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Abstract. A model is derived for the deformation velocity and strain rate field of the broader Aegean area, using
the most reliable available seismological and GPS data. The data are initially processed separately in order to
define a continuous velocity field using polynomial fits to the original data and the obtained results show a very
good agreement for the two data sets. Using this result, seismological and GPS data are jointly interpreted
assuming that the seismic deformation represents a part of the total deformation, revealed by the GPS data and a
common seismic-GPS deformation field is defined through a non-linear iterative process. The obtained seismicto-total deformation ratio shows that in the strike-slip faulting areas (North Aegean Trough and Cephalonia)
almost all deformation is expressed seismically, whereas the corresponding values are significantly smaller
(around 20-40%) throughout the remaining Aegean area where normal faulting dominates. The final jointly
determined deformation field is more detailed than previous estimations and further supports the idea that the
Aegean should not be considered as a part of a single Anatolia-Aegean microplate, which has been suggested to
perform an almost rigid body rotation. The rotational component of the obtained velocity field, shows a
clockwise rotation in central and SW Aegean and an anticlockwise rotation in the SE Aegean, in very good
agreement with the available palaeomagnetic data. A modified kinematic-tectonic model is presented for the
Aegean, using the final deformation field, as well as the seismological and GPS information used in the study.
1. Introduction
Active crustal deformation studies have traditionally relied on the use of earthquake data. Kostrov (1974)
was the first to demonstrate how one can extend the simple principle of Brune (1968) and estimate strain rates
for a seismogenic volume from moment tensors. Molnar (1979) and Jackson and McKenzie (1988) continued
this analysis and demonstrated how deformation velocities can be calculated on the basis of certain assumptions.
Papazachos and Kiratzi (1992) showed how the moment tensors could be used only for the estimation of the
pattern of deformation, leaving the magnitude of the deformation to be determined from the more complete
seismicity record. Following the ideas of Haines (1982) who estimated horizontal velocity fields using geodetic
observations of shear strain rates, Holt et al. (1991) and Holt and Haines (1993) demonstrated how the velocity
field could be obtained if average strain rates were determined from moment tensor data using the Kostrov
(1974) formulation.
During the last decade, GPS measurements over regional distances have reached the desired accuracy and
provide independent estimates of the total horizontal crustal deformation, which can be directly compared with
the seismological results. These comparisons are very important in order to assign the compatibility between the
two data sets. Both types of data have different sources of ambiguity: Seismicity results often have large errors
mainly due to the uncertainty in the seismic moment and the completeness of the seismicity record (Papazachos
and Kiratzi, 1992), while GPS data sometimes express movements of surficial layers that do not reflect the true
deformation of the whole crust. Moreover, seismological data usually cover a much longer period (typically
hundreds of years) than the GPS data, which span a much shorter time-interval (typically up to 5-15 years). The
most important aspect of this problem is that seismological data only provide the part of the crustal deformation,
which is expressed seismically, while GPS observations are controlled by the total deformation. Therefore, this
comparison allows the estimation of an "efficiency index", that is, the spatial distribution of the seismic to total
deformation ratio.
In the present paper the active crustal deformation field of the Aegean area is examined, as obtained from
both seismological and GPS data. The results from these data sets are compared and combined in order to
determine the main characteristics of deformation for the examined area. The method followed is similar to that
of Holt et al. (1991) and Holt and Haines (1993), extended in order to also incorporate GPS velocity data. The
main modification, as far as the seismological estimates are concerned, is the incorporation of a more detailed
data set for the moment tensors and the use of a new moment rate release distribution for the area based on
recent results (Papazachos, 1999a). The improved new data allow a more detailed study of the active (seismic)
deformation field for the Aegean area. For the GPS observations a database has been compiled using the results
published in previous studies. This data set has been processed in a similar way with the seismological data. The
final comparisons are performed for both the strain rate and the velocity field. A Monte-Carlo approach is used
to model the error propagation in the determined results. Finally, a unified deformation field is determined from
the joint interpretation of both data-sets, as well as an estimation of the spatial distribution of the "efficiency
index" (ratio of seismic to total deformation) is presented for the Aegean area. Moreover, the obtained rotational
component of the velocity field from both seismicity and GPS data is computed and compared with
palaeomagnetic estimates, showing a very good agreement. Appropriate error estimates are computed for all
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model parameters using the same Monte-Carlo approach.
2. Active Tectonics of the Aegean Area
The Aegean area (Figure 1) has always received a wide attention from many scientists, regarding various
aspects of different geosciences. In several cases, fundamental results have been obtained in the Aegean
regarding various geological-geophysical topics, such as basin formation processes due to lithospheric
stretching, etc. A detailed presentation of such results can be found in Jackson (1994). The main reason behind
this natural geophysical-geological observatory is the high deformation rates observed in the area, the highest in
the whole Africa-Eurasia collision zone. More than 60% of the European seismicity, which is the most
prominent manifestation of this deformation, is expressed here with earthquakes with magnitudes up to MW=8.2
(Papazachos, 1990). This deformation is associated with the subduction of the eastern Mediterranean lithosphere
(see figure 1) under the Aegean along the Hellenic Arc (Papazachos and Comninakis, 1969; Papazachos and
Delibasis, 1969; Le Pichon and Angelier, 1979) and the westward motion of Anatolia along the North Anatolia
Fault (McKenzie, 1970, 1972; Taymaz et al., 1991) and its continuation in the Aegean along the North Aegean
Trough. The Aegean exhibits the typical characteristics of a marginal sea, with high heat flow (Fytikas et al.,
1985), volcanic activity along its volcanic arc (Georgalas, 1962) and high magnetic and positive gravity isostatic
anomalies (Voght and Higgs, 1969; Makris, 1976, 1978).
Shallow seismicity extends throughout the whole Aegean back-arc area, mainly associated with normal
faults (McKenzie, 1978), except the North Aegean Trough and the Cephalonia Fault which is the contact
between the Eastern Meditarranean and Adriatic plates (Scordilis et al., 1985) where dextral strike-slip faults are
observed. Of course dextral strike-slip faults due to the Anatolia motion, are also observed in the Aegean much
further south than the North Aegean Trough (Taymaz et al., 1991; Papazachos et al., 1999b). Along the Hellenic
Arc, the subduction results in a high shallow seismicity with low-angle thrust faults (e.g.Papazachos, 1990). The
subduction is clearly identified both by large scale
(Spakman,1988) and local (Papazachos and Nolet,
1997) tomographic studies, as well as by the high
intermediate-depth seismicity which is expressed
along a well-defined Benioff zone (Papazachos and
Comninakis, 1969, 1971, Papazachos et al., 2000).
This complicated geotectonic setting motivated
a number of studies regarding the active crustal
deformation of the area. For the outer Hellenic Arc
various values have been published for the crustal
shortening rate at different segments of the Arc,
ranging between 5-30mm/yr, with an average value
of ~10mm/yr (Jackson and McKenzie, 1988;
Papazachos and Kiratzi, 1996). For the back-arc
area extension velocities have been estimated for
different seismogenic volumes (Tselentis and
Makropoulos, 1986; Jackson and McKenzie, 1988;
Ekström and England, 1989; Papazachos and
Kiratzi, 1992, 1996). In summary, the results show
an average almost N-S extension of the order of
30mm/yr for the whole Aegean area (Papazachos
Figure 1. General features of tectonic origin of the
and Kiratzi, 1996). Jackson et al. (1992) used the
broader Aegean area.
methodology of Holt et al. (1991) and Holt and
Haines (1993) and estimated a continuous horizontal velocity field using local estimates of the strain rate from
moment tensor summation over a 1.5o grid covering the central and eastern part of the Aegean area. Using a
smooth fifth-order polynomial function to approximate the velocity field, they estimated its main characteristics,
as well as the expected fault directions and fault rotations predicted by this velocity field. Furthermore, they have
found a clockwise rotating field throughout the whole Aegean area and explained how it was possible to obtain
both clockwise and anticlockwise block rotations in the same clockwise rotating velocity field.
Recently, high accuracy GPS data have been collected in a large number of field experiments (Biliris et al.,
1991; Oral, 1994; Kahle et al., 1995; Reilinger et al., 1997; Clarke et al., 1998; Straub et al., 1997; McClusky et
al., 2000) for the Aegean area. In general, the deformation pattern predicted by the GPS data seems to be
compatible with previous results inferred from seismicity. A typical example is the existence of a narrow zone
where E-W extension is observed, which lies between the thrust-fault of the outer Hellenic Arc and the N-S
extension field of the back-arc area. This zone has been identified using fault plane solutions (Papazachos et al.,
1984, 1998; Kiratzi et al., 1987) and was confirmed by recent GPS measurements (McClusky et al., 2000).
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3. Estimation of the Velocity and Strain Rate Field From Seismicity and GPS Data for the Aegean Area
In his pioneering work, (Kostrov, 1974) showed that the strain tensor, ε, of a deforming volume, V, where N
earthquakes have occurred with corresponding moment tensors, Mn, could be estimated by:
1 N
(1)
ε ij =
∑ M ijn
2µV n=1
In order to use equation (1) a complete sample of all large events and their corresponding moment tensors for a
large enough time period is necessary. Unfortunately, moment tensors are only available for the last ~30-40
years and usually the corresponding data sets are not complete even for this short period. Moreover, it is
questionable if this time interval is large enough in order to be representative of the deformation field. On the
other hand, the seismicity record is usually much more complete, especially for large events, i.e. for the Aegean
area is of the order of few hundreds of years for the less active areas. Papazachos and Kiratzi (1992) suggested
that the "magnitude" of the deformation could be estimated from the seismicity record through the annual

& , and the "pattern" of the deformation could be estimated from the available fault plane
moment rate, M
0
solutions. These fault plane solutions do not have to be complete in time, i.e. solutions for historical events can
also be included. Using this formulation, equation (1) can be transformed to:

ε&ij =

1 &
M 0 Fij
2 µV

(2)

where F is the "representative focal mechanism tensor", which is given by:
N

N

n=1

n=1

Fij = ∑ M ijn / ∑ M 0n

(3)

where Mijn and M0n are the moment tensor and the scalar moment for each available fault plane solution,

& , in equation (2) can be estimated
respectively (Papazachos and Kiratzi, 1992). The annual moment rate, M
0
independently from the seismicity record. In the present study we use Molnar’s (1979) formulation:

M& 0 =

A
B
• M 01,−max
1- B

bd

A = 10(a+ c ) , B =

b
c

(4)
where M0,max is the moment of the maximum magnitude expected for this seismogenic volume, a and b are the
constants of the Gutenberg-Richter relation and c and d are the constants of the scalar moment-moment
magnitude relation:
logM = c M + d
(5)
0

Using this formulation, the strain rate can be efficiently estimated (e.g. Papazachos and Kiratzi, 1996),

& , using equation (4a) allows for
while the derivation of the deformation through the use of the moment rate, M
0
the incorporation of the effect of smaller earthquakes, which can account for a large percent of the total
deformation rate. For example, in the Corinth gulf
area and using the previously described formulation
Papazachos and Kiratzi (1996) estimated a N-S
extention of ~11mm/yr, whereas Ambraseys and
Jackson (1997) estimated a similar rate of ~10mm/yr
by doubling the rate calculated using only events
with M>6.0, in order to include the effect of smaller
earthquakes.
Jackson and McKenzie (1988) demonstrated that
it is possible to estimate the velocity tensor using
some assumptions for the dimensions of the
deforming zone and its boundary conditions. They
demonstrated that the main problem of this
calculation stems from the fact that from the strain
rate tensor we can only estimate the symmetric part
of the velocity gradient tensor and not its
antisymetric part, which represents the rotational part
of the deformation that can not be resolved due to the
intrinsic limitations of the moment tensor which is
Figure 2. Earthquake epicenters for the period 550BCsymmetric. In order to overcome this problem, Holt
1996 used in the present study. The completeness of the
et al. (1991) and Holt and Haines (1993)
catalogue is also shown.
demonstrated that when the spatial variations of the
strain rate tensor are known, the complete velocity field can be recovered. This is accomplished by estimating a
continuous velocity that fits the strain rate data. Then the velocity gradient tensor can be easily estimated
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everywhere and therefore the vorticity of this field
ω& is also recovered. The fitted velocity field is
usually described by polynomial functions, which
can be determined by an appropriate inversion
scheme so that the difference between the predicted
and observed (from seismicity) strain rates is
minimized.
Haines and Holt (1993) extended their method
for a spherical earth and used an elaborate inversion
scheme that incorporates the possible sources of
misfit between the predicted and observed strain
rates. Jackson et al. (1992) applied this method for
the central and eastern Aegean area, but since the
size of the deforming area was less than 1000km, the
flat earth approximation was employed. They
separated the study area in a grid and estimated strain
rates from the available fault plane solutions of large
events using data from 1903 to 1983. In their
analysis they showed that for the data set used, a fifth
order polynomial and a grid separation of 1.5ο was
appropriate, whereas higher order polynomials or
denser grids did not change the results or led to
unrealistic spatial changes of the strain rate field.
In the present paper, we follow a modified
procedure in order to estimate the velocity field of
the Aegean area. For the estimation of strain rates
Figure 3. a) Geographical distribution of the maximum
from seismological data, we used the method of
magnitude determined in the present study for the Aegean
area. b) Same figure for the moment rate release. Notice
Papazachos and Kiratzi (1992) previously described.
the delineation of certain high seismicity areas (Hellenic
The other modifications concern the data set used,
Arc, Corinth gulf, southern Thessaly, etc.)
the estimation of strain rates from seismicity data
(grid selection, etc.) and the incorporation of GPS
data in the analysis. Earthquake and GPS data are processed both independently and jointly, whereas a full error
analysis incorporates a Monte-Carlo approach.
3.1 Seismicity Data and Estimation of Strain Rates
In order to estimate strain rates using equation (2), we need to estimate the moment rate distribution, as well
as the fault plane solutions of the study area. For the moment rate estimation, equations (4) require that the a and
b values, as well as the maximum magnitude for the seismogenic volume which is examined are available. If the
seismogenic volume is very small, the estimation of these quantities using standard techniques might lead to
results which are not representative of the true seismicity level in the area. For this reason, we used the results of
Papazachos (1999a), who obtained estimates of the distribution of the a and b values for the Aegean area using a
grid of 0.5ο. The data set used was the new seismicity catalogue for the Aegean area (Papazachos et al., 1997)
for the period 550BC-1996. The completeness of this catalogue, which contains more then 3400 events with ΜW
> 4.5 and the corresponding epicenters are shown in figure (2). It is interesting to notice that the major seismicity
areas are clearly identified in this map (North Aegean Trough, Hellenic Arc, Southern Thessaly basin, Corinth
gulf, Cephalonia fault, etc.) The estimation of the a and b values (Papazachos, 1999a) is based on the traditional
"mean value" method (Milne and Davenport, 1969) with the additional assumption that the b-value exhibits
smooth spatial variations. The obtained b-value distribution for the Aegean is almost unchanged when
instrumental or both instrumental-historical data are used, whereas the a-value distribution varies, depending on
the spatial coherency imposed in the calculations. In the present study the a-value distribution determined with
the lowest level of spatial coherency was used, as this computed in Papazachos (1999a), in order to impose the
minimum level of "smoothing" in the seismic strain rate distribution, which is used in subsequent calculations.
A similar approach can be adopted in estimating the spatial variation of the maximum magnitude. For this
purpose, no completeness criteria were applied but the full catalogue including both instrumental and historical
seismicity data is used in order to estimate a smooth distribution of the expected maximum magnitude for the
same 0.5o grid covering the Aegean area, using a procedure similar to the one applied for the b-value
distribution. The final distribution of the maximum expected magnitude, Mmax, is shown in figure (3a). Clearly
the obtained values are strongly affected mainly by the large historical events, which can be recognized in some
areas as smooth high-magnitude "spots". However, this is not necessarily misleading as these large events have
contributed significantly in the released moment rate and their effect is incorporated in Molnar’s equation (4a).
On the other hand, this imposes certain limitations on the accuracy of the obtained moment-rate release, as also
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indicated by Molnar (1979). Papazachos and Kiratzi (1992) also pointed it out this problem though a detailed
error analysis of equation (4a), a point which will be discussed later in the corresponding error analysis.

& , has been estimated and is shown in
Using equation (4a), the final moment rate release distribution, M
0
figure (3b). Clearly this moment rate map preserves the signature of the major rupture zones identified by highseismicity areas of figure (2) and quantifies the seismic energy release for each zone. The obtained moment rate
values are in very good agreement with estimates independently obtained for various seismic zones in the
Aegean (e.g. Papazachos and Kiratzi, 1996).
For the fault plane solutions, the available data sample concerns a much smaller time period for which
reliable solutions are available. As a basis for this data set we have used the 127 fault plane solutions listed by
Papazachos and Papazachou (1997) which correspond to shallow events (h<60km) up to 1995 with equivalent
moment magnitude M>5.5 and have been defined by waveform modeling or first motions of long-period
recording for older events. This data set has been updated to include the corresponding events up to 2000, as well
as some recent smaller events (MW>5.3) for which reliable waveform modeling fault-plane solutions were
available. Also, observations for 10 large events (M>6.7) for which information from surface ruptures was
available (also listed by Papazachos and Papazachou (1997)) were also used, resulting in a final data set of 186
fault plane solutions. These fault plane solutions are presented in figure (4), where they are divided into four
main groups, on the basis of their
faulting type and fault orientation.
The first group (figure 4a)
includes all thrust faults, which are
found along the Hellenic Arc and
their continuation north of the
Cephalonia fault along the western
coast of northern Greece, Albania and
Montenegro (see figure 1). The
presence of these thrust faults is
clearly associated with the subduction
of the eastern Mediterranean beneath
the Aegean (Papazachos and
Delibasis, 1969) and the continentalcontinental type collision of the
Adriatic (Apulia) microplate with the
western
Greek-Albanian
coasts
(Anderson and Jackson, 1987).
The second group of fault-plane
solutions (figure 4b) includes all
strike-slip faults, which are located in
two areas. The first area covers the
westernmost section of the North
Anatolian Fault and its continuation
along the North Aegean Trough,
Figure 4. Spatial distribution of the 186 fault plane solutions used in the
where dextral strike-slip faulting
present study: a) Thrust fault plane solutions, b) Strike-slip fault plane
dominates (McKenzie, 1970, 1972;
solutions, c) Normal fault plane solutions corresponding to approximately
N-S trending faults, and d) Normal fault plane solutions corresponding to
Taymaz et al., 1991). This dextral
approximately E-W trending faults.
strike-slip zone appears to be
interrupted along the Greek mainland
and to continue in the area of the Cephalonia fault (Scordilis et al., 1985). Recently, similar faulting has been
proposed for the NW Peloponnesus area (Papazachos et al., 1998, 1999). The possible existence and extent of
dextral strike-slip faulting on the Greek mainland, as well as in the southern Aegean is still an open question,
although large strike-slip events have not been observed in these areas.
The third and fourth group of faults (figure 4c and 4d) both correspond to normal faults. In figure (4c) a
narrow zone of almost N-S oriented normal faults can be identified, which more or less runs parallel to the thrust
fault zone (figure 4a) at an average distance of 50-70km. The presence of this zone is clearly related to the
subduction-collision tectonics of the thrust-fault zone and several mechanisms have been proposed for its
existence (e.g. Armijo et al. (1992)). However, the largest part of the back-arc Aegean area is dominated by
normal faults which have an E-W trend on the average. This zone extends from southern Aegean all the way up
to southern Bulgaria and partly overlaps with the dextral strike-slip fault zone in the northern Aegean.
In order to determine the spatial variation of the fault-plane solutions, the corresponding moment-tensor
elements and the stress field we have followed the approach of Papazachos et al. (1999) who used fault plane
solutions for 52 large events, as well as surface fault traces, macroseismic data, and clustering of small events to
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define the rupture zones of 150 large shallow events in the Aegean area since 426BC. Using these rupture zones,
they defined the stress field for 36 "clusters" which show a coherent stress field. Using the information presented
in their work, as well as the much larger data-set of fault plane solutions previously mentioned we have modified
their results and recalculated the average stress-field characteristics for 39 clusters. The typical fault plane
solutions which correspond to the obtained stress field are shown in figure (5a), while the corresponding
information (cluster location, P and T axes) of each cluster is shown in Table (1).
In order to determine the strain rate, it was necessary to regionalize this stress field and estimate the stress
field for the same 0.5o grid for which moment rates were available. For this reason, all the previously described
fault plane solutions for the Aegean area were used, in addition to the existing information provided by
Papazachos et al. (1999). Moreover, for areas where the data coverage was relatively poor additional
information from microseismicity (e.g. Hatzfeld et
al., 1988), neotectonic (e.g. Pavlidis, 1996; Doutsos
and Kokkalas, 2001 ) and geomorphological data were
also taken into account.
The final distribution of the stress field in the
Aegean area is shown in Figure (5b). Since in this
figure the horizontal projections of the P- and T-axes
are plotted, in several cases the axes orientations are
not normal. Cells for which no fault plane solutions
were available are shown either in light-gray (quite
reliable) or in dark-gray (less reliable), depending on
the amount and quality of additional information
which has been used in order to associate each cell
with one of the defined stress-field clusters. For
instance, in cases when a cell was located along a
well-defined seismic zone, e.g. along the North
Aegean Trough for which seismological, neotectonic,
historical, macroseismic and geomorphological
information show the existence of strike-slip faulting,
the stress-field was determined from the neighboring
cells and was considered as relatively reliable (lightgray color in figure 4b). For several cells for which
seismicity level is very low and no reliable
information could be used the stress axes have not
been defined.
It should be pointed out that the stress-field
presented in figure (5b) is defined using the
eigenvalues of the averaged unit-scaled moment
tensors of the corresponding fault-plane solutions,
calculated using the relations of Aki and Richards
(1980). The estimation of this "representative focal
mechanism tensor", F, for each cell as described by
Papazachos and Kiratzi (1992) and used in the present
work does not involve any inversion scheme for the
determination of the spatial distribution of tresses (e.g.
Gephart and Forsyth, 1984). The main reason for this
Figure 5. a)Stress field for the 39 clusters determined for
approach is that the modification of Kostrov’s method
the Aegean area (modified from Papazachos et al.,
employed in the present study essentially relies on
1999). b)Geographical distribution of the stress field
moment tensor and not stress-field information, hence
after regionalization of the previous figure for the 0.5o
figure (5) practically corresponds to the spatial
grid used in the present study.
distribution of the eigenvalues of the unit-scaled
average moment tensor, F. Moreover, the complexity of the active tectonics of the area and the faulting pattern
revealed by figure (4) suggests that it is better to proceed in the regionalization of the stress field distribution
through a careful data examination and joint evaluation with independent information (neotectonic,
geomorphological, etc.), as is done by Papazachos and Kiratzi (1992, 1996), Papazachos et al. (1998, 1999) and
in the present work.
The distribution of the moment rate (figure 3b) and the stress field (figure 5b) can be used in order to
estimate the final variation of the strain rate in the Aegean area. For each cell the "representative focal
mechanism tensor", F , can be estimated using the relations of Aki and Richards (1980). Using equation (2), the
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strain rate tensor can be computed for each grid cell using the corresponding values of F and

M& 0 . We should

point out that the cells of very low seismicity where no data were available and the stress field was not
determined (see figure 5b) have no influence on our calculations as they correspond to zero-strain cells. Hence,
the strain-rate tensor was set to zero for these cells, which corresponds to a simple "transfer" of the velocity field
across the cell borders. In total, the strain rate was determined for 307 out of the 408 grid cells defined for the
Aegean area.
For all the previous computations, a grid of 0.5o was selected. There are two reasons for the selection of
such a small grid size. The first reason is that the data set used in the present study is much larger than previous
studies. The larger and more detailed data set allows us to
retrieve smaller scale features of the velocity field, as is
presented in the subsequent analysis. The second reason is
that due to the large time span of the data and the procedure,
which allows for a reliable estimation of the seismicity
distribution, the results for a cell of 0.5o are robust. Therefore,
they are more likely to represent the long-term characteristics
of the deformation field, without loosing most of its detailed
features.
3.2 GPS data
A variety of geodetic experiments using GPS have been
conducted in the Aegean and surrounding area in the last
decade (Oral, 1994; Straub, 1996; Kahle et al., 1995;
Reilinger et al., 1997). The original data were not
homogeneous with respect to the way they were processed or
their reference sites which have been adopted for the final
solution. As a result, velocities relative to Europe refer to
either Onsala (Sweden) or to Wettzell(Germany), depending
on the specific choice of each study. However, if we take into
account that the internal deformation in Europe and between
Wettzell and Onsala is very small, as well as the observation
that the magnitude of the reported velocities from these studies
is relatively large (5-45mm/yr), we can conclude that that any
errors regarding the choice of the reference site in Europe are
not significant, as has been also shown by Papazachos
(1999b).
Recently, McClusky et al. (2000) reprocessed original
data from various GPS campaigns and presented a large
number of GPS velocity vectors for the whole eastern
Mediterranean, including the broader Aegean area. Although
the results presented in this work overcome the limitations of
the reference system etc. previously mentioned, a significant
number of GPS sites from previous studies were not included.
For this reason, we have used all previously published GPS
Figure 6. Comparison between the observed (a)
results and created a unified GPS dataset, using the McClusky
and polynomialy fitted (b) velocity field of GPS
et al. (2000) dataset as a reference system where all individual
measurements for the broader Aegean region.
GPS data sets have been adapted by appropriate
The predicted velocity field and the
transformation, similar to the approach adopted in previous
corresponding 1-sigma errors are only shown
GPS studies e.g. Kahle et al. (1998). The unified GPS data set,
for areas where original GPS observations were
shown in figure (6a), is compatible with the main features of
available. (c) Misfit of the polynomialy fitted
velocity field as a function of polynomial degree.
the velocity field defined using GPS and earthquake data, as it
A N=6 order polynomial was finally adopted.
has been presented for the whole Aegean area in previous
studies (e.g. Jackson et al., 1992; Reilinger et al., 1997; Le
Pichon et al., 1995; Oral et al., 1995; Kahle et al., 1998; Papazachos, 1999b; McClusky et al., 2000). The
Aegean area is moving towards the SW, relative to Europe. The deformation velocities increase significantly
from the western coasts of Turkey towards the southern Aegean. This increase can be attributed to the N-S
extension in the Aegean area, which is probably caused by the slab-pull forces of the subducting Eastern
Mediterranean lithosphere under the Aegean. Although, GPS observations from Turkey suggest that the Turkish
microplate (Anatolia) performs a rigid body rotation (Oral, 1994; Oral et al., 1995; Reilinger et al., 1997) recent
work based on seismological and GPS data (Papazachos, 1999b; McClusky et al., 2000) shows that the southern
Aegean performs a roughly translational motion towards the S-SW, as is shown in figure (6a).
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3.3 Obtaining a Continuous Strain Rate and Velocity Field From Seismological and GPS Data
In the previous sections, a discontinuous stress-strain rate (seismological) and velocity (GPS) field was
presented for the Aegean area. In order to obtain a continuous field, we follow Holt et al. (1991) and Holt and
Haines (1993) and use polynomial function to approximate the velocity field. Here, we simplify the analysis and
use a simple planar latitude (φ) - longitude (λ) coordinate system. Since the latitude-longitude coordinate system
does not have a uniform scale, we have instead adopted the corresponding Transverse Mercator coordinates,
Northing (Νa) and Easting (Εa). The choice of the axes for this coordinate system is determined from the
boundary conditions, which depend on the specific choice of the reference system. Since for the GPS data, all
relative velocities refer to stable Europe, we have also chosen our reference system so that one axis lies on
Europe. This axis (longitude) has been placed on the northern border of the study area, that is, at the latitude 43o
N, where we assume that we have no deformation velocity relative to Europe, similar to previous studies (e.g.
Jackson et al., 1992). The other axis (Northing-approximately corresponding to latitude) was arbitrarily chosen
to lie at the longitude of 18o E. Of course, some additional deformation may occur between the selected latitude
and northern Europe where the GPS reference sites are located, but this deformation is very small compared to
the corresponding deformation of the Aegean area. Moreover, contribution from different stress regimes
(extension - compression) will result in the partial annealing even of this small deformation, hence practically
eliminating any significant effect on our results.
Using this assumption, the velocity field for the Aegean area can be represented by polynomial function of
degree N. Taking x=Εα-Εα(λ=18ο) and y=Να(φ=43ο)-Να, we can define the following relation for the two
horizontal components of the velocity vector, u:
N

ux / y = ∑
k =1

k

∑a
l =1

x/ y
kl

x k −l y l

(6)

Notice that all polynomial terms in equation (6) contain y in order to return a zero velocity at y=0 (φ=43ο). The
constants aklx/y need to be defined in order to determine the continuous velocity field. From equation (6) we can
estimate the following components of the strain rate tensor:

ε&xx =

∂u
∂u x
1 ⎛ ∂u ∂u ⎞
, ε& yy = y , ε&xy = ⎜⎜ x + y ⎟⎟
∂x
∂y
∂x ⎠
2 ⎝ ∂y

(7)

Combining equations (6) and (7a,b,c) a complete expression for the ε&xx , ε& yy and ε&xy can be derived.
Writing equations (7) for K grid cells, a linear system of 3K equations can be defined from the earthquake data
( ε&xx , ε& yy and ε&xy determined from equation 2) from which we can determine the N(N+1)/2 unknown
polynomial constants aklx/y. Since usually 3K>>N(N+1)/2, the system is over-determined and it can be solved in
the least-squares’ sense.
For the geodetic data there are several methods for obtaining the velocity or strain rate field (e.g. Moritz,
1980). In the present study we extend the approach previously described to the estimation of a continuous
velocity field from GPS velocity data. Therefore, equation (6) was used for the GPS data and a similar linear
system was determined using the available GPS observations. For K GPS observations we have 2K linear
constraints (velocities in equation 6) which are used to determine N(N+1)/2 polynomial coefficients and the
corresponding linear system is similarly solved in the standard least-squares’ sense. It should be also noted that
for each GPS datum two equations are available (ux and uy) whereas for each strain rate datum (from earthquake
information) three linear constraints (see equation (7a,b,c)) can be formed. Of course, once the polynomial
coefficients are determined, equations (7a,b,c) can be applied to estimate the strain field from the GPS data.
For the Aegean area 234 GPS observations were used, while in several cases alternative estimates were
available from different campaigns for the same site. However, the area covered by the available GPS
observations was much smaller than for the results obtained from seismicity data as can be seen when comparing
figures (5) and (6a). Since the determination of the velocity polynomial (equation 6) is essentially an
optimization (fitting) problem in the least-squares’ sense, the estimation of velocities outside the area covered by
the GPS data corresponds to an extrapolation which can lead to large errors. For this reason the polynomial fit
and the corresponding predicted velocities were restricted in the polygonal area shown in figure (6a), which is
drawn by a solid line.
The velocity field, which was determined using the polynomial fit previously described is shown in Figure
(6b) where velocities are only shown for the area inside the above mentioned polygonal area for which original
GPS observations were available. The predicted velocities are shown for the same 0.5o grid for which moment
rates are available and 1-sigma error ellipses are also shown for each velocity vector as they are calculated from
the a posteriori covariance matrix of the least-squares solution. A N=6 order polynomial was selected for the
fitted velocity field, as can be seen from the inset figure (6c), where the misfit (RMS) variation as a function of
the polynomial order is shown, since for larger polynomial orders the misfit reduction was not significant. The
comparison of figures (6a) and (6b) shows that a very good agreement between the observed and fitted velocities
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can be observed. Moreover, figure (6c) shows that our smooth velocity field can fit the original GPS data with a
remaining RMS misfit of 3mm/yr. This remaining misfit can be attributed to both errors in the original GPS
data, as well as to the internal variability of the GPS data, which cannot be explained by smooth polynomial
functions.
For the seismicity (strain rate) data the estimation of a continuous velocity field is not as straightforward as
for the GPS data case. The main reason is that the errors involved in the estimation of strain rates (equation 2)
can not described by a simple covariance matrix. This problem arises from the fact that errors in are almost
lognormal and can reach up to a factor of 2-3 (Papazachos and Kiratzi,1992), while errors in F are smaller but
quite difficult to model. For this reason we followed a simple Monte-Carlo approach where random errors were

& , which controls
introduced to these two components which are used in equation (2). For the moment-rate, M
0
the deformation rate a lognormal distribution with a typical error of 200% was adopted (factor of 2), in
accordance with Papazachos and Kiratzi (1992). For the components of F a typical solid angle error of 10o was
used for its eigenvectors, which corresponds to the principal stress components (P, T and Null axis) as previously
explained. This error was chosen to increase to 20o and 30o for cells with no fault-plane solutions which have
been determined to be more (light-gray in Figure 5b) or less (dark-gray in Figure 5b) reliable, as previously
described. Although the choice of this increase of the typical error was made rather arbitrarily, larger values did
not have important influence on our calculations as the corresponding cells are usually of lower seismicity
(hence smaller strain-rates) and do not have a large contribution in the determination of the velocity field
(equations 6 and 7). Using these error distributions we introduced random errors in

M& 0 and F and applied

equation (2) for the strain rate estimation. This procedure was applied repeatedly (typically more than 2000
times) for each of the 307 cells shown in figure (5b) and the corresponding strain rate components were used in
equation (7) for the determination of a unique velocity polynomial (equation 6), as previously described.
For the final estimations 921 linear constrains (strain-rate components) were available from the seismicity
data. The determination of the 72 polynomial constants was performed using SVD and the standard leastsquares’ solution was determined. Haines and Holt (1993) use a sophisticated inversion scheme which takes
into account the expected misfit between the observed and predicted strain rates, in order to determine the
polynomial coefficients of equation (6). However, the motivation behind such an inversion technique was the
fact that in their studies the estimated strain rates usually referred to large scale areas and often the strain rate
was assumed to be constant for regions of varying size, which are expected to have different influence on the
final solution. For the Aegean, the data set of Jackson et al. (1992) exhibited gaps in the areas where e.g. no
fault plane solutions were available. In the present
study we do have such difficulties: the size of all grid
cells is the same and the data set is significantly larger
which results in a dense coverage of the study area.
Therefore, the simple least-squares’ inversion is
adequate and no special damping-smoothing
constraints need to be added in the final linear system.
It should also be pointed out that such constraints were
already implicitly used in the seismicity parameter
calculation (Papazachos, 1999a), which is the most
important estimation as it affects the size of the
deformation in each cell.
In general, the distribution of the estimated
horizontal strain-rate tensor components show a much
higher spatial variability that the GPS velocity data,
requiring a higher polynomial degree. After several
trials a N=8 order polynomial was used in order to
approximate the velocity field, corresponding to a N=7
order polynomial for the strain-rate field with a final
Figure 7. The continuous velocity field of the broader
Aegean area relative to Europe as determined from
earthquake data.
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misfit strain-rate misfit of 3.3*10 /yr.
Higher
polynomial degrees resulted in smaller misfits between
the estimated and fitted strain rates, e.g. for N=11 the
strain-rate misfit dropped to 3.0*10-8/yr. However, in all cases of N>8 the condition number of the
corresponding final linear system (equations 7) had very large condition numbers (exceeding 106 for the normalequation matrix) leading to unstable solutions. Moreover, the number of polynomial coefficients increases
significantly with polynomial order, without a significant reduction of the misfit. On the other hand, the
relatively high polynomial order used reflects the high resolving power of the data set used in the present study,
which allows the retrieval of medium-to-small scale spatial changes of the deformation.
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Figure (7) shows the average velocity vector for each of the examined cells obtained using the random-error
approach previously described. Moreover, the 1-sigma error ellipses estimated by fitting a 2-dimensional
Gaussian distribution to the velocity vectors obtained for each grid cell are also shown. In general, the velocity
field obtained from seismological data is quite similar with the velocity field of the original (figure 6a) or
polynomially fitted (figure 6b) GPS observations. Both velocity fields are of similar magnitude order and show
the same general SW direction. Moreover, additional smaller-scale characteristics are also compatible, e.g. a
clockwise rotation of both velocity fields is observed for the western Greek mainland while a anticlockwise
rotation is recognized in SW Turkey and the neighboring Greek islands. It should be noted that the velocity
errors from the seismological data are quite large due to the large errors involved mainly in the moment-rate
estimation.
3.4 Obtaining a Continuous Velocity Field From a Joint Interpretation of Seismological and GPS Data
Although the comparison of figures (6) and (7) shows many common features in the finally determined
velocity fields, important differences can also be observed between the results obtained from the seismological
and GPS data. Specifically, GPS velocities are in general systematically larger and in the southern Aegean the
velocities obtained from the seismological data are almost N-S oriented in this area (e.g. Crete) with an angle of
20o between the two velocity vectors. The smaller-magnitude of seismological velocities show that information
from GPS observations concern the total deformation in the study area, whereas seismicity data only give us the
part of the deformation, which is expressed through earthquakes. Under this assumption, a comparison of the
magnitude of the deformation estimated in the present study from GPS and earthquakes will allow us to find the
distribution of this "efficiency index", r. Moreover, if this "efficiency index" was uniform then the velocity field
determined from the seismological data would be a scaled-down version of the GPS velocity field, hence no
azimuthal differences would be observed. Therefore, the observed azimuth differences previously mentioned
suggest that a spatial variation of r might be expected for the study area. Moreover, it can be expected that this
ratio will depend on the seismotectonic properties of each region, therefore we can reasonably assume that is
exhibits a relatively smooth spatial distribution.
It is clear that the estimation of r cannot be made using velocities. In the case of earthquake data, the
velocity vectors are a result of the integration of strain rates which are spatial derivatives of velocities (equations
7). In the simple 1-D case, if we denote this efficiency index as r, the velocity determined by seismicity data at
distanse L from the starting point where the velocity is assumed to be zero is given by:
∂u x E
(8)
u LE = ∫
dx = ∫ ε xxE dx = ∫ rxε xxGPS dx ≈ r ∫ ε xxGPS dx = r u LGPS
L ∂x
L
L
L
where the E and GPS subscripts denote components estimated by earthquake and GPS data, respectively, and r is
the average value or the efficiency index over the range 0 to L. From this result it is clear that velocities will give
us an average "efficiency" index which refers to the area between each point and the area where deformation
velocities are assumed to be zero (φ=43οΝ in our case). Therefore, it is evident that such comparisons should be
made using velocity derivatives (strain rates, vorticity, etc.).
On the basis of the previous discussion, the following relation was assumed between the strain-rate tensor
components for the seismological and the GPS data-sets:

ε&ijE

GPS
= r ε&ij

i, j = x/y

(9)

where the E and GPS subscripts are similar to equation (8). Using equation (9) we can write equation (6) for the
GPS data and equations (7) for the seismological data in a unified linear system of the form:
N

u xGPS
/y = ∑
k =1

k

∑ aklx / y x k −l y l , ε&xxE = r
l =1

GPS
∂u GPS
∂u xGPS
r ⎛ ∂u GPS ∂u ⎞
, ε& yyE = r y , ε&xyE = ⎜⎜ x + y ⎟⎟
∂x
∂y
∂x ⎠
2 ⎝ ∂y

(10)

Equations (10) allows the simultaneous use of GPS and seismological data for the determination of a unique
velocity field corresponding to the GPS data, uGPS, as well as of the "efficiency index", r, which is also
assumed to vary spatially. In the present work a low-order polynomial function, similar to equation (6), was
used to describe this spatial variation of r, of the form:
M

r=∑
k =1

k

∑b
l =1

kl

x k −l y l

(11)

Eleventh General Assembly
of the Wegener Project

WEGENER 2002
-------------------------Athens, Greece
June 12-14, 2002

It should be pointed out that in order to solve the system of equations (10) there is no direct way to define
the relative weight of the GPS and seismological data. In the present work we have adopted to solve system (10)
using the standard Bayesian approach were all data are
scaled to their a priori errors. For the GPS data (equation
10a) the observational error ellipses and corresponding
covariance matrices were used to scale all equations,
whereas for the earthquake data a uniform error factor of
2 (200%) was used, which corresponds to the average
moment rate error which mainly controls the errors in the
strain-rate estimations. Furthermore, system (10) is
clearly non-linear as it is solved both for the coefficients
of the aklx/y of the velocity field and bkl of the efficiency
index polynomial function. In order to solve system (10)
an iterative procedure was adopted where r is initially set
to 50% and system (10) was solved repeatedly until
convergence.
In order to obtain reliable values for the velocity field
and the efficiency index distribution, the data involved in
the joint inversion of system (10) need to refer to the same
study area. Therefore the inversion was limited inside the
GPS data area shown in figure (6) and no grid cells with
seismological strain-rate information that where located at
distances larger than 80km from an original GPS
observation were used. Furthermore, cells showing thrust
faulting along the Hellenic Arc (cells on the outer
Hellenic Arc south of latitude 38o in figure 5) were not
included in the calculations as they correspond mostly to
subduction events, hence may not reflect intraplate
deformation. Moreover, no GPS observations were
available for this thrust-faulting area.
An important point is the error assessment of the final
deformation field (velocities, strain-rates, vorticities, etc.).
A simple Monte Carlo approach similar to the one used
for the seismological data velocity field was used and
more than 2000 realizations of system (10) appropriately
perturbed with random errors were solved. A N=6 order
Figure 8. Comparison of (a) the GPS velocity vectors
relative to Europe against (b) the final continuous
velocity field obtained for the broader Aegean area
relative to Europe from the joint interpretation of
GPS and earthquake data. The corresponding 1sigma error ellipses are also shown.

polynomial was used for the velocity field, in
accordance with the relatively smooth spatial
variability previously described for the GPS data. Also
a M=3 order polynomial was used for the efficiency
index r (equation 11), as higher order polynomials
practically returned identical misfits for the final
solution. The final misfit was 4.4mm/yr for the GPS
-8

velocities and 3.6*10 /yr for the seismological strainrates. Both values are slightly higher than misfits
obtained when interpreting each data-set separately.
This observation suggests that the introduction of r
through equation (9) cannot explain all discrepancies
between the two data sets. However, the small increase
of the misfits clearly suggests that the spatial variations
of r can account for the largest part of the previously
observed differences between the results obtained from
each individual data-set.
The finally obtained velocity field and its

Figure 9. Distribution of the principal stress axis as
these are computed from the horizontal strain-tensor
components of the final velocity field, determined from
the joint interpretation of earthquake and GPS data.
Notice the good correlation with figure 5b.
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comparison to the original GPS observations is shown in figure (8). One-sigma error ellipses obtained through
the previously mentioned error analysis are also shown. A very good agreement is observed between the two
figures: the joint earthquake-GPS inverted velocity field does not show the systematic discrepancies both in
magnitude and orientation previously mentioned for the observed GPS data and the velocities obtained from
seismological information: The rotational velocities in western Anatolia are transferred into sub-parallel
velocities in central and southern Aegean, reaching up to 35mm/yr in southwestern Aegean (western Crete).
Figure (9) shows the corresponding principal axes of the unified strain-rate field. The axes are not shown in
cases that the estimated azimuthal error exceeded 15o. In general the strain field shown in this figure is in quite
good agreement with the pattern seen from the seismological data in figure (5b). The Northern Aegean and the
western part of the North Anatolia system are
dominated by strike-slip faulting (almost equal
horizontal P and T vectors), which gradually
changes to almost N-S extension in the Greek
mainland and becomes again strike-slip in the
Cephalonia island area. The extension (T) axis also
shows the same pattern with the earthquake data, as
it changes gradually from NNE-SSW in the
northern part of eastern Aegean to NNW-SSE in the
western Greek mainland. Arc-parallel extension is
found close to the Hellenic Arc, although some
small-magnitude compression and complicated
extension patterns are also seen in the central and
eastern part of southern Aegean, which are not
recognized in figure (5b).
It is very interesting to study the rotational
component of the obtained velocity field. While
this component is the most difficult to obtain from
the applied method (Holt and Haines, 1993), it is
very interesting since a comparison can be made not
only between earthquake and GPS data but
palaeomagnetic results can also be taken into
account. The vorticity component of the final
velocity field is shown in figure (10a) after being
reduced to degrees/15my. Clockwise rotations
dominate in the Greek mainland and along the
North Anatolia fault while anticlockwise rotations
are observed in the western Hellenic Arc and
western Turkey. In figure (10b) the most recent
compilation of palaeomagnetic data available for the
broader Aegean area is also presented
(Kondopoulou, 2000).
The comparison between the recent (<15my)
palaeomagnetic data and the results obtained in the
Figure 10. a) Distribution of the rotation rates and their 1present study shows a very good agreement between
sigma errors, as these are computed from the velocity field
of figure (8), after reducing them to 15my. b) Compilation
the observed rotations. Rotations up to 4o/my are
of available Cenozoic palaeomagnetic rotations after
observed in figure (10a) for central Greece (Corinth
Kondopoulou (2000).
gulf
and
Peloponessus).
The
available
palaeomagnetic data for Peloponessus (Kissel and
Laj, 1988) show a dominant clockwise rotation component, which is in very good agreement with our results.
The clockwise rotation is generally well-constrained from palaeomagnetic data for post-oligocene times for the
whole Ionian zone (western Greece) from the Albania borders up to the gulf of Corinth (Speranza et al., 1992).
This zone extends further east towards the eastern coasts of the central Greek mainland (Euboea island) with
almost the same rotation pattern since late Miocene (Symeakis et al., 1989) and an average rate of 2-4o/my. Both
this distribution, as well as the rotation rate, is in excellent agreement with the pattern and rate (varying between
1 and 4o) found in this study from the seismological and GPS data.
To the east, in the Lesvos island, as well as in the Anatolia coast (Biga peninsula) small clockwise and anticlockwise rotations are observed from figure (10a). Palaeomagnetic studies from this area (Kondopoulou, 1982;
Kissel et al., 1987) show a small clockwise rotation of the order of 1o/my or less, which partly agrees with the
results obtained here. Further south (Chios and Samos islands, Bergame-Izmir area) the available
palaeomagnetic data (Kissel et al., 1987; Sen and Valet, 1986; Kondopoulou et al., 1993) show a relative
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complex pattern with a mixture of clockwise and anticlockwise rotations. In our results, this area represents the
transition between clockwise and anticlockwise rotations, which seems to aggree with the mixed rotation pattern
seen in palaeomagnetic results. In the southeastern Aegean and southwestern Turkey quite large anticlockwise
rotations (up to 3o/my) are found in our results from figure (10a). No robust palaeomagnetic rotations are
available for the Rhodes island area. However, anticlockwise rotations are well documented (Kissel et al., 1993)
for the Isparta reentrant, in southwestern Turkey, which is in the southeastern corner of our study area, with an
average rotation rate of ~2o/my for post-Oligocene times, in very good agreement with the 2-4o/my seen in
Figure (10a).
However, the most impressive feature of the rotations obtained from the seismological and GPS data is the
boundary where the transition between clockwise and anticlockwise rotations occurs. In general, clockwise
rotations dominate the western part of the Aegean, whereas anticlockwise rotations are found in the eastern
southern Aegean arc, in agreement
with the original proposal of (Kissel
and
Laj,
1988)
based
on
palaeomagnetic
observarions.
Moreover, the boundary between the
two rotations is almost identical for the
part of the boundary for which recent
palaeomagnetic data (<15my) are
available, which seems to cross the
Aegean in a SW-NE direction, as
originally proposed by Walcott and
White (1998) and modified from
Kondopoulou (2000) (see Figure 10b).
This agreement is important if we
consider the large time-extrapolation
Figure 11. Distribution of the efficiency index (ratio of seismic to total
from the GPS (10-15years) and
deformation) for the Aegean area. Values around unity are observed for
seismicity data (100-2000years) to the
the strike-slip areas (North Anatolia Fault, Cephalonia fault), while small
time-scale of the palaeomagnetic data
values (~0.2-0.4) are observed for the rest of the Aegean region.
(15my-present).
In figure (11) the spatial variation of the determined efficiency index, r, is shown. In general, the retrieved
values of the efficiency index vary between ~0.2 and less than 2.0. The geographical distribution of r is quite
interesting: large values are observed in the areas where strike-slip faulting dominates (Cephalonia island,
eastern North Aegean Trough, North Anatolia Fault), whereas low values are retrieved in the rest of the Aegean
where normal faulting is mainly observed. It is interesting to notice that for the strike-slip areas almost all the
deformation is released through a single main fault (e.g. Cephalonia fault, North Aegean Trough), as well as
some secondary parallel branches. On the other hand, the extension field in the northern and southern Aegean is
expressed through a large number of sub-parallel normal faults. The results in Figure (11) may suggest that it is
easier for the accumulated strain energy to be released through earthquakes for the narrow weak fault zone of a
single large fault rather than a large number of small faults. On the other hand, this result is in very good
agreement with the older suggestions of Jackson and McKenzie (1988) who estimated the efficiency index by
comparing seismic deformation with expected plate motions and who suggested a similar reduction of the
seismic/total deformation ratio for the southern Aegean. The obtained results are supported by independent
evidence in several areas. For example, for the Cephalonia fault seismological estimates, as well as sea-level
measurements (Papazachos et al., 1994) suggest a slip rate 2.5cm/yr which is almost equal to the contrast of
GPS velocities across the Cephalonia fault zone. Hence, the efficiency index in this area is expected to be close
to unity, as is also observed in figure (11).
4. Discussion-Conclusions
Figure (12) summarizes the results presented in the present study regarding the tecto-kinematic model that
applies for the broader Aegean area. In figure (12a) the main stress-strain field characteristics are presented, as
these are revealed by the information presented in figures (5) and (9). The model is very similar with the one
proposed by Papazachos et al. (1998), where the four main zones of compression (Hellenic Arc subduction and
Adriatic-western Balkan collision), strike-slip faulting (North Anatolia-North Aegean Trough and Cephalonia
area), E-W extension (parallel to the compression zone) and N-S extension (most of the back-arc Aegean area)
have been identified. The boundaries of these zones have been partly modified here, in accordance with the fault
plane solutions and stress axes shown in figures (4), (5) and (9). It is clear that the E-W extension zone is
associated with the compression zone, since the ~N-S trending normal fault appear exclusively on the inner side
(towards the back-arc area) of the compression-thrust fault area. The N-S extension dominates the back-arc area,
with a NNE-SSW direction in NW Turkey (e.g. east of the Biga and Bergama area) and a NNW-SSE direction
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in the western Greek mainland, as already identified by Papazachos and Kiratzi (1996). In figure (12a) some of
the major normal fault zones such as the Southern Thessaly zone, the Corinth gulf, the Mygdonia and Ierissos
faults of the Servomacedonian massif and the Kos-Amorgos-Santorini fault zones are delineated by dashed lines.
The N-S extension partly overlaps with the strike-slip zone in the Northern Aegean Trough and the westernmost
part of the North-Anatolia fault, which are also shown in figure (12a), as identified on land (e.g. Barka and
Kadinsky-Cade, 1988) and by the seismicity lineaments and corresponding fault plane solutions at sea (sea
figures 2 and 4).
In figure (12b) the main characteristics of the
deformation velocities with respect to Europe are
shown, as these are presented in figures (8) and the
final model of figure (10). The study area is shown in
gray and some velocity vectors (white arrows) relative
to Europe are plotted, scaled according to the velocity
magnitude. The rotations, as well as the isovelocity
contours of the final model (figure 10) for 5, 15 and 25
mm/yr are also shown. The regional motion of the
eastern Mediterranean lithosphere (Jongsma et al.,
1987) and of the Ionian-Adriatic Sea controlled by the
Adriatic (Apulia) counter-clockwise motion (Anderson
and Jackson, 1987) are shown by large solid arrows in
order to complete the picture, although it is clear that
the velocity field presented here does not reflect these
compressions, as it is based on GPS data on land
(where extension is found) and earthquake data where
thrust subduction events have not been included. On
the other hand, the deformation pattern is clearly
influenced by the westard motion of Anatolia.
Velocities increase quite rapidly across the North
Aegean Trough and the Cephalonia fault and continue
to increase towards the central and southern Aegean.
The average velocity in the southern Aegean relative to
Europe is 30-35mm/yr. In the central part of western
Anatolia, the corresponding velocity is of the order of
20-25mm/yr. This velocity increase is accompanied by
a direction change of the velocity vectors, which have a
large N-S component in the southern Aegean.
It is clear that this change in the velocity field
should be attributed to an additional phenomenon,
which occurs in the Aegean. The similarity between
earthquake and GPS results (e.g. figure 6 and 7)
suggests that earthquakes provide us with the key for
the understanding the characteristics of the velocity
field retrieved from GPS data (Figure 8a). Therefore,
the change of the velocity field can be explained in the
context of the stress field as this is derived from
earthquake data (Figure 5), confirmed from the joint
Figure 12. Final (a) tectonic and (b) kinematic model
interpretation of earthquake and GPS data (Figure 9)
proposed for the broader Aegean area, as this is
and summarized in figure (12a). It is clear that the
determined from the GPS and earthquake data used in
almost North-South extension which dominates
the present study. Local stress field and major fault
throughout the Aegean area will increase the N-S
zones are shown in (a). Isovelocity contours have been
component of the velocity field in the Aegean south of
drawn for the finally determined velocity field in (b). A
the North Aegean Trough, which will result in a
gradual increase of velocities up to 35mm/yr is
direction change and an overall increase of the velocity
observed south of the North Anatolia Fault-North
values towards the southern Aegean. Moreover, as this
Aegean Trough and west of the Anatolia coast (see text
extension is spread throughout the whole Aegean area,
for explanation).
a continuous increase of the deformation velocities will
be observed towards the southern Aegean, since the N-S extension components will add up, as we move away
from stable Europe (φ=43ο N in our case). This pattern of velocity increase is also strongly supported by
independent modeling results (Meijer and Wortel, 1997).
As far as the rotational component of the velocity field is concerned, we must notice that the obtained results
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from GPS and earthquake data are compatible with the general pattern of recent (<15my) palaeomagnetic
rotations reported for the area. This agreement is almost surprising, considering the differences between the two
data sets, both from a theoretical point of view (instantaneous rotations from GPS-earthquakes are compared
with finite block rotations from palaeomagnetic data), as well as from a time-scale point of view (results from
10-2000 years are extended to 15my). However, this agreement may suggest that the presently observed
geotectonic setting in the broader Aegean area is compatible with the latest phase of the on-going tectonic
processes, at least for the last ~15my, as this is roughly defined from the palaeomagnetic data. It is interesting to
notice that the obtained rotations (clockwise for the western Aegean and the North Anatolia Fault, anticlockwise
for the eastern Aegean) were not obtained in previous studies using earthquake data. Jackson et al. (1992)
obtained a clockwise rotating field throughout the whole central and northern Aegean area, mainly due to their
limited data set and their coarser grid (1.5o). These authors presented an appropriate model in order to explain
and estimate how elongated features (such as some fault blocks) can perform anticlockwise rotations (e.g. in
western Turkey) in a clockwise rotating field. Such arguments and assumptions about the rotating-block shape,
etc. are not necessary in our case, since the obtained results show a more clear compatibility with existing
palaeomagnetic estimates.
It is clear that the tecto-kinematic model presented in figure (12) is not completely novel regarding several
of its aspects: The tectonic stress-strain pattern is based on previous work and the kinematic model is not very
different from the models of Papazachos (1999b) or McClusky et al. (2000). However, the combined model
shown in figure (12) integrates earthquake and GPS data and helps to resolve discrepancies previously observed,
similar to the differences of figures (6) and (7). This is achieved through the introduction and the estimation of
the efficiency index (figure 11), as well as the corresponding error analysis, which helps to match the local
strains from earthquake data with the GPS data set. Of course, through this joint interpretation several additional
features, such as the presence of clockwise and anticlockwise rotations are proposed or verified.
The model in figure (12) can be used to verify or argue against existing models for the Aegean area. Recent
models for the Aegean (Le Pichon et al., 1995; Oral et al., 1995) had suggested that the Aegean is part of the a
single plate, the Aegean-Anatolia microplate, which is performing an almost rigid body rotation around a pole
located in the area of the Sinai peninsula (northern Africa). This model does not seem to be compatible with the
results shown here, which show a more similar pattern of deformation with the original ideas of McKenzie (1970,
1972) and Jackson (1994), as also suggested by recent studies (Papazachos, 1999b; McClusky et al., 2000). The
velocity field not only increases south of the North Anatolian Fault-North Aegean Trough (which is the assumed
northern boundary of the proposed Aegean microplate) but also increases from western Anatolia towards the
Aegean due to the N-S extension field which is present within the Aegean area. Moreover, this extension field is
the dominant mode of deformation in the area and not a second-order effect. Therefore, western Turkey and the
neighboring Greek islands can be considered as a transition zone where the Anatolia rotation is "converted" to SSW translational motion of the southern Aegean with velocities that reach up to 3.5cm/yr. On the other hand,
the final velocity field shows that some internal deformation also occurs in the southern Aegean, as velocities
increase from 25mm/yr in central Aegean (Euboea-Chios) to 35mm/yr or slightly larger values in the
southernmost part of the Aegean (western Crete). This internal deformation, which partly contradicts the
suggestion of McClusky et al. (2000) of a more or less rigid Peloponessus-southern Aegean block, is in
agreement with the presence of the important Kos-Amorgos-Santorini seismic zone (see figure 1 and 12a), where
the largest present century event in the Mediterranean Sea has occurred (Amorgos 1956 event, M=7.5).
Unfortunately, the model in figure (12) can not help in a direct way to clarify the interpretation of the observed
extensional deformation in the Aegean as a result of either the westward push of Anatolia (McKenzie, 1972;
Jackson, 1994) or the Hellenic subduction roll-back (LePichon and Angelier, 1979; Hatzfeld et al., 1997).
However, it provides the basis where theoretical models, such as the ones previously mentioned (Meijer and
Wortel, 1997) can be based in order to quantitatively estimate the effect of each factor.
It is worth noticing that the velocity field shown in Figure (12b) is in agreement with the velocity model
predicted by the broken-slat model of Taymaz et al. (1991), as velocities increase towards the southern Aegean
and clockwise and anticlockwise rotations are predicted for western and eastern Aegean, respectively. However,
there is a fundumental difference between the present study and the model of Taymaz et al. (1991), which lies in
the type of earthquake faulting that can contribute or is created by this velocity field. According to Taymaz et al.
(1991) faults in eastern Aegean are expected to be a combination of dextral strike-slip and normal type trending
NE-SW, whereas faults in western Aegean (Greek mainland) are normal with a smaller dextral strike-slip
component, trending in a NW-SE direction. The results of the present study demonstrate that it is possible to
retrieve an almost identical velocity field using a different type of faulting for the Greek mainland. The fault
plane solutions and the stress field presented in figures (4), (5) and (9) show normal faults of a E-W up to ENEWSW direction, that is similar to the normal fault orientation observed in eastern Aegean and the westernmost
Anatolia. This type of faulting and the associated N-S/NNW-SSE extention has been well documented by a
large number of normal faults in the Greek mainland, including recent events in the eastern part of central
Greece (Volos 1980, MW=6.5, ζ(strike)=81ο; Plataees 1981, MW=6.3, ζ=50ο; Kozani 1995, MW=6.6, ζ=240ο) for
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which surface fault traces were observed and which are normal faults of E-W to NE-SW direction, occasionally
with a small dextral strike-slip component. Such a stress field is supported by additional seismological and
neotectonic evidence. Caputo (1990) found that all recent faults in the southern Thessaly basin are mostly E-W
and NE-SW, whereas the NW-SE trending faults are due to an older Miocene extension field. These older NWSE faults can still rupture in the present NNW-SSE extension field, but in this case a large sinistral strike-slip
component should be expected and not a dextral or no strike-slip component as the Taymaz et al. model predicts.
Such a sinistral component has been observed e.g. for the Atalanti normal fault which strikes in a WNW-ESE
direction, as it was observed on a long surface trace of this fault that ruptured during the 1894 strong (M=7.2)
Atalanti earthquake (Papazachos and Papazachou, 1997). Therefore, the dominant mode of deformation in
western Aegean is similar to that of eastern Aegean, with a general E-W direction, which locally can change up
to NE-SW as seen for NW Greece in figure (12a) (e.g. the Kozani 1995 earthquake). Of course, the Taymaz et al.
model might still be applicable in certain cases and explain the presence of some secondary NNW-SSE trending
normal faults in the Greek mainland.
In the present study, a good correlation has been shown to exist for the results between GPS observations
and earthquakes, obtained either independently, (e.g. figures (6) and (7)) or jointly. This correlation has very
important implications. The main conclusion is that deformations observed during the last decade or so (GPS
data) are valid for a much longer time scale, as it is compatible with earthquake data which extend (depending on
the information completeness) up to ~100-2000 years. Since this agreement can be considered to be a globalscale phenomenon, it suggests that GPS measurements can be used in combination with earthquake data not only
for geotectonic modeling purposes but also for expanding our knowledge in areas where our knowledge from
seismological data is poor. Moreover, valid predictions can be made on the basis of combining seismological
and GPS data, through the introduction of a simple efficiency index, as previously described. In addition,
interpretations based on a single data set (either earthquake or GPS data) should be made with care: Earthquake
data often show less deformation that is actually taking place. On the other hand, GPS data often overestimate
the seismically released deformation. Moreover, figure (11) suggests that for some areas the efficiency index, r,
can take values even larger than 1, which suggests that the GPS data are not able to estimate the real long-term
deformation, probably due to the limited time spanned by the GPS observations. Therefore, taking the GPS
deformation as un upper limit of the real active deformation (e.g. to estimate slip rates for hazard estimation
purposes) might not always be correct, though this problem will probably be solved with the gradual
accumulation of more GPS observations.
As previously stated, the general agreement of rotations with recent paleomagnetic results suggest that the
main features of the active deformation observed today throughout the Aegean are relatively robust
characteristics of a more or less coherent tectonic phase. Therefore, the present study provides an additional
motivation for future work towards the incorporation of additional geophysical and geological data for the study
of the deformation field of the Aegean area. Such new data (neotectonic, palaeomagnetic, minerology, etc.)
could be handled in a similar way either on the same space-time scale or for the study of smaller scale
deformation patterns. The comparison-joint interpretation of such results with the results of this study could help
to solve both important theoretical questions (e.g. generalized seismotectonic models, time variation of active
deformation, etc.), as well as practical problems (e.g. more precise and robust determination of seismic hazard
using seismological, geodetic, neotectonic, etc. data).
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Table 1. Azimuth, ζο, and plunge, δο, of the P and T axes of the 39 clusters (CL) of earthquakes from the Aegean area,
modified from Papazachos et al. (1999).
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