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Abstract

We use fracture mechanics concepts to analyse the large-scale deformation of Anatolia and the Aegean. Our purpose is

to characterize the process of propagation of the North Anatolian Fault (NAF). Our approach incorporates long-term

geological constraints in dislocation modelling of present-day GPS velocities that allows for internal deformation in regions

between major structures. Unravelling the superposition of two deformation fields now interacting in the Aegean

(propagating NAF and back-arc extension) permits us to characterise the large-scale damage zone at the western end of the

NAF and to determine slip rates for the main structures. The contemporary slip-rate profile of the NAF shows that it

apparently behaves like a transform fault for 75% of its length. The process zone corresponds to a rapid southwestward

tapering of the NAF slip rate. Modelling slip-rate distributions for the NAF under stress-free conditions shows that the

development of the process zone depends on the boundary conditions imposed at the Hellenic arc. Our stress-free modelling

suggests a scenario for the evolution of the NAF: (1) At an earlier stage before the NAF had reached the Aegean, it was

not under the influence of Hellenic arc-pull. Its slip-rate profile is modelled to have a half-elliptical shape corresponding to

a crack in elastic solid and an elastically strained Anatolian lithosphere. (2) The present-day NAF penetrates the Aegean

and a large process zone has developed due to interaction with the Aegean extension and the Hellenic arc-pull. Elastic

strains in the Anatolian lithosphere are relaxed and the NAF resembles a transform fault. The models that we present

suggest that changes in subduction zone behaviour should influence all of the boundaries associated with Anatolian

extrusion.
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1. Introduction

It is now accepted that Anatolia has been extruded

as a result of the collision of Arabia with Eurasia. A

challenging problem is to understand how the extru-

sion system has evolved, particularly the growth by

propagation of the North Anatolian Fault (NAF) and

its penetration into the extensional Aegean domain
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[1–4]. The two processes operate over large distances

(100–1000 km) and over the geological time scale

(f 10 My), but their mechanical interaction in the

Aegean has remained elusive. End-member models

based on block [5–7] or continuum deformation [8–

12] can fit the GPS data, but fail to account for some

essential aspects of the NAF–Aegean interaction. A

variety of rheological models also fit the GPS data,

but do not provide definite tests for the extrusion–

extension interactions we examine here [13,14]. Using

the geological past as a key and a simple model

derived from linear elastic fracture mechanics, Armijo

et al. [15] decomposed the present-day GPS velocity

field into two superposed velocity fields associated

with corresponding sets of slip rates on the major

structures. The superposed components are consistent

with the two main processes of continental deforma-

tion operating in the region, the Aegean extension and

the propagating NAF. We now describe in more detail

the method for the analysis and decomposition of the

GPS motions and, furthermore, how this allows a

reliable slip-rate profile along the NAF to be derived.

The main goal is to use this ‘‘snapshot’’ slip-rate

profile to construct simple mechanical models consis-

tent with the growth process of the NAF and its

interaction with the Aegean extensional strain. Unrav-

elling quantitatively the present stage of evolution is

necessary to reconstruct previous stages documented

geologically, although the scope here is restricted to

contemporary tectonics and mechanics.

Our GPS-derived slip-rate profile is explained us-

ing models where the NAF is treated as a stress-free

cut embedded in a homogeneous elastic solid [16].

This approach allows an examination of the slip-rate

distribution on the NAF in relation to the role of forces

associated with Hellenic arc slab-pull and Aegean

back-arc extension. Boundary conditions are adjusted

to be consistent both with the GPS velocities and with

the two superposed processes. Also, the extent to

which the NAF is a transform fault can be assessed.

To understand better the significance of the damage in

the process zone of the extending NAF, the observed

and modelled slip-rate profiles obtained for the NAF

are compared with currently used fault growth models

based on observations of smaller scale faults elsewhere

in the world [17–20]. Finally, we explore the impli-

cations of our models for the mechanical evolution of

the extrusion of Anatolia. Our overall approach can be
applied to other regions of the world where extrusion

occurs and continental faults grow by propagation.
2. The tectonic framework

It is now generally agreed that the NAF has grown

by westward propagation through continental litho-

sphere over a time range of f 10 My. The Arabia/

Europe collision in eastern Turkey caused Anatolia to

move to the West and created the NAF in eastern

Turkey in the middle to late Miocene [3,21]. The NAF

propagated along the Pontides and penetrated into the

northern Aegean [1,2,4]. Back-arc extension in the

Aegean apparently initiated between 15 and 20 Ma

[22–25]. Stretching appears localised in a few regu-

larly spaced rift zones in the Aegean which taper out

into Anatolia and Greece [1]. These features are

indicated in yellow in Fig. 1a. The extension started

to be modified about 5 My ago, after the North

Anatolian Fault had started to open the Sea of Marmara

pull-apart and crossed the Dardanelles [2]. Features

indicated in red in Fig. 1a are rifts reactivated with

accelerated extension since the NAF has progressively

changed the loading in the northwestern Aegean re-

gion. The process of propagation increased the activity

of the North Aegean Trough and other rifts in central

Greece (such as the Corinth Rift at 1 Ma) and de-

creased extension rates in the central Aegean [1,4,15].

Unlike further west the 800 km stretch along the

eastern part of the NAF is simple with deformation

limited to a narrow zone (V 1 km) for several million

years [3]. West of the Marmara Sea the NAF splays

into two main strands [2,26–28]. Although the north-

ern strand is substantially more active than the south-

ern strand [2,6,29], strike-slip deformation on both

continues into the Aegean where it interacts with

extension.
3. The approach, the GPS data and the boundary

conditions

The velocity field determined by GPS measure-

ment provides an accurate description of present-day

motion for the whole Anatolia –Aegean region

[5,30,31]. In our approach, the long-term deformation

and the fault geometry determined from geological



Fig. 1. Tectonic setting of continental extrusion in the eastern Mediterranean and simplified boundary conditions. (a) The Anatolia–Aegean

region escapes westward from the Bitlis–Caucasus collision zone between Arabia and Eurasia, as shown by the GPS velocity vectors (in red,

referenced to a fixed Eurasia, from McClusky et al. [5]). The extruded region is bounded to the north by the North Anatolian Fault (NAF), to the

east by the East Anatolian Fault (EAF) and to the southwest by the Hellenic subduction zone. In the west the NAF interacts with the back-arc

Aegean extension associated with the Hellenic subduction. Yellow features indicate Aegean structures that have been active in the last 15 Ma

and diverging yellow arrows indicate the overall direction of extension. The structures in red have accelerated extension rates as an effect of the

NAF propagating into the region [1]. NAT denotes the North Aegean Trough; DSF the Dead Sea Fault; K the Karliova triple junction. Pink

circles represent earthquakes with Msz 6 between 1970 and 2001. Central Anatolia and the central Aegean have no significant seismicity. (b)

Simplified geometry of structures used to model the GPS velocities. Motion at distant boundaries (green) combines Anatolia/Eurasia motion

given by McClusky et al. [5] with Eurasia/Africa/Arabia motion from Sella et al. [37]. Motion at hatched structures is modelled using the

velocity vectors of McClusky et al. [5]. For the western NAF (Sea of Marmara and North Aegean) motion is as determined by Flerit et al. [29].

The Aegean region is allowed to undergo extension (yellow structures with extension direction indicated by yellow double arrows). The red

structures and arrows indicate features where extension is allowed to be increased by the NAF’s western end. The orange structures model the

closure due to subduction with convergence direction indicated by arrows. Direction and size of arrows are schematic and not to scale.
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studies are combined with the velocity vectors at GPS

sites to model present-day slip rates on the major

structures. It is assumed that continuous slip on

localised structures extends through the lithosphere
beneath the brittle crust and controls both the present-

day and the long-term deformation. Dislocations

extending down from a locking depth at the base of

the seismogenic zone are used to model the creeping



Fig. 2. The best fit to the GPS vectors and the residuals. The GPS velocity vectors with their 80% confidence ellipses are represented in red, the

modelled velocity vectors in black and the structures in green. More than 80% of the modelled vectors are within errors of the data. Vectors and

residuals shown in the three panels correspond to fault slip rates illustrated in Fig. 3. (a) When vectors are referenced to fixed Eurasia, the

extrusion motion of Anatolia is more easily seen. East of the NAF, the northward directed convergence between Arabia and Eurasia is

partitioned between the Caucasus and the Bitlis suture zone. In the Aegean region, the extension increases the southwest-directed motion. (b)

Now vectors are referenced to fixed Anatolia, to discern better the deformation in the Aegean. Yellow dashed lines and arrows emphasize main

features of the velocity field (see text). (c) The model misfits. The residual vectors are obtained by subtracting the modelled velocities to the

observed and the shading in red represents the degree of misfit obtained by interpolating between scalar values. Few incoherent vectors exceed 5

mm/year. They are not significant compared to the well-resolved motions for the NAF and Aegean structures. The most important misfits

correspond to points close to boundaries where both the location of structures and the prescribed motion are poorly defined. Examples are close

to Cyprus, the EAF, and the small region with diffuse deformation immediately to the west of the Corinth Rift, near the Hellenic subduction

zone. We do not address specifically such complexities.

F. Flerit et al. / Earth and Planetary Science Letters 224 (2004) 347–362350
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faults or shear zones at depth. The method is de-

scribed by Flerit et al. [29] and Armijo et al. [15] and

it differs from rigid ‘‘block models’’ [6,7,32]. While

the GPS vectors can be fitted, displacement conditions

at the boundaries of blocks are often incompatible

with geological evidence. In our alternative strategy

for modelling, slip is everywhere required to have a

direction of motion consistent with geological con-

straints. The dislocations do not divide the region into

blocks and slip can vary along strike or die out as

observed geologically. As a consequence, the litho-

sphere experiences elastic or plastic strain between the

main structures for our models [4,15,29,33].

The GPS velocity vectors from McClusky et al. [5]

are shown referenced to Eurasia in Fig. 1a, together

with the main active faults in the region. For the

modelling procedure, these are represented by the

simplified features shown in Fig. 1b. The relative

motion vectors on the larger-scale plate boundaries

(green) are determined in both direction and magni-

tude according to plate motions. Models for the recent

motion between Arabia, Africa (Nubia) and Eurasia

have been proposed, which depend on whether the

Africa/Eurasia motion is mostly derived from seafloor

spreading rates and transform fault azimuths in the

Atlantic [34–36], or from GPS measurements [36–

38]. Calais et al. [36] argue that both the long-term

and the short-term solutions are now robust and hence

suggest a rapid post-3 Ma change in the Africa/

Eurasia motion. In our models, we have incorporated

the Arabia/Africa/Eurasia kinematics as derived from

GPS by Sella et al. [37]. For the boundaries of eastern

Anatolia (green), the motion is determined using the

Anatolia/Eurasia motion as defined by McClusky et

al. [5]. For the other boundaries around the Aegean

(hatched and identified in Fig. 1 caption), geological

information is available to constrain the vector direc-

tions, but the amplitudes are determined by trial and

error to fit the observed GPS velocity vectors.
4. The fit to the observed vectors and the main

features of the velocity field

The best fitting results are shown in Fig. 2a and b

and details of the approach and elements used are

provided in Appendix A (Fig. A1; Table A1). The

residuals, which are with a few exceptions below the
observation errors, are shown in Fig. 2c. In Fig. 2a,

the velocity vectors referenced to Eurasia illustrate the

overall extrusion motion of Anatolia. However, the

most important features of the regional deformation

are more apparent when the velocity vectors are

referenced to Anatolia (Fig. 2b). These features are

outlined with dashed yellow lines and yellow arrows in

Fig. 2b. It can be seen, for instance, that to the north

and northwest of the NAF the velocity vectors have a

northeastward component, whereas in the southern

Aegean, to the south and southwest of the NAF,

vectors have a southward component. The northeast-

ward motion is clearly consistent with the motion of

the NAF and concerns two regions where extension is

geologically associated with the influence of the NAF;

between Corinth and the North Aegean Trough [1] and

in the Sea of Marmara pull-apart, where large-scale

slip-partitioning is documented [2,29,39]. By contrast,

the fan-shaped southward motion in the southern

Aegean is clearly not connected with the motion of

the NAF and appears kinematically associated with the

geological processes of Hellenic arc retreat and Aege-

an back-arc extension (compare Fig. 2b with Fig. 1b).

Within a large part of the southwestern Aegean, the

velocity vector amplitudes show no significant gra-

dients across the structures (Fig. 2b), indicating little or

no active deformation. McClusky et al. [5] suggested

that this feature requires the southwestern Aegean to

be a rigid block. We can ask if a velocity field of an

extending back-arc region and one due to the propa-

gating end of the NAF can explain the observations

without introducing variations of lithospheric elastic

parameters.
5. The superposed deformation fields in the

Aegean

Fig. 3a shows the motion on all the elements used to

produce the model in Fig. 2. Right-lateral slip required

in the eastern and central NAF is about 24 mm/year.

Opening rates reach 8 mm/year in some parts of the

large graben systems in western Turkey and reduce

inland towards the eastern ends of the grabens. In

central Greece, the Corinth Rift alone absorbs about 12

mm/year of opening, while no motion is required

across structures in the southwestern Aegean. The

Hellenic arc accommodates up to 45 mm/year of
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convergence to absorb the combined motion of

Anatolia and the Aegean.

To produce the model in Fig. 3b, the structures

associated with the geological back-arc spreading are

used (see Fig. 1). For eastern Turkey, the present-day
fault slip rates shown in Fig. 3a are not much affected

by the NAF and can be considered to reflect the

present-day component of back-arc motion. To pro-

duce rates for the structures in Fig. 3b, the present-day

contribution is assumed to have the same distribution as
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the geological displacement, with the slip rates cali-

brated at their eastern ends using the Turkish values.

Subtracting the back-arc extension component from

the total motion yields the component of motion

shown in Fig. 3c. The motion in the Hellenic arc

corresponds purely to the prescribed Anatolia/Africa

motion [5,37] and the motion on the NAF resulting

from extrusion is seen with its termination in a damage

zone in the Aegean where it adds its motions of

opening (red region with plus sign) and closure (blue

region with minus sign) to elements in the region. The

relatively complex velocity field of Fig. 2b can con-

sequently be the simple mechanical result of extrusion

and back-arc extension acting together.
6. The slip-rate distribution: principles for the

mechanical modelling

The arrival of the NAF into the northern Aegean

must have modified the distribution of stresses and

of slip rates along major structures. To explore the

effects on the NAF, we have created from our GPS-

derived velocity model the simplified models shown

in Fig. 4. The distant boundary conditions are the

same as for the model of Figs. 2 and 3, but the trace

of the NAF is simplified and the Aegean has no

specific structures to accommodate localised defor-

mation, which appears as elastic strain. The models

are intended to simulate circumstances where the

NAF is left free to move like a ‘‘classical’’ stress-

free (or constant stress) cut in a homogeneous elastic
Fig. 3. The fault slip rates and the two superposed fields. The corresponding

A1; Table A1). (a) The total slip rates determined for the main structures, c

rates can be decomposed into (b) a back-arc extension component plus (c)

effects of the westward propagating NAF on the Aegean structures. Slip-ra

motion on elements. Vectors point toward or away from the features w

extension. In (a) the total slip-rate vectors (black) reflect the same irregular

rate vectors shown in (b) (orange) are consistent with a simple geological m

convergence associated with retreat of the Hellenic arc. The yellow shade in

dominant N–S extension, distributed along few large rifts crossing the Aeg

to the rifts eastern and western ends. Extension rates in the southern Aegea

the Quaternary [48]. Our extension model for the Aegean is not unique, b

scale [1,22]. Models with faster extension rates in the Greek grabens or i

conclusions of this paper. The net contribution of extrusion processes (c)

[5,37] and is obtained once the extension model (b) is removed from the

vectors for elements in the Aegean are shown red and blue; regions with su

and labelled (+) and (� ). It can be seen that the high contraction rate

contributions coming from extrusion processes (c) and from the Arc retre
solid [16,40,41]. A crack subject to either uniform

stress or distant displacement boundary conditions

develops an elliptical distribution of slip between its

faces [17,18,42]. If displacement boundary condi-

tions are brought close to the fault, then the slip

distribution ceases to be elliptical and becomes

boundary-condition-dependant [19,20]. In the case

of the NAF, the slip distribution is strongly depen-

dant on boundary conditions, as shown later. We test

the effect of two different boundary conditions

consistent with the separation of superposed velocity

fields (the NAF and Aegean extension) described

earlier. These changes influence the distribution of

slip rate in the modelled NAF in a similar way to

that discussed by Bürgmann et al. [19] and Man-

ighetti et al. [20]. Here the stress-free condition on

the NAF is first applied to the complete solution

with displacement boundary conditions representing

the Hellenic arc-pull (Fig. 4a), then to the extrusion

process alone, without the Hellenic arc-pull (Fig.

4b). In Fig. 4c, the two corresponding slip-rate

profiles obtained for the stress-free NAF (in red)

are compared with the slip-rate distribution derived

for the NAF from our best-fit model using the GPS

observations (green shade).
7. The two models

The stress-free distribution with arc-pull fits the

GPS-derived distribution (Fig. 4a). Thus the present-

day NAF could be considered to be stress-free. The
element location and slip rate values are given in Appendix A (Fig.

orresponding to the best-fit velocity field shown in Fig. 2. Total slip

a component associated with extrusion processes, which include the

te vectors (arrows) represent on each structure (in green) the relative

here dislocations have respectively a component of contraction or

ities in the Aegean as the velocity field (Fig. 2b, see text). The slip-

odel of back-arc extension in the Aegean and with the corresponding

dicates the region that during much of the Neogene has been under a

ean. Maximum slip rate is at each rift centre and slip rate tapers both

n are smaller and mostly E–W across N–S features, as observed for

ut it incorporates the less disputed geological observations at large

n the South Aegean are possible but they will not change the main

includes for the Hellenic arc the prescribed Anatolia/Africa motion

total slip-rate vector set (a). Extensional and contractional slip-rate

ch regimes are emphasized with lobes shaded orange and light blue,

(45 mm/year) across the Hellenic arc (a) results from comparable

at associated with the Aegean extension (b).



F. Flerit et al. / Earth and Planetary Science Letters 224 (2004) 347–362354
NAF could also exhibit a constant stress resisting slip.

All that is required is that the Hellenic arc-pull is

commensurately increased. The slip-rate distribution is

not elliptical, consistent with the boundary condition

imposed by the arc being close to the fault. For more

than 1000 km the present-day slip-rate profile of the

NAF is flat, at 24 mm/year rate. This observation can

be regarded as being consistent with the NAF acting

like a transform fault, as illustrated in Fig. 4c (dashed

blue line). Under these conditions, the NAF could be

thought of as bounding a ‘‘rigid’’ Anatolia block, with

no internal strain (Fig. 4a). However, the GPS-derived

slip-rate drops rapidly westwards where the NAF

interacts with extension and arc-pull processes. Clear-

ly, near its western end the present-day NAF does not

behave like a transform fault and significant strain

occurs in the large-scale damage zone described earlier

(Fig. 3c).
The rapid slip-rate tapering is consistent with a

‘barrier’ to the southwestward propagation of the

NAF. Barriers in a broad sense are associated with

high slip gradients along faults in regions where the

resistance to extending the fault is high relative to

the driving stress promoting propagation (for a dis-

cussion, see Manighetti et al. [20]). This is com-

monly thought of in terms of fracture toughness

where further cracking is inhibited either because

the region of the crack tip resists further crack

creation because it is locally‘‘strong’’ or because

the stresses applied to the crack tip are reduced

because of the action of a ‘process zone’ around

the tip reducing crack tip stresses. The two processes

in such a zone are considered to be plastic flow or

multiple fracturing (fragmentation) [20,43–45]. The

process zones of the latter type are commonly

referred to as damage zones and such a zone is

associated with the NAF in the Aegean [1]. The
Fig. 4. Slip-rate profiles along the NAF. The geometry of the NAF is

simplified to compare the GPS-derived slip-rate profile (indicated

with green shade in the three panels) with two stress-free slip-rate

profiles obtained for the same geometry and distant boundary

conditions. The elements of the NAF (in bold red) are stress-free

(r = 0) and there is no structure localising deformation in the

Aegean, so strains within the Aegean–Anatolian lithosphere are

purely elastic. (a) The velocities at all boundaries except the NAF

are the same as in the total solution (Fig. 3a). Subduction boundary

velocities (bold vectors, represented in opposite direction to

contraction vectors shown in Fig. 3a) include the Hellenic arc-pull

effect. Yellow, red and blue shades in the Aegean are as in Fig. 3b

and c to remind deformation fields for the total solution. Red arrows

represent slip rates along the NAF (vectors are rotated 90j). The
slip-rate profile for the r= 0 condition (outlined with thin red line) is

similar to the GPS-derived profile (green shade). (b) The velocities

associated with the Hellenic arc-pull have been removed from the

subduction boundary (bold vectors) to reproduce conditions such as

in Fig. 3c. The stress-free profile for the NAF is now significantly

lower than the GPS-derived profile. (c) Slip rates are represented as

a function of distance along the strike of the NAF. The GPS-derived

profile and the stress-free profile with arc-pull have constant slip

rate of 24 mm/year up to distances of more than 1000 km from the

Karliova triple junction. They taper out westward rapidly in the

region under Aegean extension (yellow). This is consistent with an

Anatolia block basically relaxed of elastic strain (schematically

represented by relaxed spring in a). Compare with an ideal

transform fault slip-rate profile for the NAF, with complete

connection with the Hellenic subduction (shown dashed blue).

The stress-free profile without arc-pull tapers westwards progres-

sively, which is consistent with pervasive elastic strain within

Anatolia (schematically represented by strained spring in (b)).
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larger damage features include the North Aegean

Trough and the Gulfs of Evvia and Corinth and

other structures originally created as a result of

Aegean extension. Smaller features are also impor-

tant and the deforming block models we adopt to

model the GPS vectors allow for this. The absence

of a direct connection between the NAF and the Gulf

of Corinth is an example of evidence of a zone that

must be multiply faulted at a smaller scale. The

conditions for creating a large damage zone can

explain the apparent deceleration of the NAF prop-

agation rate across the northern Aegean [1,2].

When the effect of arc-pull processes in the

Aegean is removed from the boundary conditions

(Fig. 4b), the modelled stress-free slip-rate profile of

the NAF has shape closer to a half ellipse with a

maximum rate of 18 mm/year at the eastern end of

the NAF (Karliova triple junction, Fig. 4c). This rate

is significantly lower than the slip rates attained in

our model with arc-pull and slip rates directly

determined from the GPS measurements. For the

hypothetical conditions without arc-pull, the Anato-

lian lithosphere must be significantly strained (Fig.

4b) and the NAF appears similar to a classical crack

in elastic solid [16]. Removing the Hellenic arc-pull

from the contemporary boundary conditions provides

a useful mechanical model for the NAF without the

influence of the barrier and the large process zone in

the Aegean.
8. Tectonic interpretation: possible mechanical

evolution during the NAF growth process

Comparing the profiles in Fig. 4 suggests that the

present-day slip-rate distribution can be regarded as a

snapshot during the late evolution of the NAF. It

seems likely that in the future the NAF will reach

the Hellenic subduction system at which time it will

be a true transform fault. At present the slip rate drops

abruptly near the southwest end of the fault; an effect

that can be attributed to the proximity of the pull from

the subduction system and the behaviour of the region

around the fault acting as a damage zone. The former

adds forces that concentrate slip near to the fault end

while the distributed deformation associated with

damage reduces the tendency of the fault to propagate

further by reducing the fault tip stresses. The observed
slip profile has a steeper termination than the mod-

elled profile. This can be due to the inability of the

elastic model to account fully for the effects of

damage.

Prior to the fault reaching the central Aegean,

propagation would have occurred with less influence

from slab-pull and presumably less influence from

damage. Some clues to the behaviour at these earlier

times are provided by modelling the slip distribution

in the absence of slab pull. In the elastic model, the

slip adopts a form close to a half ellipse.

Two other substantial changes occur. Strain is

now distributed across Anatolia as indicated by

springs in Fig. 4a and b. The slip rate at the eastern

end of the fault is also reduced from 24 to 18 mm/

year. The NAF cannot have grown under perfectly

elastic conditions. Some unrecoverable strain must

exist of which a substantial part could be associated

with the tracks of damage zone as discussed by

Manighetti et al. [46]. Nonetheless, propagation

requires elasticity and the most straightforward

way to account for the GPS observations and the

geological history is to consider that widespread

strain has relaxed. The process of propagation has

taken more than 10 Myr with the crossing of the

Aegean taking 3–4 My. The strain changes would

consequently be gradual and not abrupt as the

models might suggest. The slip rate in eastern

Anatolia is subject to change as a result of slab

pull. This suggests that the whole extrusion process

can be influenced by the subduction zone and more

specifically that after the NAF entered the Aegean,

geological events in the subduction system can be

expected to correlate with events extending across

Anatolia including the East Anatolian fault system.

While these questions cannot be addressed within

the scope of this paper, a reconstruction of the

evolution of the fault systems of Anatolia should

be possible.
9. Conclusions

The concepts of linear elastic fracture mechanics

can be applied to the large-scale deformation of

Anatolia and the Aegean. Two conditions are needed

for this approach to be successful: (1) Modelling the

present-day velocity field determined with GPS net-



Table A1

Location (latitude and longitude) of elements and slip rate values

Element

number

Element

start

Element

end

Locking

depth

(km)

Total slip

rate

(mm/year)

Extrusion processes

(mm/year)

Back-arc extension

(mm/year)

Long. Lat. Long. Lat. Right

lateral

Opening Right

Lateral

Opening Right

lateral

Opening

1 41.68 42.33 53.15 38.06 12 0 � 8 0 � 8 * *

2 53.15 38.06 63.21 32.79 12 0 � 8 0 � 8 * *

3 41.09 39.15 39.74 39.60 12 24 � 6 24 � 6 * *

4 39.74 39.60 35.38 41.09 12 24 0 24 0 * *

5 35.38 41.09 33.99 41.16 12 24 � 3 24 � 3 * *

6 33.99 41.16 32.54 40.85 12 22 � 8 22 � 8 * *

7 32.54 40.85 30.89 40.57 12 12 0 12 0 * *

8 30.89 40.57 30.03 40.43 12 5 1 5 1 * *

9 30.03 40.43 29.65 40.22 12 5 0 5 0 * *

10 29.65 40.22 29.24 40.19 12 5 3 5 3 * *

11 29.24 40.19 27.70 40.15 12 4 3 4 3 * *

12 27.70 40.15 26.82 39.50 12 2 � 1 2 � 1 * *

13 26.82 39.50 25.54 39.38 12 2 4 2 4 * *

14 25.54 39.38 25.28 39.21 12 5 0 5 0 * *

15 25.28 39.21 24.64 38.93 12 12 2 12 2 * *

16 24.64 38.93 24.39 38.70 12 12 � 2 12 � 2 * *

17 24.39 38.70 23.92 38.26 12 7 � 1 7 � 1 * *

18 23.22 38.05 22.87 38.13 12 � 3 13 � 3 10 0 3

19 22.87 38.13 22.53 38.20 12 � 2 11 � 2 9 0 2

20 22.53 38.20 22.18 38.28 12 � 1 9 � 1 8 0 1

21 22.18 38.28 21.84 38.35 12 � 1 7 � 1 6 0 1

22 21.84 38.35 21.51 38.25 12 3 4 3 4 * *

23 21.51 38.25 21.18 38.15 12 2 3 2 3 * *

24 21.18 38.15 20.85 38.05 12 1 1 1 1 * *

25 20.85 38.05 20.15 38.12 12 0 0 0 0 * *

26 20.15 38.12 20.47 37.39 4 18 � 10 18 � 10 * *

27 20.47 37.39 21.37 36.68 4 14 � 37 14 � 26 0 � 11

28 21.37 36.68 22.25 35.97 4 14 � 38 14 � 24 0 � 14

29 22.25 35.97 23.11 35.25 4 14 � 39 14 � 22 0 � 17

30 23.11 35.25 23.96 34.53 4 14 � 39 14 � 19 0 � 20

31 23.96 34.53 24.83 34.55 4 � 21 � 42 � 4 � 22 � 17 � 20

32 24.83 34.55 25.70 34.58 4 � 17 � 41 � 4 � 21 � 13 � 20

33 25.70 34.58 26.58 34.59 4 � 13 � 40 � 4 � 19 � 9 � 21

34 26.58 34.59 27.45 34.60 4 � 9 � 39 � 4 � 17 � 5 � 22

35 27.45 34.60 27.79 34.93 4 � 32 � 23 � 15 � 7 � 17 � 16

36 27.79 34.93 28.14 35.25 4 � 28 � 23 � 15 � 7 � 13 � 16

37 28.14 35.25 28.49 35.58 4 � 23 � 22 � 15 � 5 � 8 � 17

38 28.49 35.58 28.53 35.85 4 � 27 � 8 � 15 5 � 12 � 13

39 28.53 35.85 28.58 36.12 4 � 26 � 6 � 15 6 � 11 � 12

40 28.58 36.12 28.62 36.39 4 � 25 � 4 � 15 6 � 10 � 10

41 28.62 36.39 29.14 35.96 12 5 � 15 5 � 15 * *

42 29.14 35.96 29.65 35.52 12 5 � 14 5 � 14 * *

43 29.65 35.52 30.49 35.27 12 � 2 � 13 � 2 � 13 * *

44 30.49 35.27 31.33 35.01 12 � 2 � 11 � 2 � 11 * *

45 31.33 35.01 32.17 34.75 12 � 2 � 10 � 2 � 10 * *

46 32.17 34.75 32.99 34.48 12 � 2 � 8 � 2 � 8 * *

47 32.99 34.48 34.34 35.15 12 � 7 � 1 � 7 � 1 * *

48 34.34 35.15 35.71 35.81 12 � 7 2 � 7 2 * *

49 35.71 35.81 36.29 37.11 12 � 4 9 � 4 9 * *

F. Flerit et al. / Earth and Planetary Science Letters 224 (2004) 347–362356



(continued on next page)

Element

number

Element

start

Element

end

Locking

depth

(km)

Total slip

rate

(mm/year)

Extrusion processes

(mm/year)

Back-arc extension

(mm/year)

Long. Lat. Long. Lat. Right

lateral

Opening Right

Lateral

Opening Right

lateral

Opening

50 36.29 37.11 41.09 39.15 12 � 11 2 � 11 2 * *

51 30.89 40.57 30.25 40.72 12 6 3 6 3 * *

52 30.03 40.43 28.10 40.46 12 4 1 4 1 * *

53 28.10 40.46 25.54 39.38 12 2 0 2 0 * *

54 32.54 40.85 31.94 40.82 12 12 0 12 0 * *

55 31.94 40.82 30.25 40.72 12 12 0 12 0 * *

56 30.25 40.72 29.28 40.73 12 18 1 18 1 * *

57 29.28 40.73 28.86 40.90 4 17 8 17 8 * *

58 28.86 40.90 27.45 40.80 4 19 0 19 0 * *

59 27.45 40.80 26.61 40.53 12 20 1 20 1 * *

60 26.61 40.53 25.29 40.21 12 20 5 20 5 * *

61 25.29 40.21 23.81 39.23 12 20 � 1 20 � 1 * *

62 23.81 39.23 23.51 39.41 12 0 11 0 9 0 2

63 23.51 39.41 23.20 39.58 12 0 9 0 7 0 2

64 23.20 39.58 22.89 39.76 12 0 6 0 5 0 1

65 22.89 39.76 22.57 39.93 12 0 4 0 3 0 1

66 29.99 39.82 29.21 40.19 12 0 0 0 0 * *

67 29.93 39.47 28.71 39.47 12 0 4 0 4 * *

68 27.45 39.60 26.82 39.50 12 0 3 0 3 * *

69 28.83 38.18 28.43 38.28 12 � 1 4 0 0 � 1 4

70 28.43 38.28 28.04 38.38 12 � 2 4 0 0 � 2 4

71 28.04 38.38 27.65 38.47 12 � 2 5 0 0 � 2 5

72 27.65 38.47 26.69 38.44 12 0 6 0 0 0 6

73 26.69 38.44 26.45 38.86 12 � 6 2 0 0 � 6 2

74 29.52 39.06 29.02 39.17 12 � 1 4 0 0 � 1 4

75 29.02 39.17 28.52 39.27 12 � 1 4 0 0 � 1 4

76 28.52 39.27 28.02 39.38 12 � 2 5 0 0 � 2 5

77 28.02 39.38 26.88 39.12 12 1 5 0 0 1 5

78 26.88 39.12 26.45 38.86 12 2 3 0 0 2 3

79 26.45 38.86 25.28 39.21 12 0 6 0 0 0 6

80 25.28 39.21 24.75 39.62 12 0 5 0 0 0 5

81 24.75 39.62 24.22 40.03 12 0 3 0 0 0 3

82 24.22 40.03 23.68 40.44 12 0 2 0 0 0 2

83 23.92 38.26 23.06 38.20 12 0 3 0 3 0 0

84 23.57 38.56 23.17 38.73 12 0 6 0 4 0 2

85 23.17 38.73 22.25 38.90 12 0 4 0 3 0 1

86 30.10 37.91 29.72 37.90 12 0 3 0 0 0 3

87 29.72 37.90 29.35 37.89 12 0 4 0 0 0 4

88 29.35 37.89 28.97 37.89 12 0 6 0 0 0 6

89 28.97 37.89 28.38 37.87 12 0 8 0 0 0 8

90 28.38 37.87 27.79 37.85 12 0 8 0 0 0 8

91 27.79 37.85 27.20 37.83 12 0 8 0 0 0 8

92 27.20 37.83 26.68 37.82 12 0 5 0 � 3 0 8

93 26.68 37.82 26.16 37.81 12 0 3 0 � 5 0 8

94 26.16 37.81 25.64 37.79 12 0 2 0 � 6 0 8

95 25.64 37.79 25.20 38.00 12 0 0 0 � 7 0 7

96 25.20 38.00 24.76 38.20 12 0 0 0 � 7 0 7

97 24.76 38.20 24.31 38.40 12 0 0 0 � 7 0 7

98 24.39 38.70 23.82 38.85 12 0 8 0 5 0 3

Table A1 (continued )
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Table A1 (continued )

Element

number

Element

start

Element

end

Locking

depth

(km)

Total slip

rate

(mm/year)

Extrusion processes

(mm/year)

Back-arc extension

(mm/year)

Long. Lat. Long. Lat. Right

lateral

Opening Right

Lateral

Opening Right

lateral

Opening

99 23.82 38.85 23.37 39.12 12 0 5 0 3 0 2

100 28.96 37.26 28.62 37.20 12 0 2 0 0 0 2

101 28.62 37.20 28.29 37.14 12 0 4 0 0 0 4

102 28.29 37.14 27.57 36.90 12 0 5 0 0 0 5

103 27.57 36.90 26.86 36.66 12 0 5 0 0 0 5

104 26.86 36.66 26.15 36.41 12 0 5 0 0 0 5

105 26.15 36.41 25.61 36.44 12 0 3 0 � 2 0 5

106 25.61 36.44 25.07 36.46 12 0 2 0 � 3 0 5

107 25.07 36.46 24.53 36.49 12 0 1 0 � 4 0 5

108 24.53 36.49 24.10 37.01 12 0 0 0 � 5 0 5

109 24.10 37.01 23.66 37.53 12 0 0 0 � 5 0 5

110 23.66 37.53 23.22 38.05 12 0 0 0 � 5 0 5

111 28.18 36.57 27.81 36.45 12 0 0 0 0 0 0

112 27.81 36.45 27.43 36.33 12 0 0 0 0 0 0

113 27.43 36.33 27.06 36.21 12 0 0 0 0 0 0

114 27.06 36.21 26.92 35.84 12 0 3 0 0 0 3

115 26.92 35.84 26.78 35.47 12 0 4 0 0 0 4

116 26.78 35.47 26.63 35.11 12 0 4 0 0 0 4

117 22.77 37.53 22.94 37.19 12 0 0 0 0 0 0

118 22.94 37.19 23.12 36.85 12 0 1 0 0 0 1

119 23.12 36.85 23.29 36.51 12 0 1 0 0 0 1

120 23.29 36.51 23.38 36.09 12 0 2 0 0 0 2

121 23.38 36.09 23.47 35.67 12 0 2 0 0 0 2

122 23.47 35.67 23.56 35.26 12 0 2 0 0 0 2

123 16.94 43.06 20.61 38.92 12 8 1 8 1 * *

124 20.61 38.92 20.15 38.12 12 13 10 13 10 * *

125 36.29 37.11 36.01 32.65 12 � 7 � 1 � 7 � 1 * *

126 36.01 32.65 35.77 28.21 12 � 7 1 � 7 1 * *

127 35.77 28.21 35.55 23.83 12 � 7 3 � 7 3 * *

128 35.55 23.83 35.35 19.52 12 � 7 5 � 7 5 * *

129 35.35 19.52 35.17 15.31 12 � 7 7 � 7 7 * *

130 35.17 15.31 30.60 15.38 12 � 3 7 � 3 7 * *

131 30.60 15.38 26.04 15.23 12 � 3 7 � 3 7 * *

132 26.04 15.23 21.50 14.86 12 � 3 6 � 3 6 * *

133 21.50 14.86 17.02 14.27 12 � 3 6 � 3 6 * *

134 17.02 14.27 12.60 13.48 12 � 3 6 � 3 6 * *

135 12.60 13.48 8.26 12.49 12 � 3 6 � 3 6 * *

136 8.26 12.49 7.06 16.91 12 � 5 � 3 � 5 � 3 * *

137 7.06 16.91 5.72 21.44 12 � 5 � 4 � 5 � 4 * *

138 5.72 21.44 4.24 26.04 12 � 5 � 4 � 5 � 4 * *

139 4.24 26.04 2.58 30.70 12 � 5 � 4 � 5 � 4 * *

140 2.58 30.70 0.71 35.37 12 � 5 � 4 � 5 � 4 * *

141 0.71 35.37 � 1.40 40.02 12 � 5 � 5 � 5 � 5 * *

142 � 1.40 40.02 � 3.81 44.61 12 � 5 � 5 � 5 � 5 * *

143 � 3.81 44.61 � 6.58 49.11 12 � 5 � 5 � 5 � 5 * *

144 � 6.58 49.11 � 0.29 48.01 12 8 � 1 8 � 1 * *

145 � 0.29 48.01 5.74 46.62 12 8 � 2 8 � 2 * *

146 5.74 46.62 11.50 44.96 12 8 � 2 8 � 2 * *

147 11.50 44.96 16.94 43.06 12 8 � 2 8 � 2 * *
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Table A1 (continued )

Element

number

Element

start

Element

end

Locking

depth

(km)

Total slip

rate

(mm/year)

Extrusion processes

(mm/year)

Back-arc extension

(mm/year)

Long. Lat. Long. Lat. Right

lateral

Opening Right

Lateral

Opening Right

lateral

Opening

148 41.09 39.15 46.79 37.17 12 12 � 6 12 � 6 * *

149 46.79 37.17 52.17 34.93 12 12 � 9 12 � 9 * *

150 52.17 34.93 57.23 32.44 12 12 � 11 12 � 11 * *

151 57.23 32.44 61.96 29.75 12 12 � 13 12 � 13 * *

152 61.96 29.75 60.28 25.25 12 25 4 25 4 * *

153 60.28 25.25 58.76 20.79 12 25 1 25 1 * *

154 58.76 20.79 57.39 16.40 12 25 � 1 25 � 1 * *

155 57.39 16.40 56.15 12.11 12 25 � 3 25 � 3 * *

156 56.15 12.11 52.09 13.12 12 4 24 4 24 * *

157 52.09 13.12 47.95 13.94 12 4 22 4 22 * *

158 47.95 13.94 43.74 14.59 12 4 19 4 19 * *

159 43.74 14.59 39.47 15.05 12 4 17 4 17 * *

160 39.47 15.05 35.17 15.31 12 4 15 4 15 * *

Right-lateral slip and opening of an element is positive. Total slip rates are those shown in Fig. 3a. The slip rates corresponding to the two

superposed fields (back-arc extension and extrusion processes) are as shown respectively in Fig. 3b and c. Asterisks mark the elements that do

not contribute to the back-arc extension processes. Locking depth indicates the depth to the base of the locked zone.
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works must incorporate geological constraints on the

geometry of the main structures and on the long-term

deformation; (2) regions between major faults are not

rigid blocks and so the modelling must allow for

internal deformation. Fulfilling these conditions

allows us to show that the superposition of the two

deformation fields now interacting in the Aegean

characterize the large-scale process zone that encom-

passes the western end of the North Anatolian Fault.

In the contemporary slip-rate profile of the NAF, the

process zone is associated with a rapid westward

tapering of the NAF slip rate. The NAF behaves like

a transform fault for 75% of its length, with a constant

24 mm/year slip rate. The particular shape of the NAF

slip-rate profile appears to be associated with boundary

velocities at the Hellenic arc and the large-scale dam-

age in the previously stretched Aegean lithosphere.

Synthetic slip-rate profiles obtained under stress-

free (or constant stress) conditions where the regional

deformation is almost purely elastic suggest a possible

scenario for the evolution of the NAF propagation: (1)

At earlier times before the NAF had propagated into

the Aegean it was not under the influence of the

Hellenic arc-pull. In our elastic model its slip-rate

profile has a half-elliptical shape corresponding to a

crack in elastic solid and the Anatolian lithosphere is

strained elastically. (2) In the present-day stage the
NAF has reached the Aegean. A large process zone

has developed due to interaction with the Aegean

extension and the Hellenic arc-pull. Elastic strains in

the Anatolian lithosphere are relaxed and the NAF is

nearly a transform fault.

The role of the ‘‘Aegean extension’’ within the

overall continental extrusion process becomes clear.

As the western tip of the NAF propagated into the

Aegean, the back-arc extension associated with the

Hellenic arc-pull has controlled the development of

large-scale damage in the previously stretched Aegean

lithosphere. After the NAF tip entered the Aegean, the

Hellenic arc-pull and the Aegean back-arc extension

started to exert control over the velocity at which the

extrusion process proceeds. Our results suggest that

before this happened a lower extrusion velocity char-

acterized the NAF propagation into the elastically

strained Anatolian lithosphere. The growing damage

can also be considered to act as a barrier to the

propagation of the NAF, impeding it from reaching

the subducting plate boundary.

The North Anatolian Fault has long been regarded

as a transform fault and Anatolia as a more or less rigid

‘‘microplate’’ [47], but this view is in conflict with

large-scale fault propagation processes based on frac-

ture mechanics [4,46]. Our mechanical approach,

which permits the possibility of a build up and then



Fig. A1. Map of elements. (a) The elements visible in Figs. 1b and 2 in the main text are shown. The numbers identify the corresponding

elements in Table A1. (b) Elements of the model over a larger region than that where GPS velocity vectors are modelled in detail. The slip

values on these arbitrary boundaries are adjusted to ensure the motions that surround the study region conform to known plate rates and

observed GPS vectors (see text). The numbers identify the corresponding elements in Table A1.
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relaxation of elastic strain at a lithospheric scale,

suggests a possible evolution of the extrusion of

Anatolia and of the NAF which reconciles the two

views. Our approach also has implications for under-

standing the evolution of other regions where conti-

nental extrusion or the propagation of lithospheric-

scale faults occurs.
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Appendix A

The deformation model is calculated using the

dislocation code of Okada [49] in a similar manner

to that described by Flerit et al. [29] and Armijo et al.

[15]. The elements used are the same as in Armijo et al.

[15], but the slip rate values at distant boundaries are

determined from the Eurasia/Africa/Arabia motions of

Sella et al. [37]. The Anatolia/Eurasia motion fits the

motion defined by McClusky et al. [5]. Slip rates for

elements in the Anatolia–Aegean region have direc-

tion compatible with geological and seismological

constraints. Their magnitude is adjusted for the model
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to fit the GPS velocity vectors of McClusky et al. [5].

For the western NAF (Sea of Marmara and North

Aegean), the motion is consistent with that determined

by Flerit et al. [29]. The distance of most of the GPS

measurement points to the elements is significantly

greater than the locking depth. As a result, the contri-

bution of interseismic strain is generally minor and the

locking depth value has little effect in the modelling.

An exception is the Marmara region as discussed by

Meade et al. [6], Le Pichon et al. [7] and Flerit et al.

[29]. Another exception the Hellenic arc boundary, for

which little elastic coupling can be determined from

the GPS data analysed here.

Table A1 provides the location of elements and slip

rate values used to calculate the vector field shown in

Fig. 2 of the main text. Fig. A1 shows the location of

the elements in map form.
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