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Abstract
The paleogeographic position having a first order influence on the Cenozoic tectonic history of the

central Dodecanese islands at the transition between the Aegean and Anatolian plates plays a

considerable role in understanding the link between both geologically different domains.

In this study, we investigate the tectonic history of the central Dodecanese and the general
correlation with the Aegean and western Anatolian focusing on the poorly studied island of Kalymnos
and Telendos. Three different major tectonic units were mapped on both islands from bottom to top:
(i) The Kefala Unit consists of Late Paleozoic fossil-rich limestones, which have been deformed into a
SE-vergent fold-and-thrust belt sealed by an up to 200 m-thick wildflysch-type olistostrome with tens
of meters-scale marble and ultramafic blocks. (ii) The Marina Basement Unit consists of a Variscan
amphibolite facies basement with garnet mica schists, quartzites and amphibolites. (iii) Verrucano-
type formation violet shales and Mesozoic unmetamorphosed limestones form the Marina Cover Unit.
Correlation of these units with other units in the Aegean suggest that Kalymnos is paleogeographically
located at the southern margin of the Pelagonian domain, and therefore, in a structurally upper

tectonic position during the Paleogene alpine orogeny.

New white mica *°Ar/*°Ar ages confirm the Carboniferous deformation of the Marina Basement
Unit followed by a Triassic thermal signal. Single grain white mica “°Ar/*°Ar ages from pressure solution
cleavage of the newly defined Telendos Thrust suggest that the Marina Basement Unit was thrusted
towards the north on top of Kefala Unit in the Paleocene. Located at a tectonically upper position, the
units exposed in the central Dodecanese escaped subduction and the syn-orogenic high-pressure
metamorphism. However, these units were affected by post-orogenic extension and the contact
between the Marina Basement Unit and the non-metamorphic Marina Cover Unit has been reactivated
by the cataclastic top-to-SSW low-angle Kalymnos Detachment. Zircon (U-Th)/He ages from the Kefala
and Marina Basement units are ca. 30 Ma, indicating exhumation and cooling below the Kalymnos

Detachment started in the Oligocene. Conjugate brittle high-angle normal fault systems, which
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resulted in the formation of four major WNW-ESE trending graben systems on Kalymnos, localized
mainly in the Marina Cover Unit, probably rooting into the mechanically linked Kalymnos Detachment.
Since Oligo-Miocene extension in the northern Dodecanese records top-to-NNE and the Kalymnos
Detachment a top-to-SSW kinematics, we suggest that back-arc extension in the whole Aegean realm

and transition to the Anatolian plate is bivergent.

Introduction
Continuous subduction of lithosphere containing continental blocks below Eurasia started in the

Cretaceous leading to the formation of the Hellenides and Taurides orogens (e.g., Jacobshagen et al.,
1978; Bonneau, 1984; van Hinsbergen et al., 2005a; Brunn and Faccenna, 2008). Both orogens are
composed of assorted nappe sequences, which have been derived from distinctive paleogeographic
settings and which have experienced different Cenozoic tectono-metamorphic histories characterized
by syn-orogenic subduction/exhumation overprinted by post-orogenic extension to various degrees
(Jolivet and Brun, 2010; Ring et al., 2010). Nevertheless, the correlation of the paleogeographic
position, the stratigraphy and the tectono-metamorphic history of these nappe sequences between
the Hellenides and Taurides is often equivocal (Dirr et al., 1978; Bonneau, 1984; Papanikolaou and
Demirtasli, 1987; Robertson et al., 1991; Papanikolaou, 1997; Gonciloglu et al., 1997; Ring et al., 1999a;
Jolivet et al., 2004; Roche et al., 2019).

The geodynamics of the Aegean-Anatolian transition zone is furthermore of great importance
because various tomographic models have demonstrated a first-order slab tear below this region
(Piromallo and Morelli, 2003; Dilek and Altunkaynak, 2009; Berk Biryol et al., 2011; Salalin et al., 2012;
Jolivet et al., 2013). It has been suggested that this Subduction-Transform-Edge-Propagator fault could
have caused differential finite rates of back-arc extension (Kissel and Laj, 1988; van Hinsbergen et al.,
2005b) and if mechanically linked with the crust may result in in transfer zones of distributed
brittle/ductile deformation (Sternai et al., 2014; Jolivet et al., 2021). Western Anatolia is dominated by
W-E striking Cenozoic detachment faults, which are associated with domal uplift, exhumation of the
Menderes Core Complex and the formation of asymmetric supra-detachment basins (Hetzel et al.,
1995; Bozkurt and Oberhansli, 2001; Gessner et al., 2001). During the Oligocene-Miocene, the Cyclades
experienced back-arc extension leading to the formation of Cordilleran-type metamorphic core
complexes below several crustal-scale low-angle normal fault systems (Lister et al., 1984; Labrousse et
al., 2016). The differential extensional strain between Menderes and the Cycladic core complexes may
have been accommodated by tranfer zones, e.g. the NE-SW striking transtensional izmir-Balikesir
Transfer Zone (Sozbilir et al., 2011; Uzel et al., 2015) or the West Anatolian Transfer Zone (Gessner et

al., 2013; Jolivet et al., 2015). Ring et al. (2017) highlighted the fact that the Aegean-Anatolia plate
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boundary transition zone spatially coincides with a corridor of relatively old fission-track ages, which
were not reset during Miocene tectonism. Fault-slip derived strain axes supported by geodetic data
and earthquake focal solutions (Kahle et al., 1999; McClusky et al., 2000; Aktug et al., 2009) suggest a
sinistral wrench component that was superimposed on the regional NNE-SSW extension (Ring et al.,

2017).

Recently, Roche et al. (2018; 2019) focused on the geology of the northern Dodecanese and
showed, despite the complexity involved in the Aegean-Anatolian transition zone, comparable tectonic
units exposed on the islands of Fourni, Arki, Lipsi and Leros, linking the geology of the Cyclades with
the geology of the Menderes Massif. Most importantly, the authors demonstrated that NNE-SSW
extension is predominantly accommodated along top-to-NNE low-angle normal faults. Interestingly,
no clear evidence of a large-scale strike-slip fault systems that is expected above a slab tear has been
documented. Roche et al. (2019) concluded that there is a gradient in finite extension accommodating
the left-lateral displacement imposed by the faster slab retreat south of the Aegean Sea than of the
Menderes Massif (Gessner et al., 2013). The different pattern of crustal extension, asymmetrical in the
eastern Aegean Sea, but symmetrical in the Cyclades and in the Menderes Massif, may be related to

the mantle flow induced by the slab tear in the transfer zone (Jolivet et al., 2015).

In this work we follow Roche et al. (2019) and extend the geological observations further to the
south in the central Dodecanese islands of Kalymnos and Telendos (Fig. 1). Although, some of the
exposed units can be correlated with the northern Dodecanese, we demonstrate that all rock units on
Kalymnos were paleogeographically located further to the N and belong to a structurally higher
tectonic unit. Our new geochronological and structural data show that Variscan basement rocks have
been thrust towards the north along the newly defined Telendos Thrust in the Paleogene and were
exhumed below the Oligocene top-to-SSW Kalymnos Detachment. Our new observations together
with recent work in the northern Dodecanese suggest that the whole Aegean-Menderes domain

experienced Oligocene-Miocene bivergent extension.

Geological setting in the Aegean-Anatolian transition zone
In the Aegean, Cretaceous closure of the Vardar ocean, which resulted from the convergence between

Adria (Hellenides) and Eurasia (Rhodope),was followed by Cenozoic subduction and nappe stacking of
the Pelagonian, Pindos, Gavrovo-Tripolitza, Phyllite-Quartzite and lonian units (Jacobshagen et al.,
1978; Sengor and Yilmaz, 1981; Bonneau, 1984). In the Cyclades, the Cycladic Blueschist Unit (CBU) is
considered to be an Eocene high-pressure metamorphic equivalent of the Pindos Unit (Blake et al.,
1981; Bonneau, 1984; Papanikolaou, 1997; Jolivet et al., 2003; Brun and Faccenna, 2008; Jolivet and
Brun, 2010; Ring et al., 2010). The CBU is overlain by the Pelagonian Unit or Upper Unit (Fig. 2), which

consists of ophiolitic material obducted over a pre-Alpine continental crystalline basement and its
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Paleozoic-Mesozoic sedimentary cover, which partly experienced Late Cretaceous low-pressure/high-
temperature metamorphism (Patzak et al., 1994). The CBU is underlain by either the Variscan Cycladic
Basement Unit (Diirr et al., 1978; Papanikolaou, 1997; Jolivet and Brun, 2010; Ring et al., 2010) or the
Basal Unit, which is a thick marble sequence exposed in several tectonic windows and is considered to
be a lateral equivalent of the Gavrovo-Tripolitza Unit (Dulrr et al., 1978, Papanikolaou, 1997; Ring et
al., 2001). During the Oligocene-Miocene, the nappe stack experienced back-arc extension leading to
the formation of Cordilleran-type metamorphic core complexes below several crustal-scale low-angle
normal fault systems (Lister et al., 1984; Labrousse et al., 2016). Apart from a debated South Cycladic
Shear Zone or South Cycladic Detachment System (Baldwin and Lister, 1998; Forster and Lister, 1999;
Ring et al., 2011; Huet et al., 2009; Poulaki et al., 2019), extension has been considered to be mainly
asymmetric localizing along the top-to-N/NE North Cycladic (Jolivet et al., 2010) and Naxos-Paros
Detachment System (Gautier et al., 1993). However, the discovery of other coeval low-angle normal
faults with top-to-S/SW kinematics like the West Cycladic Detachments System (Grasemann et al.,
2012) or the Santorini Detachment System (Schneider et al., 2018) have shown that extension in the

Cyclades is bivergent.

In Crete, which belongs to the External Hellenides, Cycladic-equivalent units are exposed in an
Upper Nappe System (Tripolitza, Pindos, Uppermost Unit/Pelagonian) where nappe stacking occurred
during the Oligocene-Miocene (Creutzburg and Seidel, 1975; Le Pichon and Angelier, 1979; Bonneau,
1984). Separated by the Cretan Detachment (Fassoulas et al., 1994; Jolivet et al., 1996; Ring et al.,
2001; Grasemann et al., 2019), a Lower Nappe System consists of the Plattenkalk/lonian Unit and the
Phyllite-Quartzite Unit, which record Triassic closure of the Paleotethys during the Eo-Cimmerian event
(Sengor et al., 1984a; Zulauf et al., 2018). The Lower Nappe System experienced subduction-related
late Oligocene to early Miocene high-pressure/low-temperature metamorphism (Creutzburg et al.,
1977; Seidel et al., 1982; Jolivet et al., 1996). The lonian, Tripolitza and Pindos units have been
correlated with the nappe systems in the southern Dodecanese on Karpathos and Rhodes (Aubouin
and Dercourt, 1970; Mutti et al., 1970; Bonneau, 1984; Koepke et al., 2002; Lekkas et al., 2002).
Recently, Cordey and Quillévéré (2020) showed that ophiolites in the uppermost structural level on
Karpathos record Early Cretaceous ages and therefore should not be correlated with the Pindos Unit

or the ophiolites of Cyprus or Syria, but rather with the Lycian Nappes of Turkey.

In western Anatolia, the Menderes Massif is a bivergent metamorphic core complex, which
exhumed in several stages below three detachment systems that operated throughout the Oligo-
Miocene with opposing sense of shear (Hetzel et al., 1995; Gessner et al., 2001; Bozkurt et al., 2011,
Heineke et al., 2019). The metamorphic rocks of the central Menderes Massif consist of four major
nappes (Ring et al., 1999b) that were stacked during late Cretaceous to Eocene subduction along the

Izmir-Ankara suture zone (Sengor et al., 1984b; Bozkurt and Oberhénsli, 2001; van Hinsbergen et al.,
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2010; Gessner et al., 2013). The massif is overlain in the south by the Oren Unit (Pourteau et al., 2010),
consisting of Mesozoic to Eocene high-pressure/low-temperature metasediments (Fig. 2) (Rimmelé et
al., 2005) and probably correlates with the Afyon zone to the north (Pourteau et al.,, 2013).
Stratigraphic relationships bracket the high-pressure/low-temperature metamorphic event in a latest
Cretaceous to Eocene interval (Rimmelé et al., 2003; Ring and Layer, 2003) and “°Ar/**Ar ages on
phengite yield dates of ca. 67-62 Ma for carpholite-bearing assemblages from the Afyon zone and ca.
63-59 Ma from rocks of the Oren Unit (Pourteau et al., 2013). The Oren Unit corresponds to the lower
high-pressure/low-temperature part of the Lycian Nappes (Bernoulli et al., 1974), characterized by
thrust slices of Paleozoic to Paleocene sedimentary rocks capped by ophiolites that correlate with the
Izmir-Ankara ophiolites north and southwest of the Menderes Massif (Okay, 1989; Collins and
Robertson, 1997; Rimmelé et al., 2003, 2005; Candan et al., 2005). In the west, Eocene blueschist and
eclogite facies rocks occur between the Menderes Massif and the Lycian Nappes/Oren Unit and can be
correlated with the CBU (Candan et al., 1997; Oberhansli et al., 1997, 1998; Ring et al., 1999b). The
Upper Cycladic Blueschist Nappe is mainly composed of a Triassic to Upper Cretaceous
metasedimentary series overlain by eclogite blocks embedded in a pelitic epidote-blueschist matrix
northwest of the Menderes Massif (Fig. 2) (for a more complete tectono-stratigraphic sequence of the

eastern Mediterranean see Roche et al., 2019).

The tectonic units in the northern Dodecanes have been recently studied in detail and their
correlation may link the geology of the Cyclades with western Anatolia (Roche et al., 2018; 2019;
Cetinkaplan et al., 2020). Two major tectonic units can be distinguished: (i) The high-pressure/low-
temperature Temenia Unit (Dirr et al., 1978; Franz and Okrusch, 1992; Franz et al., 2005) is composed
of metapelites and marbles with minor metabasite and can be correlated with the CBU (Roche et al.,
2018), or more specifically with the Lower Cycladic Blueschist Nappe (Fig. 2) (Grasemann et al., 2018),
which has experienced pressures ~8-10 kbar and temperatures ~400-450°C. This is in contrast to the
Upper Cycladic Blueschist Nappe with higher-pressure blueschist and eclogite conditions reaching
~550°C and 20 kbar on Syros, Sifnos and Sikinos (Fig. 2). (ii) The Marina Unit consists of a Variscan
metamorphic basement and a sedimentary cover composed of Permo-Triassic siliciclastic Verrucano-
type formation sediments and Mesozoic limestones (Fig. 2) (Dirr et al., 1978; Franz and Okrusch, 1992;
Franz et al., 2005). With regard to lithologies and paleogeographical affinities, the cover has many
similarities with the Lycian Nappes that belong to the northern margin of the Pelagonian domain
(Roche et al., 2019). Both units are juxtaposed by a syn-orogenic low-angle extensional detachment
with a top-to-NE kinematics, overprinted and partly cut by a more brittle post-orogenic detachment
systems (Thymanea Detachment), reminiscent of the Miocene exhumation of metamorphic domes

during back-arc extension in the Cyclades (Roche et al., 2018).
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Interestingly, Kalymnos, which lies in the central Dodecanese, has attracted so far relatively little
attention and the kinematics of the emplacement of the different tectonic units are unknown
(Triantaphyllis and Karfakis, 1994). In marked contrast to the northern Dodecanes, where the lower
Temenia Unit records high-pressure/low-temperature metamorphism, the tectonically lowermost unit
on Kalymnos records only very low-grade greenschist facies metamorphism (Dirr et al., 1978) and
consists of Upper Paleozoic fossiliferous limestones/marbles, schists and quartzites (Fig. 2)
(Christodoulou, 1970; Dounas et al., 1983). Similar species of Permian fusulinids have been described
from similar fauna in the Southern Alps, Urals and Central Asia (Kahler, 1987). The structurally upper
unit on Kalymnos shows many similarities with the Marina Unitin the northern Dodecanese, comprised
of amphibolites, quartzitic garnet mica schists and sparse interlayered marbles (Fig. 2) (Durr, 1986).
Amphibole and muscovite K-Ar dating of the basement rocks yield ages between 320-200 Ma broadly
suggesting Variscan metamorphism partly overprinted by an early Alpine event (Seidl et al., 1982; Franz
et al., 2005). The rocks experienced pre-Alpine amphibolite facies metamorphic conditions with no
indication of a high-pressure/low-temperature Alpine overprint (Franz et al., 2005). This crystalline
basement has been suggested to be transgressively overlain by Permo-Triassic siliciclastic Verrucano-
type formation sediments followed by dark dolostone and fossiliferous limestones of Upper Triassic to
Liassic age and layered cherty limestones of Upper Jurassic to Lower Cretaceous age (Fig. 2) (Dounas
et al., 1983; Diirr et al., 1978). The unmetamorphosed Mesozoic sediments may correspond to units

of the Lycian Taurus in southwestern Turkey (Katagas and Sapountzis, 1977; Diirr et al., 1978).

New geological map of Kalymnos-Telendos
The major difference between our new geological map of Kalymnos and the IGME 1:50000 map sheet

(Dounas et al., 1983) is that two major tectonic contacts, the Telendos Thrust and the Kalymnos
Detachment, separate the rocks in three different tectonic units (Fig. 2). Below the Telendos Thrust
the newly defined Kefala Unit consists of anchimetamorphic Paleozoic limestones/marbles and
dolostones discordantly overlain by a Wildflysch. The Variscan basement, which consists on Kalymnos
of amphibolites and garnet bearing quartz micaschists, occurs above the Telendos Thrust and below
the Kalymnos Detachment. In analogy with earlier studies (Franz et al., 2005) and correlation with
similar rocks in the northern Dodecanese (Roche et al., 2018; 2019) we refer to these amphibolite
facies metamorphic rocks as the Marina Basement Unit. The Kalymnos Detachment localized in violet
shales at the base of Mesozoic unmetamorphosed limestones, to which we refer as the Marina Cover

Unit.

Based on our new geological map of Kalymnos/Telendos and geological field observations (Fig. 2, 3),

we discuss in the following these three different units and the tectonic contacts.
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Kefala Unit
The Kefala Unit occurs on the small peninsula of Kefala in the north of Kalymnos, at the west coast

near Kamari and on the southernmost part of Telendos island (Fig. 2). Internally, the unit consists of
refolded anchimetamorphic Paleozoic limestones/marbles and dolostones, which can be separated
into lower and upper formations by the Kefala Thrust. The whole package is unconformably overlain
by a wildflysch sequence (Fig. 2).The whole unit is exposed in open upright antiforms with km-scale
wavelengths possessing subhorizontal NE-SW trending fold axes below the overlying Marina Basement

Unit (Fig. 4a-c).

The lower formation of the Kefala Unit consists consist of dark, dm-bedded, partly nodular
Upper Paleozoic limestones (KUdbl in Fig. 5) with up to cm-scale crinoid fragments (Fig. 5b), grading
into grey, m-scale bedded extremely fossiliferous limestones and dolomites containing bellerophontid,
gastropods, brachiopods and orthocone cephalopods (KUd; Fig. 5c). The maximum exposed
stratigraphic thickness on Kefala is ~150 m. The nodular limestone layers are interbedded with cm-
scale sandy, siliciclastic layers of detrital quartz, muscovite, tourmaline and neoblastic stilpnomelane
and actinolite. A pressure solution cleavage wraps around the detrital quartz grains that record no
evidence of crystal plastic deformation. In strain shadows of the detrital quartz grains, needles of
stilpnomelane and actinolite are present. In the fossiliferous limestones, the lithofacies-types range
from densely packed bioclastic packstones, grainstones (Fig. 6a) to micritic-supported wackestones.
On the Kefala peninsula the lower formation of the Kefala Unit is deformed into a large type-3 refold
structure (Fig. 5a): The first fold has a minimum wavelength of ~150 m and a minimum amplitude of
~50 m with a NNE-SSW trending fold axis and an upright axial plane. The second fold generation has a
wavelength of 50 m and an amplitude of 30 m with a NE-SW trending fold axis and a shallow NW-
dipping axial plane. In both fold hinges, cm- to dm-spaced stylolites parallel to the axial planes suggest
that the deformation mechanism accommodated folding was dissolution-precipitation creep. On
Telendos, only the dolostones of the lower formation of the Kefalal Unit, which lacks evidence of
folding or refolding, are exposed. The bedding in the dolostones dips generally towards NW to SE (Fig.
2c).

The lower formation is juxtaposed below the upper formation of the Kefala Unit along the Kefala
Thrust (Fig. 2b). Both on Telendos and on Kefala peninsula, the thrust zone is characterized by NW-N
dipping knife-sharp slickensides, which localized above a m-wide zone of multi-generational dolomitic
cataclasites derived from the dolostones of the lower formation (Fig. 5a, d, e). In fact, the intensity of
cataclastic deformation increases from the intact dolomites in the footwall towards higher structural
levels, from protocataclasites to ultracataclasites at the fault contact of the Kefalal Thrust. The

different generations of cataclasites have wavy contacts and injections are locally observed (Fig. 6b).
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On the principal slip surfaces, truncated grains are frequently observed. Synthetic Riedel fractures

suggest a top-to-SSW/SE transport direction.

The upper formation of the Kefala Unit has an exposed stratigraphic thickness of ~130 m and
consists of several white to bright bluish, massive marble sequences with fragments of black crinoids.
The rocks are cut by numerous dolomite veins that strike roughly N-S and W-E. At lower structural
levels above the Kefala Thrust, several m-wide ductile shear zones transform the otherwise
undeformed limestones into dynamically recrystallized fine-grained marble mylonites (Fig. 5f). The N-
S striking veins are deformed into ptygmatic folds with fold axes parallel to the shearing direction,
recording layer parallel shortening during shearing. Dolomite veins striking W-E are rotated and
stretched towards the south into the shearing direction. Stretching is accommodated by boudinage of
the dolomite veins, ductile flow in the host calcitic marbles and precipitation of new calcite grains
between the interboudin surfaces. Pinch-and-swell shaped objects of dolomite are rotated into the
shear direction forming winged inclusions. Note that although at the mesoscopic scale the formation
of ptygmatic folds and pinch-and-swell boudinage appear ductile, a closer inspection of the fold hinges
and the internal deformation of the winged inclusions reveals the dolomite deforms cataclastically

during ductile flow in the host calcitic marbles (Fig. 5f).

At higher structural levels the marbles pass into undeformed limestones and are overlain by
several m-thick bedded, fossiliferous, dark limestones with fusulinides (Fig. 5g, 6¢, 7a). The limestones
are peloid grainstones formed from micritized bioclasts, oncoid rudstones with fragments of skeletal
grains forming the centers of biogenous cortices and fusulinid pack- to rudstones (Fig. 6c). The
observed lithofacies suggest a shallow water depositional environment on a carbonate shelf under
variable energy conditions. Low wave-energy areas are documented by mud- to wackestones
containing the stationary semi-infaunal foraminifera globivalvulina. Peloidal grainstones indicate a
deposition in a high to moderate energy environment, probably above fair-weather wave base (Flugel,
2010). Originally mineralized organic hard parts (e.g., mollusk and brachiopod shells) were completely
fragmented due to reworking by wave or tidal processes in a relatively shallow water environment.

Extensive bioerosion by endolithic organisms caused micritic envelops of bioclasts.

Unlike the refold structure in the lower formation of the Kefala Unit, the structures above the
Kefala Thrust form an upright low-amplitude dome-and-basin type-1 refold structures with ~100 m

wavelength and NNE-SSW and WNW-ESE trending fold axes (Fig. 2b, 4a).

The structures in the lower and upper formations of the Kefala Unit including folding and
thrusting indicate a progressive WNW-ESE shortening and are unconformably overlain by a ~80 m-
thick wildflysch formation consisting of quartzites, radiolarites, reddish slates, and conglomerates with

10-50 m diameter blocks of marbles and gabbroic rocks embedded in sandstones and conglomerates
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without any tectonic contact (7b-d). Here we refer to such sediments composed of a chaotic mass of
heterogeneous material of an olistostrome as wildflysch, because this alpine term has been widely
used in the regional literature (Papanikolaou and Sideris, 1983). The most spectacular olistoliths are
two marble blocks with a ~50 m diameter (Fig. 7b). On Kefala peninsula, the angular unconformity is
masked by a WNW-ESE striking brittle fault (Fig. 2). On Telendos, the sedimentary contact of the
wildflysch with the underlying unit cross cuts from the upper formation across the Kefala Thrust to the
lower formation clearly producing an angular unconformity (Fig. 5d). The whole package was subjected
to open upright folding with 10-100 m wavelengths. Deformation in the fold hinges was mainly
accommodated by pressure solution and precipitation of arc-normal quartzitic and calcitic composite
veins and neither the quartz nor the calcite shows evidence for crystal plastic deformation. Most of
the partly chaotic internal deformation probably resulted from soft sediment deformation during mass
flow and slumping. In the cm-dm bedded radiolarites and slates, shortened horizons are detached from
underlying beds and overlain by undeformed horizontal beds (Fig. 7c). The poorly-sorted matrix-
supported conglomerates exhibit reworking of the underlying sediments, and quartzite and radiolarite
components occur beside exotic metamorphic and plutonic pebbles (Fig. 7d). The coarse-grained
marbles with calcite up to 2 mm record evidence of dynamic recrystallization by grain-boundary
migration (black arrow in Fig. 6e). Within the marbles up to several dm-scale angular dolomitic blocks
preserve sedimentary structures (Fig. 7b) and undeformed fusulinid foraminifera fossils (white arrow
in Fig. 6a) with no indication of metamorphic overprint. Geopedal fabrics are preserved in some of the

fossils, which are half filled with micritic sediment and calcite sparite (grey arrow in Fig. 6e).

Telendos Thrust
The Marina Basement Unit is thrusted on top of the Kefala Unit along the newly defined Telendos

Thrust. This tectonic contact is exposed around Emborios (Fig. 2 and 5a), west of Kamari and most
spectacularly across the southern part of Telendos island (Fig. 2 and 8a). Deformation of the fault rocks
along the thrust are dominated by two processes (Fig. 6f-h, 7e and f): (i) Formation of several m-thick
multi-generations of cohesive cataclasites to ultracataclasites, some of which could be related to the
formation of pseudotachylites. (ii) Dissolution-precipitation processes that overprint rocks from the
hanging wall (quartz-mica schists (Fig. 6f, g) and amphibolites (Fig. 6h) of the Marina Basement),
footwall (wildflysch of the Kefala Unit, Fig. 7e) and the cataclasites (Fig. 7f) forming SCC’ fabrics. Highly
deformed shear zones developed in the quartz-rich lithologies by intense formation of pressure
solution cleavage parallel to the shear zone boundary (compare Fig. 6f and g). Quartz veins precipitate
at high angle to the shear zone boundary and are folded, un-folded and stretched into pinch-and-swells
during rotation into the shear direction. Although the deformation of the veins might be
accommodated by some contribution of crystal plastic processes, no mylonitic shear zones with a

dynamically recrystallized matrix have been observed. All kinematic indicators, such as sigmoids,
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SC/SCC’ fabric and rotated folded and stretched veins, document a clear top-to-NNW/NNE sense of
shear for the Telendos Thrust (Fig. 4e, 6f-h and 7e, f). Shear deformation is strongly localized along the
Telendos Thrust with a few isolated shear zones occurring in the hanging wall in the Marina Basement
Unit (e.g. Fig. 6h). No structures associated with the Telendos Thrust have been observed in the Kefala

Unit.

Marina Basement Unit
The Marina Basement Unit is exposed along the coast northwest of Emborios to Skalia, in Sikati Bay, in

the southeast between Masouri and Panormos, in Pithari Bay, and on Telendos (Fig. 2 and 8a). The
exposures on Telendos and south of Masouri are dominated >150 m-thick strongly foliated and folded
amphibolites (Fig. 7g), which are overlain north of Panormos by ~100 m-thick garnet-bearing quartz
mica schists (Fig. 7h). No tectonic contact between the amphibolites and the garnet-bearing quartz
mica schists has been observed. The exposures around Emporios and Skalia consist only of quartz mica
schists and albite gneisses, where no garnet has been observed. The structures in the Marina Basement
Unit are dominated by a complex pattern of refolds, which deform an earlier metamorphic foliation.
In general, the foliation is nowhere parallel to the tectonic contacts of the footwall (Telendos Thrust)
or hanging wall (Kalymnos Detachment, Fig. 4d). At the outcrop scale the dominant interference
patterns are type-3 hook-and-crescent structures best outlined by foliation-parallel quartz veins in the
amphibolites (Fig. 7g). Subhorizontal m- to dm-long brittle to brittle/ductile shear zones generally
record top-to-N kinematics (Fig. 6h) but brittle top-to-S shear zones have also been locally observed.
For a detailed petrological study of the Marina Basement Unit, we refer readers to the work of Franz

et al. (2005).

Kalymnos Detachment
The Kalymnos Detachment separates the Marina Basement Unit below from the Marina Cover Unit

above (Fig. 8a). Although the contact is largely covered by scree from the cliffs of the Mesozoic
limestones, the tectonic contact is well exposed along the roadcuts northwest of Skalia, at the base of
the rock-climbing area “The Beach” in Sikati Bay, along the beach in Masouri and at the base of the
klippe of Mesozoic limestones on Mt. Vighla (Fig. 2). The several m-thick fault rocks consist mainly of
incohesive cataclasites/ultracataclasites and fault gouges, and localize either in phyllonitized
crystalline rocks of the Marina Basement Unit or in the Verrucano-type formation violet shales at the
base of the Marina Cover Unit (Fig. 8b-d). SC/SCC’ fabrics, scaly fabrics and asymmetric boudinage of
yellow dolomite layers in the violet shales indicate consistently top-to-SSW shear sense (Fig. 4e). In
mature ultracataclasites remnant grains of up to 1 cm in diameter are well rounded and record partly
polished clasts surfaces. The fault rocks show highly deformed multi-generations of ultracataclasite
formation derived from various strongly altered protoliths with protrusions and injections between

the different generations and types of cataclasites (Fig. 8b-d). Brittle to brittle/ductile low-angle shear
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zones with top-to-S kinematics with only minor displacement on the order of a few meters to tens of
meters are also found in the footwall of the Kalymnos Detachment, for example in the amphibolites
and mica schists of the Marina Basement Unit and the wildflysch of the Kefala Unit below the tectonic
klippe at Mt. Vighla (Fig. 8e). No low-angle shear zones have been observed in the Marina Cover Unit

above the Kalymnos Detachment.

Marina Cover Unit
The Marina Cover Unit consists of violet shales and orange sandstones (Verrucano-type formation)

with up to m-thick layers of yellowish dolomites at the base and Mesozoic limestones (Fig. 2), forming
up to 350 m high cliffs and representing the dominant lithology of Telendos and Kalymnos (Fig. 2).
Although the contact to the underlying basement is clearly tectonic, we use in analogy with previous
publications the term ‘cover’ considering the Marina Cover Unit in a para-autochtonous position. The
violet shales are not preserved along the entire base of the Marina Cover Unit and have only been
observed in the area of Skalia and Linaria, where they reach a thickness of ~50 m and are tectonically
strongly overprinted by the Kalymnos Detachment. The Mesozoic limestones reach a thickness of
about 600 m and consist of two parts (Dounas et al., 1983; Tselepidis and Karras, 2013): The lower part
includes Late Triassic to Late Jurassic dark, thick bedded limestones with dolomite layers at the base
that grades into dark medium to thin-bedded limestones with abundant chert nodules. The upper part
is characterized by Cretaceous white-gray, thick-bedded limestones. The contact between the lower
and upper carbonate sequence has been described as an angular unconformity (Dounas et al., 1983;
Tselepidis and Karras, 2013). Karstification of the limestones resulted in a variety of large- and small-
scale features and the development of large cave systems with abundant drip stone formations (e.g.,

Sikati, Skalia, Fig. 2).

Since the Mesozoic limestones were not the focus of the present study, we refer the reader to
more details about the stratigraphy and possible age in the works of Christodoulou (1970),
Triantaphyllis and Karfakis (1994), and Tselepides and Karras (2013).

Brittle high-angle fault
All lithologies of the Kefala Unit and the Marina Unit are cut by high-angle WNW-ESE striking brittle

normal faults (Fig. 2, 4). These normal faults also control the geomorphology of Kalymnos,
characterized by four WNW-ESE striking grabens (Sikati, Arginonta, Vathis and Pothia, Fig. 2) that are
filled with Neogene to Quaternary sediments. The high-angle fault, which separates the peninsula of
Kefala, is in direct continuation of the Arginonta graben system. In the Kefala Unit, the fault rocks
associated with the high-angle normal faults consist of incohesive cataclasites to ultra-cataclasites,
where the color can be directly related to the host rocks from which the cataclasites have been derived.
Shear sense criteria such as scaly fabrics and synthetic Riedel shears consistently show normal

displacement (Fig 8f). Offset of marker horizons at the outcrops south of Masouri and on Telendos
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suggest a displacement along these normal faults of only a few meters. Based on the offset of the
transgressive contact of the wildflysch on the limestones of the Kefala Unit and the missing
continuation of the Telendos Thrust on the Kefala peninsula, the displacement of this normal fault can
be estimated on the order of a few tens of meters. Large normal fault scarps are better preserved
along the flanks of the graben structures in the Mesozoic limestones of the Marina Unit. Southeast of
Arginonta, fault scarps on both sides of the graben are ~50 m high showing corrugated slickensides
with a clear dominant dip-slip lineation (Fig. 8g). The partly polished slickensides localized in multi-
generational cohesive cataclasites recording truncated grains on the principal slip surface. Synthetic
Riedel shears confirm the normal sense of the faults. Locally, the dip-slip lineation is overprinted by a
minor dextral strike-slip component (Fig. 4f). In the Skalia cave, WNW-ESE striking normal faults offset

and damaged dripstones and flowstones.

Geochronology
We carried out white mica *°Ar/3°Ar and zircon (U-Th)/He geochronology to resolve the timing of low-

temperature deformation of the Kalymnos Detachment and Telendos Thrust (Fig. 9). Multigrain, single
crystal total fusion “°Ar/33Ar geochronology on handpicked, 106- to 250-um mica separates from
Marina Basement Unit and conglomerates from the Kefala Unit was performed with a Photon
Machines CO; laser coupled to an ARGUS VI mass spectrometer at the University of Manitoba
(Winnipeg, Canada). Additionally, incrementally step-heated *°Ar/**Ar geochronology on handpicked
mica separates from Marina Basement Unit samples was performed with a Photon Machines CO, laser
coupled to a Nu Instruments Noblesse multicollector mass spectrometer housed at the Geological
Survey of Canada (Ottawa, Canada). Duplicate analyses for four of the five samples was carried out on
three- to four-grain aliquots of the 106- to 250-um size fraction. The methodology and data tables

(Table S1 and S2) are available in the supporting information.

Incrementally heated samples are mostly from the Marina Basement Unit exposed north of
Emborios; one sample (KA014) was taken from high strain schists of the Telendos Thrust zone. In the
mica schists and amphibolites, mica define the planar structure of the rock, occurring as bundles or
sheets. All samples monotonically increase in age to an older component preserved in the higher
temperature steps (Fig. 10). Total gas ages are ca. 200 Ma to ca. 350 Ma, and notably, the youngest
total gas age is from the high strain sample of the Telendos Thrust. Reliable ages are from the older
samples defining Carboniferous plateaus, and likely preserve the oldest component recorded in the
Marina Basement Unit. Our results are analogous to the muscovite K-Ar dates of Franz et al. (2005), as
well as their amphibole K-Ar dates, but the latter set of analyses have extremely low potassium content
(~0.5 wt%). Three additional samples within the Telendos Thrust were dated via multiple single crystal
“OAr/*Ar analyses, as well as one additional mica schist of Marina Basement Unit. The Marina

Basement sample, with white mica defining an anastomosing foliation, yielded a similar dispersion of
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dates as the incrementally heated samples, also preserving a middle Carboniferous population as the
oldest component. Dates from the thrust zone, comparable to the other latest Triassic date within the
high strain zone, are younger. One sample from Telendos island, a deformed calcite-bearing
radiolarite, yields a dominant ca. 200 Ma population. The remaining two samples, one west of Kamari
and one at Emborios, from the thrust zone yield dominant Late Cretaceous to Paleocene dates from
mica that reside in the spaced pressure solution cleavage, which formed during dissolution-

precipitation processes.

Following standard mineral separation procedures, individual zircon grains from three samples
of the Marina Basement Unit and one sample of the Kefala Unit were handpicked for (U-Th)/He dating.
Six to eight zircons from each of the four samples were analyzed at the Thermochronology Research
and Instrumentation Laboratory (U-Th)/He facility at the University of Colorado (Boulder, USA). Helium
analyses were conducted using an ASI Alphachron He extraction line connected to a Balzers PrismaPlus
QME 220 quadrupole mass spectrometer. A Thermo Element 2 magnetic sector mass spectrometer
was used for the U and Th analyses. All ages were corrected for the effects of a-ejection and are
reported at 2o analytical uncertainty (Table 1). Details of the (U-Th)/He methodology are available in
the supporting information. The new zircon (U-Th)/He data yielded similar dates for all samples, with
weighted mean ages of 27.3 £ 0.2 Ma to 30.2 + 0.4 Ma indicating early Oligocene cooling below ~200°C
(Wolfe and Stockli, 2010) for the entire package of crystalline rock on either side of the Telendos Thrust
that defines the footwall of the Kalymnos Detachment (Fig. 9). Effective uranium (eU) values range
from 939 ppm to 34 ppm, arguably the most retentive zircon analyses with the oldest age at ca. 387
Ma. Notably, the weighted mean (U-Th)/He ages do not include a few single Paleocene dates, which

overlap with the youngest single crystal white mica “°Ar/*°Ar dates (Fig. 10).

Discussion

Tectonic evolution of Kalymnos and correlation of the lithostratigraphy
Based on our new structural observations and geochronological results, we can interpret the tectonic

evolution of the units on Kalymnos including the tectonic contacts that separate them. We
furthermore discuss our results with previous studies on Kalymnos and attempt to paleogeographically

correlate the tectonic units with other studies in the eastern Mediterranean.

Kefala Unit-Kefala Thrust
The rocks of the newly defined Kefala Unit have been previously correlated with the Temenia Unit

(Durr et al., 1978; Katagas, 1980; Franz et al., 2005), the lowermost succession in the Dodecanese,
consisting of Paleozoic to Mesozoic sediments overprinted by high-pressure Alpine metamorphism
(Franz and Okrusch, 1992). Based on the observation of metamorphic aragonite, blue amphibole, and
maximum temperatures determined by Raman spectroscopy on carbonaceous material thermometry,

Roche et al. (2018) suggested that the Temenia Unit on Leros experienced Alpine pressures of ~8-10
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kbar for temperatures of 370-450°C and, therefore, can be correlated with the Lower Cycladic
Blueschist Nappe in the Cyclades (Grasemann et al., 2018). The fossiliferous Upper Paleozoic
limestones (Fig. 6a-c) and the quartzites in the discordantly overlying wildflysch (Fig. 6d) show no
evidence for extensive dynamic recrystallization and therefore have never experienced temperatures
above 300°C (Passchier and Trouw, 2005). Ductile deformation of a limited extent, but still preserving
crinoids as clasts and brittle deformation of dolomite veins (Fig. 5f), has been only observed
immediately above the brittle fault contact of the Kefala Thrust probably suggesting that this thrust
was partly active at the brittle-ductile transition zone with limited dynamic recrystallization in calcite
(Bauer et al., 2018). Because the fold-and-thrust belt type deformation of the Upper Paleozoic
limestones transgressed by an olistostrome (wildflysch) has not been reported for the Temenia Unit
on other islands in the Dodecanese and because the Kefala Unit did not experience high-pressure
metamorphism, we suggest that these rocks exposed on the Kefala peninsula of Kalymnos and in the
southern parts of Telendos belong to a different tectonic unit (i.e., Kefala Unit), structurally above the

Temenia Unit.

The age of the Upper Paleozoic limestones is constrained by the fossil assemblage, especially
fusulinids (Fig. 7a), which are shallow warm water benthic foraminifera confined to (sub)tropical
conditions. An early Permian age (Asselian-Sakmarian) has been already proposed for the limestones
on Kefala by Kahler (1987) and Thorbecke (1987), who emphasized the similarities with faunas in the
Carnic Alps, Iran and Central Asia. Although various correlations have been suggested (for a discussion
see Robertson and Ustadmer, 2009), very similar lithologies and fauna including fusulinids of late
Carboniferous to early Permian age have been reported from the Hadim area in the central Taurides
(Kobayashi and Altiner, 2008), Chios (Kahler, 1987), Lesvos (Katsikatsos et al., 1982) and Hydra (Baud
et al., 1991, Grant et al., 1991), constraining together with tectonic arguments the paleogeographic

position of Kalymnos (see below).

The depositional age of the wildflysch, which unconformably overlies the folded and imbricated
Upper Paleozoic limestones, is unknown. The common occurrence of carbonate, chert and large
olistoliths signifies intense syntectonic sedimentary activity. The occurrence of a large marble block
with dolomite components preserving fusulinid foraminifera (Fig. 6e, 7b) suggests that at least parts
of the Paleozoic series experienced low-grade metamorphic conditions, erosion and sedimentation in
the wildflysch. Although the style of deformation in the wildflysch unit is completely different and
dominated by slumps and soft sediment deformation compared to the underlying folds and faults in
the limestones, the rocks below and above the unconformity record both doming and upright, large
wavelength folding indicating NW-SE shortening (Fig. 4a-c). On Chios, a pre-Early Triassic wildflysch
containing Silurian to Carboniferous olistoliths represents a predominantly Carboniferous accretionary

wedge related to the subduction of the Paleotethys (Papanikolaou and Sideris, 1983; Stampfli et al.,
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1991; Zanchi et al., 2003), although the details of the stepwise closure of the Paleotethys are more
complex (Meinhold et al., 2008; Robertson and Ustadmer, 2009). It is important to emphasize that
Christodoulou (1970) reported Upper Carboniferous foraminifera east of Emborios, which he thought
were from “limestone lenses” in the Marina Basement Unit. Because the preservation of fossils in
marble layers of a highly deformed amphibolite facies rock is very unlikely, we speculate that the
reported fossils east of Emborios are from a limestone component within the wildflysch (compare Figs.
6e and 7b). Here, we suggest that the wildflysch on Kalymnos has been deposited in the Triassic on top
of the Upper Paleozoic limestones shortly after folding and imbrication along the top-to-SE Kefala
Thrust but before being overthrusted by the Marina Unit along the Telendos Thrust (see below).
Triassic flysch sedimentation has been reported from several regions in the Alpine-Mediterranean
realm and has been attributed to events related to the closure of the Paleotethys (Brandner, 1984) or
to rifting of the Neotethys (Robertson et al., 1991). In any case, due to the lack evidence for dynamic
recrystallization of quartz, the whole Kefala Unit never experienced anything greater than
subgreenschist facies metamorphic conditions. The Oligocene zircon (U-Th)/He age from the wildflysch
on Telendos suggests that the Kefala Unit together with the overthrusted Marina Basement Unit
experienced its final emplacement at upper crustal levels due to exhumation and cooling below the

Kalymnos Detachment.

Marina Basement Unit-Telendos Thrust
The Marina Basement Unit of Kalymnos and Telendos can be related to pre-Alpine basement rocks on

the Dodecanese islands of Lipsi, Leros (Katagas and Sapountzis, 1977; Dirr et al., 1978; Katagas, 1980;
Franz and Okrusch, 1992; Roche et al., 2018; 2019) and in eastern Crete (Seidel et al., 1982; Franz et
al., 2005; Finger et al., 2002; Zulauf et al., 2008). The extent of the Variscan orogen can be traced to
the Pelagonian (Kotopouli et al., 2000; Vavassis et al., 2000), the Cyclades (e.g., Andriessen et al., 1987;
Tomaschek et al., 2008), and the Sakarya Zone of the Pontides (Meinhold et al., 2008; Okay and Topuz,
2017). Carboniferous tectono-metamorphic processes are interpreted here as the result of northward
subduction of the Paleotethys that continued until the Triassic (Brandner, 1984; Stampfli and Borel,
2002), although other paleogeographic reconstructions suggest a subduction of the Paleotethys

towards the south (Sengor et al., 1984a; van Hinsbergen et al., 2020).

The Marina Basement Unit in the southern parts of Kalymnos between Masouri and Linari and
on Telendos is dominated by amphibolites overlain, without a tectonic contact, by garnet mica schists
(Fig. 2). Franz et al. (2005) described these lithologies in the Dodecanese as the Panormos Unit and
resolved amphibolite facies conditions of 570-630°C at 5.5-7.5 kbar. Major and trace element
geochemistry of amphibolites show striking similarities to Variscan amphibolites in Crete (Franz, 1993).
The Marina Basement Unit in the northern parts of Kalymnos between Skalia and the area northwest

of Emborios and in Sikati Bay consists only of quartz-rich mica schists and albite gneisses, lacking
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garnets. Franz et al. (2005) derived slightly lower metamorphic conditions for these rocks of ~475-
550°C and 5.5-6.5 kbar but since the tectonic relation to the metamorphic rocks in the southern part
of Kalymnos is not exposed, we refer to all Vasriscan crystalline basement rocks as the Marina
Basement Unit. Although these rocks have been compared with similar Variscan-age lithologies on
Crete, itis important to emphasized that the Marina Basement Unit not only lacks Alpine high-pressure
metamorphism (Franz et al., 2005), but is totally lacking any Alpine metamorphic signature and
deformation is only marked by pressure solution cleavage close to the Telendos Thrust. The direct
consequence of this observation is that all structures like metamorphic foliation and complex re-
folding must be pre-Alpine in age. However, because of the limited exposure and the complexity of the
refold structures, we focused on the kinematics of tectonic contacts and did not further investigate

the internal pre-Alpine structure of the Marina Basement Unit.

Our proposed tectono-metamorphic history is supported by the published and new
geochronological data. Franz et al. (2005) reported K-Ar amphibole ages from the amphibolites in
southern Kalymnos (Panormos and Masouri) between 310-230 Ma and K-Ar muscovite ages of 315 Ma
from the mica schists northwest of Skalia. Our new “°Ar/**Ar ages from the mica schists and
amphibolites of the Marina Basement Unit in Kalymnos and Telendos confirm Carboniferous
metamorphism but show a clear isotopic resetting of samples in the Triassic at lower structural levels,
suggesting a minor thermal event probably related to the closure of the Paleotethys or initial rifting

leading to the formation of the Pindos ocean.

The Aegean region during the Late Triassic-Early Jurassic is characterized by deposition of
carbonate platforms and pelagic sediments without evidence of orogenesis. Our youngest mica
4OAr/*Ar ages from single crystal analysis and in some of the low-temperature steps (Fig. 9 and 10) of
material from pressure solution cleavage structures close to the Telendos Thrust yield Cretaceous to
Paleocene ages with a dominant group in the Paleocene, which overlaps with the oldest population of
zircon (U-Th)/He dates. Since this pressure solution cleavage intensifies in high strain shear zones
characterizing the ductile deformation of the Telendos Thrust (compare Fig. 6d, f and g), we suggest
that the Telendos Thrust was active in the Paleocene, thrusting the Marina Basement Unit towards the
north on top of the Kafala Unit. Note that this tectonic history is significantly different to previous
studies, which did not observe a thrust at the base of the Marina Basement Unit, and followed the
original idea of Desio (1931) suggesting that the sedimentary rocks of Kalymnos were deposited on a
crystalline basement. In this interpretation the Upper Paleozoic limestones exposed on Kefala have a
para-autochtonous position and were originally deposited on the Marina Basement Unit (Thorbecke,

1987).
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Marina Cover Unit-Kalymnos Detachment
More than 90% of the exposures on the islands of Kalymnos and Telendos consists of the Marina Cover

Unit dominated by steep cliffs of the unmetamorphosed Mesozoic limestones. Locally, the base of the
limestones is marked by violet shales (Verrucano-type formation), which have been also compared
with the Triassic Val Camere Formation of Leros (Desio, 1931; Thorbecke, 1987), the Kapsala Formation
of Amorgos (Thorbecke, 1987) and the Tyros Unit in Crete (Zulauf et al., 2018). The violet shales on
Kalymnos have been interpreted as a transgressive series, deposited on the eroded Marina Basement
Unit (Thorbecke, 1987). Although we do not question the sedimentological interpretation and the
stratigraphic position of the protolith of the violet shales, our observations demonstrate that the
Kalymnos Detachment localized in this weak lithology and the violet shales have been reworked into
fault rocks, which suffered intense polyphase cataclastic deformation at the base of the Marina Cover
Unit (Fig. 8c). In fact, the violet shales are tectonically excised and most of the outcrops on Kalymnos
and Telendos show that the Mesozoic limestones are directly juxtaposed against the amphibolites and
mica schists of the Marina Basement Unit separated by clay gouge and ultracataclasites mainly derived
from the crystalline rocks (Fig. 8b, d). The kinematics of the subhorizontal Kalymnos Detachment,
which is slightly deformed in three large-wavelength/low-amplitude domes (compare 0 m structure
contours of the detachment in Fig. 2), is clearly top-to-SSW and because of the distributed deformation
of brittle/ductile shear zones in the footwall of the detachment (Fig. 8e) and an increase in intensity
and thickness of cataclastic shear zones towards the base of the Marina Cover Unit, the detachment is
interpreted as a low-angle normal fault. Low-angle brittle normal faults with top-to-N kinematics either
at the base of the Mesozoic limestones or cutting down-section to deeper structural levels have been
reported from Leros, Lipsi and Thymaena and are collectively called here the Thymaena Detachment
(Roche et al., 2019). Because our new zircon (U-Th)/He data from the rocks below the Kalymnos
Detachment yield Oligocene cooling ages (Fig. 9, Tab. 1), we suggest that the top-to-N extension in the
northern Dodecanese and the Kalymnos Detachment were generally simultaneously accommodating
bivergent N-S extension of the crust. We emphasize that the Temenia Shear Zone with a top-to-NE
kinematics facilitated the syn-orogenic extrusion of the alpine high-pressure/low-temperature rock of
the Temenia Unit, which is not exposed on Kalymnos and not related to the post-orogenic Kalymnos

Detachment operating at higher structural level.

The Mesozoic limestones of the Marina Cover Unit, which have not been examined
stratigraphically in this study, have been discriminated into three different formations (Desio, 1931;
Christodoulou, 1970; Dounas et al., 1983; Thorbecke, 1987): (i) The Skalia Limestone has a thickness of
about 200 m and consists of dolomites and limestones with stromatolites at the base containing Upper
Triassic to Lower Cretaceous microfossils. (ii) The 120 m thick Pantes-Chert-Limestone concordantly

overlies the Skalia Limestone and is unconformably overlain by (iii) the 500 m thick Cretaceous
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(Hippurites) Elias Limestone. The Mesozoic limestones represents a stratigraphic sequence with no
major internal shortening (Thorbecke, 1987) although some imbrications and large-scale folds locally
exist (Dounas et al., 1983). Thorbecke (1987) also emphasizes the similarities of the Mesozoic
limestones with the units exposed on Amorgos, where the limestones are overlain by Eocene flysch.
Eocene limestones and flysch have been also reported from the small island of Pserimos, 5 km east of
Kalymnos (Desio, 1931; Christodoulou et al., 1970). Based on these observations plus the important
observation that the Marina Cover Unit is in the hanging wall of the Lower Cycladic Blueschist Nappe
on Leros, we follow the interpretation of Roche et al. (2018) and suggest that Marina Unit on Kalymnos

is similar to the Lycian Nappes of the Pelagonian domain (Roche et al., 2019).

The geomorphology of Kalymnos is dominated by four graben systems, which are associated
with normal faults developed in the Mesozoic limestones of the Marina Cover Unit (Fig. 2, 8g) and
which are filled with Neogene sediments. Although some local strike-slip reactivation has been
observed, the kinematics of the WNW-ESE striking normal faults reflect an overall NNE-SSW extension
(Fig. 4f). High-angle faults with the same kinematics have also been observed in the Marina Basement
Unit and the Kefala Unit but, with the exception of the fault separating the peninsula of Kefala, these
faults record only a few meters of offset. Additionally, neither the Kalymnos Detachment or the
Telendos Thrust show significant offset across this graben system and therefore we speculate, that the
normal faults, which border the grabens, may root and transfer their displacement into the Kalymnos
Detachment. High-angle faults mechanically interacting with low-angle faults have been demonstrated
in various detachment systems (e.g., Wernicke, 1981; Lister et al., 1984; Rigo et al., 1996; Gessner et
al., 2001; Jolivet et al., 2010) and the orientations of the grabens are aligned with an overall NNE-SSW
extension. The strong geomorphological signal of the high-angle normal faults and faulted
speleothems in the Skalia cave suggest that these faults are still active accommodating ongoing NNE-

SSW extension.

Paleogeographic correlation of the tectonic units on Kalymnos in the eastern Aegean domain
A continuation of the units of Kalymnos and the Dodecanese eastwards to the Lycian Nappes has been

already proposed by Bernoulli et al. (1974) and Diirr et al. (1978), although no unequivocal assighment
to specific units of the Lycian Nappes has been established. Conversely, Kalymnos rocks have been also
assigned either to the Pelagonian (Durr et al., 1978; Mountrakis, 1986; Schmidt et al., 2020) or the
Gavrovo-Tripolitza zone (Papanikolaou and Demirtasli, 1987; Jolivet et al., 2004; Ring et al., 2010).

Consequently, no firm correlation with the Hellenides is established either.

Our newly described Kalymnos Detachment juxtaposes Marina Cover carbonates in the hanging
wall against Marina Basement and Kefala Unit in the footwall. The Late Triassic-Cretaceous carbonate

Marina Cover Unit records locally W-E trending large-scale folds cut by WNW-ESE striking high-angle
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brittle normal faults (Triantafyllis and Karfakis, 1994). The Kalymnos Detachment localized at the base
of the carbonates along a Verrucano-type formation. A similar lithology can be observed in a
comparable structural position in several units throughout the south Aegean such as the Tripolitza Unit
of Crete (Stampfli et al., 2003; Zulauf et al., 2008) and the Pelagonian Unit of Attica, Evvia and Hydra
(De Bono et al., 2001). The most important stratigraphic feature of Marina Cover is the Cretaceous
unconformity (Dounas et al., 1983; Tselepides and Carras, 2013), which is typical for the Pelagonian of
continental Greece and related to Vardar ophiolite obduction in the Late Jurassic-Early Cretaceous.
Tselepides and Carras (2013) further described continental slope facies that are common for the
Pelagonian and non-existant in the Gavrovo-Tripolitza platform. The same unit appears north of
Kalymnos on Leros, tectonically overlying the Temenia Unit, a high-pressure metamorphic unit
correlative to the CBU (Roche et al., 2018). In Attica and the Cyclades, the CBU is overlain by Pelagonian
rocks (Dirr et al., 1978; Papanikolaou, 2009; 2013; Jolivet and Brun, 2010) and there is no simple
scenario that could bring the external Gavrovo-Tripolitza rocks on top of the CBU. Therefore, we
conclude that the overlying Marina Cover sequence on Kalymnos represents the eastern continuation

of the Pelagonian zone.

The underlying Marina Basement of pre-Alpine affinity includes high-grade rocks that were
metamorphosed in the Carboniferous (Variscan) and the early Cenozoic (Franz et al., 2005; this study),
for instance, during the closure of Pindos basin. Based on lithology, age and metamorphic grade, the
Marina Basement bears significant similarities with the Variscan rocks of eastern Crete (Franz et al.,
2005; Zulauf et al., 2008). However, the structural position of the two units differs significantly,
especially when considering the structure of Leros. On Kalymnos, the Marina Basement tectonically
overlies the Kefala Unit, which does not appear either on Leros or eastern Crete. Furthermore, on Leros
the Marina Basement overlies the CBU equivalent Temenia Unit. On eastern Crete the Variscan
basement is either overlying the more external Phyllite-Quartzite Unit (Stampfli et al., 2003; Zulauf et
al., 2008) or the two units are tectonically intercalated (Alexopoulos, 1994). Additionally, Franz et al.
(2005) concluded that the Variscan units of Crete have experienced a Miocene high-pressure
metamorphic overprint, which is absent in Kalymnos and Leros. Interestingly, analogous lithologies are
observed in the Permo-Triassic tectonostratigraphy of the Pelagonian on Evvia, including Verrucano-
type Permian-Triassic siliciclastic sediments with Variscan paragneisses and granites as olistholites
overlying the Variscan Pelagonian basement (De Bono et al., 2001; Stampfli et al., 2003). This implies
that the Carboniferous Marina Basement rocks of Kalymnos and Leros were in a similar position with
the Pelagonian basement but followed different paths during the final stages of Paleotethyan closure
in the Triassic. Interestingly, some of our new “*°Ar/**Ar white mica from the Marina Basement rocks
record a Triassic signal and may correspond to a thermal pulse related to closure of the Paleotethys or

initial rifting leading to the formation of the Pindos ocean.
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The Kefala Unit mainly includes Permian shallow water limestones with siliciclastic intercalations
unconformably overlain by a wildflysch, most likely Early Triassic in age (Kahler, 1987; this study).
Permian limestones are generally rare in the Hellenides, but are found throughout the Pelagonian, for
example in Chios, Lesvos, Hydra, Salamis, Attica, and Evvia (Thorbecke, 1987; Grant et al., 1991) but
occur also as blocks within late Permian-Triassic clastic sequences (Baud et al., 1991; De Bono et al.,
2001; Stampfli et al., 2003). The Permian limestones of Kalymnos show marked similarities with those
described on the Pelagonian Hydra Island, west of the Cyclades, and the uncomformably overlying
wildflysch resembles the Permian-Triassic clastic sequences including blocks of Permian carbonates,

metacherts and metabasites (Grant et al., 1991).

Although the oldest stratigraphic age of the Kefala Unit is unknown, at least the exposed
Permian part is too young to be affected by the Variscan event, which is responsible for Carboniferous
graniticintrusions found in the Pelagonian and Cycladic basement. Nevertheless, the limestones of the
Kefala Unit record a complex tectonic history including folding, re-folding and the top-to-S stacking
along the brittle/ductile Kefala Thrust, which is sealed by the wildflysch. Since such an event is only
reported in this study from Kalymnos, it probably represents localized upper crustal shortening, which
may be associated with the Triassic closure of the Paleotethys. The Kefala Unit is overthrusted by the
Marina Basement Unit along the top-to-N Telendos Thrust. Contrary to Kefala Thrust, the Telendos
Thrust is a large-scale brittle-ductile fault, observed over a thrust-length of at least 20 km. Multiple
single grain white mica “*°Ar/**Ar dating from spaced foliation close to the Telendos Thrust and
mylonitic foliation formed by dissolution-precipitation creep from the Telendos Thrust yielded a cluster
of Paleocene ages. Temporally, this coincides with the onset of the Cenozoic closure of the Pindos,
which is generally associated with a top-to-SW kinematics (Jolivet and Brun, 2010; Ring et al., 2010;
Papanikolaou, 2013, Zulauf et al., 2019). Interestingly, within the Pelagonian, folds and thrusts are
reported from the peninsula of Argolis (Bortolotti et al., 2003), from the island Amorgos (Chatzaras et
al., 2011) and from Santorini, where Eocene flysch is folded in a NW-vergent synclline (Schneider et
al., 2018). Our structural and geochronological data indicate that the Telendos Thrust is another
structure that is associated with an early episode of top-to-N back-thrusting within the orogenic wedge
above the north-dipping subduction zone. Within this retro-wedge the Variscan Marina Basement Unit
was translated onto the more internal Kefala Unit prior to the 50-52 Ma peak HP metamorphism of
the CBU (Lagos et al., 2007). Interestingly, a retro-extrusion has been also suggested for the
Eocene/Oligocene exhumation of high-pressure unit of the CBU (e.g. Xypolias et al., 2012; Gerogiannis

and Xypolias, 2017).

All these observations suggest that the Kefala Unit and the other units on Kalymnos are located
in a northern position than the Paleotethyan suture and the Pindos-CBU domain at the southern

margin of the Pelagonian domain. Putting all of these observations together, we propose the following
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model for the late Paleozoic to Cenozoic paleogeographic evolution of Kalymnos and homologous units

in the Aegean:

In the late Permian (Fig. 11a) north to northwest subduction of Paleotethys has already shaped
the Pelagonian basement, which extends from northwestern continental Greece to the southeast
Aegean, including areas such as Chios, Evvia, Attica, Argolis, Hydra and Kalymnos. The Variscan
basement is locally exposed and eroded in small rifts thus Verrucano-type siliciclastic deposits are
produced (Baud et al., 1991; De Bono et al., 2001; Stampfli et al., 2003). In some places like Evvia,
Hydra and Kalymnos, Permian reefs are developed with minor or more significant intervals of
siliciclastic material. Rifting of the northern part of Gondwana resulted in opening of the Neotethys

ocean.

In the Early Triassic (Fig. 11b), the Paleotethyan closure resulted in initial collision and deposition
of the Variscan basement and Permian rocks are recorded in olistostromes (e.g. in eastern Crete) and
in the outer Paleotethyan arc (Phyllite-Quartzite Unit, Tyros/Ravdoucha beds). On Kalymnos in the
Kefala Unit, limestones are folded and internally imbricated along the Kefala Thrust. This process may
have locally started earlier as indicated by late Permian meta-volcanoclastic sequences derived from

the Variscan Cycladic Basement on los and Sikinos islands (Poulaki et al., 2019).

Subsequent Middle Triassic rifting and formation of the Pindos-CBU domain has dissected the
Paleotethyan accretionary prism and Variscan basement (Fig. 11c). The northern segment includes the
Mesozoic sequences of the Pelagonian domain whereas the southern segment comprises the
Tyros/Ravdoucha beds at the base of the Tripolitza-Gavrovo platform and the Phyllite-Quartzite Unit.
Volcanic activity is widespread, producing Anisian-Carnian volcanoclastic sequences found throughout
the Aegean domain (Pe-Piper and Piper, 2002). On Kalymnos, parts of the Marina Basement Unit are
exhumed to the upper crust and the Verrucano-type formation is deposited atop the Kefala Unit and

exposed Variscan basement.

The Late Triassic is tectonically quiescent. The Neotethys, Pindos-CBU and Vardar-Axios oceanic
domains continue to grow and carbonate platforms are deposited above the volcanoclastic sequences

of the External Hellenides and the Pelagonian domain (Fig. 11d).

In the Paleocene-Eocene (Fig. 11e), the subduction of the Pindos-CBU domain beneath the
Pelagonian upper plate has produced the Late Cretaceous magmatic arc (Martha et al., 2017,
Koutsovitis et al., 2021). The CBU is subducted to blueschist- and eclogite-facies high-pressure
metamorphic condition (Jolivet and Brun, 2010; Ring et al., 2010). Shortening of the upper plate
resulted in local back-thrusts and the top-to-N Telendos Thrust has brought Marina Basement Unit

above the Kefala Unit in a retro-wedge setting. The overlying Mesozoic sequences are folded with
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N/NW-verging folds, antithetic to the general kinematics of the nappe stacking followed by extrusion

in the subduction channel (Grasemann et al, 2018).

Cenozoic tectonic evolution at the Aegean-Anatolian transition zone
West of the Menderes Massif and east of Cyclades, the Dodecanese islands formed in the same

tectonic setting with a very similar evolution, commencing with Cretaceous subduction underneath
the southern margin of Eurasia, Late Cretaceous obduction of the Vardar oceanic crust, Paleocene-
Eocene subduction of the Pindos basin and the northern margin of Pindos with formation and
exhumation of the Lower Cycladic Blueschist Nappe (i.e., Temenia unit), transitioning to post-orogenic
extension in the back-arc region during the Oligocene and Miocene (e.g., Jolivet and Brun, 2010; Ring

et al, 2010; Grasemann et al., 2012; Papanikolaou, 2013; Roche et al., 2019).

The western and central Cyclades record bivergent extension along the top-to-N to -NE North
Cycladic Detachment System and Naxos Paros Detachment System with respect to the top-to-S to -SW
West Cycladic Detachment System, Santorini Detachment System and a debated South Cycladic
Detachment System (Lister et al., 1984; Gautier et al., 1993; Jolivet et al, 2010; Ring et al., 2011,
Grasemann et al., 2012; Schneider et al., 2018). In western Anatolia, the Menderes Metamorphic Core
Complex has been also exhumed along the bivergent Bilyik Menderes and the Gediz detachments
(Hetzel et al, 1995; Gessner et al., 2001), preceded by the top-to-N Simav Detachment starting in the
Oligocene. Similar to the western and central Cyclades, extension continued into the middle-late
Miocene (Ring et al., 2003; Bozkurt et al., 2011). It has been suggested that the differential deformation
between the low-angle detachment systems in the Cyclades and the Menderes Metamorphic Core
complex has been accommodated by a N-S to NNE-SSW striking lithospheric-scale sinistral wrench
corridor probably related slab break off or tearing at the leading edge of the Anatolide-Tauride
continent (Ring et al., 1999a; Sozbilir et al., 2011; Gessner et al., 2013; Jolivet et al., 2015; Uzel et al.,
2015; Ring et al., 2017). Although, some of these accommodation zones like the izmir-Balikesir Transfer
Zone (Uzel et al., 2015) are more restricted to the northwestern part of Anatolia, other studies suggest
a transtensional West Anatolia Transfer Zone forming a corridor of heterogeneously distributed
extension from northwestern Anatolia in the north to the Dodecanese islands in the south (Gessner et
al., 2013; Jolivet et al., 2015; Ring et al., 2017). However, Roche et al. (2019) demonstrated that that
the direction of extension in the northern Dodecanese is consistently top-to-NNE related to low-angle
normal faults of the Thymaena Detachments without any evidence for strike-slip fault systems, which
are expected above a slab tear. This observation suggests that a non-localized, relatively wide zone of
distributed brittle/ductile deformation in the upper crust accommodated the left-lateral displacement
imposed by the faster retreat of the slab south of the Aegean domain compared to the retreat south
of Anatolia (Roche et al., 2019) and the induced flow in the asthenospheric mantle is accommodated

by top-to-N low-angle shear zones in the crust (Jolivet et al., 2015; Menant et al., 2016).
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In contrast to the top-to-N Thymaena Detachments (Roche et al., 2019), our work shows that
Kalymnos and Telendos in the central Dodecanese was subjected to top-to-SSW extension along the
Kalymnos Detachment (Fig. 12). Thus, comparable to the Cyclades and Menderes Massif, the Aegean-
Anatolian transition zone is also characterized by bivergent extension. Similar to the northern
Dodecanes (Roche et al., 2018; 2019), we did not find evidence of strike-slip deformation. Our new
zircon (U-Th)/He ages indicate that extension started in the Oligocene but detachment-related high-
angle faults with Neogene sediments in the graben suggest ongoing extension with similar kinematics
into the Miocene. It is tempting to correlate the Kalymnos Detachment with the Neogene brittle
detachment fault described on Kos island, 10 km south of Kalymnos (van Hinsbergen and Boekhout,
2009). On Kos, Permo-Carboniferous rocks, intruded and locally metamorphosed by a 12 Ma old
monzonite intrusion (Altherr et al.,, 1976), are juxtaposed against Upper Mesozoic non-
metamorphosed carbonate units along a top-to-N low-angle fault (van Hinsbergen and Boekhout,
2009). Because of the geological similarities with the Kalymnos Detachment, we suggest two scenarios,
which are subject to further investigations: (i) The detachment on Kos is an isolated structure with
opposing kinematics to the Kalymnos Detachment. (ii) The top-to-N shear sense described in van
Hinsbergen and Boekhout (2009) is related to high-angle structures (46-60° dips in figure 4 of van
Hinsbergen and Boekhout, 2009). These structures could be antithetic high-angle bookshelf faults
related to a top-to-S detachment (Mandl, 1987) representing a possible southern continuation of the

Kalymnos Detachment.

Compared to the bivergent extension in the Menderes Massif and the Cyclades, the bivergent
extension in the Dodecanese islands is restricted to shear localization in the mainly brittle to
brittle/ductile upper crust showing almost no greenschist facies overprint of the syn-orogenic high-
pressure rocks in the Temenia Unit in the northern Dodecanese (Roche et al., 2018). Similarly, the
Paleocene Telendos Thrust and Oligo-Miocene Kalymnos Detachment operated mainly in the upper
crust and therefore the Marina Basement Unit and the Kefala Unit escaped significant Alpine
metamorphic overprint. It is appealing to relate the shallow crustal low-angle extension in the
Dodecanes, compared to the much stronger post-orogenic deformation and metamorphic overprintin
the Cyclades, with the transitional position above the slab tearing at the leading edge of the Anatolide-
Tauride continent. We suggest that the onset of extension in the Dodecanese at 35-30 Ma resulted
mainly from the rollback of the slab, which is more important in the Aegean Sea than in western
Turkey. Before the onset of post-orogenic extension, southward propagation of syn-orogenic thrusting
continued at the proximal margin of the Pindos ocean with understacking of the Temenia Unit (Lower
Cycladic Blueschist Unit) below Marina Basement and Cover Unit (i.e., Lycian Nappes). Rapid
exhumation of the Temenia Unit below the top-to-N syn-orogenic Temenia Shear Zone facilitated the

preservation of high-pressure/low-temperature parageneses (Roche et al., 2019). Post-orogenic
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extension started in the upper structural level of the brittle crust with low-angle normal faults along
the Kalymnos Detachment (top-to-S) and the Thymaena Detachment (top-to-N). The timing of slab
tearing below the Aegean-Anatolian transition zone is still debated and tearing of the slab has been
suggested to start in the Campanian (Okay et al., 1998; Okay and Whitney, 2010), in the early Eocene
(e.g., Karacik et al., 2008; Dilek and Altunkaynak, 2009; Ustabmer et al., 2009; Altunkaynak et al., 2012;
Ersoy and Palmer, 2013), in the Oligocene (Govers and Fichtner, 2016) or in the middle Miocene (e.g.,
Faccenna et al., 2003; van Hinsbergen et al., 2010; Erkil and Erkil, 2012; Jolivet et al., 2013; Pourteau
et al.,, 2013). Our new data support a consistent bivergent N-S extension in the Aegean-western
Anatolian region starting in the Oligocene and suggest that this extension initiated before the slab
tearing affected differential extension in the Cyclades and the Menderes Massif. Low-angle extension
in the Dodecanes continued in the Miocene mechanically interacting with high-angle faults, which
controlled sediment deposition in WNW-ESE trending grabens with no evidence of a significant strike

slip component.

Conclusions
1) The tectonic position above the Lower Cycladic Blueschist Nappe and correlation with other

units in the Aegean suggest that the Central Dodecanese (Kalymnos/Telendos) at the Aegean-
Anatolian transition zone is not part of the External Hellenides, but was paleogeographically

located at the southern margin of Pelagonia.

2) Alpine deformation on Kalymnos was restricted to the upper crust and therefore a Variscan
basement, a Permo-Triassic fold-and-thrust belt sealed by wildflysch and a weak Triassic thermal

event have been preserved.

3) In the Paleocene during the onset of closure of the Pindos, the central Dodecanese were in the
position of a retro-wedge and the southern margin of the Pelagonian was subjected to
shortening and top-to-N thrusting along the Telendos Thrust. The Telendos Thrust is a major
structure, which thrusted a slice of the Variscan basement with the Mesozoic cover to the north

and can be traced over a thrust length of more than 20 km.

4) Oligo-Miocene extension was accommodated along the top-S Kalymnos Detachment, localizing
between the Variscan basement and the unmetamorphosed Mesozoic limestones in Verrucano-
type sediments. Coeval top-to-N extension in the northern Dodecanese suggests that the
Aegean-Anatolian transition zone was, similar to the Cyclades and the Menderes Massif,

subjected to bivergent extension.
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5) WNW-ESE striking high-angle faults control the geomorphology of Kalymnos, characterized by
four WNW-ESE striking grabens that are filled with Neogene to Quaternary sediments. Some of
these faults may be still active causing damage of speleothems in the caves of Kalymnos. This
observation suggests that the central Dodecanese at the Aegean-Anatholian transition were
subjected to N-S extension since the Oligocene with no evidence for a major strike-slip corridor
accommodating differential extensional strain between Menderes and Attic-Cycladic core

complexes.
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Figure 1: Tectonic map of the Aegean region showing the kinematics of the major Cenozoic faults

including syn- and post-orogenic shear sense (modified after Jolivet et al., 2013; Rimmelé et al.,

2006; Roche et al., 2018). BD: Buyiuk Menderes Detachment, CD: Cretan Detachment, GD: Gediz

Menderes Detachment, NAF: North Anatolian Fault, NCDS: North Cycladic Detachment System,

NPDS: Naxos-Paros Extensional Fault System, SD: Simav Detachment, SDS: Santorini Detachment

System, TCT: Trans-Cycladic Thrust, WCDS: West Cycladic Detachment System.
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Figure 2: Simplified tectono-stratigraphic sequences from a) Kalymnos, b) the Dodecanese islands, c)

the Cyclades and d) the Menderes area (based on this study and modified from Roche et al.

(2019). L: Lower, LCB: Lower Cycladic Blueschist, M: Middle, N: Nappes, T: Temenia, U: Upper,

UCB: Upper Cycladic Blueschist.
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Figure 2: New geological map of Kalymnos and Telendos islands, Dodecanese archipelago. A-A’ and B-

B’ indicate location of cross sections shown in Figure 3. MBU: Marina Basement Unit, MCU:

Marina Cover Unit.

sSw

Kalymnos D. Kefala T.
Telendos T.
e

Kalymnos D. Unconformity
—

Telendos T.

0 km 025 Temenia shear zone
| eeam |

o = ) . =
:l Mesozoic limestones 5 i Wildflysch, radiolarite 5 __ High-angle normal fault o
ANNAN -—
) =0
- Violet shales (Verrucano) _E |:| Limestones/marbles % _~ Ductile shear zone S®
= STl =
- Amphibolites + mica schists ‘2“ |Z Dolostones + dark bedded limestones E .~ Ductile/Brittle 8 8
~ low-angle fault =
-~
I:] Schists with marble intercalations| Temenia Unit

Figure 3: Cross sections A-A’ and B-B’ (note different scales). Locations indicated in Figure 2.



1285

1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296

\/L

P /\
NN
N \
A A
: \\b‘\“\ N ‘\‘-_\‘-’ ‘

NS R~

Figure 4: Schmidt nets (Lambert azimuthal equal-area projection, lower hemisphere) of structural field
data. Contours represent 2o from a uniform distribution (exponential Kamb). a) and b) Paleozoic
limestones/marbles of the Kefala Unit below angular unconformity: blue squares: poles to
bedding, blue great circles: axial planes of folds, blue circles: fold axes, grey triangles: poles to
joints. c¢) Wildflysch (olistostrome/congomerates/radiolarites) of the Kefala Unit above the
angular unconformity: purple squares: poles to bedding, purple great circles: axial planes of
folds, purple circles: fold axes. d) Amphibolite (green) and quartz-micaschists (pink) of the
Marina Unit: squares: poles to foliation, great circles: axial planes of folds, circles: fold axes. e)
Fault planes (great circles) and lineation/striation with kinematic (displacement of the hanging
wall) of the Telendos Thrust (red) and the Kalymnos Detachment (black). f) Angelier plot of high
angle faults. Stress state (o1> 62> 03): 200/83, 294/00, 024/07.
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1298  Figure 5:a) Drone panorama of the south coast of Kefala (492926E, 4098870N, 60 m a.s.l.). KUdbl: dark

1299 bedded limestone of the Kefala Unit; KUd: dolostone of the Kefala Unit; KUwm: white marbles
1300 of the Kefala Unit; KUdI: dark limestone of the Kefala Unit; KUw: wildflysch of the Kefala Unit;
1301 MBU: Variscan crystalline of the Marina Basement Unit; MCU: Mesozoic limestones of the
1302 Marina Cover Unit; orange line: Kefala Thrust; red line: Telendos Thrust; black line: Kalymnos
1303 Detachment; red dotted line: high angle faults; white dotted line: trace of selected bedding
1304 outlining the refold structure in the dark bedded limestones of the Kefala Unit; yellow dashed
1305 line: trace of first axial plane; yellow dashed-dotted line: traces of second axial plane. b) Cross-

1306 section through basal part of the aboral cup of a crinoid surrounded by several columnals (white
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arrows) in nodular limestones in the dark bedded limestones of the Kefala Unit (493057E,
4133998N). c) Fossils in the dark bedded limestones of the Kefala Unit: (i): Internal mold
(subcentral longitudinal section) of a poorly preserved orthocone nautiloid with chambers that
are partially filled with cement. The outer wall of the cephalopod is partly dissolved. (493114E,
4099520N). (ii): Section of an isotrophic to rarely slightly asymmetric coiled bellerophontid
gastropod (493068E, 4099408N). (iii): bellerophontid shell debris (493114E, 4099520N). d)
Drone picture of the angular unconformity (dotted line) of the wildflysch of the Marina Unit
(KUw) sealing the Kefala Trust (orange line), which juxtaposes the white marbles (KUwm) on top
of the dolostones (KUd) of the Kefala Unit (Telendos, 492500E, 4094259N, 25 m a.s.l.). View
direction of Figure 5e is indicated. e) Kefala Thrust displacing the white marbles (KUwm) on top
of the dolostones (KUd) of the Kefala Unit (Telendos, 492621E, 4094234N). f) Mylonitic bluish-
white calcite (cc) marbles of the Kefala Unit (mylonitic foliation sm 258/22, mylonitic stretching
lineation Im 194/05, 492751E, 4099734N): (i): Section parallel Im and perpendicular to sm.
Brownish dolomite layers (dol) are cataclastically fractured but form coherent pinch-and-swell
boudinage, which are potentially rotated into the shear direction forming winged inclusions
(grey arrows indicate embayment of the winged inclusion; white circular arrow shows the sense
of rotation). (ii): Section parallel Im and perpendicular to sm. Torn blocky boudinage. Note the
white precipitated calcite in the interboudin zone (stretch s = 1.58). (iii): Section perpendicular
to Im. White dotted line outlines trace of sm. Ptygmatic folding of dol veins with fold axis parallel
to Im and axial planes roughly parallel to sm indicate strong layer parallel shortening during
shearing indicative of general shear deformation (s = 0.55). g) Gastropod shell bed in the dark
limestones of the Kefala Unit. (i): Bedding plane (128/22) with densely packed globose
gastropods (492835E, 4099276E). (ii): fine grained shell bank with a gastropod mold (492839E,
4099600E).
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1332  Figure 6: Thin sections in plane (PPL) and cross polarized light (XPL). a) Peletoidal packstone-grainstone

1333 with paleotextulariid foraminifera (arrow) (PPL, 493052E, 4099247N). b) Dolomite (dol)/calcite
1334 (cc) cataclastic fault rocks of the Kefala Thrust shown in Figure 5a (PPL, 492943E, 4099233N).
1335 Red arrows mark the slickenside of the fault. White dotted line shows the irregular contact
1336 between different generations of cataclasites. c) Crinoidal grainstone containing rare mollusk
1337 debris and foraminifera (PPL, 492524E, 4099840N). d) Deformed radiolarite layers of the
1338 wildflysch subunit consists of fine-grained (<10 um) quartz with small amount of calcite.
1339 Deformation and folding of these layers are accommodated by dissolution-precipitation

1340 processes and development of a spaced pressure solution cleavage (white arrows). The thin
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section is from the sample K43, which was collected close to the Telendos Thrust for white mica
“OAr/*Ar dating from the cleavage domains (PPL, 493499E, 4093211N). e) Thin section of the
margin of a dolomite (dol) component in the calcite (cc) marble block in the wildflysch (see Fig.
7b). The dolomite component consists of a gastropod floatstone-rudstone with marginal section
of a fusulinid foraminifera (white arrow). Note the incomplete sedimentary filling of the
gastropod cavities with sparitic cement in the upper parts (grey arrow) recording the
stratigraphic way up. The calcite marble shows evidence for dynamic recrystallization by bulging
of 0.5 mm large calcite crystals (XPL, 492807E, 4099880N). f) Cataclastic quartz-rich schist
strongly overprinted by dissolution-precipitation creep from the Telendos Thrust (XPL, 494233E,
4099758N). g) Ultramylonite from the Telendos Thrust. The thin section is from the same
outcrop from which K35 was sampled for white mica “°Ar/*°Ar dating from the cleavage domains
(XPL + tint plate, 494281E, 4099770N). h) SCC’ fabric from a shear zone (Telendos Thrust) within
the amphibolites from the basement of the Marina Unit (XPL, 493822E, 4094101N).



1354

1355 Figure 7: a) Fusulinid floatstone-rudstone with cystoporate bryozoans. Small insert picture shows a

1356 thin section of Pseudofusulinoides sp. Bedding plane (266/09) of dark marly limestone of the
1357 Kefala Unit with various sections through fusulinidae (492658E, 4099668N). Inset shows a thin
1358 section (scale bar indicates 1 mm). b) Drone picture of a large calcitic (cc) marble block (50 m
1359 diameter) within the wildflysch of the Kefala Unit (492698E, 4099923N, 20 m a.s.l.). The
1360 southern side of the block is composed of a calcitic marble conglomerate with isolated angular
1361 blocks of dolomite (dol) from cm- to several dm-size, which preserved sedimentary layering
1362 (inset; for a thin section see Fig. 6e). c) Soft sediment deformation in radiolarite layers in

1363 metapelites (wildflysch of the Kefala Unit) on Telendos (492572E, 4094846N). Shortening in the
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radiolarite layers (mean dip direction 147/25) is accommodated along layer-parallel detachment
horizons (white dotted lines). Note SE-vergent detachment folds (outlined with a black solid line,
fold axis 055/15, axial plane 310/42) and NW-directed thrusting of individual radiolarite layers.
Whereas both radiolarite layers are disrupted and thrusted at the location indicated by the black
arrow, only the lower layer has been dislocated in between the two layers at the location
indicated with the white arrow. d) In the wildflysch of the Kefala Unit, the radiolarites are
reworked and appear as components in the conglomerates. A pressure-solution cleavage
formed in the metapelitic matrix is wrapping around the apparently rigid blocks of radiolarite
(493529E, 4099969N). e) Fault rock of the Telendos Thrust, which juxtaposes the amphibolites
of the basement of the Marina Unit on top of the wildflysch of the Kefala Unit. Typically, the
fault rock are cataclasites, which are strongly overprinted by dissolution-precipitation creep
forming SC/SCC’ fabrics (C 048/31, S 138/45 C’ 328/14). The shear sense is top-to-NW. f) Black
ultracataclasites with cm-scale well-rounded quartz clasts overprinted by dissolution-
precipitation creep forming SC-type fabrics. The shear sense is top-to-NW (49428 1E, 4099770N)
g) Polyphase folded amphibolites of the basement of the Marina Unit (493822E, 4094101N).
Type-3 hook and crescent refold structures with a first axial plane (green solid line axpl1) folded
by a common fold axis (mean 050/25) with a second axial plane (green dotted line axpl2). h)
Quartz-mica schist in the basement of the Marina Unit with up to cm-scale garnets (493819E,

4092101N).
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1383

1384  Figure 8: a) Drone picture of the southern parts of Telendos in the foreground and Kalymnos in the

1385 background (492555E, 4094604N, 60 m a.s.l.). Red line shows the trace of the Telendos Thrust
1386 juxtaposing the basement of the Marina Basement Unit on top of the Kefala Unit. Black line
1387 outlines the location of the Kalymnos Detachment displacing the Mesozoic limestones of the
1388 Marina Cover Unit on top of the Marina Basement Unit. b) Phyllonitized quartz-mica schists as
1389 part of the fault rocks of the Kalymnos Detachment (493779E, 4092861N). SCC’ fabrics indicate
1390 ductile top-to-S shear sense, which is overprinted by a dominant set of brittle top-to-SSW
1391 (192/36) and a conjugate top-to-NNE (015/65) brittle fault set. c) Kalymnos Detachment

1392 localized in violet shales (Verrucano-type formation) at the base of the Mesozoic limestones of
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the Marina Unit (496044E, 4098866N). The fault rocks consist of cataclastic shales with scaly
fabrics, cataclastic yellow dolomite lenses (dol), ultracataclasites and fault gouges. Note the
protrusions and injections of cataclasites into the fault gouges (white arrow). d) Kalymnos
Detachment: multiple generations of foliated ultracataclasites and fault gauges, reworked by
SC/SCC’ fabrics indicating top-to-S shear sense (493741E, 4091950N). The mature cataclasites
show up to 1 cm scale well rounded and partly polished clasts (white arrow). e) Top-to-SSE
brittle-ductile shear zone with scaly fabrics in the conglomerates in the wildflysch of the Kefala
Unit. f) Brittle high-angle fault (sf) offsetting the basement (amphibolite: amph, quartz-mica
schists: gtz-wm) of the Marina Unit against the wildflysch (492756E, 4094605N). Synthetic Riedel
faults (sR) confirm the normal displacement of the high angle faults. g) Brittle high-angle normal
faults (sf) and synthetic Riedel faults (sR) in the Mesozoic limestones of the Marina Unit form

the northern margin of the WNW-ESE striking graben at Arginonta (497959E, 4096540N).
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Figure 9: Map of Kalymnos with the major tectonic contacts. Blue-grey rectangles are white mica

4OAr/*Ar ages close to the Telendos Thrust. Dusky pink squares indicate white mica “°Ar/3°Ar
ages from the Variscan basement. Black rectangles show zircon (U-Th)/He ages. See Table 1 for

analytical data.
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the uncertainty associated with the apparent age. Tg: total-gas integrated age. Tp: preferred
age. Note the Apparent Age scale change between figures. Lower left graph highlights
distribution of Late Cretaceous-Paleocene/Eocene single mica *°Ar/*°Ar dates (squares) and
single zircon (U-Th)/He dates (circles). See Figure 9 for sample locations, Table 2 for (U-Th)/He
data, and the Supplementary Information Table S2 for “°Ar/**Ar data.
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Figure 11: Schematic paleogeographic cross sections through the Aegean between the late Permian
and Paleocene-early Eocene. Right column shows the details of Kalymnos as indicated by the

rectangle in the cross sections. See text for a detailed description.
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Figure 12: NNW-SSE oriented section across the northern and central Dodecanese showing the

bivergent Ghialos/Leros and Kalymnos detachments (modified after Roche et al., 2018).

Table Captions:
Table 1: (Table 1. Zircon (U-Th)/He data (ages at 2s) from Kalymnos and Telendos islands,
Dodecanese, Greece

Supplementary Information: geochronology methods
Table S1: *°Ar/33Ar isotopic data for white mica, Kalymnos and Telendos islands, Dodecanese, Greece

Table S2: *°Ar/33Ar isotopic data for white mica, Kalymnos and Telendos islands, Dodecanese, Greece





