eurasia (18 F2mm/yr in N24° +5°W direction; 162
mm/yr in N32°£5°W direction; and 15+2mm/yr in N40° +5°W direction, respec-
tively) slightly slower and more westward than NUVEL-1A estimates (251 mm/yr
in N21£5°W direction at KIZI). The slower GPS rates may indicate that stations
along the northern edge of Arabia are involved in the Arabia-Anatolia deformation
and/or that crustal shortening occurs within the Arabian plate to the south, possibly
in the Palmyrides (e.g., CHAIMOV ef al., 1990). On the other hand, the patterns of strain
rates (Figs. 6~8) located north and south of the Bitlis suture are quite similar,
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suggesting that most of the motion of Arabia is being transferred directly to
Anatolia.

The present study shows that there is no indication of active deformation or
there is almost a strain-free condition (Figs. 6~8), along the Cyprean Arc, south of
Turkey, and near the Guif of Iskenderum (Fig. 1). The absence of active deformation
in this region has already been noted by McCLusky et al. (2000) from the GPS velocity
field.

The Dead Sea fault, the East Anatolian Fault, and the Cyprus arc are three zones
that accommodate deformation between Africa and Arabia, Turkey and Arabia, and
Turkey and Africa, respectively. The level of seismicity was too low in the last
century to draw any firm conclusions in the above three zones (Jackson and McKEN-
ZIe, 1988). Historical seismicity is known from all three zones, with occasional large
(M >17.3) earthquakes on the East Anatolian and Dead Sea faults (AMBRASEYS, 1975).
On these large strike-slip faults a substantial part of the deformation may occur
through large, relatively infrequent earthquakes every few hundred years, as seen
with similar faults elsewhere, rather than through the more frequent M=6.0—7.0
earthquakes that characterize the rest of the Mediterranean-Middle East region. The
present GPS data analysis shows that the strain rates are low on the East Anatolian
Fault and almost strain-free along the Dead Sea fault and the Cyprus arc.

In eastern Turkey, east of the Karliova triple junction (KTJ) to north (~41°E
longitude), the compressional axes of strains (Fig. 8) tend to rotate gradually from
NNW to more easterly directions toward the NNE, resulting in shortening more or
less normal to the Caucasus thrust front in Armenia and Georgia. In contrast, the
compressional axes west of the KTJ show a tendency to align in a more westward
direction.

East Turkey and the Caucasus is a zone of widespread deformation separating
Arabia and Eurasia. A study of historical and instrumental seismicity made by
GorsHKOV (1984), in which magnitudes are estimated for ail earthquakes with M >5.0,
shows that no earthquake of a magnitude larger than 7.0 has occurred since 1800 in
this region. The determination of the maximum possible earthquake made by
RiznicHENKO and DzuiBLADZE (1974) also gives the same results. On the basis of the
GorsHkov catalogue, PHILIP et al. (1989) obtained a Gutenberg-Richer law of the form:
log N= 6.07—0.79M (b<M<7) for the region including Great and Lesser Caucasus
and for the period 1900-1980, in which data may be considered to be more or less
homogeneous. On the other hand, the velocity of shortening and the rate of strain
from the accumulated sum of seismic moments of earthquakes in this region are
estimated to be 1.3mm/yr and about 0.005—0.007 ustrain/yr, respectively (JACKSON
and McKEeNzig, 1988; PHILIP et al., 1989). The present analysis shows that the com-
pressional strain reached 0.06 ustrain/yr in this region. This is about one order of
magnitude higher than that attributed to earthquakes. The difference could be due
to aseismic deformation.

There are large, convergent strain rates in the Mediterranean Sea, along the
Hellenic Arc and south of it (Figs. 6 and 8), which is directly related to the accommo-
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dation of ~40mm/yr of shortening between the Island of Crete and the northern
Africa as inferred from the GPS velocity field (Fig. 3). Maximum shear strain rates in
this region reach 0.11 ystrain/yr and compressional axes oriented in SW-NE. Large
principal values of strain rates are found in northern Aegean Sea and northwestern
Anatolia passing the northern part of the Marmara Sea, reaching principal rates of
extension of 0.12gstrain/yr at the western end of NAF zone, and 0.13gstrain/yr at
the North Aegean Trough (NAT). On the other hand, the GPS strain field along the
NAF is clearly visible (Figs. 7 and 8). The southern Aegean Sea and central Anatolia
have low strain rates or are almost strain-free. The low strain rates and low level of
earthquake occurrence (Fig. 2) in central of Anatolia indicate that internal deforma-
tion in this region is very small. The principal axes of GPS strain rates in the
northern Aegean Sea are consistent with those estimated by JAcKsoN et al. (1992)
from seismic data.

In western Anatolia, N-S oriented principal values of extension on the order of 0.1
to 0.12ustrain/yr dominate, with orientation varying between NNE-SSW and N-S.
They are accompanied by normal faulting earthquake mechanisms (Fig. 2) with the
03 axes oriented mostly in the same direction as the GPS derived principal axes of
extension. In southwest Anatolia, segments of the seismic activity associated with
the west Anatolian graben system can be identified. This zone comprises the Gediz,
Medderes, and Gokova grabens, as well as the Fethiye-Burdur zone, which shows
NW-SE oriented rifting with a rate of 0.09 zstrain/yr. In the southeast Aegean Sea a
distinct seismic cluster is visible. This area of extension is seen from the GPS results
with a rate of 0.09ustrain/yr. The focal mechanisms in the southern Aegean are
characterized by thrust faulting with a significant strike-slip component (TAYMAZ et
al., 1991). The trend of the compressional axes derived from GPS is perpendicular to
the arc.

Mainly from geological data and earthquake focal mechanisms, MULLER et al.
(1992) and ZoBack (1992) compiled stress data for the Aegean Sea and western
Anatolia. These studies show dominant N-S extension in western Anatolia and in the
Aegean. Even though data east of 30°E show more scatter for compressive horizon-
tal stress (Smumax) Orientations, they clearly show a change of deformation style to a
more strike-slip type (MULLER ef al., 1992). The Hellenic arc is associated with Simax
orientation consistent with SSW convergence direction between the Aegean Sea
region and Africa. In spite of the scattering of data and the uneven distribution of
sampling sites, the overall pattern is in general agreement with the strain rate field
derived from GPS (Fig. 8), showing strong compression perpendicular to Hellenic arc.
In addition, the present study indicates a relatively strain-free region in the central
southern Aegean (Figs. 6~8), between the volcanic (37° to 38°N) and the non-volcanic
Herllenic arc (35° to 36°N). On the other hand, the high extensional strain rates in the
northern Aegean Sea and in the western Anatolia are consistent with the stress map
of MULLER et al. (1992).

Based on fault plane solutions, TavyMaz et al. (1991) showed that the northern and
central Aegean area is governed by distributed right lateral strike-slip faulting

— 119 —




Gamal S. EL-Fiky

trending NE to ENE. Normal faulting created several prominent basins at the
eastern end of the North Aegean Trough. The GPS strain rate analysis reveals that
extensional strains with orientation varying between NNE-SSW to N-S dominate this
region (Fig. 8).

Components of strain rate tensors based on seismic moment tensor summation
have been recently re-estimated by ParazacHos and KiraTz1 (1996) and converted into
velocities using 63 seismogenic sources in the Aegean and surrounding area. The
deformation along the coast regions of Albania and northwestern Greece down to the
Kephalonia Fault (KF) (Fig. 1) is taken up by compression in a direction perpendicu-
lar to the coast line, at a rate of 4mm/yr in a direction N49°E. The right-lateral
strike-slip Kephalonia Fault demarcates the beginning of the Hellenic subduction
zone. Nearly all seismic events that have occurred south of it, along the Hellenic arc,
have dominant dip-slip thrust mechanisms (Fig. 2). The compressional strain accu-
mulation along the Hellenic arc is also seen in the GPS results (Fig. 8).

Extensional strains in the Aegean Sea and surrounding area have been con-
firmed by the new inversion of seismic events of PapazacHos and KiraTzi (1996). Their
results show extension deformation in this region. Its direction shows an anticlock-
wise rotation in the northern part of this area from east to west. This extension has
a NNE direction in northwestern Anatolia, a NNW direction in the central and
northern Greece, as well as along the southern volcanic arc, and a WNW direction in
the westernmost part of the Anatolia. On the other hand, JACKsON et al. (1992, 1994)
determined the horizontal velocity field from the spatial distribution of seismic
moment tensor of earthquakes in the Aegean region. They found E-W right-lateral
shear in northwestern Anatolia related to motion on the NAF, becoming distributed
as it enters the northern Aegean Sea. Further south, toward the volcanic chain, they
identified N-S extension. In the eastern Aegean seismicity does not account for the
geodetic strain rates observed. JACKsoN et al. (1994) postulated that a seismic strain
deficit or aseismic slip may exist in the eastern Aegean, as well as in central Greece.
Our strain analysis confirms this observation for central and northern Greece in
particular. In a seismic hazard assessment it is important to evaluate which of the
two reasons, strain deficit or aseismic slip, is responsible for this discrepancy.

Strain rates throughout northern Greece are relatively high (Figs. 6~8), and
show a generally north-south extension (typically around 0.11gstrain/yr); ex-
tensional strain rates within southern Greece (Peloponnesos) are relatively low.
Based on seismicity data and fault-plane solutions for southern Italy, ANDERSON and
JACKSON (1987) showed that active deformation varies between N-S shortening and
NE-SW extension on normal faults along the Apennine Chain. The Dinaric coast
region, north Greece, is deforming along strike-slip and thrust faults. A belt of
NE-SW-shortening continues into northwestern Greece with numerous transcurrent
fault systems. E-W-oriented compressional axes of strains are seen in this region in
the present GPS analysis. Maps of in-situ stress measurements compiled by REBAI ef
al. (1992) mainly show N-S extensional stress (Smmax) in central Greece, which is also
seen in the GPS results (Figs. 6~8).
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The southwestern margin of Greece is dominated mainly by the subduction of
the African plate along the Hellenic trench. The most important fault zone taking up
this motion is the right-lateral Kephalonia Fault (KF) (Fig. 1). It separates GPS sites
to the north of it, which show a negligible velocity field relative to the Eurasian plate
(Fig. 3), from sites south of it, which show rapid movement to SW. The variation in
direction and magnitude of principal axes of strains around of the KF is clearly seen
in Fig. 8.

AMBRASEYS and Jackson (1990) have examined the seismicity of Greece for the
period from 1890 to 1988. They concluded that the distribution of large earthquakes
in the 100-year interval is comparable to the last 25-year interval. The most striking
feature of the seismicity of the longer period is the intense activity in the Gulf of
Corinth (GC in Fig. 1) and between the island of Evia (E in Fig. 1) and the Greek
mainland. The present GPS results reveal that this region is characterized by a large
extensional strain. Maximum extension occurs near the region of the graben-type
plains in northern central Greece, which was the site of several strong normal
faulting earthquakes in 1954 (PApasTaAMATIOU and MOUYARIS, 1986), in 1957, and in 1980
(PapazacHOS et al. 1992). Average rates based on seismic moment release for northern
central Greece were estimated as 10mm/yr in the N6°W direction (PAVLIDES et al.,
1995). This rate is considerably smaller than the one obtained from GPS data (KaHLE
et al, 1995). Maximum strain rate estimated by AmBraseys and Jackson (1990) is

0.07ustain/yr, whereas it is about 0.11 g stain/yr from the present GPS analysis. This
discrepancy might be due to aseismic strain release or an apparent seismic strain
deficit because of the short time interval considered for the moment summation.

The present analysis shows that northern Anatolia is dominated by both ex-
tensional and compressional strain rates (Fig. 8). This might be due to the restraining
and releasing of stress along the NAF, which changes its strike on several well-
defined fault segments (BARKA, 1992). Barka and Kapinsky-CaDpE (1988) present de-
tailed geological and seismological descriptions of NAF, including estimates of slip
rates, age of the current fault configuration, and total fault offset. Briefly, NAF
extends from KTJ in east to the Marmara Sea. Dextral slip associated with this 1200
km long fault appears to extend into the North Aegean Sea and possibly connects in
some complex way with the right-lateral lonian transform fault (Fig. 1) (KAHLE et al.,
1995). Rates of slip on NAF are estimated from geological data between 5 and 15mm/
yr (BArkA and KapiNsky-CADE, 1988) and from GPS data between 24 and 30 mm/yr
(McCrusky et al., 2000; REILINGER et al. 1997 a). The discrepancy between the GPS and
geological slip rate estimates suggests that total fault offset might be substantially
underestimated and/or that perhaps as much as half of the Anatolia-Eurasia relative
motion is taken up by unidentified faults or by an elastic deformation of the adjacent
plates. In the last 80 years most of NAF ruptured in a spectacular series of M=7—8
earthquake (e.g., AMBRASEYS, 1970). Focal mechanisms for these and other moderate to
large earthquakes indicate predominantly pure right-lateral strike slip along the
eastern and central segments of the fault transitioning into a combination of right-
lateral and extensional mechanisms along the western segment in the region of the
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Marmara Sea (Fig. 2).
7. Conclusions

The velocity vectors derived from GPS observations in the Mediterranean-
Middle East region estimated by McCLUskY et al. (2000) for GPS data during 1988 to
1997 were used to investigate crustal strains distribution in this tectonically active
region. The Least-Squares Prediction technique was employed to segregate signal
and noise in the observed displacements vectors. Estimated signals were used to
reconstruct the strains; dilatations, maximum shear strains, and principal axes of
strains. The crustal strains estimated from nine years of GPS data accurately portray
the characteristics of the active tectonic strains in this region.

Large convergent strain rates are found along the Hellenic Arc, which might be
related to the subduction of the African plate along this arc. Central Anatolia is
strain-free, whereas northern Aegean Sea and northwestern Anatolia are mainly
occupied by NNE-SSW and N-S oriented extension. The southern Aegean Sea is
characterized by relatively small strain rates.

The internal deformation in the Anatolian plate is very small. Patterns of strain
rates along Bitlis suture suggests that most of the motion of Arabia is transferred
directly to Anatolia. Compressional axes of strains show a tendency of being more
easterly toward the NNE east of the Karliova triple junction (KTJ), resulting in a
shortening normal to the Caucasus thrust front. There is no indication of active
deformation, or almost a strain-free condition, along the Cyprean Arc, south of
Turkey, and near the Gulf of Iskenderum. The principal axes of GPS strain rates are
in agreement with those of seismic data and fault plane solutions. Generally, distinct
seismic clusters accompany the areas of high geodetic strain rates, whereas the low
strain rates regions are nearly aseismic.
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