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Abstract

The Aegean domain is a key area for understanding the processes of back-arc
extension. Observed deformation pattern and present day kinematics result from the
interaction between the southward retreat of the Hellenic trench and the westward
escape of Anatolia. Lithosphere-scale analogue models were employed to display that
the overall pattern of Aegean extension requires not only the combination of trench

retreat and Anatolia escape since middle Miocene but also the presence of an inherited



lithosphere-scale mechanical discontinuity: the Vardar Suture Zone (VSZ). The
reactivation in dextral shear of the eastern branch of the VSZ accommodates both the
trench retreat (NS stretching) and the westward escape of Anatolia (EW shortening) in
the Cyclades area since middle Miocene. Additionally, our model shows that the
North Anatolian Fault (NAF) is a late structure in the evolution of the Aegean,
initiated around 10 Ma after the onset of Anatolia escape. The displacement field at
the surface of the model allows the identification of sub-domains, which result from
strain partitioning instead of being “rigid microplates”, directly comparable to the
present-day displacement field (GPS) of the Aegean and western Anatolia. Our model
provides a simple but powerful way to look at the dynamics of Aegean extension in
two main stages. From middle Eocene to middle Miocene, extension was only driven
by the southward retreat of the Hellenic trench at a rate lower than 1 cm.y™. Since
middle Miocene, the combination of slab rollback with Anatolia westward escape,
resulted in a southwest direction of trench retreat, with an accelerating rate of up to 3

cm.y™.

1. Introduction

Since the first plate kinematic models of eastern Mediterranean (McKenzie 1972,
1978; Dewey and Sengor, 1979; Le Pichon and Angelier, 1981), the Neogene tectonic history
of the Aegean is described as the result of an interaction between back-arc extension and
westward displacement of Anatolia. The North Anatolian Fault (NAF) is the transform fault
along which Anatolia slips westward. Satellite geodesy (Mc Clusky et al., 2000) demonstrated
that the present-day regional displacement pattern that results from this interaction (Fig. 1a),

corresponds to a combination of 3.3 cm y™* southward retreat of the Hellenic trench and 2.1cm



y* westward displacement of Anatolia. Arguments related to seismicity, earthquake risk and
spatial geodesy have contributed to focus attention on the NAF and consequently a large
amount of studies has been dedicated to this particular fault and closely related structures.
However, the NAF results from progressive strain localisation within the wedge-shape North
Anatolian Shear Zone (NASZ) that is 100 km wide at its western end (Sengor et al., 2005).
Dextral strike-slip shear initiated in eastern Anatolia, along the Bitlis Suture, around 11-13
Ma. The localisation of the NAF inside the NASZ propagated westward toward the Aegean
domain during the last 5 Ma, reaching a bulk offset of 85 km (Armijo et al., 1999; Hubert-

Ferrari et al., 2003; Sengor et al., 2005).

On the other hand, Aegean back-arc extension that is driven by slab rollback started
around 45 Ma ago (Brun and Sokoutis, 2010) and accommodated approximately 700 km of
trench retreat (Jolivet and Brun, 2010; Jolivet et al., 2013). Extension followed the closure, in
Cretaceous-Eocene, of two oceanic domains of Vardar and Pindos, leading to the stacking of
three continental blocks that are from top to base: Rhodopia, Pelagonia and Adria (Fig. 1b).
Various seismic tomographic images of the underlying mantle display a single slab (e.g.
Wortel and Spakman, 2000; Piromallo and Morelli, 2003; Widiyantoro et al., 2004) indicating
that the convergence of continental blocks, which are separated by two suture zones, has been
accommodated by a single subduction. During subduction rollback, Pelagonia and Adria crust
panels were fully detached from the downgoing lithospheric mantle and moved back to
surface, resting directly on top of asthenosphere (Brun and Faccenna, 2008). The recent
restoration of dominantly brittle deformations that segmented the metamorphic units of the
Cyclades (Philippon et al., 2012) showed that a component of EW shortening started to
interfere with NS extension in late Miocene. This suggests that the westward displacement of
Anatolia is not only recorded in the NAF-NASZ but that it also affected the central Aegean

since late Miocene.



The purpose of the present study is to test this hypothesis by modelling the interaction
between back-arc extension and Anatolia escape. In this perspective, the Aegean tectonic
history, as briefly summarized above, is of first order importance and has direct implications
on our modelling strategy. First, the displacements related to back-arc extension and strike-
slip shear along the NAF-NASZ differ by one order of magnitude (From 700 km compared to
85 km) and their duration by a factor three-four (From 45 to 13 Ma). Second, the continental
crust of Pelagonia and Adria has been delaminated from the downgoing lithospheric mantle
during subduction, -see cross-section, Fig. 1c and Jolivet and Brun (2010)- leading to a thin
and weak Aegean lithosphere since Eocene. Third, the suture zones that separate the three
continental blocks were potential mechanical discontinuities in the extending system. This is
suggested in particular by the Vardar Suture Zone (VSZ) that is, at regional scale (Fig.1), a
striking geological and morphological discontinuity that separates the northern from the
southern parts of the Aegean. Thus, the present investigation addresses the interaction
between back-arc extension and Anatolia escape as a function of: i) the relative timing and
rates of trench retreat and Anatolia escape and ii) the rheology of the Aegean domain

including heterogeneities inherited from the previous tectonic events.

2. Aegean extension

2.1 A two-stage history

During the three last decades, successive improvements in understanding of
deformation processes that accommodate back arc extension in the Aegean has lead to revise
the age of the onset of extension roughly from 15 to 45 Ma: i) Mid-Miocene (around 15 Ma)
from faulting in sedimentary basins (Mercier, 1977; Angelier and Le Pichon, 1980); ii) Late

Oligocene (30 Ma) from metamorphic core complexes in the central Cyclades (Lister et al.,



1984; Gautier et al., 1993); iii) Early to Middle-Eocene (around 45 Ma) from normal faulting
that controls sedimentary basins (Burchfiel et al., 2003) and metamorphic core complexes
(Sokoutis et al., 1993; Bonev et al., 2006; Brun and Sokoutis 2007) in the Rhodope as well as
from exhumation of high pressure metamorphic rocks driven by slab rollback in the Cyclades
(Brun and Faccenna 2008). As recognized in the earlier plate kinematic models of the region,
the NAF has been preceded by a larger zone of displacement -Called “Proto-Anatolian
Transform” by (Dewey and Seng0Or 1979)- initiating in late Miocene and connected to the
Bitlis suture in eastern Anatolia. More recent work (Sengor et al., 2005) brought quantitative
arguments showing that the NAF resulted from strain localisation within the 100 km wide
NASZ. This indicates that the interaction between back-arc extension and Anatolia westward
displacement roughly concerns the last 13 Ma of the Aegean tectonic history, following
around 30 Ma of only back-arc extension driven by slab rollback. It is therefore appropriate to

describe Aegean extension as a two-stage process (Fig.2).

From mid-Eocene (45 Ma) to middle Miocene (around 13 Ma), the velocity of trench
retreat was likely lower than 1.0 cm y* (Brun and Sokoutis, 2010) and extension was
dominantly accommodated by the exhumation of metamorphic rocks in i) high-pressure (HP)
metamorphic belts to the south of the Vardar Suture Zone (VSZ) (see synthesis of available
data in Fig. 5 of Philippon et al., 2012), and ii) high temperature (HT) metamorphic core
complex in the Rhodope (Brun and Sokoutis, 2007) and in the Cyclades (Lister et al., 1984;
Gautier et al., 1993) (Fig.2, stage 1). Note that exhumation of HT metamorphic rocks in the
Cyclades and exhumation of HP metamorphic rocks in Crete-Peloponnese are coeval. The
VSZ, mostly made of serpentinized ophiolite (Bonneau and Kienast, 1982; Ridley, 1982),
separates the Aegean in two domains whose tectonic history and present-day kinematic
patterns differ significantly. The suture is well defined in continental Greece, where it strikes

NW-SE and in Turkey (Izmir-Ankara) with NE-SW orientation. These two branches of the



VSZ are linked by the North Cycladic Detachment (NCD) (Jolivet et al., 2010), which
accommodated the exhumation of the Central Cyclades Core Complex (CCCC) (Philippon et

al., 2012), suggesting a reactivation of the VZS (Figs. 1b and c).

In summary, the first stage of extension (from 45 to 13 Ma; Fig. 2) is accommodated
by contrasted modes of deformation to the North (HT core complex) and South of the VSZ
(exhumation of HP metamorphic rocks followed by HT core complex). From middle Miocene
onward, trench retreat accelerated reaching its present day value of 3.3 cm y™* in the southern
Hellenic arc (Mc Clusky et al., 2000), leading to the development of extensional basins at the
scale of the whole Aegean (Mascle and Martin, 1990)) (Fig.2, stage 2). During this second
stage of Aegean extension, Peloponnese rotated about 25° clockwise (cw) (Laj et al., 1982)
around a pole located at Kephalonia, whereas Crete (Duermeijer et al., 1998) and Rhodos
island (Van Hinsbergen et al., 2007) rotated by more than 20° counter-clockwise (ccw)
around a pole located close to Rhodos (Fig. 1b). These rotations led to the present-day
Hellenic arc curvature with trench-parallel strike-slip displacements, dextral to the west and
sinistral to the east. This second stage of extension (from 13 Ma to present-day) is thus
characterized by distributed deformation that affected the whole upper plate of the Hellenic
subduction, from Crete to Rhodope, leading to the segmentation of the metamorphic domains

that were exhumed during the first stage.

2.2 A late Miocene component of EW shortening in Central Aegean

The tectonic evolution of the central Aegean reveals that coeval EW shortening and
NS extension occurred from mid-Miocene to Pliocene (Fig. 3). After the exhumation of
blueschists up to crustal level and the development of the CCCC, the dextral strike-slip fault

of Myrthes-Ikaria (Philippon et al., 2012), which developed in the prolongation of the VSZ



branch of western Turkey (lzmir-Ankara Suture), separated the Cyclades in two large
domains. The northwestern domain rotated about 22° ccw whereas the southeastern domain
rotated about 33° cw (Morris and Anderson, 1996). As indicated by the age of rotated dykes
in Tinos (Avigad et al., 1998) rotations likely occurred after 12 Ma,

The dextral offset of the NCD along the fault is in the order of 50 km (Fig. 3a). In the
southeastern block, the detachment zone of Naxos and Paros, as well as its footwall
metamorphic units and Burdigalian sediments in its hangingwall in Paros (Angelier, 1977),
are affected by upright folds with NS trending axes, defining, with reference to the Myrthes-
Ikaria fault an en échelon pattern compatible with the dextral sense of strike-slip. The folding
of the Burdigalian sediments implies that the detachment on which they are deposited (see
Fig. 2 in Gautier et al., 1993) is itself deformed after the core complex exhumation. In other
words, the N-S elongated shape of the Paros and Naxos domes as well as the strong curvature
of the detachment at map scale are not original but due to the superposition of post-
metamorphic folding. In the northwestern block, the metamorphic units are affected by a set

of normal faults trending parallel to the NCD.

The first mapping of stretching lineations at regional-scale in the Cyclades (Gautier
and Brun, 1994) identified two different trends, NE-SW to the northwest and N-S to the
southeast, of a NE-SW trending and rather linear discontinuity that was later named “Mid-
Cycladic Lineament” (Walcott and White, 1998). Following Philippon et al., 2012, we
interpreted this lineament as the Myrthes-lkaria strike-slip fault. After restoration i) of block
rotations and ii) of 50 km of strike-slip offset along Myrthes-Ikaria fault, the two populations
of lineations become parallel in a NNE-SSW direction (Figs. 14 and 15 in Philippon et al.,
2012). In addition, the three main segments of detachments that are observed at map scale
(Fig. 3a) become a single one after restoration, showing that the Paros-Naxos detachment is

not a detachment separated of the NCD but part it.



At the scale of the whole Cyclades, the narrow distribution of low temperature ages
(97 measurements) reveals that this post-metamorphic deformation occurred from middle
Miocene (14 Ma) to early Pliocene (4Ma) reaching a peak during the Tortonian (8-9 Ma) (Fig.
3b) —i.e. at the onset of the second stage of Aegean extension (Fig. 2, stage 2). It must be
noted that folding of Burdigalian sediments in Paros and rotation of dykes dated at 12 Ma in

Tinos are both in agreement with this range of low temperature ages.

This post-metamorphic deformation pattern in Central Aegean resulted from a
component of EW shortening, coeval with the on-going NS stretching, confirming that the
westward displacement of Anatolia started around 13 Ma. The NE-SW trend of the Myrthes-
Ikaria fault indicates that the Izmir-Ankara Suture (part of the VSZ) was simultaneously

reactivated as a dextral strike-slip.

3. Laboratory modelling

3.1 Previous laboratory modelling of Aegean extension

Two types of laboratory experiments were carried out in the Laboratory of

Experimental Tectonics of Géosciences Rennes to model Aegean extension (Fig. 4).

The first type of experiments (Hatzfeld et al., 1997; Gautier et al., 1999) simulates
back-arc extension as a pure gravity collapse without any lateral component of displacement
that would represent Anatolia escape (Figs. 4a and b). The model consists in a two-layer
brittle-ductile (sand-silicone) representing the lithosphere that floats on top of a heavier fluid
(honey) representing the asthenosphere. The brittle-ductile assemblage is built in one half of a
tank and is separated from the second tank half, containing only honey, by a vertical wall with

a mobile central gate. When the mobile gate is removed, the model progressively flows under



its own weight through the space opened in the wall, as shown in figures 4a and b. The
deformation pattern is symmetrical with respect to the flow direction, at the scale of the
deforming domain. During the earlier stages of development (Fig. 4a) the deformation pattern
is made of: i) normal faults trending parallel to the flow direction at the front, ii) conjugate
strike-slip faults in the central part and iii) conjugate extensional strike-slip faults at the back.
During further stages of spreading (Fig. 4b), the front of the spreading model becomes more
strongly arcuate with radial normal faults and extension propagates in the central part of the

deforming domain reactivating former strike-slip faults in transtension.

The second type of experiments (Martinod et al., 2000) uses, like in type 1 models, a
two-layer brittle-ductile system floating on top of a heavy liquid and, therefore, is also able to
spread under its own weight. The right part of the model is simultaneously shortened at
constant rate by a rigid indenter to simulate the northward motion of the Arabia plate (Figs. 4c
and d). Thrust faults develop in the right part of the model to accommodate the convergence
of the indenter. Normal faults develop both in the inner part of the southwestward flowing
domain as well as at the front of gravity spreading of the model. These contractional and
extensional domains are linked by dextral strike-slip faults that control the lateral escape of

the deforming domain.

In these two types of experiments, the brittle-ductile two-layer lithosphere is able to
flow under its own weight. This is essential to obtain extension over distances equivalent to
800 km in nature as observed in the Aegean (wide rift mode; for theoretical aspects see Buck
(1990) and for laboratory experiments Brun (1999) and Tirel et al. (2006)). Therefore the
spreading rate and consequently the stretching rate are purely controlled by the density and
thickness of the layers. In back-arc settings, like the Aegean, the stretching rate depends
primarily on the velocity of trench retreat. From this point of view, it must be noted that in

pure gravity spreading the stretching rate decreases during extension as a direct function of
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thinning of the extending domain whereas in back-arc settings the velocity of trench retreat
increases with time, as in the Aegean (Brun and Faccenna, 2008; Brun and Sokoutis, 2010;
Jolivet and Brun, 2010). In experiments where the boundary displacement rate is kept
constant (e.g. Figs. 7b and 10c in Tirel et al., 2006) this can lead to strain localisation
allowing the development of a narrow rift in a domain previously deforming in wide rift
mode. Therefore, whereas model rheology is adapted to the simulation of back-arc extension
in the two types of previous experiments (Fig. 4) the above remarks suggest that taking into
account the displacement rates applied at model boundaries —i.e. velocities of trench retreat
and of Anatolia escape- is an important condition to quantify the interaction between the two

combined processes.

3.2 Modelling strategy

For testing the concept of a westward displacement of Anatolia around 10 Ma earlier
than usually considered, analogue models were employed to investigate the deformation
patterns that result from different combinations, in terms of timing and displacement rate, of a
N-S extension driven by trench retreat and an E-W shortening driven by Anatolia escape (Fig.
5). The model lithosphere is a two-layer brittle-ductile plate, made of feldspar sand (brittle)
and silicone putty mixture (viscous), floating on top of a low viscosity, high-density fluid

simulating the lithospheric lower mantle and asthenosphere within a rectangular tank.

To ease comparison between model and nature we adopt geographic coordinates to
describe the modelling set up and results. Two saloon-type doors opening in the middle of the
southern tank wall are pulled at a constant rate Veweat t0 Simulate trench retreat. The axes of
door rotation would be located in nature in the vicinity of the Kephalonia fault and Rhodos at

the western and eastern ends of the Hellenic arc, respectively (Fig. 1, Fig.5). Anatolia escape
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is simulated by the westward displacement of the eastern lateral wall of the tank at a constant
rate Vescape. The €astern rotation axis being attached to the eastern lateral wall also displaces at

a rate Vescape .

Model strength profiles (Fig. 5) depend on the thickness and the density of feldspar
sand and silicone putty, the frictional angle of sand, the viscosity of silicone putty and the

velocities Vietreat aNd Vescape applied at model boundary (Brun, 1999).

In one of the experiments presented here, the VSZ has been implemented by reducing
the initial thickness of the brittle layer to two third within a 1cm wide band with a V-shape.
This geometry resembles the one already acquired by the VSZ in middle Miocene (Brun and
Sokoutis, 2010). However, by keeping the experiments as simple as possible it has some
inherent limitations. In particular the models do not take into account neither the Aegean
extension that occurred prior to early Miocene nor the one that occurred to the east of the

Aegean domain.

3.3 Modelling techniques and principles

The experiments have been performed at the ISES TeclLab, located now at Utrecht
University (ISES stands for the Netherlands Research Centre for Integrated Solid Earth
Science). The techniques (apparatus, analogue materials and velocimetry) and scaling

principles used to set up the models can be summarized as follow.

Apparatus. The analogue experiments were carried out in an apparatus consisting of a
Plexiglas tank (120x60x15cm), in which (i) the “southern wall” consists of two saloon-type
doors to simulate the retreating Hellenic subduction and (ii) the right part of the box is a

westward moving wall, attached to the right saloon door to simulate the westward escape of
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Anatolia (Fig 5). The size of the box and the geometry of the moving wall match the observed
geometry of the Aegean-Anatolian system such as 1 cm in the model is equivalent to 10 km in
nature. Two motors controlled the velocities of the displacements applied at saloon-type doors
(trench retreat) and moving wall (Anatolia escape). During the experiment, the model is not
fully contained between the two rotating doors. However, the applied Veeqt iS Such that the

model does not significantly flow between the doors.

Analogue materials. As previously mentioned, the continental crust of Pelagonia and
Adria has been delaminated from the downgoing lithospheric mantle during subduction and
was resting directly on top of asthenosphere since Eocene (see cross-section in Fig 1c).
Therefore, the Aegean lithosphere submitted to back-arc extension since middle Eocene was
thin and weak and can be modelled as a two-layer system as previously done by (Hatzfeld et
al., 1997; Gautier et al., 1999; Martinod et al., 2000). Extrapolation of laboratory experiment
results assisted the selection of the materials to reproduce the rheological stratification of the
lithosphere in the models (Kirby, 1983, 1985; Carter and Tsenn, 1987; Ranalli, 1995, 1997).
The brittle crust was simulated by dry K-feldspar sand, whose behaviour is dominantly of
Mohr-Coulomb frictional type. A mixture of SGM-36 silicone putty with barium sulphate
powder, Rhodorsil and oleic acid was designed to model the ductile part of the lithosphere
with quasi-Newtonian behaviour. These layers floated on a low viscosity, high-density fluid
that consisted of sodiumpolytungstate solution and glycerol mixture representing the

asthenosphere. The physical properties of the experimental materials are listed in Tablel.

Scaling. The models were scaled following the principles of geometric and dynamic-
rheologic similarity (King Hubbert, 1937; Ramberg, 1981; Weijermars and Schmeling, 1986;
Brun, 1999; Sokoutis et al., 2005). Rheologic—dynamic similarity between model and nature
was established by scaling the gravitational stress ¢ * = p*g*1*, where p, g and | are the

density, the gravitational acceleration and the length, respectively. The asterisk denotes the
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ratio between model and nature. The model parameters were validated by calculating non-
dimensional numbers given by ratios between forces acting on the models (Ramberg, 1981).
For the viscous deformation, the ratio between gravitational and viscous stresses (Ramberg

number R,; Weijermars and Schmeling, 1986) is given by:
(1) Rm = (pagha)/(n €)

Density and thickness of the ductile layer are denoted by pg, and hg, respectively, g (=
9.81 ms~ ?) is the gravitational acceleration, 1 is the viscosity and & is the strain rate. The

rates of displacement in the model were calibrated according to our present knowledge on the
horizontal crustal movements in the Aegean region constrained by the GPS velocity vectors.
For scaling brittle deformation, we considered the ratio between gravitational stress and

cohesive strength (S, —Smoluchowski number; Ramberg, 1981):

(2) Sm= (poghp)/(tc+uppghy)

Where, pp and hy, are the density and thickness of the brittle layer, respectively, g (=9.81ms )
is the gravitational acceleration, t. is the cohesive strength and p is the coefficient of internal
friction. In order to make a valid comparison between the model results and the geological
processes, the natural prototype and the model must share similar R, and Sy, values. In the
present work, the Ramberg numbers of the model and nature representing the ductile layers
are almost identical (Table 1). For the brittle part, the ratio between the Smoluchowski
numbers does not deviate much from 1 either (Table 1). The obtained ratios between the
dimensionless numbers, characterizing the rheologic-dynamic similarity, demonstrate that the
first-order approximations of our models are justifiable and the model results applicable to the

evolution of the Aegean.
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Velocity field. The velocity field at a given time t, of the experiment has been obtained
by comparing two top views of the model at t, and 15 minutes (e.g. 1Ma) before (ty-15mn),
(using the Particle Image Velocimetry (PIV) technique (Westerweel, 1993), later applied to
analogue models by Leever et al. (2011)). For that purpose, black passive markers were

spread randomly on top of the model surface.

4. Parametric study

To analyse the relative roles of i) the timing of Anatolia escape, ii) the amount of
related E-W shortening and iii) the role of structural inheritance (VSZ), we first calibrate the
corresponding model parameters, keeping a constant velocity of trench retreat (Vyetreat) Of 5

cm h™ and an experiment duration of 5 hours to ease comparison between models.

4.1. Effects of relative timing of trench retreat and lateral escape

Three models with different onset of lateral escape with reference to the onset of

trench retreat have been run (Fig. 6).

In models where lateral escape and trench retreat start simultaneously (Fig. 6a) three
contrasted domains of deformation develop. Extension is localized in the triangle defined by
the rotating doors. Extensional structures, which initiate perpendicular to the direction of
lateral escape, progressively undergo a component of E-W shortening the extensional
structures are folded. A thrust fault trending parallel to the moving wall - i.e. perpendicular to
the shortening direction- develops in the northeast part of the model. NE-SW trending strike-

slip faults connect the thrusting domain to the western rotation axis.
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In models where lateral escape starts one hour after trench retreat (Fig. 6b), the
extensional domain extends to the North of the triangle defined by the rotating doors. Still, a
thrusting domain connects to the western rotation axis. Strike-slip faults that connect the

thrusting domain to the western rotation axis are shorter.

In models where lateral escape starts three hours after trench retreat (Fig. 6c), the
extensional domain is well developed and reaches the first half or/the middle of the tank and
the thrusting domain develops in the late stages of the experiment. Two main basins connect

the zone of thrusting to the western and eastern rotation axes.

The comparison of these models has two first-order outcomes (Fig. 6). First, the
extensional domain is largely developed to the north of the line joining the axes of rotating
doors, only if the lateral escape start significantly after the trench retreat. In other terms,
lateral escape is an inhibiting factor of extension. Second, whatever the relative timing
between trench retreat and lateral escape, the escape component is accommodated in the
northern part of the model by a domain of thrusting that is connected to the extensional
domain by strike-slip systems. If the extensional domain is largely developed, strike-slip

shear reactivates previously developed extensional structures.

4.2. Effects of the amount of E-W shortening

The absence of any evidence of N-S trending thrusts in the northern part of the Aegean
strongly suggests that E-W shortening due to lateral escape is likely accommodated by the
reactivation of structures inherited from previous deformations. Therefore, using the same
experimental setting than in previous section, in this section we examine the role i) of the
amount of shortening and ii) of inherited structures, able to produce the first-order tectonic

features observed in the Aegean domain.
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Two models in which lateral escape starts 3 hours after trench retreat were run during
2 hours at Vescape Of 5cm/h and 2 cm/h, respectively (Figs 7a and 7b). In both experiments, the
extensional domain is well developed, reaching the middle of the tank. E-W shortening is
accommodated: i) by thrusting in the northern part of the model that is not affected by
extension and ii) by strike-slip shear that reactivate extensional structures or that initiate
strike-slip faults (Fig. 7 a and b). The relative importance of thrust and strike-slip deformation
in the system directly depends on the amount of lateral escape. For a bulk lateral escape of 10
cm (Fig. 7a), the thrust domain is well developed and the deformation pattern in the North of
the model is dominated by thrusts, with limited amount of strike-slip deformation. In contrast,
for a bulk lateral escape of 4 cm (Fig. 7b) leads to limited thrusting, which however still exist,
as well as a deformation pattern dominated by strike slip. These results show that whatever

the bulk amount of escape, a thrusting domain develops to the north of the experiment.

4.3. Effects of lithosphere scale inherited structures

Two models (Figs 7b and 7c¢) were run with similar magnitude and timing of Vetreat
and Vescape but, in the second one, a weak linear heterogeneity was introduced to test the role

of inherited structures at lithosphere-scale on the development of deformation.

Whereas several geometries of weak zones were tested, we present here is the most
conclusive one (Fig. 7c) as it can be directly compared to a major structure of the Aegean like
the Vardar suture zone (VSZ). In this model, thrusting does not develop in the northern
domain, which is not affected by compression, and the deformation pattern combines only
extensional and strike-slip faulting. The model reproduces the first order structures observed
at Aegean scale: i) no thrusting in the northern domain, ii) coeval NS stretching and EW

shortening in the central domain (Cyclades). Moreover, after 5 hours of model run, a dextral
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strike-slip fault starts to develop in the northeast corner of the tank that can be compared the

North Anatolian Fault (NAF) (Fig. 7c).

5. A model of Aegean extension since Miocene

The evolution of deformation in the model that takes into account an inherited
structure analogue to the VSZ is summarized in four main steps (Fig. 8). To ease comparison
with nature, model timing in hours is also given in their equivalent in Ma (15 minutes in the
model corresponds to 1 Ma in nature). During the early stage of pure trench retreat (Fig. 8a)
extension develops across the VSZ. The jump in the displacement vectors indicates that the
suture is reactivated in transtension in the deformed domain (Fig. 8b). Soon after the onset of
lateral escape, the whole eastern branch of the suture zone is activated in dextral strike-slip
shear and a strike-slip fault propagates into the southern extensional domain (Fig.8c and d),
whose further evolution is associated with N-S trending folds, demonstrating an E-W
shortening combined with N-S extension (Fig. 8e and f). Whereas displacement vectors show
that the eastern part of the domain located to the north of the suture displaces westward no
fault appear at model surface. The boundary of this domain likely corresponds to a region of
distributed shear (Fig. 8c and d). With increasing lateral escape, a new strike-slip fault
running almost parallel to the suture zone initiates in the northeast domain (Fig.8e and f) and
rapidly propagates toward the extensional domain (Fig. 8g). Surface views of the model show
that stretching is stronger in the triangle located between the two rotating doors (Figs.8a, c, e
and g). This is also displayed by the strong change in displacement vectors that progressively

takes place across to the straight line passing by the two rotation axes (Figs. 8d and f).

6. Discussion: The interaction between Hellenic trench retreat and Anatolia escape
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6.1 The record of the onset of Anatolia escape in Central Aegean.

Despite their simplicity, our experiments reproduce well the overall pattern of Aegean
extension, in space and time, and more particularly the structures observed in the central
Cyclades. Dextral strike-slip faulting that offset the North Cycladic Detachment (NCS) and
associated NNE-SSW trending folding (Compare the enlargement of Figs. 8a and 8g in Fig. 9
with Fig. 3a) indicates a combination of EW shortening with NS stretching. NS trending folds
that result from EW shortening are kinematically compatible with NE-SW trending and
dextral sense strike-slip shear zone that affect model centre (Fig. 8e), therefore defining an en
échelon folding pattern (Fig. 9b). The same hold in the Cyclades for NNE-SSW trending axes
of the folds that deform the detachment of Paros-Naxos in their relation with the Myrthes-

Ikaria dextral strike-slip fault.

This deformation that culminates during Tortonian (Fig. 3b) in the Cyclades suggests a
reactivation of the 1zmir-Ankara branch of the Vardar suture zone in dextral strike-slip shear
in western Anatolia. This tectonic event recorded in Central Aegean corresponds to the major
change observed in the history of Aegean extension in middle Miocene (Fig. 2). It is difficult
to state when this change precisely started. The peak of surface dating is Tortonian but the
first deformations related to the Cyclades segmentation have likely occurred in Langhian, i.e.
between 14 and 13 Ma (Fig. 3b). In our model (Fig. 8) we choose 13 Ma as a reasonable
option. Whatever the uncertainty, the Cyclades evidence indicates that the early domain of
deformation related to the westward displacement of Anatolia was not restricted to the
northern part of Anatolia within the NASZ but that it more likely concerned an even broader
wedge shape zone bound by the 1zmir-Ankara Suture to the south and the NASZ to the north.

Both the timing and the dextral sense of shear observed in the Cyclades are supported by the
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age of 15 Ma for continental collision in eastern Anatolia (Zattin et al., 2005; Okay et al.,
2010) and by the evidences of distributed dextral shear that precedes the localisation of the
NAF in northwest Anatolia (Bozkurt and Oberhénsli, 2001; Sengor et al., 2005; Zattin et al.,

2005; Okay et al., 2008).

6.2 20 Ma to present day strain history of the Aegean

Aegean extension occurred in a first stage of extension only driven by the southward
retreat of the Hellenic trench at a low rate of less than 1 cm.y™, from middle Eocene to middle
Miocene, and a second stage during which slab rollback continues but combined with the
westward displacement of Anatolia, since middle Miocene. Our series of experiments
illustrate the end of the first stage and the entire second stage. During the second stage, the
direction of displacement, in the southern part of the deforming domain, rotated to southwest,
as a consequence of the lateral escape of Anatolia, as illustrated by the change in the velocity
pattern of the model (Compare Fig. 8b with Figs. 8d and f). The increase in the rate of trench
retreat up to more than 3 cm.y™ during this second stage was most likely related to the tearing
of the slab in western Anatolia (Fig. 1a) (Brun and Sokoutis, 2010), that is demonstrated by a
relatively pronounced lateral break in the continuity of the high velocity anomaly in P-wave
models of the Hellenic slab (Wortel and Spakman, 2000; Piromallo and Morelli, 2003; Berk
Biryol et al., 2011). Extension was dominantly accommodated by the exhumation of HP rocks
and HT core complexes during the first stage (Brun and Faccenna, 2008; Jolivet and Brun
2010) whereas the previously exhumed metamorphic rocks are segmented by normal and
strike-slip faults associated to a widespread development of sedimentary basins during the
second stage (Philippon et al., 2012). This two-stage history of Aegean extension likely
resulted from plate tectonic re-organisation at regional scale, from Late Miocene to Early

Pliocene, and could result from slab break-off in the Bitlis area and from its propagation to
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the west (Faccenna et al., 2006).

6.3 The present-day displacement field

Finally, the model not only provides a simple scenario for the history of interaction
between trench retreat and Anatolia escape since middle Miocene but also explains the
present-day partitioning of the displacement field (Fig.8a) with the five kinematics domains
identified by Nyst and Thatcher (2004) from North to south: 1) Eurasia, 2) South Marmara, 3)
Anatolia, 4) Aegean and 5) Greece (Fig. 5). Nowadays, the major part of Anatolia escape
occurs along the NAF, leading to a fixed Eurasia (domain 1 in Fig.8a). The competing effect
of trench retreat and Anatolia escape, as demonstrated in our model (Fig. 8b), allows the
identification of an eastern domain mainly controlled by Anatolia escape (South Marmara and
Anatolia, domains 2 and 3 in Fig. 8) and a western domain mainly controlled by trench retreat
(Aegean and Greece, domains 4 and 5 in Fig. 8). The VSZ separates south Marmara and
Anatolia. Its strike-slip reactivation likely explains the differences displayed in GPS

displacement field.

During trench retreat, rotation around the Kephalonia pole controls the westward
decrease of displacement and hence the difference between Aegean and Greece blocks
(Domains 4 and 5 in Fig.8). Similarly, rotation around the Rhodos pole likely explains the

boundary between Anatolia and the Aegean.

Our analogue model (Fig. 8b) provides a mechanical meaning to the present day
displacement field. The so-called “microplates” rather correspond to domains of strain
partitioning within the whole extending domain as a result of the competing effects of trench

retreat, Anatolia escape and reactivation of the Vardar suture zone.
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7. Conclusion

For properly understanding the dynamics of Aegean extension, two main stages must
be considered: i) during 30 Ma, from middle Eocene to middle Miocene, extension was only
driven by the southward retreat of the Hellenic trench at a rate lower than 1 cm.y™ and ii)
during the last 13 Ma, since middle Miocene, the interaction of trench retreat with Anatolia
escape resulted in the southwest direction of trench retreat, with an accelerating rate of up to 3
cm.y™. Using laboratory models, we tested the effects of i) the relative timing and rates of
trench retreat and Anatolia escape and ii) the major structures inherited from previous tectonic

evolution on the mechanics of Aegean extension.

A model that combines trench retreat and Anatolia escape since 13 Ma together with

the reactivation of the inherited VVardar suture zone:

a. Well reproduces middle-late Miocene structures observed in the central Aegean
(Cyclades) (Philippon et al., 2012) with, in particular, regional-scale dextral strike-
slip faulting associated to NS trending folding, as a result of combined NS
stretching and EW shortening, driven by southward trench retreat and Anatolia
westward escape, respectively. This confirms that Anatolia started to move
westward in middle Miocene (Dewey and Sengdr 2004) and suggests that the
structural effects of Anatolia escape initially affected a broad domain from North

Anatolia and North Aegean to Central Aegean.

b. Shows the development of a dextral strike-slip fault, comparable to the North
Anatolian fault, at a late stage of interaction between trench retreat and Anatolia
escape, in agreement with the tectonic history of the North Anatolian Shear Zone
since middle Miocene (Sengér et al 2004) and the localisation and westward

propagation of the North Anatolian Fault during the last 5 Ma (Armijo et al 1999).
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c. Ilustrates that the domains distribution of present-day displacements (GPS)
corresponds to a partitioning of displacements and strains controlled by the

combination of NS trench retreat, E-W Anatolia escape and the reactivation of the

Vardar suture zone.
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Figure captions

Fig. 1 a) Map of the of Aegean domain with present-day displacement rates (GPS) (Vectors
from McClusky et al. (2000). The large grey arrows give the present day westward
displacement of Anatolia as well as the direction of trench retreat respectively. b) Map of
the Aegean domain showing the three main continental units of Rhodopia, Pelagonia and
Adria, separated by the two suture zones of Vardar-1zmir-Ankara and Pindos, and the main
detachments. NCD stands for North Cycladic Detachment. The geometry of both the Hellenic
trench and the Mediterranean Ridge are drawn after Rabaute and Chamot-Rooke (2007). c)
Cross-section showing the crustal-scale structure of the Aegean. See location in Fig. 1b. The

Moho geometry is based on the computation of Tirel et al. (2004).

Fig. 2 Map view restoration showing the two-stage evolution of Aegean extension (Modified
after Brun and Sokoutis (2010). The blue and green boxes indicate the timing of the
exhumation of high pressure and high temperature metamorphic rocks. The yellow box

indicates the timing of the distributed brittle deformation affecting the whole Aegean.

Fig. 3 a) Present-day bathymetry map of the central Aegean. The Myrthes-lkaria strike-slip
fault (MIF), separates two blocks that underwent rotations of 22° sinistral to the NW and 33°
dextral to the SE. The stretching lineations (black and white arrows) acquired by the
metamorphic rocks during their burial and exhumation are ante faulting, and trend NE in the
NW block and NS in the SE block respectively. Folding with NNE-SSW trending axes results
from dextral strike-slip shear movement in the vicinity of the MIF. b) Frequency distribution
histogram of low-temperature thermochronology ages (Apatite and zircon fission tracks as
well as U/Th/He on apatite and zircon. Numbers correspond to the frequency of ages within a

bin. For further details, see Philippon et al., 2012.
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Fig. 4 Previous analogue models of Aegean extension. a and b) two stages of a pure gravity
spreading model (Modified after Hatzfeld et al., 1997; see also Gautier et al., 1999). ¢ and d)
two stages of a model combining gravity spreading and shortening in the right part of the

model (Modified after Martinod et al., 2000).

Fig. 5 3D sketch of experimental setting and strength profile of the analogue lithosphere used
to run experiments with various input parameters. See text and table 1 for materials used and

rheological layering. The strength profiles represent the very initial deformation stage

calculated using a pure shear strain rate approach (c1.03=n &, where n is the [Jviscosity and &

the strain rate) for the ductile layers (Ramberg 1980) and the Mohr—Coulomb criterion (o;-
o3=upgz; where p and z are the density and thickness of the brittle layer, respectively, g is the
gravity acceleration) for brittle layers (Brun, 2002). By Vescape We refer to the westward

movement of Anatolia while V ereqt represents the trench retreat.

Fig. 6 Top views of three models and their structural interpretation with different timing of
onset for the Anatolia escape with reference to trench retreat with Vyerear= 5 cm/h and a total
duration of the experiment of 5 hours. a) Synchronous lateral escape and trench retreat b)
Lateral escape starting 1 hour after trench retreat and c) Lateral escape starting 3 hours after

trench retreat.

Fig. 7 Top views of three models and their structural interpretation with different amounts of
lateral escape with reference to trench retreat; with Vierear= 5 ¢cm/h, and a 5 hours total
duration of the experiments. Amounts of lateral escape: 10cm (a) and 4 cm (b and c). In c, the
initial thickness of the upper brittle layer is reduced to two third of its original thickness
within a 1cm wide band with a V-shape to simulate an inherited structure comparable to the

Vardar Suture Zone in the Aegean in Miocene.
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Fig. 8 Evolution in four steps of the experiment shown in Figure 7c. The left column shows
model top views with the structural pattern while the right column displays the corresponding
velocity field: a and b) after 2h15 of retreat only, ¢ and d) after 3h15, i.e. 15 minutes after the
onset of lateral escape, e and f) after 5h15, and g) at 6h15, end of experiment. For each step,

the geological time corresponding to experiment duration is given in Ma.

Fig. 9 Enlargements of the central part of model top views of Figs. 8a (a) and 8g (b). a)
Extensional structures after 2h15mn (or 16 Ma) of NS extension only driven by trench retreat.
b) Structure of the same domain after 4h (or present day). It has combined NS extension

(driven by trench retreat) and EW shortening (driven by lateral escape).

Fig. 10 Comparison between the velocity domains in the Aegean (Modified after Nyst and
Tatcher (2004)) (a) and in our experiment (Fig. 7) (b). The model fairly replicates the five
velocity domains of the Aegean defined by Nyst and Tatcher (2004): 1) Eurasia (fixed), 2)
South Marmara, 3) Anatolia, 4) Aegean and 5) Greece, as a result of the interplay of trench
retreat, Anatolia escape and suture reactivation since 15 Ma. NAF = North Anatolian Fault,

VSZ= Vardar Suture Zone.

Table caption

Tab. 1 Summary of the model parameters and their natural equivalents, including physical

properties of analogue materials and scaling parameters of analogue experiments.
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Figure 10
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Table 1

Model Nature Dimensionless
ratios
(model/nature)
Thickness (hy) 0.7 cm 7 km 1x106
Density (pv) 1.3 2.7 0.48
Friction coefficient
0.85 0.75 1.1
(n)
Upper Crust /
55
K-Feldspar sand
Cohesion (t.) (Pa) (Sokoutis et al., 20x 108 2.75x10%
2005)
Peak strength (Pa)
75,9 1.4x 108 54x107
(n.r.ghy)
Smoluchowski
0.68 1.17 ~1
number
Thickness (hq) 1cm 17 km 58x107
Density (pd) 1.39 2.9 0.48
Lower Crust/  vyiscosity (1) (Pa.s) 5.2x 104 1021 5.2x 1018
Putty mixture :
Strength (=n* €)
1,2 5.28 x 10¢ 2.28x 107
(Pa)
Length (1) 60 cm 600 km 1x10°
Strain rate ( €) 2,3x105 5,28 x 10-16 4,38 x 1010
Time (t) 1s 3,5 1010g 2,8x 1011
Bulk stretching 15 cm 150 km 1x10°
113 91,5 ~1

Ramberg Number
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Highlights

The two stages tectonic evolution of the Aegean is investigated with analogue models.

Relative timing and rates of trench retreat and Anatolia escape have been tested.

Models show that inherited structures accommodated the early stages of deformation.

Models confirm that North Anatolian fault is a late structure (5 Ma).

Finally, models reproduce the microplates observed in the Aegean with GPS.
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