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SUMMARY

High strain rates and intense seismic activity characterize both the boundaries and
the interior of the Aegean–Anatolian plate: the availability of geodetic and geophysical
data makes this region ideal to make detailed models of continental deformation.
Although the deformation occurring in the Aegean–Anatolian plate may be regarded
as the primary effect of the Arabian indenter push, it has already been demonstrated
that this mechanism cannot account for the observed extrusion/rotation of the whole
plate. We investigate the present-day steady-state anelastic deformation of the Aegean–
Anatolian plate by a thin plate thermomechanical finite element (FE) model that accounts
for realistic rheological mechanisms and lateral variations of lithospheric properties.
Studying the region with uniform models, where average values for thermal and geo-
metric parameters are chosen, we find that two tectonic features, in addition to the
Arabian plate push, are critical to reproduce a velocity field that gives a reasonable fit to
the observations. The first is the E–W constraint of NW continental Greece, related
to the collision between the Aegean–Anatolian plate and the Apulia–Adriatic platform,
required in the model to attain the SW orientation of the velocity field along the Hellenic
Arc. The second is the trench suction force (TSF) due to subduction of the African
lithosphere, which is needed to fit the observed mean extrusion velocity of 30 mm yrx1

along the Hellenic Arc. Uniform models are useful to study the sensitivity to the
interplay of rheological/thermal parameters in a simplified framework but, in all cases,
predict a strong deformation localized along the Hellenic Arc, whereas geodetic and
seismological data show that the highest strain rates are located in western Anatolia.
Furthermore, uniform models are non-unique in the sense that since we model a vertically
averaged thin plate, different thermal and rheological parameters can be combined to
yield the same lithospheric strength. We account for internal sources of deformation
with heterogeneous models, where the available constraints on lateral variations of
crustal thickness and surface heat flow have been included. The heterogeneous distri-
bution of lithospheric strength contributes to ameliorate the fit to geodetic and stress
data, since the predicted velocity field is characterized by an acceleration from E to W,
with a sharp increase in the proximity of the western margin of the Anatolian peninsula,
where the highest rates of intraplate deformation are observed. In our model this
partitioning of the deformation is due to the different rheology of the Aegean Sea,
which, being slightly deformable, transmits the TSF to the western margin of Anatolia.
Our results are consistent with the interpretation of the Aegean–Anatolian system as a
single, rheologically heterogeneous plate.

Key words: Aegean Sea, Anatolian plate, creep, geodynamics, lithospheric deformation,
rheology.
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1 I N T R O D U C T I O N

Since the advent of the theory of plate tectonics, the spectacular

tectonic activity of the Aegean Sea and surrounding regions

has attracted the interest of researchers and as a result a huge

amount of geological, geodetic and geophysical data has been

collected in this area. A thorough review of the active tectonics

of this region was given by Jackson (1994). He recognized that

a correct description of the velocity field and its relationship to

the rheology of the lithosphere is needed to determine the role

of the ongoing active processes in the Aegean area: Arabian

plate push, subduction of the African plate and intraplate

deformation in western Anatolia.

Most of the previous numerical simulations of the defor-

mation field in the Turkish–Hellenic area were carried out

using strongly simplified elastic models of crustal and mantle

materials (Bremaecker et al. 1982; Kasapoglu & Toksöz 1983;

Meijer & Wortel 1997; Albarello et al. 1997; Lundgren et al.

1998). Bird (1999) developed and made available to the geo-

physical community a suite of thin-plate finite element programs

able to treat realistic lithospheric rheology, characterized by the

transition from shear failure to non-linear dislocation creep.

In a previous study (Cianetti et al. 1997) we used the program

Laramy (Bird 1989) to simulate successfully, using simple initial

and boundary conditions, the present-day velocity field in the

Aegean region as observed by satellite geodetic measurements

as well as the evolution of the stress field. In this paper we use

the same program to simulate the large-scale deformation

pattern of the Aegean–Anatolian plate due to forces acting

at its boundaries. The model we develop is constrained by

the observed geodetic and stress data and, at the same time,

incorporates lateral variations of crustal thickness and surface

heat flow. Our purpose is to discuss the following points: (1) the

driving mechanisms of Aegean lithosphere deformation and

the interplay between the push of the Arabian plate and the pull

due to subduction of the African plate beneath the Aegean Sea;

and (2) the relationship between external and internal sources

of deformation, the latter being represented in our models by

heterogeneous distributions of crustal thickness and heat flow.

In the next section, we provide an overview of the tectonics

of the Aegean Sea and Anatolia and of its geological inter-

pretation by previous authors. In Section 3 we briefly describe

the data sets used to build and verify the numerical models. In

Section 4 we recall the formulation of the numerical model,

discussing the implementation of the lithosphere rheology, the

creep and thermal parameters. We choose average values taken

from experimental data and we perform sensitivity tests to find

a minimal set of quantities that must be taken into account in

the following models. In Section 6 we justify the geometry and

the boundary conditions applied to our finite element (FE)

grid. We test models with uniform thickness and heat flow in

Section 6, where we show how different tectonic processes,

represented by different boundary conditions, may impact upon

the observed velocity. In Section 7 we incorporate observed heat

flow and crustal thickness data in the models to evaluate their

influence on the plate dynamics. The quantitative evaluation and

comparison between homogeneous and heterogeneous models is

carried out in Section 8, where we employ misfit functions both

for velocity and stress fields. Finally, in Section 9 we discuss the

model results in relation to the active mechanisms and driving

forces of the Aegean–Anatolian plate.

2 T E C T O N I C F R A M E W O R K A N D
I N T E R P R E T A T I O N

The Neogene–Quaternary deformation affecting the Eastern

Mediterranean area is determined by the collision between the

Eurasian, African and Arabian plates. The northward move-

ment of Africa and Arabia at different rates and their collision

with Eurasia is assumed to cause both the shortening and the

westward extrusion of the Turkey–Anatolian block (McKenzie

1972). The deformation pattern induced by the collision (Fig. 1)

may also be influenced by lateral variations of lithospheric

rheology and the pre-existing structural framework.

The Aegean/Anatolian plate may be regarded as a buoyant

continental sliver being driven westwards from the intra-

continental Bitlis suture zone, the southern edge of the Arabian–

European convergent zone, and taken up by subduction at the

Hellenic Trench. The westward escape of the plate is accom-

modated by major strike-slip faults (Fig. 1): the left-lateral

Dead Sea fault zone (DSFZ), the East Anatolian fault zone

(EAFZ) and the right-lateral North Anatolian fault zone (NAFZ)

(Westaway 1994).
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Figure 1. Topography (m), major tectonic structures and plate margins. Solid white lines are strike-slip faults, ticked lines are normal faults with ticks

on the downgoing block, and lines with triangles are thrust faults with triangles on the overriding block. The black line shows the FE model

boundaries. Abbreviations are NAFZ, North Anatolian Fault Zone; EAFZ, East Anatolian Fault Zone; DSFZ, Dead Sea Fault Zone; KTJ, Karliova

triple junction.
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The Aegean region is an area of intense seismic activity

compared with surrounding regions. Fault plane solutions

and Neogene–Quaternary geology indicate a very complex and

rapidly evolving tectonic scenario (Dewey & Sengör 1979).

Focal mechanisms (Fig. 2) suggest that three different tectonic

regimes affecting the Aegean area can be recognized. Along

the Hellenic trench active subduction is occurring at present

and typical subduction earthquakes are recorded. The central

part of the Aegean area, north of the Gulf of Corinth, is

characterized by normal faulting with a mainly N–S direction

of extension. The Marmara Sea area fault plane solutions

document transtensive deformation (Fig. 2). This has been

interpreted as the westward end of the NAFZ, which connects

the compressional regime in eastern Anatolia with the exten-

sional regime in the Aegean Sea (McKenzie 1972; Sengör 1979).

Focal mechanisms for earthquakes along the NAFZ indicate

predominantly pure right-lateral strike slip along the eastern

and central segments of the fault, changing into a combination

of right-lateral and extensional mechanisms along the western

segment of the NAFZ in the Marmara Sea (Fig. 2). The EAFZ

is considered to be a continuous major left-lateral strike-slip

fault bounding the Anatolian block and the Arabian plate

(McKenzie 1976, 1978; Jackson & McKenzie 1984). The fault

plane solutions in Fig. 2 suggest that it is principally a strike-

slip fault. The left lateral DSFZ (Nur & Ben Avraham 1978;

Lovelock 1984; Walley 1988; Perinçek & Çemen 1990; Lyberis

et al. 1992; Westaway 1994) is a tectonic structure that bounds

the Arabian and African plates and is mainly a strike-slip fault.

The existence of strong heterogeneities in the lithospheric

structure of the area is clearly shown by recent results from

seismic tomography (Spakman et al. 1993; Papazachos & Nolet

1997; Piromallo & Morelli 1997). These are characterized

by a low-velocity anomaly in the central Aegean basin, while

the western part of Greece, the Peloponnesus and the Eastern

Mediterranean basin show high velocities. The Aegean basin

seems to be characterized by a thin lithosphere bounded by

cold anomalies, probably resulting from subducted lithosphere.

Several geodetic campaigns have provided quantitative esti-

mates of the velocity field (Le Pichon et al. 1995; Kahle et al.

1995; Noomen et al. 1996; Curtis et al. 1997; Davies et al. 1997;

Reilinger et al. 1997; Cocard et al. 1999). The relative move-

ment of the Aegean with respect to northern Europe, inferred

from earlier campaigns (Le Pichon et al. 1995; Noomen et al.

1996), indicates that the Arabian plate is moving northwards at

24 mm yrx1 in a direction ranging between N10uW (Le Pichon

et al. 1995) and N24uW (Noomen et al. 1996). The Arabian plate

moves westwards along the NAFZ at a rate of 25–30 mm yrx1.

Approaching the central Aegean Sea the velocity increases to

a value of 30 mm yrx1, with an azimuth of about N148uW
along the Hellenic Trench. The right-lateral strike-slip velocity

along the NAFZ amounts to about 23–24 mm yrx1, while the

SW velocity along the Hellenic arc is around 29 mm yrx1,

with an azimuth of N145uW. The values obtained by more

recent campaigns (Reilinger et al. 1997) are just below previous

ones in Arabia (18–20 mm yrx1), but remain the same order of

magnitude along the NAFZ, reaching an upper limit of about

30 mm yrx1.

The velocity field of the Aegean–Anatolian plate has been

subject to different tectonic interpretations. There exist two

major points of view regarding the style of deformation of

the lithosphere. The lithosphere is considered to deform either

by motions of rigid blocks (Le Pichon et al. 1995) or as a

continuum subject to plate boundary and gravitational forces

(Hatzfeld et al. 1997; Jackson 1994). However, the same authors

who describe the velocity field of the Aegean–Anatolian plate

in terms of one or more rigid rotations (Le Pichon et al. 1995;

Reilinger et al. 1997; Davies et al. 1997) mostly agree that rigid

rotations only partially explain the complex tectonics in the

Aegean Sea (Davies et al. 1997). In particular, a simple rotation

of the plate is not able to reproduce the localized intraplate

deformation occurring in the western Anatolia area. Residual

velocities, obtained by subtracting observed GPS data from

reference rigid rotation models, show an internal deformation

of the plate increasing from east to west, and corresponding to

a differential velocity of 10–15 mm yrx1 between the Aegean

and Anatolian regions (McClusky et al. 2000), whereas Le Pichon

et al. (1995) estimated an increase of velocity towards the

Ionian and Levantine basins of about 10 mm yrx1.

It appears that rigid or elastic models are able to account

only for the first-order features of observed data. Some authors

have attempted to improve these models by better charac-

terizing the mechanical behaviour or the rheology, for example,

by cutting elastic models by faults across which the defor-

mation can be discontinuous (Lundgren et al. 1998). Davies

et al. (1997) addressed the problem of localized deformation in

particular areas by invoking the ductile flow of the lithosphere

as a possible source of deformation. In this paper, our approach

is to test the effects of a continuum model that incorporates
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Figure 2. Focal mechanisms of the major earthquakes in the Eastern Mediterranean region from the Harvard CMT Catalog (Dziewonski et al. 1981,

and subsequent quarterly articles in Phys. Earth planet. Inter.) from 1976 to September 2000. Only events with magnitude greater than 5.5 are

displayed.
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lateral rheological variations to study how deformation is

distributed in response to the interaction of heterogeneous

lithosphere strength profiles.

3 R E F E R E N C E D A T A S E T S

We collect published geodetic and geophysical data sets,

summarized in Fig. 3, constraining the boundary conditions of

the models and quantitatively checking the modelling results.

A huge set of geodetic data is available for the Aegean Area

(Kahle et al. 1995; Le Pichon et al. 1995; Noomen et al. 1996;

Davies et al. 1997; Reilinger et al. 1997; Clarke et al. 1998; Cocard

et al. 1999), and, overall, there is excellent agreement among

data sets obtained using different geodetic techniques (e.g.

Davies et al. 1997). In Fig. 3(a) we plot the results of the

latest geodetic campaigns in the Aegean area from 1988 to

1997, showing the data of McClusky et al. (2000). This data

set summarizes previous campaigns in a coherent reference

frame, sampling with good coverage the continental parts of

the Aegean–Anatolian plate, except for the areas of Northern

Greece and Cyprus. We find this data set to be suitable for

comparison with our FE models, whose aim is to characterize

globally Aegean–Anatolian plate dynamics, for two reasons.

First, it shows a fairly uniform GPS site distribution. Second,

since our FE models have a limited resolution (100–200 km),

it would not make sense to merge this data set with others
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Figure 3. Observational data in the Anatolia–Aegean system. In all panels, the black line depicts the boundaries of the FE model. (a) Global

Positioning System horizontal velocities in the Eurasia-fixed reference frame taken from McClusky et al. (2000). (b) Fault strikes computed from

World Stress Map data (Zoback & Burke 1993, only entries with quality factor A, B, C are displayed): crosses indicate strike-slip fault traces (s1 and s2

bisect the acute and obtuse angles of the cross, respectively), red bars are for thrust faults and blue bars are for normal faults (s1 and s2 are

perpendicular to the bars, respectively). (c) Surface heat flow (mW mx2) from the global compilation by Pollack et al. (1993) and data from Ilkisik

(1995) for continental Turkey (no data have been found for the easternmost part of Anatolia). Open circles show data points. (d) Crustal thickness

(km) from the 1ur1u global digital database of Laske & Masters (1997).
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characterized by denser measurements sampling on a local

scale. The plate exhibits a counterclockwise rotation, with the

central and southern Aegean characterized by a coherent SW

velocity of about 30 mm yrx1; continental Greece shows a

rapid slow-down of the vector moduli, and does not seem to

follow the fast rotation.

The stress regime indicators in the Anatolian plate (Fig. 3b)

are taken from the distribution of the most compressive

horizontal principal stress of the World Stress Map (Zoback &

Burke 1993). From east to west, central and east Anatolia are

characterized by a transcurrent stress regime corresponding to

the Bitlis–Zagros chain and to the middle part of NAFZ.

From the Marmara Sea to central Greece, a tensional stress

regime mainly directed N–S prevails, accompanied by minor

transcurrent deformation. In the proximity of the Hellenic Arc,

a compressive state of stress is generally observed but data

show a large scatter. The preferred orientation of thrusts seems

to follow the curvature of the Hellenic Arc, suggesting a close

relationship with the activity of the subducting African plate.

The heat flow distribution in the Aegean–Anatolian area

(Fig. 3c) is computed by interpolating the data (Pollack et al.

1993; Ilkisik 1995) by a continuous curvature surface algorithm

(Wessel & Smith 1995). The heat flow distribution suggests

large lateral variations of rheology and lithospheric strength.

Two hot areas can be identified in the central Aegean and

in western Anatolia, whereas northwestern continental Greece

and the Mediterranean Sea east of Crete are characterized by

anomalously low heat flow values. No data have been found

for the easternmost part of Anatolia (Fig. 3c).

The distribution of crustal thickness, compiled by Laske &

Masters (1997), is depicted in Fig. 3(d). Anatolia and the

northwestern part of continental Greece are characterized by

a thick crust of about 45–50 km, whereas in the Aegean Sea

the crust thins to about 25–30 km. There are no available data

for the Mediterranean area south of Crete and Cyprus. The

thickened Anatolian crust has been considered as a potential

source of gravitational energy that can drive the deformation of

the Aegean–Anatolian plate (e.g. Hatzfeld et al. 1997).

4 N U M E R I C A L M O D E L

In this paper we apply a thin-plate FE technique to study the

deformation of the Aegean lithosphere. We use the program

Laramy (Bird 1989) to compute the steady-state horizontal

velocity field of an anelastic medium subject to boundary forces.

According to thin-plate theory, the momentum equation,

Lpij

Lxj
þ ogi ¼ 0 , (1)

is solved for the horizontal components of the stress tensor

sij (i=1, 2), while the third component (i=3) is vertically

integrated assuming that the vertical normal stress is lithostatic

(Bird 1989, eq. 15). This means that each vertical column is

locally compensated and there cannot be lateral exchange of

isostatic disequilibrium.

This isostatic assumption has the drawback of being

inadequate for modelling effects such as plate bending at

subduction zones, but on the other hand it ensures fast

computations (Bird 1989). However, Laramy accounts for

the horizontal pressure gradients induced by crustal thickness

heterogeneities and computes, by a finite difference approach,

the crustal flow resulting from the gravitational collapse of

topographic highs (Bird 1991).

In Laramy the lithosphere is modelled using two distinct

horizontal layers that represent the crust and mantle. These

layers are free to deform independently by horizontal shear and

are coupled by a shear boundary condition. In each layer, on

the basis of the state of stress and the temperature derived from

an associated thermal model, the strength is computed assuming

a frictional/brittle rheology. This approach provides the best

compromise between a 2-D model and the possibility of having

lateral variations of crustal and mantle lithosphere thicknesses,

material properties and heat flow, even though these variations

are vertically integrated.

Details of the physical assumptions and computational

techniques of the FE code can be found in the original papers

(Bird & Piper 1980; Bird 1989). In the next sections we recall

the rheological laws implemented in Laramy and the choice of

initial creep and thermal parameters.

4.1 Rheological formulation

The rheological profile of crust and lithospheric mantle can be

described by the interplay of at least two major deformation

mechanisms: thermally activated creep and frictional shear

failure. The former is usually expressed by a power-law creep

equation based on the experimentally determined flow of silicate

polycrystals at high temperature (Carter & Tsenn 1987; Kirby

& Kronenberg 1987a,b; Fadaie & Ranalli 1990; Ranalli 1995),

pcreep ¼ _e
B

� �1=n

exp
E

nRT

� �
, (2)

where the shear stress screep is expressed as a function of ė , the

strain rate, T, the absolute temperature, R, the gas constant,

and B, n and E, material parameters that are either independent

of or weakly dependent on temperature. The second mechanism

is expressed by Byerlee’s law (Ranalli 1995),

pfriction ¼ bogz 1ÿ cð Þ , (3)

where b is a parameter depending on the style of faulting, r is

the average density of the overlying material at depth z, g is the

gravity acceleration and c is the pore fluid factor (ratio of water

pressure to overburden pressure).

In Laramy such rheological laws are implemented assuming

that the strain rate tensor is the sum of the friction and creep

strain rate tensors,

_eij ¼ _efrictionij þ _ecreepij : (4)

To stabilize the convergence of the numerical solution,

Laramy also includes a third additional term in the strain

rate summation,

_eviscousij ¼ 1

2gN
pij , (5)

which physically may be interpreted as a creep deformation

mechanism, due to diffusion creep, that actually takes place in

lithospheric rocks at high temperature and pressure. In nature,

the contribution of this term to the total strain rate is mostly

uncertain because the value of the Newtonian viscosity gN is

strongly dependent on the grain size of rock polycrystals, which
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is poorly known for mantle and crustal materials (e.g. Ranalli

1995). In general we assume that the strain rate due to this last

mechanism is definitely smaller than that due to power law creep.

In Laramy, an appropriate ‘fictitious’ value for Newtonian

viscosity is chosen large enough (6r1024 Pa s) to make the

contribution of the Newtonian flow to the total strain rate

almost negligible at common tectonic stress levels but also small

enough so that it may act as a stabilizing factor (physically

consistent) in the numerical solution (Bird 1989).

A fourth deformation mechanism may play a role in

establishing the strength of the crust and lithospheric mantle.

Experimental evidence for granite (Shimada 1993) suggests that

a change in fracture mechanism takes place within the brittle

field with increasing pressure (Ranalli 1995). The resulting

‘high-pressure fracture’ strength would have weak pressure

dependence and would decrease significantly with increasing

temperature. Neglecting this mechanism, the strength profile

may show unrealistic peaks for the differential stress. If the

high-pressure fracture criterion is used, below a certain depth

the crustal strength is almost constant, of the order of 250 MPa

(Shimada 1993). The physical meaning of this limit is the

maximum stress sustainable by the crust itself. This mechanism

is incorporated in Laramy by assigning an upper limit, shigh,

to the stress in the crustal layer. The deviatoric stress s is thus

the least of four upper limits

p ¼ min pfriction, pcreep, pviscous, phighÿ �
: (6)

Among the previous deformation mechanisms, the activation

of the ductile creep is controlled by the geotherm. The analytical

solution of the 1-D conduction equation in the crustal or

lithospheric mantle layers is given by (Turcotte & Schubert

1982)

T ¼ T0 þ
Qb þ ojH

k
zÿ oH

2k
z2 , (7)

where Qb is the incoming heat flow from the bottom boundary,

l is the thickness of the layer, k is the thermal conductivity and

rH is the mean rate of radioactive heat production per unit

mass in the layer. The associated thermal model in Laramy is

able to reproduce eq. (7) if the characteristic deformation time

is much longer than the characteristic diffusion time t=l2/(p2k)

(where k is the thermal diffusivity). If deformation is instead

much quicker than or of the same order as the characteristic time

for heat conduction, the simple form of eq. (7) may not be valid.

In Laramy this case is correctly treated by representing the

geotherm in each layer as a cubic polynomial of depth to pre-

serve the continuity of temperature across the boundary (see Bird

1989).

Eqs (1)–(7) show that many parameters need to be con-

strained in some way. It is important to be aware of the possible

effects of different choices. Our aim in the following is to

justify our choices, summarized in Table 1, and to define the

parameters whose variations must be accounted for or may be

neglected.

4.1.1 Petrological model of the lithosphere and creep

parameters

The choice of the most appropriate values of creep parameters

for the crust and upper mantle is based on recent papers

that approached this problem (Ranalli & Murphy 1987; Fadaie

& Ranalli 1990; Ranalli 1995; Cloetingh & Burov 1996;

Ter Voorde et al. 1998). Due to discrepancies in the inter-

pretation of the experimental data, we use average values

obtained by the procedure described in Appendix A. The values

adopted for the pre-exponential constant B, the stress exponent

n and the activation energy E for both crust and upper mantle

are reported in Table 1.

4.1.2 Shear failure parameters

The value of b in Byerlee’s law (eq. 3) depends on the static

friction coefficient fs and on the type of fracture mechanism

involved. We assume a friction coefficient fs=0.75, which is

a good approximation for many crustal and mantle rocks,

yielding b=3 for thrust faults, b=0.75 for normal faults and

b=1.2 for strike-slip faults (e.g. Ranalli 1995). In Laramy, b is

consistently determined according to the stress eigenvalues

orientation, with no additional hypothesis other than the thin-

plate approximation. Ranalli (1995) suggested that c, the ratio

between the fluid and lithostatic pore pressures, is equal to the

hydrostatic value. This gives values of c ranging from 0.3–0.4,

depending on the density of the rocks.

4.1.3 Thermal parameters and crustal thickness

The initial geotherm in both crust and mantle layers is fully

determined once continuity at the Moho is imposed, and values

of the physical parameters that appear in eq. (7) are fixed. The

lithospheric thickness (crust plus lithospheric mantle), defined

Table 1. Rheological, thermal and material parameters employed in this study.

Symbol Parameter Crust Mantle Units

B pre-exponential constant 5.82r10x3 1.48r10+5 MPaxn sx1

n creep exponent 2.71 3.12

E activation energy 227 525 kJ molx1

fs friction coefficient 0.75 0.75

c pore pressure fluid factor 0.4 0.4

k thermal conductivity 2.4 3.4 W mx1 Kx1

rH heat production rate 0.15 0.016 10x6

W mx3 r zero temperature density 2800 3240 kg mx3

gN Newtonian viscosity 6r1024 6r1024 Pa s

shigh high pressure strength 2.5r108 2.5r108 Pa

Numerical modelling of the Aegean–Anatolian region 765

# 2001 RAS, GJI 146, 760–780



in Laramy as the depth of the isotherm at 1600 K (Turcotte &

Schubert 1982; Anderson 1989), is thus a consequence of the

choice of the geotherm itself. As in the case of creep and failure

parameters, even for conductivity and heat production the most

reasonable values cannot be constrained by specific measure-

ments conducted in this area. They can be assigned (see Table 1)

according to typical values observed in crustal and mantle rocks

(Turcotte & Schubert 1982).

The effects of different choices of thermal parameters on the

lithospheric strength are well known. For example, variations

of the radioactive heat production in the mantle and of the

mantle thermal conductivity have negligible effects on the litho-

spheric geotherm (Turcotte & Schubert 1982). On the other

hand, the thermal conductivity and the radioactive heat pro-

duction in the crust, the crustal thickness and the heat flow

have a strong influence. The effects of these parameters on the

modelling results are taken into account in the following.

5 G E O M E T R Y A N D B O U N D A R Y
C O N D I T I O N S

The FE grid, depicted in Fig. 4, is composed of 400 six-node

triangular isoparametric elements representing the area in Fig. 1

(black line). The definition of the model geometry is biased by

a major limitation of the program Laramy, which requires a

rectangular domain with the same number of divisions on

opposite sides. Our geometry is a compromise between this

limitation and the real shape of the Aegean–Anatolian plate.

The FE model follows the Aegean–Anatolian plate boundaries

(as suggested by the major tectonic lineaments illustrated

in Section 2). The left and central boundaries of the domain

correspond to the Turkey–Hellenic microplate, and, at the right-

most edge, the Bitlis–Zagros chain up to the Karliova triple

junction. The northern boundary trends E–W and coincides

approximately with the NAFZ.

The following set of boundary conditions, depicted in black

in Fig. 4, is applied to all of the models.

(i) Along the Northern boundary, corresponding to the

NAFZ, we impose a parallel free-slip condition and a normal

no-slip condition; this is justified by the presence of the fault

and, to the north, by the thick undeformable lithosphere of

the Eurasian continent, which prevents any motion in that

direction.

(ii) The eastern edge of the domain is also constrained by

a normal no-slip condition and a parallel free-slip condition.

This region is characterized by low surface velocities and

the Arabian indenter push is absorbed by crustal thickening

in the Bitlis–Zagros chain: it is beyond the aim of this paper

to investigate this effect, so we simply impose a kinematic

condition.

(iii) In the eastern segment of the southern boundary, corres-

ponding to the northern edge of the Arabian plate, a velocity of

21 mm yrx1 and azimuth N35uW is imposed, according to the

GPS estimates by Reilinger et al. (1997).

(iv) A normal no-slip condition and a parallel free-slip

condition are applied to the western margin of the indenter to

reproduce the observed motion along the left-lateral DSFZ.

To a first approximation, the boundary from the Dinarides

to the DSFZ through the Hellenic Arc can be considered as

free. To investigate additional hypotheses about the effects of

other tectonic forces, we define a set of boundary conditions

applied to some of the models along this boundary. These are

depicted in grey in Fig. 4 and are listed below.

(i) A normal no-slip condition and parallel free-slip con-

dition along the northernmost segment of the Hellenic Arc are

applied because the Adriatic microplate and Dinarides belt can

be considered as distinct tectonic units (Taymaz et al. 1991),

probably not participating in the fast SW motion characterizing

the Aegean Sea.

(ii) To investigate the effects of the subduction of the African

plate, a trench suction force (TSF) is imposed along the Hellenic

Arc (Taymaz et al. 1991). TSF was first proposed by Elsasser

(1971) and Forsyth & Uyeda (1975); this force may have several

causes that are not yet fully understood, but it is considered as a

secondary effect of slab pull due to density anomalies associated

with the subducted slab. TSF is a probable explanation for

the seaward movement of continental plates, and in our model

it is a simple way to parametrize the effect of the African

lithosphere subduction. The TSF value is thus considered as a

free parameter to achieve the best fit with the amplitude and the

orientation of the velocity field as given by GPS data.

(iii) To investigate the influence of African push on the

southern part of the Aegean–Anatolian plate, corresponding

to the Tauric arc, the velocity field calculated according to

NUVEL-1A (DeMets et al. 1994) is imposed (see additional

models in Section 7).

Arabian indenter 

African Push

TSF

NW lock

Figure 4. FE grid and boundary conditions: the boundary conditions common to all models are depicted in solid black, the additional boundary

conditions are shaded. See Section 6 for a detailed discussion of boundary conditions. The solid black arrow represents the velocity of the rigid

Arabian plate; this velocity is applied to all nodes extending from the EAFZ to the Bitlis–Zagros chain (Fig. 1). The circles indicate the possibility to

slip in a fixed direction. The shaded elements are used in the evaluation of the mean modulus of the extrusion velocity (MMEV).
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6 U N I F O R M M O D E L S

To study how the rheological parameters affect the velocity

field we first show models with no lateral variations of crustal

thickness and surface heat flow. For these models we use values

of Zc=30 km and Qs=70 mW mx2, which are consistent with

the Aegean region. The other parameters are shown in Table 1.

In Fig. 5(a) the resulting velocity field is shown for model U1

corresponding to the application of the boundary conditions

common to all models, that is, the push of the Arabian

indenter, the parallel free-slip condition at the northern margin

(simulating the NAFZ), and the parallel free-slip conditions

at the eastern margin (corresponding to the Karliova triple

junction) and the western boundary of the indenter (reproducing

(a)U1: common b.c.

(b)U2: common b.c. + TSF = 0.5 x 1012 Nm-1

(c)U3: common b.c. + Adria fixed + TSF = 0.5 x 1012 Nm-1

0 500

km

0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0

3 cm yr 
–1

(d)U4: common b.c. + Adria fixed + TSF = 1.15 x 1012 Nm-1

cm/yr
Figure 5. Velocity field for uniform models characterized by different boundary conditions. The colour scale contours the total velocity scalar

modulus. (a) Common boundary conditions only; (b) as in (a) plus a low TS of 0.5r1012 N mx1; (c) as in (b) plus E–W no-slip condition in

W continental Greece; (d) as in (c) but with a higher TSF of 1.15r1012 N mx1.
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the DSFZ). Excluding the area close to the indenter, the velocity

vectors are almost uniformly oriented westwards with an

amplitude of about 10–15 mm yrx1. The velocity field obtained

shows large differences from the observed velocity field (Fig. 3a),

characterized by the movement towards the northwest of the

Arabian indenter, which translates essentially into rigid south-

westwards rotation of the Anatolian–Aegean block, because

(i) the observed SW rotation of the direction of velocity vectors

in the Aegean is not predicted by the model, (ii) the computed

velocities in the southwestern part (Aegean and Hellenic arc)

are underestimated when compared with geodetic data, and

(iii) the velocity is too large in the northwestern part (continental

Greece).

As a first attempt to improve the simulation of the observed

velocity field, we apply the trench retreat suction force along

the Hellenic arc. In Fig. 5(b) we show the results of model U2

with a TSF of 0.5r1012 N mx1 applied to the elements with

the grey arrows in Fig. 4. Only a slight increase of the velocity

up to about 20 mm yrx1 can be observed, but the general

pattern is always westward oriented without any SW component.

We found in Cianetti et al. (1997) that, in a uniform model,

the rotation of the velocity field can be attained by applying a

no-slip normal condition along the Ionic margin of continental

Greece. In this case the computed velocity of model U3 (Fig. 5c)

is roughly consistent with the orientation of the geodetic velocity

and also shows negligible values in the northeastern part of

the domain, which is in agreement with the very low velocity

observed at geodetic stations in continental Greece. However,

the moduli of the velocity are still underestimated.

Using a larger value of the TSF (1.15r 1012 N mx1,

model U4, Fig. 5d), the computed velocity field shows a

good agreement with the geodetic data. Both the directions and

the moduli of the velocities are quite similar to those observed

in the Aegean (Fig. 3a), increasing from east to west from

about 20 mm yrx1 in central Anatolia to 30 mm yrx1 or more

at the Hellenic Arc. On the other hand, a misfit of about 10–15u
towards the north still exists in the directions of the extrusion

velocities with respect to the observed data (Fig. 3a).

6.1 Uniform model sensitivity

The uniform model U4, shown in the previous section,

is computed for parameters that may be appropriate for the

central Aegean Sea. In this section we investigate the sensitivity

of the uniform models to the values of crustal thickness, heat

flow, crustal conductivity and TSF. We explore the para-

meter space, studying the behaviour of the mean modulus of

the extrusion velocity (MMEV) and of the misfit M between

observed and computed velocities in geodetic sites. The refer-

ence average extrusion velocity at the arc (MMEV) is the mean

of the geodetic estimates of Fig. 3(a) for sites located in the area

corresponding to the shaded elements of Fig. 4. The resulting

value (30t1 mm yrx1, McClusky et al. 2000) is compared

to the predicted velocity field. The misfit M over the whole

domain is computed as the sum of the moduli of the difference

vectors between observed velocities, Vo, and predicted velocity,

Vc, at geodetic stations. This value is normalized by the sum of

the moduli of both observed and computed vectors,

M ¼
P

Vo ÿ Vcj jP
Voj j þ

P
Vcj j

: (8)

The sums are calculated over all available velocity measure-

ments of Fig. 3(a) that are located inside the FE domain. The

velocities are interpolated inside each element of the FE grid to

obtain the appropriate value at the location of each geodetic

station. M vanishes when Vo=Vc at each geodetic site and is

close to 1 when the two fields are opposed to one another or

have distinctly different amplitudes.

In Figs 6(a) and (b), MMEV and M are plotted as a

function of the crustal thickness, Zc, for different values of

the crustal thermal conductivity, kc, but keeping the other

parameters fixed (the surface heat flow Qs=70 mW mx2 and

TSF=1.15r1012 N mx1). The solid curves correspond to the

central value of kc=2.4 W mx1 Kx1, while the dotted and

dashed lines correspond to the extreme values kc=2.0 and

kc=2.8 W mx1 Kx1, respectively. The strong sensitivity of the

model to small variations of the parameters is clearly shown:

the increase of the crustal thickness Zc produces, in almost all

curves, a drastic increase of the extrusion velocity. The crustal

thermal conductivity strongly influences the average velocity,

in particular its lower limit is only acceptable for a very thin

crust (less than 20 km), while the upper limit requires a very

thick value (greater than 50 km) to obtain a good fit. The misfit

estimator also confirms these findings. Our preferred model

shows a value around M=0.21 and, in general, ‘cold’ models

(with higher conductivity) fit better than ‘hot’ ones (with

lower conductivity). Similar behaviour is observed when

varying the surface heat flow Qs. In Figs 6(c) and (d) the solid

lines still correspond to the central value of the heat flow

(Qs=70 mW mx2), while the dotted and dashed lines are for

Qs=60 and 80 mW mx2. As in Figs 6(a) and (b), the increase

in the crustal thickness induces a strong increase of the

extrusion velocity due to the weakening of the average rheology.

The interplay between the three parameters determines the

average thermal gradient and consequently the strength of

the model. Increasing the heat flow and the crustal thickness

and decreasing the crustal conductivity, the average thermal

gradient increases and the average ‘strength’ decreases.

As already mentioned, TSF is a free parameter whose

value is chosen to attain the best fit with experimental data.

In Fig. 7 the extrusion velocity along the arc MMEV and the

misfit M are shown as a function of TSF for different values

of crustal thermal conductivity kc, surface heat flow Qs and

crustal thickness Zc. In each curve, for increasing TSF, the

extrusion velocity shows a drastic increase. Conversely, for

decreasing values of TSF all the curves tend to a common

limit of about 6 mm yrx1. The best-fit value of the TSF is

strongly affected by the choice of the other parameters, and

we obtain TSF=0.8r1012 N mx1 for kc=2.0 W mx1 Kx1,

TSF= 1.15r 1012 N mx1 for kc= 2.4 W mx1 Kx1 and

TSF>2.0r1012 N mx1 for kc=2.8 W mx1 Kx1. Almost the

same behaviour is observed when varying the surface heat flow

Qs. Obviously, in this case the dependence of the TSF best fit is

inverse. Finally, we show the effect of the crustal thickness

(Figs 7e and f), which shows a peculiar character for the curve

for Zc=20 km. This time the extrusion velocity seems to be

almost independent of the applied suction force. The crust in

this case is probably too thin to allow a ductile transition to

develop, so the resulting deformation is not significant despite

the applied TSF.

The two quantities Qs and Zc are used as direct input in

the thermal model associated with the program Laramy. Since

Qs=Qb+rHcZc (eq. 7), the variations of Qs and Zc in our
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Figure 6. Mean modulus of the extrusion velocity (MMEV) at the Hellenic arc (a) and geodetic misfit M as functions of the crustal thickness (b) for

different values of the crustal thermal conductivity kc; (c), (d) As in (a), (b) but for variations in the surface heat flow Qs. The thick line in (a) and (c)

shows the observed geodetic value averaged in the shaded area of Fig. 4 with its associated uncertainty (shaded band).
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Figure 7. Mean modulus of the extrusion velocity (MMEV) at the Hellenic arc (a) and geodetic misfit M (b) plotted as functions of the TSF for

different values of the crustal thermal conductivity kc; (c), (d) as in (a), (b) but for variations in the surface heat flow Qs; (e), (f) as in (a), (b) but for

variations of the crustal thickness Zc. The thick line in (a), (c) and (e) shows the same observed geodetic value as in Fig. 6.
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models translates into variations of Qb and thus into different

thermal models of the lithosphere (other models could be

obtained by varying rHc). The computations shown in Figs 6 and

7 clearly indicate that it is difficult to determine unequivocally

the crustal thickness Zc and the surface heat flow Qs for uniform

models, due to the complex interplay between Zc, Qs, kc and

TSF. Small variations of the thermal parameters may cause

catastrophic breakdown or unrealistic stiffness in the model;

for example, in Fig. 6(c), for a fixed value of Qs=70 mW mx2

and kc=2.4 W mx1 Kx1, MMEV values from 1 to 6 cm yrx1

can be obtained by thickening or thinning Zc by only 5 km

around a value of 30 km. In the framework of models with a

realistic brittle/ductile rheology, it appears that the results are

strongly influenced by the chosen rheological and thermal para-

meters. This intrinsic limitation of uniform models suggested

and motivated the development of the heterogeneous models

described in the following.

7 H E T E R O G E N E O U S M O D E L S

The Aegean area is strongly heterogeneous both for the crustal

thickness and for the surface heat flow (Figs 3c and d). In the

following set of models we investigate how these parameters

may influence the strength of the lithosphere. The comparison

between uniform and heterogeneous models, subject to the same

boundary conditions, is important to understand the influence of

the heterogeneities on the velocity and stress fields. Smoothed

variations of crustal thickness and heat flow are entered into

the model (Fig. 8). We make this choice since the available

heat flow data (Pollack et al. 1993) are unevenly distributed.

We interpolate heat flow data, filtering very localized spots and

taking into account the limited resolution of out FE grid. We

find that it is not possible to enter punctual heat flow values

without some smoothing to ensure numerical stability of the

FE code. Also, crustal thickness values are interpolated inside

the elements. What we obtain is the smoothed representation of

heat flow values and crustal thicknesses depicted in Fig. 8. All

the other parameters are the same as in the previous uniform

model (Table 1). In Fig. 8(c) two major hot areas are shown,

corresponding to the central Aegean Sea and western Anatolia.

These areas are bounded on the northwestern and southeastern

sides by two cold regions, corresponding to western continental

Greece and the Eastern Mediterranean Sea in the proximity of

Cyprus in Fig. 3(c). Accordingly, variations of crustal thickness
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Figure 8. Surface heat flow Qs and crustal thickness Zc for heterogeneous models. Geotherm (a) and strength envelopes (b) of the four elements

A, B, C, D whose locations are shown in (c). For the strength profile computation, we assume an average value b=1 as a compromise between the

estimates for normal and strike-slip faults, which mostly represent the Aegean–Anatolian region; the strain rate is 10x15 sx1. (c) Surface heat flow

assigned to elements of the grid for laterally heterogeneous models. Data are averaged and smoothed from Fig. 3(c). (d) As in (c) for the crust

thickness, data from Fig. 3(d).
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are depicted in Fig. 8(d). In this case the crustal thickness

decreases from east to west, varying from 50 km in the

Anatolian plate to 30 km in the Aegean Sea (Fig. 3d).

In the set-up of the model, we first enter lateral variations

of crustal thickness and surface heat flow and then we find

the corresponding depth of the 1600 K isotherm to define the

lithospheric mantle thickness. Laramy accounts for the lateral

exchange of forces due to crustal and lithospheric mantle

diffusion arising from density anomalies (Bird 1989). Our model

thus incorporates simultaneous lateral variations of rheology

(determined by crustal thickness and heat flow variations) and

lateral forces associated with the diffusion of crustal thickness,

so it is not possible to discern their relative importance. However,

Sonder & England (1989) demonstrated that, in the case

of a non-linear thermomechanical rheology, buoyancy forces

arising from density contrasts have only a secondary effect with

respect to the temperature dependence of the rheology. In order

to illustrate how these variations affect geotherms and strength

profiles, we plot the corresponding curves for four representative

locations inside the model (Figs 8a and b). Sites A and B,

corresponding to continental Greece and eastern Anatolia,

respectively, are characterized by cold geotherms; nevertheless,

in site B a well-developed ductile transition is located at 15 km

depth. The same transition occurs at shallower depths for the

hotter geotherms of sites C and D, corresponding to the Aegean

Sea and western Anatolia. Since the lithospheric thickness is given

by the 1600 K isotherm (Turcotte & Schubert 1982; Anderson

1989), it is reduced to 50 km in the hottest regions (C,D).

Models H1–H4 (Fig. 9) include lateral variations of Zc and

Qs and are characterized by the same set of boundary con-

ditions as in the corresponding panels of the uniform models

U1–U4 of Fig. 5. In contrast to model U1, model H1 shows

that the ‘hard’ zone of the Eastern Mediterranean, charac-

terized by low heat flow, induces a marked rotational motion in

the Anatolian area that almost skims over the Aegean Sea.

Furthermore, we observe a general slow-down of the velocity

field (except for central Anatolia), which can be attributed to

the ‘hardening’ of continental Greece (this model is not locked

at the western margin).

We observe that the application of a TSF of 0.5r1012 N mx1,

the same value as in model U2, induces a flow that is very

similar to the observed one, in both orientation and amplitude.

This model—H2—exhibits velocities in the Aegean Sea that are

too low and relatively high velocities in the northeastern zone,

even though they are significantly reduced with respect to the

corresponding uniform model.

As in model U3, the very low velocities observed in con-

tinental Greece can be attained in model H3 by applying the

E–W no-slip condition at the Ionian margin (Fig. 9c); however,

this results in a further reduction of the velocity in the Aegean

area (below 20 mm yrx1).

A higher TSF needs to be applied to increase the velocity

field to a value similar to the observed one. The best fit with the

experimental data (M=0.14, MMEV=32 mm yrx1) is achieved

(model H4, Fig. 9d) with a value of TSF=0.8r1012 N mx1,

that is, 30 per cent less than the uniform case U4. In this case the

predicted velocities match both the observed orientation and

the magnitude along the Hellenic Arc quite well.

We carry out some further computations to test the

sensitivity of the best heterogeneous model H4 to different

choices of boundary conditions and rheological parameters.

The results of these models are not shown in detail, but we

report them as the last four entries in Table 2, models H5–H8.

In model H5, we test the hypothesis that northward movement

of the African plate may play an active role in the dynamics of

the area by pushing the southeastern portion of the domain

towards the northwest at a rate of about 1 cm yrx1 (Fig. 4).

The velocity field resulting from the application of such a

boundary condition shows that the African push causes a

uniform slowdown of the velocity field in the whole domain,

without modifying the pattern significantly. With a slight increase

of the TSF to 0.90r1012 N mx1, the velocities can again be

brought to values compatible with the observed ones.

Finally, in models H6, H7 and H8 we test some further

rheological parameters: the high pressure shear failure shigh,

the pore pressure ratio c and the crustal radiogenic heat

production rHc, whose values were kept fixed in previously

discussed models. In model H6 we take shigh=1 GPa instead of

Table 2. Geodetic and stress misfits (M, S̄) computed for selected models discussed in the text. Models U1–U4

correspond to the uniform models depicted in Figs 5(a)–(d), models H1–H4 correspond to the heterogeneous

models depicted in Figs 9(a)–(d), and the last four entries correspond to additional heterogeneous models

(not displayed).

Model input Misfit results

Model Boundary conditions TSF M S̄

r1012 N mx1 deg

U1 common 0.00 0.55 30.9

U2 common+TSF 0.50 0.33 28.9

U3 common+TSF+NW lock 0.50 0.42 31.7

U4 common+high TSF+NW lock 1.15 0.20 31.6

H1 common 0.00 0.41 25.6

H2 common+TSF 0.50 0.23 26.1

H3 common+TSF+NW lock 0.50 0.23 26.1

H4 common+high TSF+NW lock 0.80 0.14 25.5

H5 as H4+African push 0.90 0.20 30.3

H6 as H4 but shigh=1 GPa 0.90 0.18 27.2

H7 as H4 but c=0 0.95 0.19 26.8

H8 as H4 but rHc=0.6 mW mx3 0.80 0.20 26.2

and kc=2.2 W mx1 Kx1
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250 MPa; in H7, c is reduced to 0; and in H8, rHc is increased

to 0.6 mW mx3 (and kc lowered to 2.2 W mx1 Kx1). In models

H6 and H7 the deformation pattern is slightly affected since the

changed parameters induce small perturbations in the litho-

spheric strength. These models undergo a reduction of about

20 per cent compared to the velocities in the Aegean. As in

the case of model H5, an increase of the TSF (up to 0.9 and

0.95r1012 N mx1, respectively) can easily bring the velocities

back to observed values. On the other hand, in model H8,

the radioactive heat production rHc significantly modifies the

thermic status of the Aegean–Anatolian plate and, consequently,

the lithospheric thickness and the lithospheric strength. To make

a meaningful comparison with previous models the increase

of rHc is counterbalanced by a reduction of the thermal

(a)H1: common b.c.

(b)H2: common b.c. + TSF = 0.5 x 1012 Nm-1

(c)H3: common b.c. + Adria fixed + TSF = 0.5 x 1012 Nm-1

0 500
km

0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0

3 cm yr 
-1

(d)H4: common b.c. + Adria fixed + TSF = 0.8 x 1012 Nm-1

cm/yr
Figure 9. Velocity field for heterogeneous models characterized by the application of the same boundary conditions as described in Fig. 5. In (d) the

trench suction force is reduced to 0.8r1012 N mx1.
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conductivity kc to 2.2 W mx1 Kx1. In this way we com-

pare models with almost the same lithospheric thickness and

strength. The predicted velocity field, obtained with a TSF of

0.8r1012 N mx1 (the same as in model H4), is again very close

to the observations.

8 E V A L U A T I N G T H E M O D E L S

Our purpose here is to discuss the geophysical implications of

both the uniform and the heterogeneous models by comparing

them to geophysical evidence in the Aegean–Anatolian region

and to our reference data set of Fig. 3. This is done for both the

computed velocity field and the deformation style.

8.1 Velocity field

A very interesting feature of the heterogeneous model H4

(Fig. 9d) is the increase of velocity from about 20 mm yrx1 in

eastern Anatolia to more than 30 mm yrx1 in the Hellenic arc,

which now takes place in western Anatolia and not so close to

the Hellenic arc as in the uniform model U4 (Fig. 5d). In model

H4 the Aegean–Anatolian plate shows a high degree of

intraplate deformation. The sharp increase of velocity up to the

maximum value of 30 mm yrx1 is located in western Anatolia,

which is characterized by thick crust and high heat flow. This

high velocity propagates uniformly through the Aegean Sea

(where the crust is thinner and the heat flow is lower than for

Anatolia) to the Hellenic Arc. We interpret this velocity distri-

bution as an effect due to rheological heterogeneities: in this

dynamic scenario the Aegean region seems to behave as a stiff

sliding plate subject to both the TSF and Arabian pushing

behaving as a rigid sliding plate. This model is in agreement

with observations by previous authors (Sonder & England

1989; Lundgren et al. 1998), who noticed that the present-day

strain rate maximum is located some hundreds of kilometres

from the Hellenic Arc. This observed distribution of strain rate

is attributed either to lateral changes of lithospheric strength

arising from lithosphere thinning and heating due to the

extension of the Aegean in the last 40 Myr (Sonder & England

1989) or to the gravitational spreading of the thick Anatolian

crust towards the Aegean Sea (Lundgren et al. 1998).

We compute, for both the uniform model U4 and the

heterogeneous model H4, the average strain rate tangential to

an arc going from the Hellenic trench to the East Anatolian

fault, centred on the Eulerian pole for Anatolia–Eurasia motion

at 29.2uN, 32.9uE (Reilinger et al. 1997). In Fig. 10 we compare

the resulting tangential strain rates for the uniform (dotted)

and heterogeneous (dashed) models to the interpolation of the

observed strain rate computed from geodetic data by Lundgren

et al. (1998, curve F1 in Fig. 2). The uniform model fails to

reproduce the observed strain rate along the arc, whereas the

heterogeneous model provides a good fit to the data. We explain

the strain rate distribution along the arc as a consequence of the

lateral rheological heterogeneities under the action of TSF.

Next we compute the residual of the velocity field by

subtracting the geodetic velocity observed at GPS sites from the

model-predicted velocities (Fig. 11). A comparison between the

two residual plots shows a general reduction in both vector

moduli and coherence of orientation for the heterogeneous

model H4 in Fig. 11(b). In the Aegean area the uniform model

U4 residuals show quite a uniform S–SE trend, clearly due to

insufficient SW rotation of the computed velocities (Fig. 5d),

whereas the heterogeneous model H4 residuals are lower in

continental Greece, in the Aegean Sea and in Anatolia.

It is interesting to note that the uniform model U4 residuals

in Anatolia (Fig. 11a) closely match those shown by McClusky

et al. (2000, Fig. 7), obtained by removing the coherent plate

motion between Anatolia and Eurasia from observed data.

This observation confirms that the response of homogeneous

models is fairly similar to a rigid rotation, so these models fail to

reproduce the behaviour of the internally deforming Anatolian

plate correctly; the role of rheological heterogeneities is central

to understanding the velocity and deformation patterns of

this area. However, our approach was designed to describe the

global response of the plate to regional forcing. Due to the low

resolution of the FE grid, it is not possible to reproduce the

finest details of the observed velocity field. This is evident from

the residuals of model H4 in the Rhodos/Karpathos area,

where the geometry of our grid departs from the curvature of

the arc. The discrepancy in this area could probably be fixed by

using a more versatile program with higher resolution and a

better representation of tectonic lineaments. The homogeneous

and heterogeneous models show distinct differences between

the predicted velocity fields, and, in general, the heterogenous

models provide a significantly better fit to observed features of

geodetic and strain patterns of the Aegean–Anatolian plate.

8.2 Deformation styles

Next we compute the deformation styles (Fig. 12) for our best-

fitting uniform and heterogeneous models, U4 and H4 (Figs 5d

and 8d) and compare these with the observations. The area
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Figure 10. Horizontal strain rate tangential to the arc going from the Hellenic trench (left) to the EAFZ (right). Solid line: result of the linear

interpolation of geodetic data (Lundgren et al. 1998, curve F1 in Fig. 2); dotted line: uniform model U4 (Fig. 5d); dashed line: heterogeneous

model H4 (Fig. 9d).
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close to the Arabian indenter is, in both cases, characterized by

almost pure compression with N–S-directed s1. A transcurrent

stress regime is found along the eastern and western segments

of the NAFZ with a rotation of s1 and s2 of 90u from N–S to

E–W. These zones are separated by an area characterized by a

tensional regime with s2 directed NW–SE for model U4 and

NE–SW for model H4.

The major differences between models U4 and H4 pertain to

the Aegean Sea area. The uniform model U4 (Fig. 12a) predicts

a diffuse state of extension with s2 directed almost NE–SW,

whereas model H4 (Fig. 12b) predicts a transtensional regime

with s2 directed mainly N–S in continental Greece and the

northern part of the Aegean Sea. In the central Aegean and

along the Hellenic Trench the predicted stress regime is mainly

tensional with s2 perpendicular to the Hellenic Arc. The state

of stress predicted by model H4 seems to give better agreement

with the World Stress Map data (Fig. 3b) and focal mechanism

solutions of earthquakes (Fig. 2).

Other data for comparison are provided by Kahle et al.

(2000), showing the strain rate field in the Aegean Sea derived

from GPS measurements from 1988 to 1998. In particular,

the data show an extensional regime confined to the area

around the Aegean Sea, directed mainly N–S close to the Gulf

of Corinth and western Anatolia, but with an almost E–W

component near Crete (cf. Zoback & Burke 1993; Kahle et al.

2000). Furthermore, the northern part of the Aegean Sea, close

to the western end of the NAFZ, shows mostly a strike-slip

regime (cf. Kahle et al. 2000, Fig. 6). The observed compressive

focal mechanisms (Fig. 2) along the Hellenic Arc are not

reproduced in Fig. 12 since they originate from the interaction

between the subducting African lithosphere and the overriding

Aegean plate. This interaction is parametrized only by appli-

cation of the TSF, which is not able to take into account the

collision between the two plates.

A quantitative measure of the agreement between the

observed and computed fields is the mean error in predicted

stress directions S̄ (Bird & Li 1996; Bird 1998), computed as

the average, over the entire domain, of the discrepancy between

the observed directions of sHmax (Zoback & Burke 1993) and

the numerical ones. As the discrepancy cannot be larger than

90u, a value of about 45u indicates no correlation between the

model and the data (Bird 1998). However, the data set has large

internal inconsistencies, so it is not likely that a ‘good’ fit will

give values smaller than 25u (Bird & Li 1996). S̄ is weighted

according to the data quality, following the classification intro-

duced by the World Stress Map. The results of the models

previously discussed are shown in Table 2, in which we report

in the first three columns the details of the models and in the
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Figure 11. Residuals between observed (McClusky et al. 2000) and computed velocity field for the uniform model U4 (top) and the heterogeneous

model H4 (bottom).
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last two the values of M and S̄. It is clear from this table that

the improvement attained by model H4 in comparison to U4 is

in both the velocity and the deformation style.

We now attempt to obtain a global picture of all 186 models

that we have run in this work in order to demonstrate that the

introduction of lateral variations of plate rheology improves

the fit of observed data. In Fig. 13 we plot data points in the

space defined by the geodetic misfit M (x-axis) and the mean

error in predicted stress direction S̄ (y-axis), trying to evaluate

the simultaneous fit of the velocity and stress fields.

In the misfit space, all the uniform models (except for U2),

displayed as circles, show a value of S̄i30u. These models

seem to be affected by intrinsic limitations preventing a good fit

of the stress field in spite of variations of the thermal and

rheological parameters. The best uniform models are clustered

around a value of M=0.2, and predict a velocity field close

to the observed one. This result can be achieved by different

combinations of rheological parameters and TSF. This makes

these models very sensitive to the initial choice of parameters.

The best uniform model U4 (Fig. 5d) employs probably the

most reasonable combination of such parameters; however,

this choice is not unique. In the case where the predicted

velocities overestimate the observed ones, both M and S̄

increase. On the other hand, if the predicted velocities are too

low, for example, due to insufficient TSF or too cold a geo-

therm, M increases from 0.21 to 0.70, whereas S̄ varies between

30u and 32u.
Heterogeneous models (stars in Fig. 13) show a clear

separation from the uniform models, and, except for model H5,

are characterized by better overall performances. It must be

noted that the improvement is significant both for the geodetic

misfit M (0.14 for model H4 versus 0.20 for model U4) and for

S̄ (reduced from 31u to 26u, respectively). This result confirms

that the introduction of lateral heterogeneities is a feasible

mechanism to improve the modelling of the Aegean–Anatolian

plate deformation, as already shown in Figs 11 and 12.

9 D I S C U S S I O N A N D C O N C L U S I O N S

We develop a realistic model, based on thin-plate theory, to

provide a global description (regional scale) of the present-day

dynamics of the Turkish–Hellenic lithosphere, accounting for

all of the known physical deformation mechanisms that may

take place in crustal and mantle rocks.

The model gives robust indications about Aegean–Anatolia

plate dynamics. The first concerns the external driving forces

responsible for Aegean–Anatolian plate deformation. We obtain

evidence to support three mechanisms: Arabian plate push,

the pull of the Anatolian plate due to subduction of African

lithosphere (TSF) and collision with the Apulian platform.

In the framework of uniform models, with average values of

crustal thickness and heat flow, we find these constraints to

be necessary to model a velocity field in agreement with the

observed velocity field, at least for the first-order features. The

uniform models appear to be affected by two main drawbacks.

First, different combinations of rheological parameters lead to

models with similar behaviour (that is, the model solution is

strongly non-unique). This prevents the possibility of making

quantitative estimates and predictions. Second, all the uniform

models show high deformation close to the point of application

of the TSF along the Hellenic Arc, which is not consistent

with the geodetic evidence, which supports localized intraplate

deformation in western Anatolia, while both the Aegean Sea

and eastern Anatolia coherently rotate with little internal

deformation (j2 mm yrx1, McClusky et al. 2000) at different

rates.

Heterogeneous models, constrained by observed variations of

crustal thickness and heat flow data, suggest that the rheological/

density anomalies due to lateral variations of lithospheric

properties, in addition to the mechanisms discussed above, are

able to account for the observed partitioning of the defor-

mation between three domains, as summarized by McClusky

et al. (2000). From east to west, the first domain is the Anatolian

(a)

(b)

Strike-Slip Fault

Thrust Fault

Normal Fault

Figure 12. Predicted deformation style for (a) uniform model U4 (Fig. 5d); (b) heterogeneous model H4 (Fig. 9d). The fault traces follow the same

notation as in Fig. 3(b). Since the model is compatible with mixed thrust/strike-slip or normal/strike-slip faults, in these cases both styles are displayed.

The magnitude of symbols is scaled according to the relative amplitudes of the two styles, and not to the magnitude of the stress components.
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region, mainly affected by Arabian plate push. The push is

transmitted through the E–W free-slip boundary represented

by the NAFZ to continental Anatolia. The velocity field closely

resembles a coherent rotation in the eastern part, but it shows

an increase towards the west. Western Anatolia is recognized as

the second domain, where the highest extensional strain rates

are observed (Lundgren et al. 1998); this feature is well repro-

duced by the heterogeneous model H4 and can be explained as

the combined effect of high crustal thickness, high heat flow

and reduced lithospheric strength in this region. This region

is subject mainly to N–S extension, estimated from GPS to be

at a rate of 10–15 mm yrx1 (McClusky et al. 2000), and also

predicted by the stress field computed by model H4. The third

domain is identified in the central Aegean region, characterized

by thin crust and high heat flow. The resulting lithosphere is

stiff and is characterized by a coherent SW motion at almost

30 mm yrx1, with little internal deformation. The consequence

of the high strength of the Aegean lithosphere is that the

pull along the Hellenic Arc, due to subduction of the African

lithosphere, is transferred directly to western Anatolia. This

behaviour is also evident in the seismicity pattern (Fig. 2) and

GPS-derived strain rate field (Kahle et al. 2000), showing low

strain rates in the middle of the Aegean Sea and high strain

rates all around it.

The velocity field predicted by our preferred model H4

identifies two more interesting areas where velocities are low:

continental Greece and Cyprus. Continental Greece is charac-

terized by thick crust and a low heat flow. The resulting litho-

sphere acts as an obstacle that makes the velocity field deviate

southwards and prevents the transmission of the Anatolian push

across continental Greece (Taymaz et al. 1991). Its effect is

clearly evident from a comparison of the residual velocities for

models U4 and H4 (Fig. 11). The area west of Cyprus can be

considered as a domain that remains stationary with respect to

the motion of the plate, acting in the same way as a pole of

rotation. This is in agreement with its low seismic activity in

comparison with the fast-deforming surroundings. The role of

this region has not been well investigated and discussed by

previous investigators; the geodetic station at Cyprus, showing

a velocity of a few millimetres per year (McClusky et al. 2000),

confirms the validity of our predictions.

Our findings seems to reconcile the earliest interpretations of

the Aegean–Anatolian region being the result of the interaction

between two distinct microplates (McKenzie 1972), confirmed

by the latest GPS data (McClusky et al. 2000), and the ideas

based on the results of the first geodetic campaigns (Le Pichon

et al. 1995; Reilinger et al. 1997), suggesting coherent behaviour

of the whole Aegean–Anatolian plate. We find that if the

response of the lithosphere to tectonic forces is affected by

a source of internal deformation such as rheological hetero-

geneities, the Aegean–Anatolian plate can be modelled as a

single plate.

The code we use has some intrinsic limitations that should

be taken into account. We adapted a program that was

designed for very simple geometries and that accepts as input

a quadrilateral domain. With this limitation it is very difficult

to obtain a fine resolution of the FE mesh. The model we

propose is certainly affected by the simplified representation

20

25

30

40

M
ea

n 
E

rr
or

 in
 P

re
di

ct
ed

 S
tr

es
s 

D
ire

ct
io

ns
   

  (
de

g)

0.0 0.2 0.4 1.0
Misfit for Geodetic Data

20

25

30

40

0.0 0.2 0.4 1.0
20

25

30

40

0.0 0.2 0.4 1.0
20

25

30

40

0.0 0.2 0.4 0.60.60.60.60.60.60.60.60.60.60.60.60.60.60.60.60.60.60.60.60.60.6 0.80.80.80.80.80.80.80.80.80.80.80.80.80.80.80.80.80.80.80.80.80.8 1.0

U1

U3

U2

U4

H1H2
H3

H5

H7H6

H4

H8

Figure 13. Mean error in predicted stress direction S̄ as a function of geodetic misfit M for all 180 computed models. Circles are for uniform models,

stars for heterogeneous models. Labels are defined in Table 2.
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of plate boundaries. In particular, our model departs from the

‘true’ boundaries of the Aegean–Anatolian plate in the area

east of Crete and along the NAFZ, which is characterized by an

arcuate shape.

Another issue regards the geophysical data sets of geodetic

velocities, crustal thicknesses, heat flow and stress regime used

to constrain the models of the Aegean–Anatolian plate. These

data are also needed to constrain the rheological heterogeneities

of the plate. In the models shown, we have entered smoothed

variations of these data, and due to the strong dependence of

the rheology on temperature, the results are linked to the initial

distribution of the rheological heterogeneities.

Finally, we can go back to our initial questions about the

driving forces of Aegean–Anatolian plate deformation. Our

models show that the external mechanisms of Arabian plate

push and African plate push, and the internal mechanisms

arising from lateral variations of lithospheric strength and

density anomalies act together to determine the observed fast

deformation of the plate. However, we recognize that the relative

importance of these mechanisms should be investigated more

thoroughly, focusing on the importance of density anomalies.

Another limitation of this model is that the predicted velocities

depend, even for the heterogeneous models, on the TSF value,

which remains a free parameter varied to fit the geodetic

observations. This precludes the possibility of unequivocally

establishing the relationship between the active mechanisms.

Our investigation can be considered as a starting point for a

future high-resolution study of Aegean–Anatolian deformation.

A more refined model should include an accurate representation

of the plate boundary, but its realization is subordinate to

the availability of more geophysical data. This could help to

discriminate among driving forces better and will contribute

towards a better understanding of Aegean–Anatolian dynamics.
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A P P E N D I X A : C H O I C E O F T H E
P E T R O L O G I C A L M O D E L O F T H E
L I T H O S P H E R E A N D C R E E P
P A R A M E T E R S

The authors that previously approached the problem of

choosing values of creep parameters appropriate for the thermo-

mechanical modelling of the lithosphere (Ranalli & Murphy

1987; Fadaie & Ranalli 1990; Ranalli 1995; Cloetingh & Burov

1996; Ter Voorde et al. 1998) basically referred to the same

set of compilations of experimental measurements (Kirby

1983; Carter & Tsenn 1987; Tsenn & Carter 1987; Kirby &

Kronenberg 1987a). However, they clearly made different choices

and assumptions, arriving at significantly different values of

the parameters. In particular, the pre-exponential constant B

shows variations of several orders of magnitude among different

papers (Table A1). In some cases (e.g. Ranalli & Murphy

1987; Ranalli 1995) the chosen values are clearly the results of

arithmetic averages of different rock measurements [for example,

the values given for quartzite are clearly averaged over the four

experimental estimates reported by Kirby & Kronenberg (1987a)],

while in others (e.g. Cloetingh & Burov 1996) it is not easy

to establish a clear correspondence between measured and

assumed values.

We proceed to take advantage of the expertise of all of the

previous authors by computing values that could represent a

reasonable compromise among different choices and assump-

tions. As noted above, a common procedure to compute values

representative of a group of measures is to take the average

of the measured parameters. However, as in the logarithm of

eq. (2), the stress exponent n and the activation energy E

appear as linear terms, while the pre-exponential constant

B appears as a logarithm; this averaging can be performed

by computing the simple arithmetic mean of the former two

parameters, and the mean of the logarithms of the latter.

To emphasize the differences among various estimates given

in Table A1 as well as to evaluate the results of the averaging

procedure, we plot, with logarithmic scales for both variables,

the strain rate as a function of the applied deviatoric stress

for different minerals at a fixed temperature of 1000 K. In

Fig. A1(a), which refers to upper crustal minerals, we see that

the values for quartzite proposed by Cloetingh & Burov (1996)

(dashed line) totally disagree with those indicated by other

authors. This estimate is not included in the computed averages

778 S. Cianetti et al.

# 2001 RAS, GJI 146, 760–780



Table A1. Creep parameters for crustal and lithospheric mantle materials used by previous authors and average model

for crust and lithospheric mantle of this study.

Material Label B n E Reference

(MPaxn sx1) (kJ molx1)

quartzite qz_ran 6.7r10x6 2.40 156 Ranalli (1995)

quartzite qz_voo 3.2r10x2 1.90 172.6 Ter Voorde et al. (1998)

quartzite qz_clo 5.0r10+6 3.00 190 Cloetingh & Burov (1996)

diorite dt_ran 1.3r10x3 2.40 219 Ranalli & Murphy (1987)

diorite dt_voo 4.0r10x2 2.40 212 Ter Voorde et al. (1998)

diorite dt_clo 1.2 2.40 212 Cloetingh & Burov (1996)

diabase db_ran 2.0r10x4 3.40 260 Ranalli & Murphy (1987)

diabase db_clo 1.2r10x1 3.05 276 Cloetingh & Burov (1996)

olivine ol_ran_tr 4.0r10+6 3.00 540 Ranalli & Murphy (1987)

olivine ol_ran_ex 2.5r10+4 3.50 532 Ranalli (1995)

olivine ol_voo 7.0r10+4 3.00 510 Ter Voorde et al. (1998)

olivine ol_clo 7.0r10+4 3.00 520 Cloetingh & Burov (1996)

upper crust 6.69r10x3 2.30 194 this study

lower crust 4.89r10x3 3.22 268 this study

whole crust 5.82r10x3 2.71 227 this study

upper mantle 1.48r10+5 3.12 525 this study
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Figure A1. Strain rate as a function of differential stress for creep parameters in Table A1. The curves are labelled in Table A1, column 2. The solid

line in each panel shows the average value used in the FE model, the corresponding numerical values being reported in Table 1. (a) Quartzite (qz) and

diorite (dt); (b) diabase (db); (c) weighted average for the whole crust (considered to be composed of 1/3 dt+qz and 2/3 db); (d) olivine.
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as it may be due to a misprint or a unit conversion error. The

curve corresponding to computed averaged values is given in

Fig. A1(a) as a thick solid line.

The same plot, including the average curve, for the preferred

lower crust mineralogy (diabase) is shown in Fig. A1(b). In

Fig. A1(c) the curves corresponding to Figs A1(a) and (b) are

shown together with the averaged curve (thick solid line), which

we take as representative of the crust as a whole. Since the

lower crustal layer is thicker than the upper crustal layer, we

computed a weighted mean assigning a double weight to

diabase. Finally, in Fig. A1(d) the same plot is shown for

olivine/dunite minerals that are the constituents of the litho-

spheric mantle. In all cases the average curves lie in the middle

of the distribution of different estimates and thus can be

confidently assumed as representative of the entire set of

choices made by previous authors.
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