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1. Introduction

Slab rollback and tearing are common features in subduction zones and have a strong

impact on the tectonic and metamorphic evolution of the overriding platedewey, 1988;
Royden, 1993;Wortel & Spakman, 2000; Gover& Wortel, 2005; Jolivet et al., 2013;
Sternai et al., 204 One of the best eraples to studyconsequences of this slab dynamics is
located inthe Eastern Mediterranean regiowhere numerousmantle tomography studies
elucidate the deeper litsphere struares [Bijward et al, 198; De Boader et al, 1998;
Piromallo & Morelli, 2003; Wortel & Spakman, 2004Li et al, 2008; Berk Biryol et al
2011; Salatnet al, 2012 Delph et al, 2019. Although results show clear~ 200 kmdepth
low-velocity anoma} belowwesternTurkeyinterpreedasamajor tear in the Hellenic slab, there
IS N0 consensus abotlte causes of this tearing and its consequencéisedime-spacetectonic
and metamorphicevolution in the overriding plate[e.g. Dilek & Altunkaynak, 2009
Papanikolaou2013 Jolivetet al, 2015; Menantt al., 2016aGover& Fichtner 2016 Some
studies suggest the existencg(ipfa wide sinistral lithosphericscale shear zone accommodating
different finite rates of backrc extension due to the slab tf@essneet al, 2013 Jolivetet al,
2015, (i) a localizedNE-SW strikingtransfer zone [e.dJzel et al., 201p and (iii) regional
variatiors (e.g. Samosjinducedby asinistralwrenchcomponenthat wa superimposed on the
regionalNNE-SSW extensiofRing et al., 201 However few field observations aductile and
brittle markersand their link with the metamorphic evolution existle Eastern Mediterranean
domainthat occupies a keposition at the transition betweeithe Aegeandomain and western

Turkey.



To better understandthe crustal consequencesf tearing and thus the geodynamic
evolution d the Eastern Mediterranean domaiit appears therefore crucial to clarifi) the
geological correlations between thgalades and théMenderes Massithat have ofterbeen
disputed due to significant lithological differences [d&@ng et al., 1998 Jolivet et al. 2004
and (ii) the distribution of kinem#c indicatorsand the extenbf metamorpla eventsin this
regionsince the initiation of the teaHowever apart from the recent work &ing et al [2017
focusingon brittle deformationyery few geologicalstudiege.g. Franz & Okrusch, 1992; Franz
et al, 2005 Roche et a].2018)] were devotedso farto thoseislandslocated in thewvestern
Aegean domaiite.g.Fourni, Arki, Lipsi andLeros)(Fig. 1). We therefore focus on these islands
by describingfor the first timea completeregional scheme afuctile kinematic indicatorand
associated pressutemperature (H) conditions We thus shed light onthe possiblerelations
between the Cyclades and thienderes Massiand, fnally, we discuss the evolution of the tear

in the subducting African lithospheradaits consequences on the upper plate tectonic history

2. Geologicalsetting

2.1. Geodynamic evolution of the eastern mediteranean region

Since the early Cenozoiat least, a single lithospheric slab has been continuously
subducting northwartbelow the Aegean regioand the Anatolides Taurides accommodating
most of the slow convergence between Africa and Eurasia during the ctdsines Neotethys
oceanic realmd.g. Spakmanet al, 1988; Faccennat al, 2003; Jolivet et al, 2003;Van

Hinsbergenet al, 2005;2010s; Jolivet & Brun, 2010 Papanikolaou, 20t3ourteau et al.,
3



2013. After the closure othe Vardar Oceain the late CretaceotBaleocer, subduction of
Africa-derived continental blocks beloBurasialed to the formation of a crustalcale orogenic
wedge(i.e. the Hellenidesand the TauridggBrunn, 1956; Aubouin, 1959; Brunn et al., 1970;
Jacobshagen et al., 197&y decoupling tectonic nappes from the subducting lithosphere
[Brunn et al, 1976;Bonneau& Kienast 1982; Jolivet et al., 2003yan Hinsbergeret al,
2005;Brun & Faccenna, 2008olivet& Brun, 2010 Ring et al., 201D Thesenappes consist

of coherent stratigraphh sequencesand sedimentary facigseach characteding a
paleogeographic eironment Most of these nappes have also recorded diffepeassure
temperature R-T) metamorphic conditions such d§ high-pressure and losemperature
metamorphism (HMBT) (e.g. in the TavD Q O O GkRyQ1984:2002; Plunder eal., 2013; in

the Afyon Zone [e.g.Candan et al., 2005; Pourteau et al., 204dd its equivalent irthe
southwestern part of Turkey, i#e HP Lycian Nappe [e.@berhasli et al., 2001; Rimmelé et
al., 20034 recently renamed Oren unit by Pourteauakt [2013 (see Appendix for more
information) the Cycladic Blueschistgnit (CBU) [e.g Blake et al., 1981; Bonneau & Kienast,
1982; Trotet et al., 20Q)Land (i) barroviantype metamorphisme.g.in the TaviD Q O O[esgR Q H
Seaton et al., 2009in theMenderes Massie.g. Sengor et al., 1984; Régniet al., 2003 (see
Appendix). Despite the importance of the pa@sbgenic overprint on orogenic architecture,
various correlationse(g.stratigraphytectonemetamorphidistory) have been proposbdtween
Greece and Turkey in the Aegean regiBnunn et al, 1976;Durr et al, 1978; Papanikolaou

& Demirtasli, 1987;Robertsonet al, 1991; Papanikolaou1997; * | Q F* R etCaK 1997;

Ringet al, 1999a; Joliveet al, 20041.



Since the Early Oligocene, the collapse of the Helleridesides belt and pesirogenic

extension in this regiohave beemainly controlled by th@rogressivesouthwad retreat of the
African slab p.g.Le Pichon& Angelier, 1979; Lister et al, 1984 Jolivet & Faccena, 2000;
Jolivet & Brun, 2010, but also by the tear below western Turkey (e.g. see tomographic studies
of Spakman et al.1P8g, Govers & Wortel 2009 and Berk Biryol et al. R011]). The nappe
stack was cut by extensional leamgle normal faults leading to the exhumation of a series of
metamorphic core complex(MCCs) along a warngeothem, leading to crustal anateXiister
et al, 1984; Avigad& Garfunkel, 1989; 1991; Gauti& Brun, 1994; Jolivett al, 20044.
For instance, in the Aegean domaiop-to-theNE detachments described in the northern part of
the Cyclades link up to form the crustmlale North Cycladic Detachment Syst¢MCDS,
Jolivet et al, 201Q. In addtion, the NaxosParos Detachment System (NPDS) exhumed
magmatic gneiss, metapelites and marbles through-eity@NE shearing event in the central
part of Cyclades [e.gUrai et al., 1990;Buick, 1991; Gautier et al., 1993 Top-to-the SW
kinematics was also deslmed in thewesternpart of the Cyclades linked into a single major
detachment systemamedthe West Cycladic Detachment Syste(iVCDS [Grasemanret al,
2017). In westernAnatolia, the exhumation of th®enderes MassifCore Complex is also
mainly accommodated by three detachments: (i) tdpeto-the-S Blyuk Menderes etachment
[e.g.Hetzelet al, 1995a Gessneet al, 20017, (ii) the top-to-theeNNE Gediz @tachmen{also
named $ O D udt Klzby detachmepfe.g.Hetzelet al, 1995a 1995h Gessnelet al, 200%
Lips et al, 2007] and (iii) the topto-the-NE the Simav dtachmentd.g. , ® & Tekeli, 20d].

The presentlay context is characterized by a more localized extensiotablyin the

central part of thévlenderes Massif 6 H\t W& BL.OD992; 6 H\t W& Bt 1996 Aktug et



al., 20®]. The Cyclades and thdenderes Massiérealsopart of the AnatoligAegeandomain
that is currently extruding at a fast rate along the dextral North Anatolian(R&H) since 5 Ma
(Fig. 1) [McKenzie, 1972; Barka, 1992; Le Pichat al, 1995; McCluskyet al, 200Q
Reilingeret al, 2006; 201D In addition, instantaneous GPS velocities further show that the
Aegean domain moves faster to the southwest than the Anatolian plate, the difference being
accommodated by thactiveextension [Le Pichonet al, 1995; Armijoet al, 1999; McClusky
et al, 2000; Jolivet, 200[L

To sumup, the AegeasWestern Turkey area hascorded the complete succession of
tectonic epodes from the Late Cretaceous subduction toPhlkeocend=ocenecontinental
accretionand crustal thickening, artie Late Oligocene to Presdmdckarc extension ¢.9.Le
Pichon & Angelier, 1981; Bonneau, 1982; Papanikolaou, 1987; Jolivet & Faccenna, 2000;
Jolivet et al, 20044 Most of the history of this region is thus controlled fegionalstresses
imposed bythe retreating and tearirsgibductng lithospherde.g.Le Pichon &Angelier, 1979;
Mercier et al, 1989;Faccenna et al., 2006; Jolivet et al., 20$8rnaiet al, 2014. In the
following, we presentonly the mainunits across theEasternAegean domainother units
belonging to the weaern and central Aegean domain and to WiesfTurkey are presented in

Appendix

2.2.Geology of theEastern Aegearsliands

2.2.1. Samos



Severalstudies were devoted to Sametahd that occupies a kepsitionat the transition
betweenAegeandomain and western Turk€kigs. 1, 2a and 2¢Mposkos,1978; Papanikolaou,
1979; Theodoropoulos, 1979; Mposkos & Perdikatsis, 1984; Weidetaah 1984; Mezger &
Okrusch, 1985; Okruscét al, 1984; Chen, 1995; Wikt al, 1998; Ringet al, 1999b; Ringet
al., 2007. The metamorphic succession of Samos consists of four digirtonemetamorphic
units, from the base tothe top. (i) he Kerketeas marbles crop out in thesternpart of the
island in a tectonic window hkmk the overlying Ampelos unifPapanikolaou, 1979;
Theodoropoulos, 1979; Ringt al, 19998. The tectonic contact between thessts is named
Pythagoras Thrust. The Kerkets unitconsiss in a monotonous sequence of dolomitic marbles
with local schiston top that can be correlated with the Basal UnRiipg et al., 200[, i.e. the
GavroveTripolitza nappe. incipient HRLT metamorphism and a subsequent greenschist
overprint is recordedMposkos, 1978 (ii) The Ampelosunit outcrops ovethe central parof
the island (Fig. 2a) We include in thisunit the Agios Nikolaosunit distinguished by some
authors Ring et al, 1999}. It is mainly made of metasediments (e.g. schists and marbles) with
minor occurrences of mabasites The lower part contains slicesf gneiss that provided
Carboniferous andriassic radiometric ages on zircofRing et al, 1999h8. This unit can be
correlated with the lower part ¢iie CBU[RIng et al, 19991. The Ampeloshappeunderwent
anEoceneblueschistfaciesmetamorphic ever(620°C, 19 kbaj, followed by an OligeMiocene
overprint under greenschifcies condition§455 +485°C, 6 =7 kbaj) [Okruschet al, 1984;
Chen, 1995; Cheast al, 1995;Will et al, 1999§. (iii) The Selcuknappecrops out in the center
of the island asliscontinuous outcrops of metabasi{egy. 29) [Ring et al, 19994. It is similar

in terms of lithology to the ophiolitic mélange metamorphosed irLHRonditions in the upper



part of theCBU, for instance in Syrs and SifnogFig. 2a) [Okrusch & Brdcker, 1990(iv) The
Vourliotesnappecrops out in the eastern part of teand wheret is mainly mae of schists and
marbles (Fig. 8). The upper marble formation has been dated as Upper Cretaceous on the basis
of rudists found witin the metabauxite outcropstae eastern part of the islanégpanikolaou,
1979. It recordedthe samanetamorphiconditionsas the Ampelosappe[Ring et al., 1999b
(v) The Kallitheanappe and the Katavasi®@plex are only founéh thewestermost part of the
island, on top of Kerketeas marbles. Here merged bothunits in the Kallithea nappthat can
be correlated with the pper Cycladic Nappe where no evidence for a CenozoieL HP
metamorphisms observed. fie Kallithea nappeis made of sandstones, serpentinized peridotite
lenses, spilite and diabase with red radiolarites and fossiliferous angnomdssetype
limestonesoverlain byan Upper Triassic to Jurassic massive limestone sd?sahikolaou,
1979; Theodoropoulos, 19F. The underthrustedKatavasisComplex is mainly composed of
marbles, amphibolites and quartzites, formed under amphifatiies conditions Mezger &
Okrusch, 1985; Chen, 19P5t is locally intruded at 30 Ma by igneous dykes cut by a distinct
low-ande normal fault Ring et al., 1999} suggesting a younger activity of this fault that is
interpreted as an extension of the NCD8livet et al., 201p

A large surface of Samos is covered by Miocene sedimentary basins
[Theodoropoulos, 1979; Weidmaret al., 1984 (Fig. 22). K-Ar age datalon sanidine and
biotite in tuffaceous rochsof Weidmann et al. 1984 provide age constraint®r sedimentary
rocks From 12 Ma and 9 Ma one can obsemenglomerates wittocally-derived pebblesof
basementthen thereshwater limestong3ythagorion formationyolcanalasticrocks(i.e. basalt

and tuff), formed11l Myrs ago overlain by the Hora formatiograding fromthick-bedded



limestonedo thin-bedded diatomaceous shabsd, fnally, thinly bedded limestonedeposited
some9 Ma aga The upper cycleformed between 8.6 and 6.2 Mstarts with the Mytilini
formation made of conglomerates and tuffaceous nthds rests unconformably above the Hora
or the Pythagorion formation.h& upper cycleends with the Kokkari formation made of
lacustrine limestonedtabuted to the Pliocene

According to Ring et al.19994, the tectonemetamaphic units of Samos have recorded
five successive deforation stagedD; and [} stages arassociated with the HET metamorphic
eventand show a roudf consistentE-W orientation with bivergent sense of shedihey
correspond to the thrusting of the Ampelos nappe onto the Kerketeas marblewastdr@part
of the sland D3 event correspond to the greenschigicies metamorphism assoe&dt with
crustal extension. This eventnsainly associagd with ESEWSW transport directigrexceptin
the coreof the AmpelosnappewhereDs stretchinglineationdisplays a N-S orientationwith top-
to-theN and topto-the-S kinematic indicatorsRing et al. 19991 therefore conclude to a large
component of coaxial strain during the exhumation of these units. Finallgoridesponds to a
short contractiondbrittle event between 8.6 and 9 Ma wéas I is extensional, corresnding

to the formation of NS trendinghigh-anglenormal faults.

2.2.2. Fourni and Thymaena islands

Whereas Thymaenalandbenefited from a map coverage by the studyapanikolaou
[1980, there is no geologad map availablef Fourni kland(Figs. 2b and 2c)in Thymaena, the

nornrmetamorphic succession frothe middle toupper Triassiconsists insandstones and red



nodular limestones with mafic igneous rocks, and white dolomites and neritic lingestihe
megalodon. Aseries of north-directedthrusts affectedhis sequencgFig. 2b) According to

Papanikolao(il98(Q, thrustingmay be related tthe middleupper Miocene periad

2.2.3. Dodecanese islands

Dodecanese islands (Bigl and 3 were mapped besio [193] and then bythe Greek
Geological sirvey (IGME) (e.g. Leros geological map fronstavropoulos & Gerolymatos
[1999). However, the tectommetamorphic evolution of Kalymnos, Leros, Lipsi and Arki
remairs fragmentary. The metamorphic succession consists in the tecigpécimposition of
two tectonemetamorphic unitsi.e. the Marina and Temenia units from the top to the base,
respectively Franz et al., 2005; Roche et al., 20[L8aurthermore a thin Neogene to recent
sedimentary cover is also present on Leros and Lipsi 3fig.

Outcrops of Marinaunit are well exposed in Kalimnos and Leros and locally in the
southeastern part of Lipsi (Rg3c and 3¢l The firstorder architecture of thignit is defined by
crystalline rocks that are transgressively overlainwmsakly metamorphosedyiolet schists,
conglomerateandsandstones, which grade upwards into upper Triassic to Liassic daamite
limestons. On Leros Islandthis contact juxtaposelow-grade metamorphism schists with
amphibolites and kyanistaurolitegarnet micaschist yieldg ages between 320 and 230
(amphibole and white micad-fanz et al., 2005 According to PapanikolaouZ013, thes
formations are similato thevolcanesedimatary-type Tyros Beds at the base of the Tripolig un

in the Hellenides. @nversely,Durr et al. L1978 suggest that thealimentary formation of

10



Marina unit correspad tounits of the Lycian Nappes in SW Turkeyhich consis, from base
to top of (i) a parautochthonousnit, mainly composed of shallowwaterandpelagiclimestaes
from Late Cretaceouso Early Miocene age;(2) an intermediatecomplex consisting of thrust
sheetscomprising shallowwater limestonesdolomites pelagic and turbiditic cherty limestones
and flysch fromMiddle Triasstc to Cenomaniantopped byan assemblage of basaltic pillow
lavas and (3) a large peridotite nappeith sempentinites and fragments of dolerititykes
[Bernoulli et al., 197} It is followed by weltbedded upper Jurassic to lower Cretaceous (?)
limestone with cherty replacemenbirr, 1975; Durr et al., 1978; Franz et al., 2DP05
Crystalline rocks are represented by the Panormos and EmporiosFuaitg et al., 2005 The
first conssts mostly in a succession of marblef&agioclase gneisses and kyarstaurolitegarnet
micaschists with intercalations of banded epidote and garnet amphibolites. The base of this unit is
formed of finegrained schist and minor coargmined massive arhfpolite with a thickness of
about 100 m. The overlying Emporios unit is made of albite gneasskshloritoidbiotite schists
[Franz et al., 2005 K-Ar dating of the basement rocks of the Dodecanese islands shows
Variscan ages partially reset by a vdoyv-grade Alpine overprintsuggesting a polyphased
deformationFranz et al., 2005

The underlying €meniaunit is mainly exposed in Arki, Lipsi and Leros (Fig) and
consists of late Pabzoic to Mesozoic sediments affectedasyAlpine HP-LT metamorphism
[Franz & Okrusch, 199R It consists ofinterlayered phyllites, micaschists, quarzites and
marbleswith rare occurrences of metabasit€éhe presence of Mgebeckite glaucophane and
aragonitein Lerosand Arki islandgKatagas& Sapountzis, 1977Katagas, 1980; Franz &

Okrusch, 1992;Rocheet al, 20184, implies a subductioarelated metamorphism witha

11



minimum pressureof ~ 8 kbar. Roche et al.20184 show that glaucophane/Mugbeckite is
locally preserved and may destabilize into winchite, suggestigeeenschistacies overprint.
Durr [1979 considers thisunit as an equivalent of the Kara Dangit in the Lycian Nappgof
westernTurkey (Fig.1). However Roche et al. 70184 challengel this hypothesis, suggesting
that this unit belongs to the Lower Cycladic BluescNiappe(LCB) as attested by the similar P
T conditions as on Folegandrasd Milos sland [Augier et al.,2015; Grasemann et al., 2418
For more informatiorabout thissubunit which belongingd the CBU it is possible to refer to
the studie®f Grasemann et al2018 and Roche et al2pD184.

Crustaiscale éctonic evolution oDodecanse islands #ill poorly known. Nonethess, a
recent study of Roche et a(J184 on Lerosreveals that Temenia unit has been exhumed under
Marina unit through a tefo-the-NE ductile shearingdeformation is thus preferentially localized
along themain tectonic contact . Temenia shear zone), although secordker ductileshear
zoneswith similar kinematicsare also evidenced, especiadlpng lithological contactsuch as
marble - schist lithologies (e.g. Xirokampos shear zone, Fig. Bd)addition, top-to-the SW
ductie-brittle deformationis also recognized at different places (see Fig. 6 in Roche et al.
[20189), suggesting a significant component of coaxial flamv the ldest increment of

deformation.

3. Newfield data

We carried out severdield surveysnthe HDVWHUQ $HJHDQ UHJLRQ LQFOX

in order to complement the existing IGME geological maps oe#tize new geological map

12



(e.g.Fourni kland).Geological mapping was complemented by a detailed sitichetamorphic
evidencs in all islands. Largescale analysis of the distribution of metamorphic markieus
leads to roughly constrainedTPconditionsfor severaldeformation eventResultsalsoinclude
maps of finite strainmarkers, foliation trajectoriegjinematic indicator@nd field measurements

on steregraphicplots

3.1.Samos

3.1.1. Distribution of metamorphic record

On Samos our study providesdditional data for the distnition of HRLT assemblages,
notably well expresseth metabasite boudins of thempelos and Vourliotesappes(Fig. 43.
There,glaucophane, epidote + lohtoid and white mica areommonand well preserved (Fig.
4b). Depending on the areaspidotechlorite-albite assemblagds evidenced and indicate
retrogression tgreenschistacies conditiongFig. 4c). Although Okruschet al [1984 described
the paragenesis carphotitganite in a pebble collected ésili Amos beach (Fig. &), we were
not able to recognize ang-situ Fe-Mg-carpholite occurrence in the fielth old metabauxites
mines #ong the easta coast of Samgsve howeverobserve the chloritoiddiaspore assemblage
and thediasporequartzassaiation (Figs. 4d and d). The latterhas only been found in Sulawesi
(New Caledonig Amorgos (Cyclades) and Vanoistassif (WesternAlps) [Theyeet al, 1997.

It leads toa minimum pressure of 13 kbar and maximum temperatures of@30Ce. about 100

°C colder than previouslgublished PT estimates (Fig.&) [Ring et al, 19991. Such cold HP

13



LT conditions arecompatible withthe Fe-Mg-carpholite repded by Okrusclet al [1984, but

are not common in théyclades.

3.1.2. Structural geology

At first glance, ar observations oamos confirm the conclusions of Ring et 4P994
for the main trends of stretching lineatiand shearingssociated witbhlueschistto greenschist
facies assemblagéBig. 5a) The best examples ghear sense observed in the fiaté located
nearthe Pythagoras Thrugt the Ampelos nappé-ig. 58). There, blueschist parageneses are
associated with &V or WNW-ESE stretchig lineations and topo-the W-WNW shearbands
(Fig. ). These observations suggest that the fabric fortogether with théPythagoras Tiust
(probably Eocene) habeen preservedhere and not severely reworked by the subsequent
extensionexcept for thaecent normal fault controlling the topography. Thisalized shearing
along this thrust confirms that it is the major tectonic contact in the island as proposed by Ring et
al. [1999h0. Nonetheless, our study shownse NS stretching lineations and rather clear-top
theN shear sense associated with greensthises paragenesemear Kumarradeiand
Marathokambos in the Ampelosppe(Figs. 5¢c and 59. The same kinematigis also observed in
thesouthwestern partf @amos in the Vourliotes nappe (Fig. 3ddwever these criteria are very
local and do not allow any definite conclusion. If these observations were confirmed, it would
mean that the kinematic direction during the-HP event and the retrogression welenast
perpendicular to each other, at least locally, in contrast to the interpretation of Rind 298l [

that suggesa continuum of ENBAVSW-directed transport during exhumation.
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Furthermore, althougtne contact between the Kallitheappe andhe Kerketeasunit does
not crop out continuously, it is characterized in the figldhin darkgrey marble ultramylonites
(approximately 10 m high) at tle top of dolomites (Fig. €. This thin layer carries a NE
trending stretching lineation with locally m@ normalsense shear bands spaced a few
centimeters apart, and sigmoidal foliation indicgtitopto-the-NE shearing (Fig. . This
ductile deformation is then overprinted by brittle deformation as suggested by the presence of
ultracataclasites and bftétlow-angle faults. Locallycentimetric antithetic higlangle normal
fault also affected the penetrative fdita. Below this contact, the dolomite is ndfezted by

this deformation indicatg astrongly localized deformation.

3.2.Fourniand Thymaenégslands

We presenin Figure 2b the first geological map dfourni and Thymaenasland. The
geology of the two islands sharacterized by a metamorphic sequecamprisng three main
units (Fig. 2b). (i) The Korakas unit cropsout in the eastern part tfe slandandmainly consists
of dolomitic marbles witHocal schiss on top (ii) The overlyingChrisomilia unit, is mainly
made of metabasites with minor occurrences of marbles in the upper part. The lower part of this
unitis exposed in southeasteamd consists in thin marblayers.(iii) The uppermost Fourinit
mostly cropsout in the central partof the island. Itincludes mainly schists, marbles, quartzites
and minor occurrences of metabasitémally, above thee tectonemetamorphicunits, a non
metamorphic nappg.e. the Thymaenaunit) is observedPapanikolaou, 1980

We distinguish three main otacts betweetheseunits. (i) Chrisomilia thrustropping out

in the north of Fournidland and separating Chrisomitiait from Korakas unit, (ii) Plagia thrust
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separating Fournianit from Chrisomiliaunit, and(iii) Thymaena Detachmebetween Thymaena
and Fourni unitscropping out only on Thymaensaldndand possibly in the central part of Fourni

(Fig. 2b).

3.2.1. Distribution of metamorphic record

We report herepreliminary resultson metamorphicconditions ecorded on Fournand
Thymaena ikand. Observed metamorphic parageneses from metabasites @hrisomilia unit
mainly consistof porphyroblasts of albite quartz - white mica- chlorite - kyanite, indicating a
greenschistacies metamorphic event (Figa)s Locally, some chloritoid pods are also observed
in quartzitic levels(Fig. @b) that maysuggest a former high@ressure eveniThe Fourni unit
seems to have also recorded greenshist-faciesevent Foliation within schist layers is marked
by quark - white mica- chlorite with locally stretchedalbite surrounded by chlorite pressure
shadows (Fig. 6¢)lt is noteworthy that both units (i.e. Chrisomilia and Fourni units) seem to

haverecorded lower peaknetamorphic conditions than the nearby Cyclades and Samos islands.

3.2.2. Structural geology

On Fourni and Thymaenalands, foliation trajectories are given in Figurd2The main
foliation strikes EW with moderatedips towardshorth or south in the central and western parts
of the island. In the south, the foliation in both Fourni and Chrisomilia units turns with an average
strike around N45°E, whereas it appears more variable in the north, and particularly within

Chrisomilia unt. In addition, the foliation is locally deflected in the vicinity of late steep faults
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associated with strikslip kinematic indicators. The original lithological contacts are generally
transposed into the main penetrative foliation, as shown by isbidida locally observed within
dolomitic marble layer¢Fig. 60. A later folding event is also observed in the landscape with the
main foliation that is affected by a series of lasgale open folds with -8V axes (Fig. B). In
addition, kink structures are well developed in both Fourni and Chrisomilia, shibsving a
N50°E strike (Fig6€). Localy, dykes crosscut the main foliation of the Fourni unit which strikes
NE-SW (Fig. 6f).

Stretching lineation is mainly underlindaly stretched caite in marbles layerand by
elongated aggregates of albite and white micas in metapelites and metaliagitemtation is
centered ora value ofN150°E with a dminant southwestward plunge the lower structural
level, whereas the orientation of stretching is around NO°E to N10°E in the upper levels (Fourni
unit, Fig. 7). Lineation and foliation arehowever,bent by the main brittle faults, especially
strike-slip faults resulting in a siht scattering of the stretching directidfor instance, in the
eastern part of the island, the orientation of stretching lineation is around N90°Edamithiraant
eastward plunge (Fig) Whereastitrends NWSEin other areas.

Fourni unit is affected l two shearing events, tdp-theSE and topto-theeNNE with
kinematic indicators often unambiguousaditscales (Fig8). As shown in Figure /top-to-the-
NNE pervasive shearing deformation affected the upper part otitiisbelow the Thymaena
Detachment, whereas tap-the SE kinematic indicators are wedteserved in deeper structural
levels. In the top of thianit, top-to-theeNNE shear bands are particularly abundant in pedites
and calcschists (Fi@a; see steeographic projection in i 7). Depending on areas, their spacing

ranges from a few millimeters in the weakest lithologies in the vicinity of the main contacts (e.g.
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close to the Thymeanaetachment) to decimeters in more competent levels. Locally, the angle
between shear bandsdathemain foliation varies, from higlangle in the upper levels of Fourni
unit, suggesting an increasingly brittle behavior20 A35° atthe base of thisinit. Non-coaxial
deformation is also accommodated dheared quartz veir(ig. 8) andasymmetric boudinage
of competent levels (e.g. marbles, metabasites) into a weaker, generally metapelitic matrix.
Controversy, togo-the-SE kinematic indicators are weitesevedin deeper structural levels of
this unit with common kinematic criteriancluding quartz and white micebearing pressure
shadavs on pyrites (Fig. I8), shear bands arabymmetric quartz veins. In additidop-to-the-SE
more Iaalized brittleductile deforméon is locally observed (Fig.cd Chrisomiliaunit is only
affected bytop-to-the-SE ductile deformation. For instance, mestear bandaffecting foliation
are abundanFigs. 8d and &. The relative timing of these two episodes of shearing appears
clearly in the field. In the whole island of Fourni, beltdve Thymaena Btachment, shallowr
steepnorthrdipping shear bands deform the main regional foliagissociated witldluctile topto-
theSE shearingshowing that theop-to-the-NNE shearing eent overprints théop-to-the-SE
deformation

On Fourniand Thymaena islangghe main contact between Fourni unit and the upper non
metamorphic Thymaena unit is marked bgdmia and cataclasites (Fi@p) over a thickness of
approximately 20 metersellowish foliated cataclasites associated with fluid circulations are
folded agmetricaly, and locally show sigmoidal foliation compatible with thettetheNNE
shearing (Fig9b). Below this contact, tef-theNNE deformation gradually decreases, while
thetop-to-theSE deformation is totally erasebh addition,in the vicinity of strikeslip faults,

top-to-the-E ductiledeformation is also recorded the Chrisomilia unit (Fig7) and overpinted
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by a clear togio-the-N brittle deformation (Fig. 9c)A new set of major SENW to EW striking

faults with a strikeslip componenbffset the contacts beeen the main units (e.g. Chrisomilia
and Korakas units, Fig. ;7Chrisomiliaand Fourniunits, Fig. @). Shallowdipping striae along

the main fault planes (Fig®e) and on smallescale faults in the breccia in the north are
consistent with a NWWSE extension (sestereogram orfFigs. 7 and 99. This set of faults is
crosscut by steeply 48 striking highangle normal faults (Fig7). According to Ring et al.
[2017, this set of faultgepresents the youngest increment, related to the late Miocene to recent

extension(for complementary informationsee detailed study of Ring et &0[L7).

3.3.Dodecanese islands

3.3.1. Distribution of metamorphic record

We propose here newas of Arki and Lipsi slands(Fig. 3) where he metamorphic
record was investigateldy studingparagenesefrom metabasitedbelonging toTemeniaand
Marinaunits (Fig. 10). he geology of Lers and the associated metamorphic record are detailed
in Rocheet al [20184 and alsssummarizedn this study.

Near the lighthousef Arki harbor,an outcropof Temenia unitshows several bands of
blueschistsbeaing porphyroblastic blue amphibolénterlayered with micaschists, qta -
micaschists and marbles. dther parts of the island, microscopic observattmmge revealed blue
amphibdes (Fig. 10h. Greenschistaciesintercalationsare also observed and chloritomsirk a
stretchimg lineation around N60°E (Fid.0¢. On Lipsi Island, metamorphic assemblagessent

in metabasitesnd schist®f Temenia unishowchlorite - phengitet epidote+ quartz+ sphene
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(e.g. Fig. 104 The absence of blue amphibotas Lipsi does not allow ascribing these rocks to
the blueschistéacies Nonetheless, the lithologiese very similaras those found ilheros and
Arki islandswhere HPLT parageneses have been recorded franz& Okrush 1992; Roche et
al., 2018a; thistudy}. This suggestshat theTemenia unit outcroppingn Lipsi wasprobablynot

far from the blueschistdacies conditionsThe whole Temenia unit would then have been
affected by an HRT alpine event followed by a retrogression stage greenschistacies
conditions where chlorite- albite - winchite - epidote - phengite are generally observed
Conversely,Marina unit shows mainly chloritized garnetbearing rocks and weltpreserved
amphibolitesshowing hornblende and plagioclase paragen@sgs. 10e and 10f)This unit
cropsout in Leros and Lipsi islands (Figs. 4 and 10a). These rocks are consistent with the
Barrovian mediurrtemperature and mediupressure (MIMP) conditions described by Franz et

al. [2005.

3.3.2. Structural geology

In Temenia unit of Dodecanese islands, foliatioajeictories and lineations are given in
Figures4 and 11 The main foliatiorstrikesN90°E to N135°Bwith variabledips It is affected by
a series of largescale upright open folds with N45°E plunging axes in the deepest part of
Temenia unit (sefliation data on Leros, Feggy4dand 12). Theremetabasiteare located in the
coreof schist and marblantiforms (Fig. 4d). Foliation in Marina unit is also characterized by a
N90°E to N135°E strike, and is gently to steeply dippkgrthermore, thenain foliation tends

to increasdn intensity toward the MarinaTemenia contact in botanits, while the strike and
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dip of this foliationdo not changesignificantly across it.There,folded foliation develops a new
crenulationwith fold axes almost parallel to the mastretching lineationsge stereogram dfig.
12b). Depending on localities, isoclinal foldsith axes perpendicular tostretching lineation
(trending ENEWSW to EW, see stereogram dtig. 129 arealsoobserved. Botliolding events
are located close to the main contact (i.e. the Temenia shear zone) and thus probably
contemporaneous with the mylonitic foliation localized between the Temenia and Marina units.
These eventare thus apparently related to layermal thinfing during shear deformatiohis
overall strain gradient isomplicatecby strain localization over a limited number of ductile shear
zonesdeveloped along lithological contadis.g. Arki and Gatis shear zones, Figs. 3b and 3c)
including a welldeveloged mylonitic foliation at the contact between marbles and schists in Arki
or in Lipsi (e.g. Fig. 1&). In the following, we focus mainly on the study thie deformation
within the Temenia unit, which recorded HF Alpine paragenesesn Arki and Leros islands,
andproblably on Lipsi Islan@ven if HRLT evidences were not found

Stretching lineation is markeoly various types of indicators, depending upon lithology,
deformation and H conditions. Lineation is outlined by stretchedaga and elongated
phyllosilicates aggregates such as chlorites and white micas in metapglited and rardlue
amphiboles in metabasites and chloritoidsquartzite levels (e.g. Fig. 1PbOn Arki, the
direction ofstretching appears more scattetiedn on Lipsi with an average trend aroutdS
(Fig. 11). On Lipsi, the orientation of stretching lineation is centered on a value of N45°E with a
dominant northeastward plungerhereas on Leras showsa large dispersion betweeNO° and

N90°E with an average around N&W anda variable plungdepending on the ar€Rig. 11J).
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At first glance, the whole Temeniait is affected by a pervasive toép-the-NE ductile
shearing attested by numerdasematic indicatorsn thethree islands (Figdl and 12 see also
Roche et al.20184 for Leros field pictures)Shear bands are welevelped at all sales (Figs.
10d, 12e and 1B and are associated witlargescale asymmetric boudinage in alternating
lithologies and crscale topto-theNE kinematic indicators well preservednmetaconglomerate
levels (Fig. 18). At the scale of the outcrop, the rarity of P rocks occurrences in tHesld
makesdifficult any discussion about the kinematics of deformation active dunediP event.
Conversely, greenschifdcies parageneseppear conspicuoushssociated with top-theNE
shearing deformatio(e.g. Fig. 10d) Indeed,the regional foliation is madef greenschistacies
minerals such as epidad@dchlorite concentrais in pressure shadows or in folded layers in both
metapelites and metabasites.

Althoug predominant topo-the-NE ductile kinematics are present in all Dodecanese
islands, the distribution of ductHarittle criteriaappears moreomplexin all units On Lipsi,
Neogene sediments are often in fault contact with the metamorphis fidudre, the contact is
characterized by a lowngle normal fault parallel to the regiorfaliation (Fig. 133. Locally,
striae along the main fault plane are compatible withgame NESW direction of extension
(Fig. 13b). This major contaainay therefore be interpreted as a{amgle detachment, which we
name the Ghialos Detachmentience the observedlpine strucureswithin metamorphic rocks
(Fig. 12g) and at their contactvith Neogene sediments (Fig. 13bJiggest a continuum of
stretching from ductile to ktle conditions with togo-theNE shearing Similar ductile-brittle
deformation is recordedvithin the maincontact (i.e. Temenia shear zome) Leros but with a

top-to-thee SW sense of shealn the area of Agios Isidoros (FigdR ductile deformation within
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Temenia igntenseasattested bynumeroudow-angle shear zones spaaadch few meters. Top
to-the WSW shear bands becommore brittle approaching the badeMarina unit (Figs. 13c and
13d).The coexistence of opposite kinematic indicators is thus ascribed to the coaxial component
of deformation, as also illustrated by largmaleboudinage on Lerosoche et al. 2018a

Brittle deformationis fairly consistent through all Dodecanese islands showHSgtdlNE
SW direction of extension (see stereographic projection on FigOhllipsi, brittle deformation
is well-developed, overprinting ductile deformation acwhtrolling relationships bewen the
different units (i.e. Neogene sedimenigmenia and Marina unitsfror instance, lthough the
tectonic contact between Neogene sediments and Temenia unit is well exposed (strikes N80°E
dipping gently toward the north), it is transectedNWv/-SE stiking high-angle normal faults
with a strikeslip componen{Fig. 13e).Displacement on faults ranges typically beém a few
metersto decametersl'he stress tensor analysis shows a subvertical orientation for the maximum
principal VWUHVY D[LODVIWKAKHKURBLPXP SULQFLSDO VWUHVYV DJ[LV
approximately NESW (see stereographic plot #4 in Fig. 13g). Similar faults are also observed in
the southern part of Lipsi where a thick damage zone affects marbles and schists of Teinenia un
(Fig. 13f). There, foliation strikes ¥ and dipsileeply toward the north (60°), and turnslose
to the fault, suggesting a dextral component (Fig). T3h Leroslow-anglebrittle normal faults
dipping 20 A30°, may alsocontrol the deposition of Neogene sediméitie Lakki detachment,
seeRoche et al. 20184). Here, brittle inlicators areagaincompatible with a NESW to N-S

extension (see staygraphic projections on Figs. &hd 13, #6a and #6b
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4. Discussion

4.1. CorrelationsbetweenwesternAnatolia and the Aegean region

The locatiorof the eastern Aegean islands and the Dodecanese at the transition between the
Aegean andwestern Anatolian regions allowdiscussing the corrdgians between these two
domains based omur new field observationsTwo main criteria can be used fahese
correlations.(i) One can correlate units with similar stratigraphic successions, and thus pre
orogenic paleogeographic domains, but thesaainsmay have very large areaxtents and be
involved in different parts of the same b@tig. 14). (i) One may alternatively correlate units
with approximately similar stratigraphic succession and simildrtifne evolution or, rather,
similar peak presswtemperature conditions (Fig. 19n this case, the emphasis is put on the
position of these units within the subduction channel or accretionary wedge, thus on a syn
orogenic situationAlthough the complex evolution before the Eocene is not in the sfape
present paper, it might have had some consequences in differentiating two domains with two
different lithospheres. Thereforsome general comparisons have to be recadlledut the

ophioliteemplacement anithe nature of theontinental basement

4.1.1. General correlations

According tothe literature [e.g.Papanikolaou & Demirtaslil987 Papanikolaou, 2009;
2013, the following lateral correlations can be made: 1) The Late TrigSaity Jurassic event

(i.e. closure basin stage & subductidmown as the Cimmerides orogeny occurs only in the
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eastern Aegean islands of Lesvos and Chios and possibly also in the Circum Rhodope belt. 2)
The late Jurassie early Cretaceous evertorresponding to thebductionof the Axios/Vardar
oceanic basinis widespread in the swalled internal Hellenides of Brundi96Q in continental
Greece with sparse outcrops in the Aegempecially inCretebelow theAsteroussia ngge [e.g.
Bonneau, 1972(see Appendix 3) The lateCretaceous second obductieventcan be followed
through the AnatolideSaurides[e.g.Okay et al., 200l H J 7DYUDQOO =RQHV $I\RC
units, the Kuruderdlebiler units see Appendix for more informatipto the Aegearand from
the internal Hellenidesin the Vardar regiorje.g. Bonneau, 1984 In the Cycladesthe Upper
Cycladic Nappe shows large units of ophiolite with associated amphibolites yielding Late
Cretaceous agégs.g.Patzak et al., 1994; Brocker & Franz, 1P98

Furthermore, @rucial point is the correlation of the Variscan basement below the Southern
&\FODGHYVY 3DURV 1D[RV RV ZLWK WKH #ieeQ Glichiitd FRUH’
outcropping surfaces of basement rocks in the &igd and the Hellenides shothat nost of
the basement habeen subducted Jolivet et al., 2004a while the widely outcropping
continental basement in tiMenderes Massi$hows that the crustal wedge is made of basement
units to a large exterisee Appendix)Although this continental basent has aimilar structural
positionasthe Variscan basement seen in los or Naxos HemjesKunst & Kreuzer, 1982;
Andriessen et al., 1987it is mostly of Panafrican age and no trace of a Panafrican event has
been detected in the Aegean domain [Bgnneau & Kienast, 1982; Candan et al., 2011
However, occurrence of Triassic intrusions and the presgreeommon Mesozoic sedimentary
cover affinity in both regionssuggest a common evolution sincestiperiod[Jolivet et al.,

20044). In addition,according to Durr et al.1P7§, the sedimentary formations of the Marina
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unit resemblethe SW Lycian Nappesin this framework, a solution is to see the presence of the
large amount of basement on Leros and Kalyma®sa lateral equivalent of Lycian Nappes
(without HRLT evidences)hbut with a preserved Paleozoic basement that would have overthrust
the MenderesMassif and its cover, a basement that is so far unknown in weS3terkey.
Nonetheless, Franz et aJ0g suggest thathe preAlpidic basement rocks in the Dodecanese
islands reveals similarities with the basement in Eastern Crete (i.e. similardidsoknd pre
Alpidic metamorphic evolution)n all cases, Wile the Cyclaic Basementvasclearlyinvolved

in the Hellenic orogenic wedgassociated wittan HRLT Alpine metamorpic overprint this
eventwas less severia the Dodecanese island300 £370 °C at 1+3 kbar Franz & Okrush,
1997), andin Eastern Creté250 +330°C at4.5 +8 kbar Franz et al.2005). In addition,this

HP-LT Alpine eventis not recognized within theasement of the Menderes Massif

4.1.2. Fourni, SamosywesternAnatoliaand the Cyclades

The nappe stack oFourni and Samo®ffers possible correlations with the nearby
Menderes Massifand the LycianNappes.From top to bottom,he Kallithea appe can be
correlated with the pper Cycladic Nappe arits Pelagonian basemewhen looking westand
with the Lycian ophiolite or Lycian ophiolitic mélangfgat root in the IzmiAnkara suture zone,
when looking easin westernTurkey (Fig. 14). The presence of aate Cretaceous HIP
metamorphism associated with an ophiolite oressvCycladic islandge.g. Anafi [Reinecke et
al., 1982) shows that the Vardar Ocean ophiolite was once distributed over a large peet of

Aegean domainin addition, the nommetamorphicThymaenaunit on Founi [Papanikolaou,
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1980 and KefalaFanari units on lkarig may also belong to thisUpper Cycladic
NappéPelagonian domai(Fig. 14) (see Appendix)

The unddying Fourni unit on Fourni Islandand Agios-Kirikos unit on Ikaria present
similar lithostratigraphic successisrand anapparent lack ofa significant HP-LT imprint
[Papanikolaou, 1978excludingcorrelationwith the CBU. Indeed,Agios-Kirikos unit is made
of marbles and metapelites intertains and Raman spectroscopy on carbonaceous material
(RSCM) results displayed loweemperatureanging between 390 and @#3C [Beauddn et al.,
2019. These two units could thus be lateral equintdeof the Menderes coveeries, having
escapd deep burial and stacked together with the Cycladic Blueschists nappes in a late stage of
accretion of theorogenic wedgeln this frame, the Ikaria unit which tsctonically located under
the AgiosKirikos unit, mayalso correlate with the Menderes cogeries(Fig. 14)[Kumerics et
al., 2003.

In the eastern part of Samdsland, the preservation of HF parageneses iNourliotes
nappewith the paragenesis diaspoerquartzsuggests that this unit was equilibrated along a very
low-temperature and higbressure gradiengFig. 15a) similar to the gradient observed on
Amorgos (i.e. Amorgos unit) in the cover of the Menderes Massif, or in the Oren unit, three
areas where FBlg carpholite has been observedifioux et al, 1981; Rimmelé et al., 2083
2003; Jolivet et al., 2004} (Fig. 15a) However, this cold HP unit overliesa Samoghe Upper
Cycladic BlueschisNappe(UCB), which hasrecorded eclogitéacies parageneseldence, his
structural position differs from the classic structural position of the @Bkkcribed first by
Grasemann et al2p18 where theLCB nappeoverlies theUCB Nappe(see alsdRoche et al.

[20184). Therefore the correlation in this area is difficiltcould be an equivalemif the Afyon

27



and Oren unitsvhere HRLT parageneses habeen foundFig. 14)[e.g. Okay, 1984; Rimmelé

et al., 2003; Pourteau et al., 2014An alternative solution is that this unit is an equivatdrthe
LCB Nappe, overthrusted in a late stage of formation of the accretionary wedge on tbe of t
UCB Nappe

The underlying Amplos rappe and Selcuk nappe on Samosare similar to the
metasedimentand ophiolitic mélangef the CBU of theDilek Peninsulgsee Appendix for more
information) restng on top of theMenderes MassifCandanet al, 1997; Oberhansliet al,
1998; Ring et al, 199%]. It may thereforebe correlated with th&/CB Nappethat cropsout
mainly on Syros Sifnos and Tinos (Fig. 14) Eventhough Chrisomiliaunit of Fourni shows a
strong retrogression in greenscHesties conditions, itanbe eithercorrelatedwith the Ampelos
nappe(and hencewith the UCB Nappe)because of thsignificant amount of metabasite ibr
would be a part othe LCB Nappethat crops out in more external zones of @BU (e.qg.
FolegandrosLeros)(Figs. 14and 15.

Finally, a thick marble sequence is recoguize both the lowermost KerketeasSamos)
and Koraka (Fourni)units. We cancorrelatethese unitsvith theBasal Unit(Fig. 14) which can
be observed in the Olympos, Ossa and Almyropotamos tectonic wiGaafiaux 1962; 1965;
Godfriaux & Pichon, 1980and also possibly the Panormos marbles omo§i Avigad &

Garfunkel, 1989 all lateral equivalents dhe GavroveTripolitza nappe

4.1.3. Dodecaness islandsMenderes coveandAmorgoslsland

Before discussing all possibterrelationsit hasto be recalledhat ro consensus exists on

the belonging of the HRT sequences of the Kurudelebiler units (south Menderesee
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Appendiy. This unit has indeedecorded peak conditions of ~@4t570°C and 10+12 kbar
[e.g. Rimmelé et al., 2008 2005; Whitney etal., 2008 while the UCB Nappe wereburied at
deeper depths &30 + 30 °C and22 + 2 kbar (Fig. 15aJe.g. Laurent et al., 2038 In Pourteau
et al. R010; 2013 the Kurudere unit is correlated with the CBU as a wHhalg the lithologies
and RT conditions are not equivalent to the typical occurrence of the E#)J 15)that should
show a large amount of metabasites and-pieserved eclogitedt seems more reasonable to

considerthe cover of thdvlenderes Mass#san equivalent fothe LCB Nappe (Figs. 14 and 1pa

Theubiquitous presence of blueschiaties parageneses in Tememét in Leros and Arki
islandsconsolidates the hypothesis of Fratzal [2009 suggesting that the whole Temeniait
was afected byan HRLT alpine eventalthough it was not clearly evidenced in Lipsi Islanie
preservation of aragonite, the absence of gaiogdther withRSCM results(Tmax conditions
around 368 to 487 °GRoche et al., @189 however show tat Temenia unit has recorded lower
peakmetamorphic conditions than the nearByclades islandsvhere the UCB Nappe is
cropping out(Fig. 15a) In this framework, Temenianit could be either an equivalent @f the
metamorphic Orerunit (and hence the lower part of the Lycian Nappedlere HPLT
parageneses with Fdg carpholite hae been reportedr (ii) the LCB Nappe(Figs. 14and 156.
Because of similar lithologieand metamorphic conditionsetween the Temenia unit and the
LCB Nappe,we are on the same line Roche et al. 30184, suggesting that this unit cdoe
compared with the LCBlappe, which could in turn be correlated witle tover of the Menderes

Massif.

Amorgosexposes a sequence of HH rocks thathave undergonevo differentblueschist

facies metamorphieventg(Fig. 15a) A first event isestmated ai 13 kbar and 500:600 °C
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[Rosebaumet al, 2007 and may correspondo the eclogiteblueschsts-facies observechithe
UCB Nappe. The second everg associated withFe-Mg-carpholite and saliotite found in
metabauxiteandis estimated aB +12 kbar and 300350 °C [Theyeet al, 1997. This unit
(i.,e. named Amorgos unijonsists b a thick Mesozoicmarble sequenceapped by an early
Tertiary metaflysch, and maye correlatedvith the cover of thevienderes Massiin terms of

lithology and metamorphisrtFigs. 14 and 153

This discussion emphasizes the difficulty of correlating the different nappes of the
Hellenides once they have been dispersed by the OGlitiocene Aegean extensiolhe
complexity of the situation in the Eastern Aegean region is also due to a lack of metamorphic age
constraints on a number of these islands. Further works shiousdfocus on enlargig the
radiochronological data set thefdthough all theseinits have followed different A evolutions,

a similar structural position is recognized through the entire regrom bottom to top, onthen

finds (i) the coldewnits such ashe Amorgos unit anthe Menderes and its covbefore the
Main MenderedMetamorphisnoverprint[ Sengor et al., 1984the LCB Nappe {.e. Folegandros,

the bbwer unit of Milos, the westernCyclades, a part of the Dodecanese islands, and probably
Fourniunit), (ii) the eclogitic rocksobserved mainly in the central part of the Cyclades, in Samos
and onDilek peninsula (i.ethe UCB Nappe),and(iii) the Lycian units andVourliotesnappein
Samos (?)that were buried and exhumed earlig&igs. 14 and 15)This overall vertical

succession can be locally modified suggesting latebaequence thrusting.

4.2. Tectonc evolutionof the AegeanAnatoliaregion
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Figure 16is a map of kinematic indicators covering the Aegean Sea and the Menderes
Massif based omprevious works Jolivet et al, 2013and referencethereirj andenriched with
our new observations mada the eastern Aegeasland, the Dodecanese and the Menderes
Massif. It is worthwhile nohg thatthe main shearing directiorend the main sense of sheae
not significantly affected by Miocene toecent paleomagnetic rotations, especially in the central

and eastern regiofgValcott & White, 1998 van Hinsbergen et ak010h Uzelet al., 2015

4.2.1. Kinematics of deformation from the Cretaceous to the Oligocene

4.2.1.1. Prograde deformation

The first stageof deformationcorresponds to the stacking wiits by thrusting, probably
during prograde evuation or atpeakpressureMost kinematic indicatorselated tothis episode
of nappe stackinpave been erased during subsequent exhumatidrfurther extensigrbut a
limited number of outcropsvidencethis kinematic in the Cycladesnd in the Olympo®ssa
region. h Syros, Philipporet al [201]] suggest that the sense of sheas toward the south
during the progradepisodgFig. 16a) Syn-orogenic topto-the-SW shear sense criteriavealso
been preserved in the OlympG@ssa regiofSchermeret al, 1990; Ricouet al, 1998 Jolivet
et al, 2004, Lacassin et al., 2007In addition, arr study shows thabp-to-the-SE kinematic
indicators associated with thrasare alsavell preserved orFourniIsland in the lower part of
Fourni unit (Figs. 7 and 16& Although no clear PT conditions are established on Fourni, we

suggest thizthese kinematic indicators wemeeorded during the progradgempressional event
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The overall architecture of tHdenderes Massind Lycian Napes also calls for a tejo-
the-S emplacement of nappes. The Lycian Nappes, including the lowermost Oren metamorphic
unit, was tectonically transported frothe northern margin of the Menderess the thrusting
front was propagating southwaf@ollins & Robertson, 1998Rimmeléet al, 2003a; 2005;
Pourteauet al, 2013. Similarly, largescale togto-the-S shear zonare described within the
Menderes Massifi.e. SelimiyeShear Zon€SS2); Fig. 16a) between the basement and the cover
[e.g. Bozkurt & Park, 1994 Hetzel & Reischmann, 1996 which may be ascribed to this
prograpde phase, althougteir significance, whether they are thrusts or detachments or both, is

still debatede.g.Bozkurt & Park, 1994Whitney & Bozkurt,2002;Ring et al., 199%; 2003.

4.2.1.2. Syn-orogenic deformation

The exhumationprocess encompassed the-gyagenic stage through differeextensonal
and compressionatructuresExtensionaktructures ar@bservedn the Cyclades domaimwithin
the CBU and in southern Turke@n Samosisland a continuum from ductilélueschist to
greenschisfacies deformation is preserved across the contact between the Kerketeas and the
Ampelos units with a topo-the W-NW shearing (Fig. 16gRing et al, 19994, suggestinghat
the Pythagorashear zondas accommodated a parttbé syn-orogenicexhumationduring the
HP-LT metamorphic evenflTop-to-theE shearing deformation along the Vari Detachm@nt
Syroslsland alsoallowed the exhumation of the CBl$equencavithin the subduction channel
(Fig. 16a)[e.g. Jolivet et al.,2003; 2010; Huet et al., 2009; Laurent et al., 20H®wever, he
apparent inconsistency betweerSNand EW lineation at the base and to the top of the CBU,

respectively, is difficult to explain. One may assume that the original trend of the lineation is not
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known in the absence of paleomagnetic data and it coudhWieaged that is was more N&
N?)}trending, according to HP lineations reded on the neighboring Sifnosdand [e.gRoche et
al., 2016. In the HRLT Lycian Napps in Western Turkeycontrasted®-T conditions indicate
the existence of numerous sheanes accommodatirtbeir exhumatiofRimmelé et al., 2003a
Top-to-theE shear senses are recordedhin the entireHP-LT sequence, and deformation
appears more localized close to the contact between the Lyciaviearieres MassifRimmelé
et al., 200k Hence, this deformatiopost-dated thearly southward translation of the Lycian
Nappes andorresponds to the exhumation of HIP rocks that was aided by tmeactivation of
majorthrusts with a newiop-to-the NE to-E shearing.

Compressionastructures are mainly recorded in the southern Cyclades. For instaoce,
to-the-S thrusting in los Island islsocoeval withthe extensional shear zone of VEfig. 16a)
[Huet et al., 2009 According to this studyan extrusion structurés proposedto explain
exhumation of the CBUsee alsaRing et al., 2007Huet et al., 2000 However, recent studies
[e.g. Grasemann et al.,, 2018; Roche et al., 2D18ww the existence of &CB Nappe
outcroppingn the southerntCycaldeqFig. 163), as a consequent@s basal thrust cannot explain
the entire exhumation of CBU

This short discussion emphasizes theD3complexity of the wedgewhere HP-LT syn
orogenic exhumation shearimgay beapproximately BW in some places (i.e. parallel to the
trench; e.g. Syros, Samos, Orgnit) whereas it is for instance-Slin other areage.qg.los Island)
(Fig. 16a). In any casethe accretionary compless particularly wide andnade ofdifferent
tectonic slices such as continerttasemente.g. Menderes MassifCycladic Basemeptoceanic

(e.g.the CBU) and coveunits (e.g.KurudereNebiler wnits, Oren unij.
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4.2.2. An overall NNESSW gradient oéxtensiorfrom Oligo-Mioceneto Present

The overall picture othe extensional kinematicsf the Aegean Sea angesternAnatolia
shows that the direction and sense of displacement along the main detachments during slab
retreat is consistent over the entire eastern and c&ycdhdes This areapreents a pervasive
network of largescale to smalkcale ductileorittle shear zones in all metamorphic uraisd
ductile and brittlecriteria show an overall consistent ttipthe-NNE kinematicdrom the Central
Aegean (Paroeblaxos) to the DodecanesadaEastern Aegean islandgsgth rare top-to-the SW
(e.g. locally on Leros) and togio-the WNW kinematics (e.glocally on Samos)(Fig. 16b)
Because the tepINE kinematics of the eastern and cen€gtladesis associated with H-LP
metamorphic overprint (with local anatexa) many places (e.gn Ikaria, Mykonos and Naxos
from ~ 20 Ma to the Late Miocengle.g. atype domes Jolivet et al., 2004 and with the
emplaement of the Aegean granitoifisg. Altherr & Siebel, 2002; Rabillard et al., 201.8ve
suggest that most of pestogenic exention is accommodated by-topphe-NNE shearingn this
large area However, this is not the casturther west (western Cyclad) south (southern
Cyclades) and east (Menderes Massiffhere, deformation appears momymmetrical
characterized by several detachment systems exhibiting opposing kinematics (e.g. the WCDS and
NCDS in the Cycladede.g. Jolivet et al., 2010; Grasemann et al., J0lthe Santorini
detachment$chneider et al., 201,8he BuyukMenderesand the Gedidetachmentfe.g. Hetzel
et al., 1995a; Gessner et al., 2[J0&ig. 16b) However, he bivergent patterrin the Menderes
Massif is mostly due to the most recent part of extension, fro@0~-Ma to the preserje.g.

Hetzel et al. 1995b; Gessner et al., 2Q0Before this event, the main detachment exhuming the
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Menderes Massifvas active in the north (Simav Detachment)h a top-to-the-N kinematics
[e.g.,ON 7 H N H, @dbumingpartially molten crus{Fig. 16b) Characterized by episodic
activities, thisdetachmenftault started in the late Oligocene amalve continuedintil 8 Ma [e.qg.
Ring et al., 20036 H \t W R U,Q004BuzKd®et al., 2011; Cenlkik et al., 201p

Furthermore, according to Rirgd al [199%], NNE extension was interrtgd by a shoft
lived phase of BNV shortening between 9 and 8.6 Ma, essentially recorded in the brittle crust.
This compressional eventvhich may also be associated with sosteke-slip component
[Papanikolaou, 1979is ascertained in Samos by the presence a several reverse faults that affect
boththe margins of the Miocene basind the basin itself.dfds formed in the Miocene deposits
before the deposition of the Mytilifbrmationare also compatible witthis event. This Miocene
compressional everias also been recognized on Mykonos during the late stages of cooling of
the intrusionsome 9 Ma agoMenant et al., 20]]3Following Menant et al.4013, we suggest
that theextrusion of Anatolia may be responsible for this regional compressional event in the
brittle crust of thecentralCyclades before strikeslip deformation localized on the edge of the
Aegean domain when ti¢AF reached the north Aegean Sea in the Lateckhe Armijo et al.,
1999; Koukouvelas & Aydin, 20Q2Armijo et al. [2004 proposed thapropagabn of the
NAF and its satellites would produce a compressional stress regime, just south of the western tip
of the faults, while an extensional regime would be active north of the fault. The short
compressional event coutdenbe due to the propagatiah such astrike-slip systemjust north
of SamosHowever,this would make the NAF propagate earlier than usually postulatedi@)
asthe age of the compressiondstimated~ 9 Ma. It is thus important to obtain more data to

precise this point.
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Finally, the late stage ofbrittle deformation is compatible with a-8 to NNESSW
extension over large aredse.g. Brun et al.,, 2016;Ring et al., 2017. For instance, in the
Menderes massif,-BV striking highangle normal faults control the structure of Neogene basins.
These set of faults, seismically active, stditb operate around 5Ma ago[Ring et al, 2003,
and are calirectional with the extension direction of earlier lawgle normal faust In addition,
inversion of GPS data that estimates the predaystrain field Pérouse et al., 2012; Aktug et
al., 2009, andfault mechanism from the earthquake osh@s(datafrom theUSGS Earthquake

Hazards Prograjrshowinga normal componenare bothconsistent with a N extension.

4.3. Slab tearing: which cosequences in the overriding plate?

Before discussing tectonic and thermal consequences of slab tearingedvéo clarify lie

timing of thetearformation below western TurkefPaleomagnetic measuremest®w that the

main differential rotation between the Hellenides and western Anatolia took lppaseen 15

and 8 Male.g. Morris & Anderson, 1996yan Hinsbergen et al2010b;van Hinsbergen &
Schmid, 201P This timing also corresponds to the exhumatibhigh-temperature metamorphic
domes below tofNE detachments in the central and eastern Aegean Sea and emplacement of the
Aegean granitoids. Accordingly, Jolivet aR([1§ suggested a 45 Ma age for the main slab
tearing event, which is consistent witte timing of a Krich magmatic pulse in western Turkey

[e.g. Dilek & Altunkaynak, 2009; Ersog Palmer, 2013 Alternatively, Govers and Fichtner

[2014 suggested that the slakar started to forsearlier (i.e. ~35 M3 following the arrival of
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the Certral Anatolian Crystalline Complein the accretionary complextherefore, we cannot
rule out that slab tearing might start earlier, but at a slower pace.

Within the transition zone from the Menderes Madsifthe Cycladeswe showed thathe
direction ofextension ionsistently NNESSW with no major change in trend, and the sense of
shear is predominantly tetp-thee NNE (Fig. 16b). Most of the observed deformation relates to
low-angle normal faults and ductile shear zomeshout any clear largscale &rike-slip fault
systems that could have been expected above a slafheaconfirms the ideas put forward by
Gessneret al [2013 and Jolivetet al [2015 of a wide zone of gradient of extension
accommodating the lefateral displacement imposed by the faster retreat south of the Aegean
Sea than of the Menderes Mas$ifost of the related deformation in thewer crust isthen
accommodated blpw-angle slkear zoneswhich is compatible with the idea that the deformation
in this region is largely controlled by the flow of asthenospheric mantle undefdeétiet al.,
2009 2015; Menant et al., 201§. Seismic anisotropy dat@Endrun et al. 2011 are also
compatible withthis hypothesis, suggesting a strong coupling betweeAN&Wnhantle fabrics
and thefrozenin fabric in the lower crustWe therefore challenge the hypothesis of Ring et al.
[2017 which suggest an important change in strpaiternin this region. Nonetheless, it is
noteworthy that different fissietrack age patterns have been recorded in both regions (i.e.
Cyclades andMenderes Massif) (see the compiat of Ring et al. 2017), suggesting a
difference ® exhumation and erosion rateAlternatively, to reconcile complex deformation
pattern recorded in the brittle crust andsedimetary basins during the Miocen®ipg et al.,
199%; 2017 to theconsistent NESW ductile flow in the ratamorphic crust (Fig. 16b), enrmay

suggesta posdole decoupling between tharittle upper and the ductile lower crusat some
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periods. This hypothesis have to be further investigated ibwrould imply thatthe overall
geometry and kinematics revealed by this stnaginly results from basal drag due tioe
underlyingasthewspheric flow

Thethermal effect induced ly slab dynamicgi.e. mantle flows and shear heatiragpear
clearly since the Mioceng.g. numerous ich magmatic pulsedilek & Altunkaynak, 2009;
Ersoy & Palmer, 203 and are essentiain the eastern dgean domairje.g. seeRocheet al,
2018H. Slab dynamics contrslthe bulk of heat soue at the base of the crust and therefore
explairs (i) the different pattern of deformation, asymmeadin the central and eastern Aegean
Sea versus symmetdcin the western Cyclades and in the Menderes Maasiich may be
related to the activity of asthenospheric flow undernedtbliviet et al., 201f (ii) the
retrogression in genschistfacies or amphibolitefacies conditions within the metamorphic
domes inthe Aegean domain, (iijhe current localization of geothermal resources in the

Menderes MassiiGessener et aR018; Roche et al 20184.

5. Conclusion

Based on a field study in the eastern parthef Cyclades(Eastern Aegearslards and
Dodecanese)we (i) produce new geological maps addscribe theectonic evolution of this
region (ii) clarify the correlations and differences between the Aegean Sea aMetleres
Massif in terms of lithological and tectonianits and metamorphievolution and we (i)
complete the description of extensional shearing direction and seesdhe entirébackarc

region We highlightthe structure othe accretionary complekatmay be defined by three main
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metamorphic units(i) the LCB Nappe and its Turkish equivalenith the Menderes cover (i.e.
KurudereNebiler units) and Amorgos unjt(ii) the UCB Nappe,and (iii) the HP-LT Lycian
Nappes [fossibly including the Vourliotes nappe ofSamo3. We further show thatin the
transition zone betweeahe Aegean domainand the Menderemassif extension related to slab
retreatand tearingkeeps a constaMNE-SSW direction accommodating the difference in finite
extensionrates with a simple ductile crustal flowhat probably reflects the asthenospheric
mantleflowing underneathNeitherlocalized firstorder strikeslip fault norsignificantrotation

of blocks about a vertical axiat least in the middiower crustare observedbut upper crustal

deformationrmay be partly decoupled atftishaverecordeda differentstress regime
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Abstract

Slab taring belowwestern Turkey had firsirder tectonic and magmatic consequernes
inducing a lateral gradiemtf extension in the upper plate atmtloidal flow of asthenosphetkat
affecied the typology and distribution of melts at the surface. But thapling mechanisms
between the8D mantle flow at depth and deformation in the upper plate above a slab tear have
received little attention so far. This paper is focused on the description of the distribution and
kinematics of deformation in the easterntpaf the Aegean Sea, within theansition zone
between the Cyclades and the Menderes Massiich have been little studied®y investigating
the Dodecanese and Eastern Aegean islanelshus complete the description of the extensional
strain field in tke overriding plate around the slab tear. There, extension related to slab retreat and
tearing keeps a constant NNESW direction accommodating the difference in finite rates of
extensionwithout localizedcrustatscalestrike-slip faults and blockotations above the teamn
addition, despite theomplexity involved in theAegeanAnatolian orogenic wedgea similar
structural position is recognized through the entire redgioom top to bottom, we found th@}
the Lycianunits which wereexhumed earlienin the Late Cretaceou@i) the higherpressure and
highertemperatureunits (i.e. the Upper Cycladic Blueschi$tappe), with exception of the
Vourliotesnappein Samosand finally (iii) thecolderunits such asAmorgos unitthe Menderes
and its coverbefore the Main Menderes Metamorphism overprint and the Lower Cycladic

BlueschistNappe €.g. Milos, Folegandros, part of the Ddecanese and Fourni islands).
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Key Points.

X Extension in Dodecanese and Fourni islandecmnodated by lowangledetachments
x Consistent NNESSWdirected flow in lower crust above slab teéarAegean/Anatolian
transition zone

X No localized strikeslip deformation in the lower crust above slab tearing

x
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