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A new velocity field for Greece: Implications for the kinematics
and dynamics of the Aegean
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[11 A new set of geodetic velocities for Greece and the Aegean, derived from 254 survey-
mode and continuous GPS sites, is used to test kinematic and dynamic models for this
area of rapid continental deformation. Modeling the kinematics of the Aegean by the
rotation of a small number (3—6) of blocks produces RMS misfits of ~5 mm yr ' in the
southern Aegean and western Peloponnese, indicating significant internal strain within
these postulated blocks. It is possible to fit the observed velocities to within 2—3 mm yr '
(RMS) by models that contain 10 or more blocks, but many such models can be found, with
widely varying arrangements of blocks, that fit the data equally well provided that the
horizontal dimension of those blocks is not larger than 100-200 km. A continuous field of
velocity calculated from the GPS velocities by assuming that strain rates are homogeneous
on the scale of ~120 km fits the observed velocities to better than 2—3 mm yr71 (RMS),
with systematic misfits, representing more localized strain, confined to a region
approximately 100 x 100 km in size around the western Gulf of Corinth. This velocity field
accounts for the major active tectonic features of Greece and the Aegean, including the
widespread north-south extensional deformation and the distributed strike-slip deformation

in the NE Aegean and western Greece. The T axes of earthquakes are aligned with the
principal axes of elongation in the geodetic field, major active normal fault systems are
perpendicular to those axes, and ~90% of the large earthquakes in this region during
the past 120 years took Place within the areas in which the geodetic strain rate
exceeds 30 nanostrain yr . These observations suggest that the faulting within the upper
crust of the Aegean region is driven by forces that are coherent over a scale that is
significantly greater than 100 km. It is likely that those forces arise primarily from
differences in gravitational potential energy within the lithosphere of the region.

Citation: Floyd, M. A., et al. (2010), A new velocity field for Greece: Implications for the kinematics and dynamics of the
Aegean, J. Geophys. Res., 115, B10403, doi:10.1029/2009JB007040.

1. Introduction

[2] The Aegean region is one of the most rapidly deforming
parts of the continents, with velocity differences of 20—
40 mm yr ' developed across its 700 x 700 km extent. The
region has a prominent place in the study of continental
tectonics because there are good records of seismic activity
and Quaternary faulting; many of the active faults have
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limestone footwalls that resist erosion, so form prominent
scarps [e.g., Goldsworthy and Jackson, 2000, 2001], and the
record of large earthquakes (M,, > 5.8) is reasonably com-
plete over the past 120 years [Ambraseys and Jackson, 1990;
Jackson and McKenzie, 1988; Shaw and Jackson, 2010].
These observations, along with geodetic measurements of
crustal displacements on the time scales between a century
[Billiris et al., 1991; Davies et al., 1997, Veis et al., 1992] and
a decade [e.g., Avallone et al., 2004; Briole et al., 2000;
Clarke et al., 1998; Hollenstein et al., 2008; Kahle et al.,
2000; McClusky et al., 2000; Reilinger et al., 2006] have
contributed importantly to the development of ideas about
the kinematics and dynamics of continental deformation.

[3] Recent studies of the kinematics of the region, par-
ticularly those using the Global Positioning System (GPS) to
measure crustal velocities, have interpreted the tectonics in
terms of the relative motions of rigid microplates or blocks
[e.g., McClusky et al., 2000; Reilinger et al., 2006; Nyst and
Thatcher, 2004]. Early studies of the kinematics, however,
which were based largely upon the evidence from earth-
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quake focal mechanisms and active faulting, recognized
the relative motion of rigid bodies, or microplates, but
also emphasized that significant parts of the region deform
in a diffuse fashion [e.g., Jackson and McKenzie, 1988;
McKenzie, 1970, 1972]; see Le Pichon et al. [1995] for a
comparable view based on geodetic velocities. Other geo-
detic studies of the kinematics suggested that a large pro-
portion of the crust of the region is straining at several tens of
nanostrain (nstrain) per year [e.g., Billiris et al., 1991; Clarke
et al., 1998; Davies et al., 1997; Hollenstein et al., 2008].

[4] Analysis of this distributed strain has generated sev-
eral important insights into continental deformation, for
example the relations between normal faulting, elevated heat
flux and subsidence are now understood in terms of dis-
tributed thinning of the lithosphere [McKenzie, 1978a,
1978b]. Equally, the relations among slip vectors of
earthquakes, paleomagnetic rotations, and finite displace-
ments on faults can be explained by analyzing how crustal
blocks accommodate a velocity field that is coherent over a
length scale much larger than the blocks themselves [e.g.,
Jackson et al., 1995; McKenzie and Jackson, 1983, 1986;
Taymaz et al., 1991].

[5] The predominantly westward-to-southwestward move-
ment of Turkey and Greece relative to Eurasia reflects the
difference in gravitational potential energy between the
thick crust in eastern Turkey and the thin crust of the ocean
floor of the eastern Mediterranean [McKenzie, 1972]; addi-
tional forces resulting from the sinking of the subducting
slab or from instabilities of the lithosphere may also influ-
ence this motion [Le Pichon, 1982; McKenzie, 1978b]. The
dynamics are linked to the kinematics through the question
of whether the continental lithosphere as a whole deforms in
response to these forces, in which case the distribution of
strain rates should reflect the large-scale distribution of
stress within the lithosphere [e.g., Hatzfeld et al., 1997a;
McKenzie, 1978b; Sonder and England, 1989], or whether
deformation is confined to a few narrow weak zones, in
which case motions of the lithosphere will resemble those of
a set of rigid microplates [e.g., McClusky et al., 2000;
Reilinger et al., 2006; Nyst and Thatcher, 2004].

[6] We present a new velocity field for the region of
Greece and the Aegean Sea (Figure 1) based on 254 survey-
mode and continuous GPS (CGPS) sites, using it to test
models for the deformation based on the relative motion of
between 4 and 15 rigid blocks, and upon a smoothly varying
field of strain rate.

2. GPS Data and Analysis

[71 We combined 38 GPS surveys undertaken between
1991 and 2004 by the National Technical University of
Athens (NTUA) in association with the Institut de Physique
du Globe de Paris (IPGP), Massachusetts Institute of Tech-
nology (MIT), and the University of Oxford. The results of
several of these surveys have been published separately
[Avallone et al., 2004; Briole et al., 2000; Clarke et al., 1998;
McClusky et al., 2000; Reilinger et al., 2006], and our pur-
pose here is to create a dense, unified and extensive regional
data set from these studies in a common frame of reference.
In addition, we included data from networks of continuously
recording sites across Greece operated by NTUA and the
Department of Earth Sciences, University of Oxford, since
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2002, and by the National Observatory of Athens since 2006;
results from those sites with at least 3 years of data are
reported.

[8] The analysis was carried out using the GAMIT/
GLOBK 10.35 software suite [Herring et al., 2009] in three
steps. In the first step, raw data were processed to produce
loosely constrained daily solutions of site positions. The
contributing institutions carried out this step separately for
the surveys in which they were involved. At IPGP, orbits
and Earth orientation parameters were held fixed to their
IGS final and IERS Bulletin B values, respectively. In so-
lutions obtained at MIT and Oxford, adjustments to the
orbital parameters, and to values of Earth orientation para-
meters, were estimated simultaneously with site coordinates
during the processing.

[9] In the second step, daily survey and continuous
solutions were expressed in ITRF2005 [Altamimi et al.,
2007] using a six-parameter Helmert transformation to
derive the time series of position at each site. Position
outliers were identified at this step and removed. The average
repeatabilities for each survey are 1.3, 0.9, 3.4 mm on the
east, north, and vertical component, respectively. All daily
solutions for each survey were combined into a single
loosely constrained position solution. Because the survey
solutions obtained at IPGP were processed with fixed orbital
and Earth orientation parameters, they had smaller formal
uncertainties than the other solutions. We therefore rescaled
their associated variance-covariance matrices so that their
weights were similar to those of our other surveys carried
out at similar times.

[10] For the continuous stations, outliers were automati-
cally removed using criteria similar to those of Wdowinski
et al. [1997]. Observations having formal positional uncer-
tainty greater than 5 mm in either horizontal component or
10 mm in the vertical were removed. The time series were
then fit, by a weighted linear regression, to a model con-
sisting of a linear trend, annual and semiannual sinusoidal
variations for each component, and offsets for each epoch at
which a major change of equipment occurred. Observations
whose misfits were greater than three times the weighted
root-mean-square (RMS) value for the fit were then also
removed.

[11] The cleaned continuous time series were analyzed for
the presence of time-dependent (colored) noise, using the
CATS software [Williams, 2008]. The time series for each
component was assumed to contain a power law noise [e.g.,
Mandelbrot and Van Ness, 1968] and its spectral index was
estimated. For most of the continuous time series, the
spectral index was found to be between —1 and —2, indi-
cating the presence of colored noise.

[12] In the third step, the combined solutions for each
survey and the cleaned daily solutions for each continuous
site were passed through a Kalman filter (GLOBK [Herring
et al., 2009]) to estimate a consistent set of coordinates and
velocities with their associated variance-covariance matrix.
Velocities of sites that lie within 500 m of one another were
equated. Reference frame constraints were applied at this
step to express our solution in the ITRF2005 [Altamimi
et al., 2007].

[13] Because GLOBK uses a random walk process noise
model, we calculated the magnitude of the random walk
process noise that would predict the same velocity uncer-
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Figure 1. Setting of the Aegean. Labels show places referred to in the text. Lines with teeth show the
locations of reverse faults of the Hellenic Trench system. To the west of 25°E, convergence between ocean
floor of the Nubian plate and the Aegean lithosphere is approximately normal to the Hellenic Trench. East
of 25°E, there is an important component of oblique relative motion (Figure 3); the trenches here are often
referred to as the Ptolemy, Pliny, and Strabo trenches. None of these trenches represents the plate
boundary; they are probably the surface expressions of intraplate deformation [e.g., Shaw and Jackson,
2010]. Blue line marked KFZ shows the Kefalonia right-lateral strike-slip fault zone. The major gulfs
referred to in the text are shown by crossed lines: the Gulf of Evvia is between Evvia and central Greece;
the Gulf of Corinth is between the Peloponnese and central Greece; and the Gulf of Saros lies to the SE of
the eastern end of the Gulf of Corinth.

tainty as was derived from the CATS analysis, using the
uncertainties, o (generated by the CATS analysis), in the
individual velocity components for the continuous sites to
estimate the magnitude, b, of the equivalent random walk
noise, through the relation:

b=oVT, (1)

where T is the length of the individual time series [Zhang
et al., 1997, equation (2)]. The mean value of b for the set of

all Aegean CGPS sites and the proximal IGS and EPN sites
contained in our processing is 0.3 mm \/3Tr71 for horizontal
components and 2 mm \/ﬁ_l for the vertical. For the survey-
mode sites, we added random walk noise using those mean
values of b.

[14] A number of earthquakes having M,, > 6 occurred
within the network during the period of observation. All
survey-mode sites within 30 km of the M,,6.5, 26 July 2001,
Skyros earthquake and the M,,6.3, 14 August 2003, Lefkada
earthquake were last occupied before the respective earth-
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Figure 2. (a) The standard deviations of velocity components for the sites whose velocities were deter-
mined in this study, plotted against the time span of occupation (time elapsed between first and last occu-
pation of the site). Circles represent survey-mode sites, with the number of occupations indicated by the
shading; black squares represent continuous GPS (CGPS) sites. Sites within the ellipse were within 30 km
of the 1995, Aigion, earthquake. The distribution of standard deviations for the velocities determined by
Reilinger et al. [2006] is similar to that shown here. The standard deviations reported by Hollenstein et al.
[2008] for their survey-mode GPS sites lie in the range 1-2 mm yr ', varying little with the duration of
occupation, which is in the range 5-9 years; the standard deviations for their CGPS sites are all lower than
0.5 mm yr . (b) All GPS sites used in this paper, with shading as in Figure 2a; sites whose velocities
were determined in this study are shown by black squares (CGPS) or shaded circles (survey-mode), sites
of Reilinger et al. [2006] used here are shown by triangles, and those of Hollenstein et al. [2008] are

shown by shaded squares (CGPS sites as open squares).

quakes, and no survey-mode site was close enough to the
M,,6.0, 7 September 1999, Athens earthquake or the M, 6.7,
8 August 2006, Kythira earthquake to experience measur-
able displacement. Sites within 30 km of the epicenter of the
M,6.6, 13 May 1995, Kozani-Grevena ecarthquake were
occupied only after the earthquake and, because postseismic
motions exceed the probable long-term velocities of those
points with respect to Europe, those sites are not used in this
study. Sixteen survey-mode sites within 30 km of the epi-
center of the M,6.2, 15 June 1995, Aigion earthquake
showed a clear offset at the time of the earthquake and, for
those with more than three occupations after the earthquake,
transient motion was detectable for up to 3 years after the
earthquake. For each site within 30 km of the epicenter, we
excluded data for 3 years after the earthquake, and solved for
the velocity plus an offset at 1995.45; this offset represents
the displacement from immediately before the earthquake
until mid-1998. For the single site that showed measurable
displacement as a result of the M5.9, 18 November 1992,
Galaxidi earthquake, we solved for a velocity plus offset, but
no data were excluded. Several CGPS sites in Peloponnese
showed pronounced coseismic and postseismic displace-
ments after the M,, 6.9, Methoni earthquake of 14 February

2008. For that reason we do not include those data in the final
solution.

[15] Our final solution is expressed in the ITRF2005
[Altamimi et al., 2007], using a 14-parameter transformation
that minimizes the departure of the positions and velocities
at the 363 IGS sites included in our processing from their
ITRF2005 wvalues. Using this approach, we find typical
standard deviation of ~0.25 mm yr ' and ~0.9 mm yr ' on
horizontal and vertical components of velocity for the con-
tinuous sites beneﬁting from 3 years of data and ~0.15 mm
yr ' and ~0.5 mm yr ' for the sites with 5 or more years of
data. We do not estimate vertical velocities for the survey-
mode sites, and standard deviations in their horizontal
components of velocity are mostly in the range 0.5-2 mm
yr ' (Figure 2). Two groups of sites have standard devia-
tions in the range 2—4 mm yr '. For sites near the Aigion
earthquake, the coseismic and postseismic offsets that we
estimated were tens to hundreds of millimeters in magnitude
and the associated uncertainties are larger than for those of
otherwise comparable sites. In addition, about twenty sites
that were occupied three times over an interval of 2 years
show standard deviations of velocity components in the
range 2—4 mm yr .
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[16] To complete our velocity field, we combined our
velocities with those of two other studies. Reilinger et al.
[2006] reported velocities of sites over a large area of
Arabia and southern Eurasia, of which the sites in Greece
form part of the network reported here. We also include
from that study sites within Turkey and west of 29°E, which
allow us to connect the deformation in the islands of the
eastern Aegean to that of the major graben in western
Turkey. Hollenstein et al. [2008] reported velocities of sites
that mainly lie close to the Hellenic Trench (Figure 1), with
some in central Greece that are coincident with sites in our
network.

[17] For each of those studies, we identified sites that are
coincident with, or lie within 1 km of, sites of our network
within the Aegean, then found the angular velocity that
minimizes the differences between the two different esti-
mates of velocities of those sites. The RMS difference in
velocity for the 30 sites common to our study and that of
Reilinger et al. [2006] was 0.9 mm yr ', and the RMS misfit
of these differences to the angular velocity was 0.5 mm yr ';
the equivalent figures for the data of Hollenstein et al.
[2008] were 2.7 mm yr ' and 1.8 mm yr '. In each case,
we retained our solution for the velocity of the common
sites.

[18] Finally, we checked for outliers among the velocities
by estimating a locally linear velocity field that best fit, in
the least squares sense, the velocities of all the points within
40 km of each site. We did not make such an estimate if
there were fewer than 5 points within 40 km of the site so, in
general, sites on the islands in the Aegean Sea could not be
checked. For four sites out of 258, the velocity calculated
in this way differed from the observed velocity by more
than 7 mm yr ', and those sites were excluded. Our final
velocity field contains 254 sites, 156 from the present study,
62 additional sites from that of Reilinger et al. [2006], and
37 from Hollenstein et al. [2008] (auxiliary material).'

3. Results

[19] The sites in our network exhibit the generally
southwestward motion of the Aegean region with respect to
Eurasia that has been observed in all previous studies. The
geographic cardinal directions have no significance in this
context, however, so we show the velocities in an oblique
Mercator projection about a pole that is obtained by finding
the angular velocity that best describes the velocities of
those points within our network that move relative to Eur-
asia at more than 2 mm yr '. Viewed in that projection
(whose lines of oblique latitude are perpendicular to the
west Hellenic Trench, Figure 3), the velocities show a
simple pattern with a predominant orientation toward the
western Hellenic Trench, confirming the primary role that
this boundary plays in the tectonics of the region [e.g.,
McKenzie, 1972; Le Pichon, 1982]. In the northwestern
part of the region (above the line A in Figure 3) the
velocities drop off from about 35 mm yr ' at the Hellenic
Trench to ~5 mm yr ' over about 400 km from the Trench
(profile A in Figure 4). In the southeastern part of the region,
below line B, velocities at the trench are about 35 mm yr~'

'Auxiliary materials are available at ftp://ftp.agu.org/apend/jb/
2009jb007040.
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and there is a smooth transition, also over about 400 km, to
the approximately westward movement of western Turkey
at 20 mm yr ' (profile B in Figure 4). To the northwest of
the lines A and B there is also a pronounced gradient of
velocity in the NW direction (profiles C and D in Figure 4).

[20] In some respects, particularly in the smooth gradients
of velocity on profiles B, C, and D of Figure 4, this distri-
bution of velocities resembles what would be expected from
the deformation of a continuous medium. Other aspects of
the velocities, however, give the impression that the litho-
sphere behaves in a discontinuous fashion. For example
there is a sharp increase in velocity across the western Gulf
of Corinth, which can be seen in profile A of Figure 4, and
the roughly constant velocities from 400 km to 700 km in
profiles C and D of Figure 4 suggest that the Cyclades and
the southern Aegean may translate as a rigid block [e.g.,
Nyst and Thatcher, 2004; Reilinger et al., 2006]. We
investigate both the degree to which these motions can be
described by the relative rotation of blocks and the degree to
which they can be fit by a smoothly varying strain rate field.

[21] In what follows, we use the term “block” to refer to a
region of the crust whose motion is described entirely by a
rotation about an axis passing through the center of the
Earth; that is, the block is supposed to be rigid. It has
become customary in the analysis of geodetic velocities to
model the crust as a set of elastic blocks that move like rigid
bodies except near their edges, where they distort in
response to tractions applied by faults that are locked in the
upper crust but slip continuously at depth [e.g., Savage and
Burford, 1973; Meade and Hager, 2005]. We do not employ
such calculations here because the additional complexity
they introduce is unnecessary for our analysis, as we discuss
in Section 3.1.

[22] The motivation for considering a smoothly varying
strain rate field is that some theories of continental defor-
mation postulate that the entire lithosphere of a deforming
region responds to stresses applied at its edges and/or arising
in its interior from contrasts in gravitational potential energy
[e.g., Bird and Piper, 1980; England and McKenzie, 1982,
1983; Molnar and Lyon-Caen, 1988; Vilotte et al., 1982].
Such theories assign primary importance not to velocities
but to stresses and hence to gradients of velocity.

3.1. Block Models

[23] Geodetic determinations of velocities in the Aegean
region have been interpreted in terms of between two [Le
Pichon et al., 1995] and six [Reilinger et al., 2006] blocks
(Figure 5). Although Le Pichon et al. [1995] identified two
large blocks in this region (northern Greece, and Anatolia),
they concluded that much of the relative motion between
these blocks was better regarded as being distributed
through a broad plate boundary zone spanning the Aegean.
Nyst and Thatcher [2004] and Reilinger et al. [2006],
however, proposed solutions in which the entire region is
covered by blocks (Figure 5).

[24] Nyst and Thatcher [2004] assumed four blocks
(Figure 5a) and placed the block boundaries by trial and error
in a way that reduced the misfit between observed GPS
velocities and the predicted block motions. The resultant
RMS misfits between their observed and model velocities are
between 2.5 and 3.5 mm yr ' (Table 1); Nyst and Thatcher
[2004] explained some of these misfits by the presence of
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Figure 3. GPS velocities of this study, relative to stable Eurasia, in an oblique Mercator projection; lines
of latitude about this pole run across the page. We refer in the text to the oblique latitudinal and longi-
tudinal directions as x and y directions, respectively; these are shown by arrows in the bottom left. Lines
A, B, C, D, show the locations of profiles used in Figure 4.

rapidly deforming zones embedded within the blocks and, by
excluding approximately 20% of the observations, could
reduce their RMS misfits to lower than 2 mm yr .

[25] Using the same arrangement of blocks as Nyst and
Thatcher [2004], we solve for the angular velocities that
best fit, in the least squares sense, the velocities we have
obtained for the sites on each block. (Note that we restrict
our analysis to sites within our network so that although
some blocks of Nyst and Thatcher [2004] extend further
eastward than 29°E, we use no data east of that longitude in
our fit.) To avoid overemphasis of the CGPS sites, which
cluster close to the Hellenic Trench, we place a minimum
uncertainty of 0.5 mm yr ' on each velocity component. Our
results are insensitive to magnitude of this minimum
uncertainty, in the range between 0.5 and 2 mm yr ', as
would be expected from an examination of the distribution
of uncertainties, shown in Figure 2.

[26] We find that in central Greece, Anatolia, and Marmara,
misfits to the block model are at the same level (2—4 mm yr ')

as found by Nyst and Thatcher [2004]. However, our velocity
field is significantly denser than that of Nyst and Thatcher
[2004] in the Peloponnese and the southern Aegean (their
South Aegean block), and here velocities are inconsistent
with rigid bOdP’ rotation, with an RMS misfit per component
of 4.6 mmyr  (Table 1). These misfits exceed, by a factor of
~2 (Figure 2), the uncertainties in the velocities and are,
furthermore, systematic, reflecting arc-parallel extension
from the Cyclades to Crete, and north-south dextral shear in
western Greece (see also Davies et al. [1997], Hollenstein
et al. [2008], and Figure 15).

[27] This level of misfit suggests that if the description of
Aegean tectonics in terms of blocks is to be preserved, a
greater number of blocks is required. As part of a wider
study of the entire collision zone between Africa, Arabia,
and Eurasia, Reilinger et al. [2006] divided the Aegean
region into six blocks, basing the choice of block boundaries
on the observed major faults of the region (Figure 5b). As
with the block model of Nyst and Thatcher [2004], the
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Figure 4. Cross sections of v, along lines whose locations are shown in Figure 3; v, is the component
of velocity parallel to oblique lines of latitude for the pole used in the oblique Mercator projection of
Figure 3; error bars at top right of each panel indicate representative uncertainties in the velocity. In
each case, all sites within 50 km of the track are used. Shaded bands in profiles A and B represent the
locations of the Gulfs of Corinth and Evvia (profile A) and the Gulfs of Saros and Evvia (profile B)
(see Figure 1). Vertical lines with labels show the locations, on each profile, where they are crossed by
other profiles. Velocities lower than ~20 mm yr ' near 200 km on profile A are from NW Greece,
where v, drops off rapidly in the direction perpendicular to the profile (Figure 3).

misfits between our observations and the block model are at
the level of 2-3 mm yr ', except in the southern Aegean and
Peloponnese, where the RMS misfit is 4.9 mm yr ' (Table 1
and Figure 6b). We do not attempt to improve the fit by
calculating elastic deformation from slipping dislocations at
depth beneath the block boundaries; such deformation is
restricted to a few tens of kilometers from the boundary, and
it is clear that the misfits in the southern Aegean are dis-
tributed across the whole region.

[28] To investigate the influence of using a finer scale of
block, we adopt the suggestion of Taymaz et al. [1991] that
the northern and central Aegean may be treated as a set of
parallel slats that are aligned with the major fault systems of
the region. In western Turkey, central Greece and the Pelo-
ponnese, we align the slats with the major normal-fault sys-
tems, while in the northern Aegean, we align them with the
system of right-lateral strike-slip faults that are the westward
continuation of the North Anatolian fault (Figure 7a; see also
Goldsworthy et al. [2002, Figure 18]). We treat the large
velocity gradients across the southern Aegean by placing two
block boundaries running approximately north-south through
the Peloponnese, parallel to the major normal faults of the
region, and a third running south through the central Cyclades

and Crete. In this configuration there are 10 blocks, each 100—
200 km in width (Figure 7a). We also investigate a modifi-
cation to this model that is suggested by the observation
[Goldsworthy et al., 2002] of continuous systems of active
faulting that cross central Greece. We place additional block
boundaries (1) joining the eastern end of the Gulf of Corinth
to southern Evvia, corresponding to the approximate location
of the Thiva-Evvia fault system [Goldsworthy et al., 2002,
section 3.1], (2) joining the western Gulf of Corinth to the
Kefalonia strike-slip fault [Goldsworthy et al., 2002, sec-
tion 4.1], (3) through Thessaly [Goldsworthy et al., 2002,
section 3.3] and (4) between the western Gulf of Corinth
and Thessaly. In this configuration there are 15 blocks. For
each of these models, the RMS misfit of velocities within
individual blocks is 2-3 mm yrfl; for the 10-block model,
the overall RMS misfit is 2.8 mm yr ' (Figure 8a), while
for the 15-block model it is 2.6 mm yr ' (Figure 8b).

[20] We investigated several other configurations of
between 10 and 20 blocks, for example, one that retains the
block configuration of Reilinger et al. [2006] but divides
their southern Aegean block into four and one that divides
the region into 20 polygons of approximately equal dimen-
sions. We found that each configuration fit the observed
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Figure 5. Block models of the Aegean region proposed by (a) Nyst and Thatcher [2004] and (b)
Reilinger et al. [2006]. Block boundaries are shown by tan lines. Focal mechanism representations in
Figure 5a are for earthquakes of M, > 5.8 that occurred within the region since 1890 [Ambraseys and
Jackson, 1990; Jackson and McKenzie, 1988; Shaw and Jackson, 2010]. Only focal mechanisms of
earthquakes within the Aegean continental lithosphere are shown; reverse faulting at, and outboard of, the
trenches is not shown. Faults in Figure 5b: toothed lines are reverse faults of the Hellenic Ptolemy, Pliny,
and Strabo trenches; blue lines represent strike-slip faults, all of which have a right-lateral sense of slip;
black lines represent normal faults (J. Jackson and E. Nissen, personal communications, 2010).

velocities to within 2-3 mm yr ' RMS, provided that the
blocks were no larger than those illustrated in Figure 7. It is
probable that misfits could have been reduced if the block
boundaries had been modeled by faults slipping continu-
ously at depth below an elastic lid [e.g., Meade et al., 2002;
Reilinger et al., 2006]. However, the influence of the elastic

lid is to distribute the slip at depth over a horizontal distance
that is about 7 times the thickness of the lid. With a likely
thickness of 15 km for that lid (estimated from long-period
body wave modeling of the depth of nucleation of large
earthquakes in the region, from aftershock studies, and from
interferometric synthetic aperture radar [Baker et al., 1997,
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Table 1. Parameters of Kinematic Fits to the Velocities Reported
in This Study®

Original This Study
Number of Study RMS RMS
Parameters (mm yrﬁl) (mm yrfl)
4 blocks (Figure 6a)° >12 2.8 (2.6)° 39
Central Greece (CG) 3 2.9 2.3)° 3.1
South Aegean (SA) 3 3.4 (3.7)° 4.6
Anatolia (AN) 3 2.7 (2.1)° 2.2
Marmara (MA) >3 2.4 (4.3)° 2.6
6 blocks (Figure 6b)¢ >18 2.8 (2.4)° 3.9
Aegean (AG) >3 3.1 (2.4)° 49
Anatolia (AN) >3 2.8 (2.6)° 22
Central Greece (CG) >3 1.3 (1.0)° 2.7
Marmara (MA) >3 2.9 (2.5 2.6
Northern Greece (NG) >3 2.9 (2.1)° 2.3
SE Aegean (SE) >3 2.1 (1.8)° 22
10 blocks (Figure 8a) 30 - 2.8
15 blocks (Figure 8b) 45 - 2.6
Continuous (a = 400 km, - 33
not illustrated)
Continuous (o = 120 km, - 2.3
Figure 11)

“The 4-block model of Nyst and Thatcher [2004] (Figure 6a); 6-block
model of Reilinger et al. [2006] (Figure 6b), and 10- and 15-block models
(Figures 7 and 8); continuous models (Figure 11). The number of para-
meters for each model is expressed as a lower bound in the case of block
models that require additional parameters to represent deformation due to
buried slip at block boundaries; the misfits to the models are given; all
RMS misfits referred to in this paper are misfits per component of velocity.
Also given are the misfits between the velocities reported here and the
various models; all blocks are treated as rigid, and no deformation due to
buried slip is calculated.

®Nyst and Thatcher [2004].

“The RMS misfit between the velocities of Nyst and Thatcher [2004] and
the predictions of their block model; numbers in parentheses are the
WRMS misfits given by Nyst and Thatcher [2004], who allow for elastic
deformation due to buried slip on the North Anatolian fault.

dReilinger et al. [2006].

“The RMS misfit between the velocities of Reilinger et al. [2006] and the
predictions of their block model; numbers in parentheses are the WRMS
misfits given by Reilinger et al. [2006], who also estimate deformation due
to buried slip at their block boundaries.

Bernard et al., 1997; Hatzfeld et al., 1995, 1997b, 2000;
Jackson et al., 1982; Meyer et al., 1996; Resor et al., 2007,
Taymaz et al., 1991; Shaw and Jackson, 2010]), the
deformation associated with the block boundaries would be
spread over ~50 km, and with the slats in Figure 7 being
~50-100 km wide, there would be little difference between
a description in terms of blocks and one in terms of dis-
tributed deformation. We therefore regard as unnecessary
the introduction of the additional parameters required for
elastic block modeling (thickness of elastic lid, dips of each
fault segment).

3.2. Continuous Model

[30] Early large-scale measurements of strain in Greece
from reoccupations of a late 19th century triangulation
[Billiris et al., 1991; Veis et al., 1992; Davies et al., 1997]
suggested that at the spatial resolution of the 19th century
network (60—100 km), most parts of the region exhibit
resolvable displacement gradients over 100 years, though
the strains vary laterally by at least a factor of 10. Davies
et al. [1997] found that all the 100-year displacements
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which Billiris et al. [1991] and Veis et al. [1992] measured
could be fit by polynomials of degree 2 with misfits of less
than 0.4 m (equivalent to 4 mm yr ).

[31] In order to form a measure of continuous deforma-
tion, we employ the method of Shen et al. [1996] to cal-
culate a smoothly varying field of velocity gradient. At each
location, we assume uniform gradients in the components of
horizontal velocity and estimate these gradients, along with
the velocity of the location, by least squares inversion; all
sites are included in the inversion, but each is allotted,
according to its distance from the location, a Gaussian
weighting of full width c. In order to avoid overweighting of
points close to the location of interest in places where cov-
erage is sparse (mostly within the Aegean islands), we set a
minimum weight for all points that is equal to one over the
total number of points. We use this procedure to calculate
both the misfit of the velocities of individual sites to a locally
smooth field (Figures 9 and 10), and to form estimates of the
velocity gradients on regular grids (Figure 11).

[32] For a network of homogeneously distributed sites, the
Gaussian weighting would assign 63% of the weight to sites
lying within a circle of diameter « of the point in question,
so in what follows, we use « as a measure of the spatial
resolution of the continuous models. Figure 9 shows the
dependence upon « of the RMS misfit of the observed
velocities to such a smooth field. With o = 400 km
(approximately the spatial resolution of the degree two
polynomials used by Davies et al. [1997]), the RMS misfit
is ~3 mm yr ', slightly smaller than was obtained by Davies
et al. [1997] from reoccupations of the 19th century trian-
gulation points.

[33] Estimation of the velocity gradient involves six
quantities (the velocity of the point of interest plus two
spatial derivatives of each component of horizontal veloc-
ity), and a reasonable measure of the spatial resolution
offered by the distribution of GPS sites is the diameter, «,
of a circle that must be drawn around each site in order that
it should contain at least six points (the point itself plus its
five nearest neighbors). The upper panel in Figure 9 shows
that fewer than 25% of sites have g < 50 km, whereas
~75% of sites have o < 120 km. We therefore now present
and discuss a continuous representation of the velocity
gradients calculated with a = 120 km (Figure 11).

[34] Regions of Greece and western Turkey between
approximately 37.5°N and 40°N are characterized by pre-
dominantly north-south extension, and a band of trench-
normal compression and trench-parallel extension follows
the Hellenic trench. The trench-parallel compression has
been discussed by a number of authors [Shaw et al., 2008;
Ganas and Parsons, 2009; Reilinger et al., 2010] but is
outside the scope of this paper. In the northeastern part of
the region, the field of velocity gradients shows a zone of
right-lateral shear on nearly east-west planes corresponding
to the western end of the North Anatolian fault system and
the North Aegean Trough, and a second zone of right-lateral
shear in western Greece. We note that the absence of con-
tractional principal axes in the strain rate field of central
Greece (Figure 11) shows that right-lateral shear is not
continuous between the North Aegean Trough and the
western coast of Greece. The explanation for this can most
readily be understood by referring to the velocities shown in
Figure 3, in which the x direction is oriented approximately
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Figure 6. Misfits between the velocities reported here and best fitting angular velocities for the block
models of Figure 5. Arrows for sites whose misfits are lower than 1.5 mm yr ' are too small to be
shown clearly; these sites are represented by open circles. (a) Misfits to the best fitting angular velocities
for the blocks of Nyst and Thatcher [2004]. (b) Misfits to the best fitting angular velocities for the blocks

of Reilinger et al. [2006].

SW. A NW gradient of SW directed velocity (0v,/0y) is
always present across the region, but variations in the rela-
tive magnitudes of this gradient and the NE gradient of SE
directed velocity (0v,/0x) determine whether those gradients
are expressed in shear, rotation, or both. In the northeastern
Aegean, the gradients of velocity ov,/0y and Ov,/0x are
approximately equal and opposite in magnitude, and the
deformation takes place by shear with little rotation. In
central Greece these velocity gradients are approximately
equal and the deformation takes place by normal faulting

and rotation [McKenzie and Jackson, 1983]. In western
Greece, the NW gradient of SW directed velocity (0v,/0y)
dominates, and the deformation takes place by a combina-
tion of shear and rotation (Figure 11).

[35] The RMS misfit of the observed velocities to this
smooth field is 2.3 mm yr '. Systematic misfits are confined
to a region approximately 100-by-100 km around the Gulf
of Corinth, where they reach about 5 mm yr ' (Figure 10);
this observation is consistent with previous studies, which
have shown that approximately 12 mm yr ' of extension are
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Figure 7. (a) Distribution of blocks in the Aegean based on the “broken-slat” model proposed by
Taymaz et al. [1991]. (b) Modification to Figure 7a with additional block boundaries in central and
western Greece, as discussed in the text. Block boundaries are shown by tan lines. Toothed lines are as in
Figure 1; grey lines represent strike-slip faults, all of which have a right-lateral sense of slip; black lines
represent normal faults (data from J. A. Jackson and E. Nissen (personal communications, 2010)).
(b) Focal mechanisms are those of earthquakes M, > 5.8 that have occurred in the region in the past
120 years [Ambraseys and Jackson, 1990; Jackson and McKenzie, 1988; Shaw and Jackson, 2010].

taken up in a few tens of kilometers across the western Gulf  observed geodetic velocities by uniform deformation on the
of Corinth [Clarke et al., 1997, 1998; Briole et al., 2000; scale of ~100—120 km or to model it by the relative motion
Avallone et al., 2004]. Elsewhere, the misfits show no of blocks having the same scale. The RMS misfits are of
systematic pattern, and are generally smaller than 2 mm yr ' order 2-3 mm yr ' both for the 10- and 15-block models
(Figure 12). (Figure 8), and for the 120 km resolution model (Figure 12).

[36] The similar magnitudes of misfits for the two types of The block models that contain fewer, larger blocks provide,
model demonstrate that it is equally valid to describe the
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Figure 8. Misfits between the velocities reported here and best fitting angular velocities for the blocks of
Figures 7a and 7b. Sites for which the misfit is lower than 1.5 mm yr ' are shown by open circles.

however, a poorer fit than do continuous representations
having similar scale lengths (Table 1 and Figures 9 and 12).

4. Discussion

[37] The sites within our velocity field are subject to noise
at ~1-3 mm yrf1 RMS, representing measurement error,
monument instability, local nontectonic movements and
postseismic transient effects (Figure 2), so that the geodetic
data alone do not allow us to distinguish between small

block and continuous models. We therefore consider the
implications for each model of other tectonic observations in
the region.

[38] We emphasize that a continuous description of the
deformation is not incompatible with block-like behavior of
the upper crust. There can be no doubt that at some scale, the
crust is split into fragments which are separated by faults and
which, at any one time, may be treated as elastic blocks. The
question is still open, however, as to whether the these
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Figure 9. (bottom) Double line shows the RMS misfit of a continuous velocity field to the observed
velocities as a function of the spatial resolution, «, of the field. Single line shows the roughness (arbitrary
units, right-hand axis) of the strain rate field, measured by the variance of the strain rate field, calculated
on a 0.5 x 0.5° grid, from a plane. Numbers in boxes show the RMS misfits to models with those numbers
of blocks (Figures 6 and 8) with horizontal coordinate given by the square root (in km) of the average area
of the blocks. (top) Distribution of spacing between sites; shaded region illustrates the cumulative per-
centage of sites having five neighbors within a distance ag. The velocity gradient field that we concentrate
upon in this paper is calculated using o = 120 km (Figure 11), marked by the vertical lines.

fragments move as a set of independent microplates, or
whether they move (and may over time break up) in response
to forces applied to them by the lower lithosphere [e.g.,
Bourne et al., 1998; England and Jackson, 1989; Molnar,
1988]. In the former case, it is appropriate to describe the
motions by a set of angular velocities; in the latter, the
apparatus of continuum mechanics may be more appropriate.

4.1. Implications of Block Models for Aegean Tectonics
and Seismic Hazard

[39] We first compare the predictions of the block models
with the observed distribution of deformation revealed by

the earthquakes of the region during the past 120 years. The
catalog of earthquakes having M > 5.8 within the continental
lithosphere of the Aegean is believed to be reasonably
complete over the past 120 years [Ambraseys and Jackson,
1990; Jackson and McKenzie, 1988; Shaw and Jackson,
2010]. The moment release in M > 5.8 earthquakes in the
Aegean region since 1890 has been ~10*' N m (Figure 14).
Two arguments suggest that this moment release is com-
parable with the longer term rates within the Aegean. First,
while M > 8 earthquakes probably take place infrequently
along the Hellenic trench [Ambraseys et al., 1994; Shaw et
al., 2008], and earthquakes of magnitude close to 8 certainly
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Figure 10. Misfits of observed velocities to the velocity gradient model illustrated in Figure 11. Sites for
which the misfit is lower than 1.5 mm yr ' are shown by open circles.

occur along the North Anatolian fault [Barka, 1996], the
maximum magnitudes of the normal faulting events in the
region are likely to be limited by the length of the fault
segments (1020 km [Ambraseys and Jackson, 1990]). This
argument may be extended to the strike-slip faults in the
north Aegean and western Greece, where the segment
lengths are consistent with the maximum magnitudes seen
(M ~ 17.5) seen in the past century. Secondly, this rate of
moment release is consistent with the overall strain rate of
the region being accommodated seismically [Jackson and
McKenzie, 1988] (see section 3.2).

[40] For each model, we illustrate the relative motions
between adjacent blocks by equivalent focal mechanisms
(Figure 13). In general, the style of deformation predicted by
the block models is consistent with what is seen in the
earthquake record, with strike-slip deformation dominating
in the northeast of the region, around the North Anatolian
fault, and in western Greece, near the Kefalonia fault. There
are, however, differences between the slip predicted by
these models, and that observed in the earthquakes. The 4-
and 6-block models predict that some (or, in the case of the
model of Nyst and Thatcher [2004], all) of the relative
motion across central Greece is accommodated on strike-
slip faults, which do not exist, while the 15-block model
predicts a significant component of strike-slip deformation
in western Turkey, which again does not exist, while failing
to predict the strike-slip deformation in western Greece
(see Figure 15). We do not rule out the possibility that
reconfiguring the block boundaries could diminish these
discrepancies, but because the locations of the block bound-
aries were chosen on the basis of the known distribution of
faulting, it is not clear that any such reconfiguration would be
consistent with the geology.

[41] One motivation for the use of block models is to
attempt an economical description of the seismic hazard in a
region. If all the major fault zones are identified and cor-
rectly assigned to block boundaries, then block models may
provide useful constraints on slip rates, and hence on the
accumulation of hazard [e.g., Reilinger et al., 2006]. If,
however, a block model fails to capture the essentials of the
active faulting, then its use in seismic hazard estimation may
be seriously misleading: hazard will be overestimated near
the boundaries of the blocks, and underestimated in their
interiors.

[42] For example, Nyst and Thatcher [2004] conclude that
the seismic hazard in the Aegean is concentrated near the
boundaries of their four microplates (shown in Figure 5a)
but ~50% of the moment release in earthquakes during the
past 120 years took place at distances greater than 30 km
(twice the thickness of the seismogenic layer) from these
block boundaries (Figure 14). As would be expected, the
model containing 15 smaller blocks performs better, with
only 20% of the moment release in earthquakes taking place
more than 30 km from the block boundaries (Figure 14) but,
at this scale of block, there are few parts of the region that
do not lie within 30 km of a boundary.

[43] These considerations are clearly illustrated in western
Greece, where a zone of distributed right-lateral shearing
extends more than 200 km inland from the Kefalonia fault
(profile D, Figure 4, and Figure 15). The Kefalonia fault,
sometimes referred to as the Kefalonia Transform Fault
[e.g., Louvari et al., 1999], is an obvious choice as a block
boundary because there is a concentration of earthquakes
along it and it is associated with a prominent offshore
bathymetric scarp [Nyst and Thatcher, 2004; Reilinger et al.,
2006; this paper, Figures 7 and 15]. Yet the gradient of
velocity across this region (Figure 15b) cannot be interpreted
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Figure 11. (a) Principal axes of strain rate estimated from the observed velocities by assuming locally
homogeneous, but regionally varying, velocity gradients. Horizontal velocity, and local gradients of its
components, are estimated, at each point on the grid, by least squares inversion giving each site a Gaussian
weight of full width 120 km (Figure 9 and text). Extensional strain rates are shown as red bars,
compressional strain rates as blue bars. (b) Rotation rates % (%—vyx - %) of the velocity gradient field.
Wedges represent the rotation rate multiplied by 10 Myr; blue ‘wedges show clockwise rotation rates,

counterclockwise rates are shown in red.

as the elastic response of a block to a fault that is slipping at
depth beneath the Kefalonia fault; the length scale over
which the velocity difference is expressed would require a
locking depth of at least 80 km (i.e., the fault would penetrate
through the downgoing Nubian plate) and, to fit the ampli-
tude of the velocity difference, the slip rate on such a fault

would need to exceed 70 mm yr '. A more reasonable

interpretation of the velocity gradient, supported by the
observations of shallow faulting of the region (Figure 15a)
is that it represents distributed shearing across this part of
western Greece, which is released by slip on a number of
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Figure 12. Distributions of the magnitudes of the misfits in the horizontal components of velocity
between the observed velocities (Figure 3) and the block and continuous models for the Aegean dis-
cussed in the text. The 4-, 6-, 10-, and 15-block models refer to Figures 6a, 6b, 8a and 8b, respectively;
misfits to the 120 km continuous model are shown in Figure 10; the 240 km continuous model is not

illustrated.
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Figure 13. (a) Focal mechanisms of M > 5.8 earthquakes that have occurred within the continental crust
of the Aegean over the past 120 years [Ambraseys and Jackson, 1990; Jackson and McKenzie, 1988;
Shaw and Jackson, 2010]; earthquakes accommodating convergence in, and outboard of, the trenches are
excluded. (b) Slip rates for boundary segments of the model of Nyst and Thatcher [2004] are depicted by
focal mechanism representations, constructed using the dip and slip rates for each fault segment given by
Nyst and Thatcher. Dip-slip faults dip at 45°, strike-slip faults are vertical. Strike-parallel and dip-parallel
components of slip rate are converted into rake on the fault plane, and the area of each beachball is
proportional to the rate of slip on the fault segment. (c) Same as Figure 13b except for the block model
of Reilinger et al. [2006], using slip rates and fault dips given in their auxiliary material. (d) Same as
Figure 13b except for the 15-block model shown in Figure 7.

faults, such as occurred in the 8 June 2008, M6.4, Achaia
earthquake [Ganas et al., 2009; Shaw and Jackson, 2010].

[44] Block models also have the drawback, from the point
of view of the Quaternary tectonics, that the block bound-
aries are clearly transient. For example, extensional defor-
mation has migrated northward through the northern
Peloponnese over the past few million years, with the major
active faults along the south coast of the Gulf of Corinth only
becoming active within the past ~0.7 Myr [e.g., Goldsworthy
and Jackson, 2001; Ori, 1989; Rohais et al., 2007], while
deformation has migrated across central Greece on three
major normal-fault systems which have all been active
within the past 5 Myr [Goldsworthy and Jackson, 2001].

Equally the southern Aegean region, which is now deforming
slowly (Figure 11) or not at all (if it is part of a block),
underwent almost 100% extensional strain since beginning
of the present phase of extension in the Aegean region in
Mio-Pliocene time [Angelier et al., 1982].

4.2. Implications of Continuous Velocity Gradient
Field for Aegean Tectonics and Seismic Hazard

[45] We now consider the implications for the tectonics of
the Aegean region of the field of velocity gradients calcu-
lated from the GPS data (Figure 11). We first address the
dynamics of the region because, while a microplate model is
by its very nature kinematic, and so requires no explanation
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Figure 14. Cumulative histograms of the moment release
in M > 5.8 earthquakes during the past 120 years as a func-
tion of distance of the earthquake from its nearest block
boundary. Lighter shading is calculated using the block
boundaries of Nyst and Thatcher [2004]; darker shading is
for the boundaries of the 15-block model (Figure 7b). The
distribution of the earthquakes is shown in Figure 5a.

for the relative motions, a model postulating a continuous
field of deformation for the crust ought to provide a
dynamical explanation for that deformation.

4.2.1. Physical Explanation for the Velocity Gradient
Field

[46] The principal strain axes of Figure 11 show a pattern
of generally north-south extension, though in the southern
part of the region, where the extensional strain rates are
lower, the principal axes of elongation swing round to
become approximately parallel to the Hellenic Trench. In
the northeastern Aegean, and around the northwestern ter-
mination of the Hellenic Trench, the extensional strain is
augmented by a roughly equal amount of east-west con-
traction, producing two regions of horizontal simple shear.
A full analysis of the dynamics of this deformation is
beyond the scope of this paper, but we show here that its
major features are consistent with the suggestion, made by a
number of authors, that the Aegean behaves like a fluid
subjected to an extensional boundary condition at its
southern and southwestern boundaries, where it is bordered
by ocean floor with low surface elevation [e.g., Hatzfeld
et al., 1997a; Le Pichon, 1982; McKenzie, 1972, 1978b;
Sonder and England, 1989].

[47] In what follows, we assume an Airy model for iso-
static compensation, and follow England and McKenzie
[1982] in estimating the distribution of gravitational poten-
tial energy (GPE) of the region from surface height. The
difference, I', in GPE between a reference column of lith-
osphere, crustal thickness, Sy, and surface elevation zero,
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and a piece of lithosphere of surface height # and crustal
thickness S, is

_gpe(l = pe/pn) (S* = S5)

T
2
_ 8pch(S + So)
_% (2)
h:(S_SO)(l —pc/pm)7 (3)

where g is the acceleration due to gravity, and p. and p,, are
the densities of crust and mantle, respectively; we neglect
the differences between oceanic and continental crust for
this simple calculation. The units of T" are N m™", or joules
per unit surface area.

[48] This procedure gives us only an approximation to the
GPE, because it is likely that lithospheric extension has
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Figure 15. Distributed shear in western Greece. (a) Focal
mechanisms of earthquakes within the overriding plate
[Shaw and Jackson, 2010] and GPS velocities of this
study. Black circles show sites within 50 km of profile line
D (Figure 4d). Thick blue line represents location of Kefa-
lonia strike-slip fault [Louvari et al., 1999]; thinner blue line
represents the location of aftershocks to the M6.4, Achaia
earthquake Ganas et al. [2009]. (b) The component of
velocity perpendicular to the profile (x direction of Figure 3)
for sites within 50 km of line D. Vertical bar indicates the
crossing of the profile by the Kefalonia fault; thin vertical
line indicates the projection onto this profile of the line of
aftershocks to the Achaia earthquake. Horizontal scale
matches that of Figure 15a.
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Figure 16. Principal horizontal extensional axes of the velocity gradient field shown in Figure 11,
superimposed on the estimated gravitational potential energy (GPE) of the lithosphere of the region (see
equation (2)). Densities of crust and mantle are 2800 and 3300 kg m >, respectively, and the contours of
GPE are in units of 10'> N m™'. Topography, and hence GPE, are smoothed with a Gaussian filter of

width 200 km.

perturbed the density structure below the crust [McKenzie,
1978a]; use of geoid anomalies to estimate GPE [Haxby
and Turcotte, 1978] is ruled out because of the likely con-
tribution of the slab to the geoid. With this approximation,
the distribution of GPE in the eastern Mediterranean (rela-
tive to a reference column that has crustal thickness of
30 km) varies between +1 and —2 x 10" N m™" (Figure 16).
The sharp drop in GPE of ~2 x 10" N m ™" at the southwest
and southeast of the Aegean, is equivalent to a boundary
condition of tensional deviatoric stress applied to the conti-
nental lithosphere to its north [e.g., Hatzfeld et al., 1997a;
Le Pichon, 1982; McKenzie, 1972].

[49] England et al. [1985] gave approximate analytical
solutions for the velocity distribution within a sheet of fluid
subjected to such a boundary condition, and showed that
velocities in the interior of the sheet are aligned perpendic-
ular to the boundary and die out, in the direction perpen-
dicular to the boundary, on a length scale that is comparable
with the length of that boundary. Such a velocity distribution
produces principal axes of elongation (in the case of an
extensional boundary) that are also perpendicular to the

boundary. The length of the extensional boundary to the
Aegean, from the northwest Peloponnese to Rhodes, is about
800 km, or about 600 km along a great circle joining its ends,
and this is approximately equal to the N-S extent of the
Aegean extensional domain (Figure 1). We therefore suggest
that the predominance of N—S axes of principal elongation in
the geodetic strain field of the Aegean reflects the influence
of a tensional boundary condition along the southern and
southwestern boundaries to the region.

[s0] Two other features of the velocity gradient field
require more than the extensional boundary condition alone
to explain them. First, the motion of Turkey adds a west-
ward component of velocity (relative to Eurasia) across the
region, which causes the dextral shear and clockwise rota-
tion from the north Aegean to the west of the Gulf of
Corinth (Figure 11b). Second, the rate of extension in the
Aegean south of about 36.5°N is significantly lower than in
mainland Greece and western Turkey; this observation may
be explained by the fact that the GPE in the southern
Aegean is substantially lower than in mainland Greece and
Turkey (Figure 16); the region is therefore subjected to a
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compressional deviatoric stress from the north, which coun-
teracts the extensional deviatoric stress due to the southern
boundary.

4.2.2. Earthquakes and Coherent Strain Rate Field

[51] If the earthquakes and active faulting in a region are
to accommodate a given field of strain rate, then they must
obey a few simple rules. With the assumption that one
principal axis of strain rate is vertical, the faulting required
to take up a regional velocity gradient field consists of dip-
slip faults striking perpendicular to one horizontal principal
axis of strain rate, and strike-slip faults at an angle to that
axis which depends upon their effective coefficient of fric-
tion [Houseman and England, 1986, Appendix]. This
argument is related to that of Kostrov [1974], who showed
that if all of the strain of a region of volume is released in
earthquakes, then the components of the strain rate tensor
are directly related to the summed moments of the earth-
quakes. However, whereas Kostrov’s method involves
averaging earthquakes over a large volume, with the inevi-
tability that the result will be dominated by the largest
earthquake, the argument of Houseman and England [1986]
predicts the relation to the strain rate field of all earthquakes
individually, irrespective of their size.

[52] Accommodation of the distributed extensional
deformation of the Aegean (Figure 11) requires normal
faults striking perpendicular to the principal axes of hori-
zontal elongation, and strike-slip faults at between 45° (for
effectively frictionless faults) and 60° (for faults with an
effective coefficient of friction of 0.6) from those axes. The
equivalent statement for the T axes of earthquakes is that for
normal-faulting earthquakes they should be parallel to the
principal axes of horizontal elongation, while for strike-slip
earthquakes they should be parallel to those axes, for
effectively frictionless faults, or up to 15° away, for faults
with effective coefficients of friction up to 0.6 [Molnar et
al., 1973; Houseman and England, 1986, Appendix].

[53] We examine all the earthquakes of M > 5.8 that have
occurred in the region over the past 120 years [Ambraseys
and Jackson, 1990; Jackson and McKenzie, 1988; Shaw
and Jackson, 2010]. We also examine likely intraplate
earthquakes for the region from the Global CMT catalog
(http://www.globalcmt.org); for this purpose, we choose
from the catalog those normal- or strike-slip-faulting earth-
quakes in the region that have hypocenters shallower than
34 km. The total data set consists of 223 focal mechanisms
of earthquakes with magnitudes between 5 and 7.4.

[54] The mean misfit between the orientations of the T
axes of the earthquakes and of the axes of principal elon-
gation in the strain rate field is 22° (Figure 17); there is no
relation between fault type and misfit in orientations. Given
that the orientation of fault planes in focal mechanisms, and
of principal axes in moment tensors, are usually uncertain
by at least 10°, this alignment between the geodetic velocity
gradients and the orientations of T axes, regardless of
whether the earthquake is large or small, or of whether it lies
close to a block boundary, suggests that the faults within the
upper crust of the region are taking up a coherent field of
deformation [see also England, 2003].

[55] If crustal deformation of the region does, indeed,
reflect an underlying coherent field of deformation then we
should further expect that the distribution of moment release
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in earthquakes would reflect the regional distribution of
strain rate. We express the geodetic strain rate in terms of its
second invariant,

. . 1
E = (¢4¢/2)7, (4)
where
. 1 (0v; Ov
5”75(0_)@4—8_;@)’ (%)
. Ovy  Ovy
€z = 7(5"‘87.)})7 (6)
b =& = 0. (7)

The subscripts i, j on the components of velocity, v, and
strain rate £, refer to the x, y,z directions, with z vertical, and
equation (6) expresses the incompressibility of the medium.
The quantity E is derived directly from the velocity gra-
dients, using the technique described in section 3.2, with
spatial resolution o = 120 km.

[s6] There is a clear qualitative relation between the dis-
tribution of M > 5.8 earthquakes of the past 120 years and
the scalar strain rate of the smoothly varying velocity gra-
dient field, with earthquakes being clustered within regions
of higher strain rate (Figure 18). To quantify this relation-
ship, we calculated the second invariant of the strain rate in
25 x 25 km boxes, and summed the scalar moments of the
earthquakes (if any) within each box. Ordering the boxes in
ascending order of strain rate shows that over 90% of the
moment release took place within areas where the strain rate
exceeds 30 nstrain yr ' (Figure 18b).

[s71 We therefore disagree with the conclusion of Nyst
and Thatcher [2004] that the earthquake activity and seis-
mic hazard of the Aegean region are localized near the
boundaries of a few (4) microplates. Approximately 50% of
the moment release in the past 120 years took place more
than 30 kilometers from those boundaries (Figure 14);
indeed some of the largest earthquakes in the Aegean during
the past 120 years (e.g., the 1956 Amorgos earthquake) took
place on faults that are far from the boundaries of these
microplates, or on faults that are almost perpendicular to
proposed block boundaries (for example, the 1894 Atalandi
earthquakes).

[58] The repeat time between earthquakes on the faults of
this region is likely to be hundreds to a few thousand years
[e.g., Collier et al., 1998; Koukouvelas and Stamatopoulos,
2001; Pantosti et al., 2004; Kokkalas et al., 2007]; hence we
cannot, solely from the 120 year instrumental record, rule
out the microplate model as a basis for assessment of seis-
mic hazard. Figure 11 suggests, however, that it would be
unwise to overlook the information about seismic hazard
that is contained in the continuous strain rate field.

4.2.3. Active Faulting and Coherent Strain Rate Field

[59] The major active normal faults of the region show
displacements of order one or more kilometers which, cou-
pled with repeat times of several hundred years between
earthquakes having slips of order a meter, imply that the
current systems have been active for the past 0.5 to 1 Myr.
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Figure 17. Grey bars show orientations of the principal horizontal extensional axes of the 120 km
resolution strain rate field shown in Figure 11; dark red bars show the orientations of the T axes of
M > 5.8 earthquakes of the past 120 years for which reliable focal mechanisms could be obtained
[Ambraseys and Jackson, 1990; Jackson and McKenzie, 1988; Shaw and Jackson, 2010]; lighter red bars
show the orientations of the T axes of earthquakes M < 5.8 from the Global CMT catalog (see text). Inset
histogram shows the differences in orientation between the T axes of the earthquakes and the principal
horizontal extensional axis of the velocity field calculated at the location of the earthquake; lighter shading
represents all earthquakes shown; darker shading represents the M > 5.8 earthquakes.

This finite strain is consistent with the instantaneous velocity
gradient field (Figure 19). The normal-fault systems are all
aligned roughly perpendicular to the principal axes of elon-
gation in the geodetic velocity field (as has previously been
noted, for example, by Davies et al. [1997] and Hollenstein
et al. [2008]) and the major strike-slip faults lie at approxi-
mately 45° to those axes (Figure 19). This is the relationship
expected if faulting in the upper crust accommodates a
coherent strain rate field with low effective coefficient on
faults (see section 4.2.2 and Houseman and England [1986,
Appendix]).

[60] Two other prominent aspects of the faulting can also
be explained if it is assumed that the kinematics of the brittle
upper crust are controlled by the dynamics of the ductile
lithosphere beneath it. First, a number of analytical,
numerical, and physical experiments on the dynamics of
extension have shown that a rheologically layered litho-
sphere exhibits instabilities that grow into strain con-
centrations whose horizontal length scale depends on the
rheological properties [e.g., Fletcher and Hallet, 1983;
Hatzfeld et al., 1997a; Heimpel and Olson, 1996; Zuber and
Parmentier, 1986]. Such instabilities may focus deformation
into the continuous systems of faults that are observed in
Greece [Goldsworthy et al., 2002]. Second, the migration of

the fault systems with time [e.g., Goldsworthy and Jackson,
2001; Jackson, 1999] may be explained by the growth of
such instabilities and/or by rapid rates of rotation about
horizontal axes (or, for example in central Greece, about
vertical axes: Figure 11) that can change the orientation of
faults with respect to principal axes of strain rate by tens of
degrees within a few million years.

5. Conclusions

[61] The velocities of 254 sites in the Aegean region,
which we report here, are inconsistent with models for the
tectonics of Greece and the Aegean that divide the region up
into a small number of microplates [e.g., Nyst and Thatcher,
2004]. Rigid blocks with linear dimension ~400 km or
greater misfit the observed velocities by up to 15 mm yr '
(4-5 mm yr ' RMS), and the distributions of active faults
(Figure 5a) and large earthquakes (Figure 5b) show that
deformation is required in the interiors of such blocks.

[62] Decreasing the size of the blocks, and thereby
increasing their number, improves the fit of block models to
the observations. The velocities we report here can be fit to
within about 2-3 mm yr ' RMS by the relative motions of
10 or more rigid blocks that are of scale ~1-200 km on a
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Figure 18. (a) Contours of the second invariant (equation (4)) of the strain rate tensor illustrated in
Figure 11, in units of nanostrain per year. Dots show the epicenters of M > 5.8 earthquakes during the past
120 years [Ambraseys and Jackson, 1990; Jackson and McKenzie, 1988; Shaw and Jackson, 2010]. (b)
Cumulative moment release from the earthquakes shown in Figure 18a plotted against cumulative area for
25 x 25 km boxes (see text); black line is for all earthquakes, grey line excludes the largest earthquake
within the Aegean in the past 120 years, the M = 7.4, 9 July 1956, Amorgos earthquake. Blue vertical
lines show the number of earthquakes occurring within each box. Black vertical lines relate the cumu-
lative area to the strain rate distribution: for example, about 1.4 x 10'" km? of the region are straining less
rapidly than 25 nstrain yr '; 2.8 x 10" km? are straining less rapidly than 50 nstrain yr ', and so on.
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Figure 19. Orientations of active faults and of principal axes in the strain rate field. Red bars show
orientations of the principal horizontal extensional axes of the 120 km resolution strain rate field shown
in Figure 11. The symbols for faults are as in Figure 5b, except that the normal faults shown are only
those thought to be active, on the basis either of historical seismicity or the existence of Quaternary

fault scarps.

side (e.g., Figures 7 and 8). These velocities are fit equally
well by a field of velocity gradients that is locally uniform
on the scale of 100200 km but varies smoothly on larger
scales, though such a field underestimates the strain rates in
the western Gulf of Corinth (Figure 11).

[63] Although continuous and block models fit the GPS
velocities comparably well, the continuously varying field of
velocity gradients offers the advantage of explaining the
locations of, and sense of slip on, the major faults and
earthquakes of the region. Ninety percent of the moment
release in earthquakes of the past hundred years took place
within regions whose geodetic strain exceeds 30 nstrain yr .
The T axes of the earthquakes are aligned with the axes of
principal horizontal extension in the velocity field, irre-
spective of their magnitudes, or of whether they lie near to or
far from postulated block boundaries. Finally, the orienta-
tions of the major normal faults are aligned perpendicular to
the principal extensional axes of the geodetic strain rate field.
These are the relationships expected if the lithosphere acts
like a continuous medium, with the upper crust releasing its
strain by slip on faults. We agree with previous authors who
have suggested that the extension of the Aegean region
(which is clearly expressed in the seismicity, the active
faulting, and the Quaternary geomorphology, as well as in
the geodesy) is explained by the difference in gravitational
potential energy between the continental lithosphere of the
Greece and Turkey and the oceanic lithosphere to the south
and southwest of the region [e.g., Davies et al., 1997;

Hatzfeld et al., 1997a; Le Pichon, 1982; Le Pichon et al.,
1995; McKenzie, 1972].
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