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Abstract: Late Cretaceous metamorphic events are known in Crete and the Cyclades from klippen
above the External Hellenides. This work extends their occurrence to the North Aegean area within
the tectonic units of the Internal Hellenides. New %?Ar/3° Ar white mica ages from garnet-bearing
micaschists of the Upper Metamorphic Unit of Skyros Island, cropping out in the Skyrian Olympus
Mountain, document a Late Cretaceous tectono-metamorphic evolution. Several mica generations
have been distinguished using electron probe microanalyses and were dated using the °Ar/3° Ar
method: a relict mica older than 96 Ma, followed by a foliation-forming mica of about 88-84 Ma
and alteration phases < 68 Ma were recognized. This Cretaceous tectono-metamorphic evolution
falls between the closure of the internal Axios/Vardar oceanic basin in the Late Jurassic-Early
Cretaceous, and the closure of the external Pindos—Cyclades oceanic basin in the Early Cenozoic.
The position of the Upper Metamorphic Unit of Skyros was probably within the evolving Hellenic
volcanic/magmatic arc during the continuous subduction of the African plate beneath the European
plate. The present tectonic position of the units bearing the Late Cretaceous metamorphic event is the
result of the Cenozoic tectonic emplacement onto the more external units across the Hellenides from
the Pelagonian to the Pindos-Cyclades domain.

Keywords: External Hellenides; Internal Hellenides; Skyros; *Ar/3°Ar dating; Late Cretaceous;
metamorphism

1. Introduction

The Hellenides comprise a segment of the Tethyan Alpine Orogenic Belt that developed
along the active European margin during plate convergence between the Eurasian plate
in the north and the African plate in the south. Oceanic subduction of the Tethyan basins
alternating with continental subduction of intermediate continental terranes with shallow-
water carbonate platforms occurred throughout the Late Mesozoic—Cenozoic underneath
the European margin [1-5]. The terrane accretion at the southern European margin is
sometimes subdivided into discrete events indicated with local names: Cimmerian orogeny
(Late Triassic-Lias), observed mainly in the North Aegean Islands of Lesvos and Chios,
Paleo-Alpine orogeny (Late Jurassic—Early Cretaceous), observed in the eastern part of
the Hellenides, known as the Internal Hellenides, and main Alpine orogeny (Eocene—
Oligocene) observed all over the Hellenides, both Internal and External [2—4,6,7]. The main
distinction between the Internal and the External Hellenides was based on the existence of
the Late Cretaceous unconformity over the paleo-tectonized units in the Internal Hellenides,
contrary to the continuous stratigraphic sequences of the External Hellenides from the
early Mesozoic to the Eocene-Oligocene [1,8-11]. The absence of tectono-metamorphic
events recorded by the Upper Cretaceous—Eocene transgressive sediments of the Internal
Hellenides indicates that (1) the Alpine deformation during the Eocene-Oligocene was
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restricted to the upper tectonic levels of the crust, comprising mainly thrusting and folding;
and (2) the tectono-metamorphic events described in the underlying paleo-tectonized
Triassic—Jurassic formations were pre-Late Cretaceous [6,8-10,12]. On the contrary, Alpine
tectono-metamorphic events have been observed during the Eocene-Oligocene in the
External Hellenides within the medial metamorphic belt in the Olympus-Pelion—Cyclades
tectonic windows [13-15] and younger events of late Oligocene-Miocene age have been
reported from the external metamorphic belt of Peloponnese—Crete [16,17]. Thus, the
Late Cretaceous period corresponds to a gap between the Paleo-Alpine and the Alpine
tectonic events in the Hellenides. Nevertheless, some sparse outcrops of small tectonic
units reported from Crete and the Cyclades are characterized by Late Cretaceous tectono-
metamorphic events, occurring above the External Hellenides nappe pile [17-24] (see inset
map of Figure 1).

N

Terrane ¢ .
= H1 H2 L) o
* H3 = H4 . v
* H5 ® He . . «,@
> H7 H8 > ]
—

* _H9 Se 5 = I T

38°50°

LEGEND
[ 1 e
2 -
I [ s
s
s overthrust °=2=4 - |
24°30 24°40

Figure 1. Simplified and modified geological map of Skyros Island based on [25]. 1. Quaternary
sediments, 2. Upper Miocene-Lower Pliocene sediments, 3. Miocene volcanics, 4. Upper Metamor-
phic Unit (UMU) of Skyros, 5. Lower Metamorphic Unit (LMU) of Skyros, 6. Upper Cretaceous
Limestones and Flysch, 7. Axios ophiolites (Jurassic), 8. Sub-Pelagonian Unit of NW Skyros. Triassic
—Jurassic carbonate platform overlying Permian-Triassic sedimentary sequence, 9. Sub-Pelagonian
Unit of SE Skyros. Upper Cretaceous limestones transgressive on the Triassic—Jurassic Carbonate
platform and overlying the Permian-Triassic volcano-sedimentary sequence. Inset map: geotectonic
Terrane Map of Greece. H1: External Carbonate Platform, H2: Pindos—Cyclades Ocean, H3: Internal
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Platform, H4: Axios/Vardar Ocean, H5: Lesvos-Paikon Platform, H6: Lesvos—Circum Rhodope
Ocean, H7: Pangeon Platform, H8: Volvi-Eastern Rhodope Ocean, H9: Allochthonous Pre-Alpine
Basement of Rhodope [1]. The position of Skyros Island is indicated. The previously known localities
with Upper Cretaceous tectono-metamorphic events in H2 are indicated by white stars and the new
locality in H4 by a red star. The study area is highlighted with a black box.

In this study, we present new “°Ar/3°Ar data suggesting Late Cretaceous tectono-
metamorphic events on Skyros Island, in the NW Aegean Sea. The new data come from
the Upper Metamorphic Unit (UMU) of Skyros, cropping out in the Olympus Mountain.
The UMU overlies the Lower Metamorphic Unit (LMU) and the relative autochthon Sub-
Pelagonian Unit of eastern Greece [25]. Thus, the occurrence of the Late Cretaceous
tectono-metamorphic events is extended also in the North Aegean Sea within the Internal
Hellenides domain beyond the previously known outcrops within the External Hellenides
domain in Crete and the Cyclades.

2. Geological Setting

Skyros Island is bisected by a NE-SW strike slip fault zone [26] separating two neo-
tectonic blocks with different geological structures (Figure 1). This fault zone represents
the southwestern end of the southern branch of the prolongation of the North Anatolian
Fault in the Aegean, passing through the Skyros Basin [27]. The SE block is made up of
one monotonous tectonic unit, comprising a Triassic—Jurassic carbonate platform of the
Sub-Pelagonian Unit, overlain by underformed transgressive Upper Cretaceous sediments.
The NW part comprises several Alpine tectonic units, forming a complex nappe structure
with imbrications, indicated by thin interlayers of sheared ophiolite rocks. Additionally,
Upper Miocene—Pleistocene sediments crop out along the eastern coastline and a Miocene
volcanic outcrop in the central area of the NW part [10,28-33]. The tectonic units of the NW
Skyros nappe pile are, from the base to the top (Figure 2):

(1) A thick Triassic-Jurassic carbonate platform, belonging to the Sub-Pelagonian Unit,
stratigraphically overlying a Permian-Triassic volcano-sedimentary sequence of more
than 300 m in thickness.

(2) A thin layer of ophiolite rocks imbricated with thin tectonic wedges of the Triassic—
Jurassic platform carbonates. The ophiolite outcrops belong to the Vardar/Axios
oceanic basin (H4 in Figure 1) and were tectonically emplaced on top of the carbonate
platform (H3 in Figure 1) during Late Jurassic-Early Cretaceous [2,10,30].

(38) Upper Cretaceous carbonate rocks (Ks) of several hundred meters in thickness, over-
lain by a flysch. These formations are not metamorphosed and form a tectonic zone
of imbrications and tectonic wedges between the underlying Sub-Pelagonian and
ophiolite rocks and the overlying metamorphic rocks.

(4) A wedge-shaped tectonic unit of metamorphic rocks, comprising meta-volcanic rocks,
meta-sediments, and pelagic silicate marbles, imbricated with ophiolites. This unit
was known as the “Fere-Note” formation [29,33] and was renamed by [10,25] as the
“Eo-Hellenic nappe” of Skyros. In fact, it forms the Lower Metamorphic Unit of Skyros
(LMU in Figures 2 and 3). Its thickness becomes more than 1 km towards the NE,
whereas, towards the SW, it thins out and there are small tectonic wedges/klippen
having a thickness of a few tens of meters up to the western coast of Skyros Island.
(5) On top of all previous tectonic units there is a tectonic klippe of a metamorphic
nappe (UMU), forming the highest peak of the Skyrian Olympus Mountain (403 m).
This unit was known as the “Skyros tectonic unit” [25] and is here called the Upper
Metamorphic Unit of Skyros (UMU in Figures 2 and 3). It comprises pelagic silicate
marbles and intercalations of gneisses-schists. Its metamorphic grade is higher than
that of the underlying Lower Skyros metamorphic nappe. A strong differentiation
of the structural fabric of the Skyros tectonic units is observed with distinction of
tectonic structures belonging to the Paleo-Alpine orogenic phase from those of the
Alpine orogenic phase [34].
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Additionally, a several hundred meters-thick Upper Miocene-Pliocene sedimentary
sequence crops out along the northeastern coastline, separated by a NE dipping low-angle
extensional detachment fault from the underlying metamorphic rocks of the LMU.
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Figure 2. Schematic tectono-stratigraphic columns of the two Skyros blocks, showing the differences
between the NW block where two units of metamorphic rocks occur, the UMU and LMU, overlying
the relative autochthonous Sub-Pelagonian Unit. This unit comprises the Permian-Lower Triassic
volcano-sedimentary cover, overlain by the Middle Triassic-Upper Jurassic carbonate platform and
the obducted Axios ophiolites, beneath the Upper Cretaceous limestone and flysch. On the contrary,
in the SE block, only the Sub-Pelagonian Unit occurs, made by the lower part of the Permian-Jurassic
succession. The top the succession is marked by an unconformity, above which the Upper Cretaceous
limestones occur in transgression.
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Figure 3. Geological map (a) and geological cross-section (b) of the central part of Skyros Island
around the Olympus Mountain. The Upper Metamorphic Unit of Skyros (UMU) is observed above the
underlying Lower Metamorphic Unit of Skyros (LMU), the ophiolites (Oph), the Upper Cretaceous
carbonates (Ks), and the Sub-Pelagonian Unit (Sub-Pel). The locations of the dated samples SK-110-1
and SK-121-a are shown by yellow stars 1 and 2 and location of samples used for thermobarometry
are given by red stars 3 and 4. At depth, the Sub-Pelagonian autochthon unit is represented by the
carbonate platform (Tr—J). The thrusts are indicated by a thick black line with barbes and the tectonic
contacts without barbes.
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3. The Skyros Upper Metamorphic Unit (Olympus Mountain)
3.1. Mesoscale Observations

The UMU of Skyros Island is limited to a single elongate, ca. 5 km long outcrop in
the higher mountainous region of Skyros with altitudes between 250 and 400 m (Olympus
Mountain has an altitude of 403 m; Figure 3).

It consists of marbles and garnet-bearing micaschists. It forms a klippe with a sub-
horizontal tectonic contact, overlying either the LMU of Skyros to the northeast (Figure 4a),
or the imbricated thrust sheets of the ophiolites to the southwest (Figure 4b).

"pper Metamorphic Unit

e

Metamorphic Unicg

Ophielites

Figure 4. (a) Panoramic view of the UMU of Skyros looking from the east. (b) Panoramic view of the
UMU of Skyros looking from the west. The garnet schists form an inclined isoclinal synform between
the marbles, whose base is cut by the basal thrust surface. From the east, the UMU is observed to
overlie the LMU of Skyros, whereas from the west it overlies the ophiolites.

The marbles form a thick layer having a thickness of more than 150 m within the
micaschists, which are observed both overlying and underlying them due to isoclinal
folding, as this is also indicated by the occurrence of micaschist in the western part of
Olympus Mountain between two marble outcrops (Figure 4b). However, the general
structure of the UMU in the Olympus Mountain is characterized by subvertical bedding
and schistosity-oriented NW-SE dipping towards the NE. It is remarkable that the marbles
are thin-layered pelagic meta-carbonates with abundant siliceous layers, indicating a
pelagic-oceanic paleo-environmental domain (Figure 5b). A several meters-thick shear zone
comprising cataclastic rocks appears between the marbles of this unit and the underlying
ophiolitic rocks (Figure 4b). The micaschists are characterized by a foliation-oriented NW-
SE and general dip to the NE and mineral lineations with a dominant NW-SE orientation
and plunge to the SE (Figure 5a).
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Figure 5. (a) Mineral lineation and foliation on the garnet bearing micaschists of the UMU of Skyros.
The red line shows the mineral lineation plunging to the SE. The strike and dip of the foliation is
also marked in black. (b) Outcrop appearance of the Pelagic Marbles of the UMU of Skyros showing
abundant siliceous layers (indicated by arrows), characterized by their pronounced relief above the
adjacent carbonate material.

3.2. Microscale Observations

The peak mineral assemblage of the micaschists (SK-121-a and SK-110-1; Figure 6a—f)
comprises garnet, biotite, phengite, quartz, and plagioclase; rutile and titanite occur as
accessory minerals. Calcite also occurs in some domains (Figure 6f). Muscovite is recrystal-
lized along the main foliation after HP phengite; chlorite both occurs as relict (Figure 6b)
and replaces biotite, forming also coronas around garnet porphyroclasts (Figure 6d).

Almost all micaschist samples consisted of more than 65% muscovite and chlorite,
followed by quartz and plagioclase (10%), biotite (5%), garnet (10%), and rutile, titanite and
other accessory minerals (10%). The main foliation was defined by muscovite and minor
chlorite. Moreover, muscovite and chlorite are present also as relict crystals. The garnet
forms porphyroclasts which are enveloped by muscovite forming the main foliation. Garnet,
biotite, phengite, chlorite, and rutile predate the main foliation. The quartz recrystallized
especially via a bulging recrystallization mechanism.
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Figure 6. (a) Pervasive main foliation made of muscovite and chlorite and (b) relict chlorite forming a
high angle with respect to the main foliation in sample SK-121-a. (c) Muscovite and chlorite forming
the main foliation and (d) a garnet porphyroclast enveloped by muscovite in sample SK-110-1.
(e) Quartz recrystallized via BLG (red boxes) and muscovite along the main foliation. (f) Calcite
occurring in some domains. Mineral abbreviations after [35] except for white mica (Wm).

4. PT Estimation of UMU and LMU

The estimation of the PT conditions of metamorphism was previously conducted [36,37]
using the bulk-rock compositions of representative samples from the UMU of Skyros
(sample SK-110b, Figure 3) and the LMU of Skyros (sample SK-51, Figure 3). Thus, the
local-equilibrium method has been applied successfully only for the Chl-Ph pairs for the
LMU of Skyros. The calculated invariant points define the maximum pressure conditions
atP =114 1.5 kbar and T = 280 £ 15 °C; the maximum temperature conditions occur at T
=384 £ 13 °Cand P =9.2 & 0.4 kbar. One additional chlorite-phengite pair was calculated
to be stable at T = 380 £ 20 °C and P = 7.5 & 0.6 kbar, indicating decompression at a
nearly constant temperature. Application of the graphite thermometry revealed an average
temperature of 375 & 25 °C. As such, the maximum temperature (ca. 400 °C) estimated
from the graphite thermometer of [38] was in accordance with the maximum temperature
estimated from the local equilibria between chlorite and phengite. Hence, along with the
calculated T from the Raman spectroscopy of the carbonaceous material method, the peak
T conditions are in accordance with the results estimated by the multi-equilibrium method
atP ~ 9.2 kbar and T =~ 385 °C [36,37]. The peak temperature of the UMU of Skyros has
been estimated using the PT pseudosection based on the garnet and phengite composition.
The petrographic observation of the sample suggests an equilibrium between garnet and
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phengitic muscovite. The garnet isopleths converged for the three end-members, and
when compared with the observed composition of the garnet indicate T = 550 & 30 °C at
9.2 £ 1 kbar. The Si-in phengite isopleths are lying between the pressures estimated from
the garnet isopleths, suggesting compositional equilibrium with the latter. The estimated
temperature should be regarded as the peak one, with the peak assemblage represented by
Wm + Chl + Ph + Bt + Grt + Ep + Rt + Qz + Mt. The biotite was not observed in the sample,
because it has been retrogressed and chloritized [36,37].

5. Analytical Methods
5.1. Petrographic and Microprobe Analyses

Two samples (SK-121-a and SK-110-1) from the micaschists of the UMU of Skyros have
been analyzed. Their location is shown in Figure 3 and their geographical co-ordinates
are: 38°54.801/, 24°31.925" for SK-110-1 and 38° 54.840’, 24°31.885' for SK-121-a (see
also Supplementary Table S1). Eight polished thin sections were prepared from the two
collected samples.

Thin sections of samples SK-121-a and SK-110-1 were analyzed through a Leica micro-
scope at the Universita degli Studi di Milano-Bicocca for petrographic observations. The
thin sections were carbon coated and subjected to Electron Probe Micro-Analysis (EPMA)
with the JEOL 8200 Superprobe™ at the Universita degli Studi di Milano, with a 15 kV
accelerating voltage, a 5 nA beam current, and a 3 um beam diameter.

5.2. PT pseudosection Modelling

We used the bulk-rock compositions of two rocks as proxies for representative samples
from the upper (sample SK-110b) and the lower (sample SK-51) tectonic unit from Skyros
island. PT pseudosections were calculated in the system SiO,—TiO,—Al,O3-FeO-MgO-
CaO-Na;O-K,0 (HO as saturated phase component), employing Perple_X software
(ver. 6.9.1; 2020) [39-41]. The thermodynamic database of Holland and Powell (1998;
updated in 2004) was applied [42]. The solution models we used during calculation of the
pseudosections were the following: Bio(HP) for biotite [43], Carp(M) for carpholite [44],
ChI(HP) for chlorite [43], Ctd(HP) for chloritoid [43], Gt(HP) for garnet [43], Pheng(HP)
for K-white mica [43], Mica(M) for paragonite [44], Sud(M) for sudoite [44], Pu(M) for
pumpellyite [44], Act(M) for amphibole [44], Stlp(M) for stilpnomelane [44], Omph(GHP)
for clinopyroxene [45], Ep(HP) for epidote [43], MtUI(A) for magnetite [46], IIGkPy for
ilmenite, and feldspar for plagioclase [47]. The bulk-rock compositions based on whole-rock
analysis, and thus the derived phase assemblage, are assumed to represent equilibrium
over the scale of a hand specimen. However, since the analyzed rocks are fine-grained,
then the analyzed composition can be regarded as the “effective” one (the composition that
suggests grain-scale equilibrium). In this study, however, the calculated pseudosections,
combined with the observed textural relations and mineral modal/chemistry data, provide
a unique frame of P-T conditions for a specific bulk-rock composition, and also are a
good proxy to derive the peak and post-peak stages along the metamorphic evolution [48].
WERAMI software (ver. 6.9.1) was used to compute isopleths for end-members of solid
solutions. Finally, PyWERAMI software (Lexa, updated 2011) was used for calculation of
selected mineral isopleths. After that, we exported each PyYWERAMI plot to EPS format,
and imported it into CorelDraw software (ver. X8).

5.3. 0479 Ar Dating

For “°Ar/3% Ar analyses, samples were irradiated in the McMaster University nuclear
reactor (Ontario, Canada), carefully avoiding Cd shielding. The age monitor was horn-
blende MMhb1 with an assumed age of 523.1 Ma [49]. OAr/3Ar analyses followed the
step-heating procedure described in [50] with the Nulnstruments™ Noblesse® noble gas
mass spectrometer at the Universita degli Studi di Milano-Bicocca.
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6. Results

Optical microscopy (Figure 6) reveals a main foliation defined by muscovite and minor
chlorite, predated by a relict white mica oriented at a high angle to the foliation.

EPM analyses (Supplementary Table S1) quantify the composition of the main min-
eral phases. Both SK-121-a and SK-110-1 have very similar characteristics. Backscattered
electron images (BSE; Figure 7) show that garnet, biotite, phengite, and chlorite + rutile
=+ paragonite predate the main foliation, and are preserved as relicts (Figures 6b and 7b).
Quartz recrystallized (Figure 6d,e) showing evidence of a bulging [51] recrystallization
mechanism. Compositional diagrams (Figure 8a,b) of the texture and microstructure clearly
detected white mica generations; they appear at first sight to suggest that these two genera-
tions of muscovite are chemically identical. As this is petrologically impossible (muscovite
and phengite form at very different pressures), these two apparently contradictory observa-
tions can be explained as a grain size artefact. As the primary electron beam had a diameter
of 3 um, any microstructure finer than the beam will be confused with the surrounding ma-
trix and give a meaningless average composition. This effect had been clearly documented
by [52] on the four white mica generations that had remained in petrologic (and hence
isotopic) disequilibrium in a high-grade gneiss. What is evident from the combination of
imaging and quantitative analyses on selected spots is that one generation of white mica is
HP phengite and one generation is retrograde muscovite (Figures 6 and 7).

x170  188um

x40 100pm

Figure 7. BSE images of sample thin sections. (a) BSE image of the SK-121-a sample. Muscovite
makes the main foliation. (b) Relicts of muscovite are transversal to the foliation. Red arrows show
the muscovite relicts (SK-121-a). (c) BSE image of the SK-110-1 sample. The main foliation is defined
by muscovite. (d) Chlorite relicts (SK-110-1) are embedded in the main muscovite foliation. Red
arrows show the chlorite (light gray).
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Figure 8. Electron Probe Micro-Analysis compositional diagrams of muscovite grains. (a) Al vs. Si
diagram. Al and Si are shown as apfu (atoms per formula unit). Subordinate relicts of phengite
(Si > 3.45 apfu) are distinct from the foliation-forming muscovite (Si < 3.09). (b) Mg/(Mg + Fe + Mn)
vs. alkali sum. Most point analyses show an alkali content between 0.90 and 1.00, suggesting
alteration < 10%, i.e., moderate. The Mg/Fe ratio varies by a factor 2, which is strong evidence of
very finely intergrown white mica generations of very different compositions.

Additional support for the occurrence of such an artefact comes from the spot electron
probe microanalyses on two grains petrographically identified as paragonite in sample
SK-101-1. The molar Na/Ca ratio is constant (22 £ 1); however, the apparent absolute
concentrations vary by a factor of 2. This can only be explained as a sub-pm intergrowth of
paragonite with a heterochemical, K-rich, Ca + Na-poor white mica.

The alkali content reveals the degree of ideality of micas, which can lose the interlayer
cations by alteration. The sum of alkali cations (plus minor amounts of interlayer Ca and Ba)
of the analyzed muscovite should be 1.00 apfu (atoms per formula unit) by stoichiometry.
The measured spots mostly are higher than 0.90 apfu, meaning that alteration mostly was
below 10% (Figure 8b).

The complete *°Ar /3% Ar results are given in Supplementary Table S2. Rock samples of
SK-121-a and SK-110-1 were crushed and sieved, and micas in the 125-250 um fraction were
separated by a Frantz™ Magnetic Separator at the Universita degli Studi di Milano-Bicocca.
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Muscovite crystals were then selected by handpicking under a stereomicroscope, avoiding
impurities and contamination.

Any attempt to interpret their significance must take into account two facts: (1) the
studied samples consist of a mixture of at least two different white mica generations that
were formed at different P-T, and therefore at different times; mixtures should be unraveled
following [53], making the best possible use of Ar isotope systematics. (2) As the scale
at which the mica generations are intergrown is <3 pm (as demonstrated by our EPMA
observations), there are only two ways to date the individual mica generations: (2.1) degas
a sample volume << 1 um? to be sure to degas only one monomineralic species; however,
the presently available mass spectrometers are not able to achieve sufficient precision
on sub-attomole Ar concentrations accumulated in such an extremely small volume of a
Phanerozoic mineral; (2.2) exploit the differential release of Ar from the respective crystal
structures [54]. The latter option is discussed by [53,55,56].

7. Discussion
7.1. Late Cretaceous Ages in the UMU

The age spectra of the SK-121-a and SK-110-1 white mica separates are very similar:
step ages increase from ca. 70 Ma to ca. 96 Ma (Figure 9a). An age spectrum alone is
not conducive to reliable insight and can even be grossly misleading [55]. What provides
clearer insight are the common-denominator isotope correlation diagrams [55,57], which
show similar trajectories for the two samples (Figure 9b,c).

These trajectories bear petrogenetic information, as both the C1/K and Ca/K ratios
are powerful indicators of mineralogical identity and therefore of petrogenetic conditions
(Ref. [58] and references therein). As detailed in the literature (e.g., Ref. [55] and references
therein) mixtures are unraveled by identifying the endpoints of mixing trends. If all heating
steps define a linear trend, then the system may be a binary mixing (or a two-dimensional
projection of a three-dimensional point distribution indicating multiple mixing); if points
deviate from a straight line, then at least one (or more) additional mixing end-members are
required by simple mathematics.

The age vs. Cl/K common denominator isotope correlation diagram (Figure 9b)
shows that both samples define a Z-shaped trajectory, starting with step 1 (lowest furnace
temperature) at the lower right, climbing towards the left, then turning sharply towards
the upper right at step 3, climbing further until step 9, and finally veering towards the
upper left; step 11 of sample SK-110-1 adds a rightward shift to the Z-shaped trajectory
(possibly very minute amounts of apatite, which has high Ca and at the same time high ClI
concentrations). The age vs. Ca/K diagram starts with step 1 at the bottom right, climbs
with a shallow slope until step 3, then climbs steeply towards the right until step 8, and
finally veers with a shallow slope towards the right.

In both diagrams, the most parsimonious number of required endmembers is four.
Two of them are related to alteration and/or xenocrystals having a high Ca/K ratio that
rules them out as micas. Two white mica generations are indicated by Ar systematics,
confirming the microtextural observations. The two schist samples are strictly related and
have very similar degassing patterns. To infer the age of each population, we exploit the
information provided by the composition vs. age diagrams (Figure 9b,c). The relict mica
generation of sample SK-110-1 has a minimum age given by step 9 (the endpoint of the
Cl/K-age correlation trend having the low Ca/K signature), i.e., t > 93.5 Ma. The same
criterion applied to SK-121-a gives t > 91.5 Ma. The younger mica generation of SK-121-a,
corresponding to step 3 (for which the Cl/K ratio is lowest), is inferred to have an age
of approximately 78 Ma. The phase(s) characterized by high Ca/K ratios in steps 1-2 of
both samples reflect alterations dated as <71 Ma (sample SK-110-1) and <66 Ma (sample
SK-121-a). Comparing both samples, we propose that the main foliation was formed in
the Late Cretaceous (ca. 78 Ma), preceded by relict mica > 93.5 Ma, and followed by
alteration < 66 Ma. This alteration could be as young as Eocene (if it is subordinate by
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mass balance), an age well documented as being a retrogression age across much of the
Southern Aegean.
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Figure 9. °Ar/% Ar results for the analyzed samples. (a) Age spectra. SK-121-a (dashed lines) and SK-
110-1 (continuous lines). All uncertainties are shown as 2c. (b) Age vs. C1/K common-denominator
correlation diagram for SK-121-a (open triangles) and SK-110-1 (filled circles). Steps are numbered
from 1 to 11; step 1 of both samples plots outside the boundaries and is marked by an arrow. The
data are given in Table S2. The regular trajectory of the points from the lowest temperature steps to
the highest temperature steps has a Z shape, which requires that four different phases were distinct
Ar reservoirs. (c) Age vs. Ca/K common-denominator correlation diagram. The trajectory of the data
points differs from that in (b), but its U shape requires the same four distinct Ar reservoirs degassed
in the same temperature steps as (b).
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7.2. Tectonic Implications

Based on its pelagic nature and its thrusting on the LMU and the Ophiolites, the
UMU of Skyros, cropping out in Olympus Mountain, probably represents a segment of
the Axios/Vardar oceanic domain (H4 in Figure 1). Its paleogeographic position should
be in the internal margin of H4 towards its transition to the more internal continental
platform terrane of Paikon-Lesvos (H5 in Figure 1). It was probably involved in the late
stages of the Paleo-Alpine orogenic phase, undergoing subduction, detachment from the
subducting slab, and subsequent rapid exhumation within the Late Cretaceous volcanic
arc of the Hellenides [1]. It is remarkable that the underlying LMU of Skyros is composed
of pelagic meta-sediments with submarine basic volcanism, resembling pelagic/oceanic
Maliac affinities [59]. It is characterized by low grade greenschist assemblages such as
albite + white mica + chlorite + epidote + quartz + calcite + Fe-oxides [60]. In addition, the
absence of garnet, biotite, and amphibole, which are present in the UMU of Skyros, shows
the significant difference in the metamorphic grade between the two metamorphic units of
Skyros. Thus, the LMU of Skyros corresponds to the pelagic/oceanic units (well-known
from continental Greece) of Axios/Vardar origin, which have been subducted with the
oceanic crust and subsequently have been obducted together with the ophiolites on the
internal carbonate platform of the Pelagonian domain (Almopia or Sub-Pelagonian units
of H3) [2,3,10,11]. This geotectonic process was accompanied in some cases by low-grade
metamorphism, similar to that of the LMU of Skyros observed in ophiolite mélanges;
in other cases, it is observable in the deformation with folding and shearing of the so-
called schist/hornstein formations, without metamorphism [1,3,61]. In all cases, the paleo-
tectonized units were covered by the non-metamorphosed sediments of the Late Cretaceous
transgression, implying that the tectono-metamorphic events were pre-Cenomanian [2,8].

In the case of Skyros Island, our study showed that the non-metamorphosed Up-
per Cretaceous limestones and Eocene flysch are involved in the final Alpine thrusting,
inter-fingering between the underlying paleo-tectonized units of the Sub-Pelagonian, the
ophiolites and LMU and the overlying UMU. Thus, the Late Cretaceous age we obtained for
the metamorphic foliation of the UMU marks a separate particular tectono-metamorphic
event, absent from the other units of Skyros and generally from the Hellenides, with the
exception of the sparse small Tertiary tectonic klippen (cited previously) in Crete and the
Cyclades. Taking into account our results together with the previously cited references on
the Paleo-Alpine orogenic events, we can distinguish, from the chronological point of view,
the following stages:

(i) A first tectonic phase with intra-oceanic subduction of an Axios/Vardar oceanic seg-
ment, which was imbricated with ophiolites and acquired low-grade metamorphism
during the Late Jurassic-Early Cretaceous. This segment is the LMU.

(if) At alater stage, probably during the Early Cretaceous, this metamorphic unit was tec-
tonically emplaced/obducted upon the Sub-Pelagonian carbonate platform and formed
the Eo-Hellenic nappe. This process is typical of the Paleo-Alpine orogenic events.

(iii) During the Late Cretaceous, the previously deformed area was transgressed, and
shallow water carbonates were deposited, followed by Eocene flysch. At the same
period, in another more internal domain of the orogenic arc, where the volcanic arc
was formed, we have the Late Cretaceous metamorphic events of the UMU.

(iv) During the Early Cenozoic, the UMU was tectonically emplaced at a shallow tec-
tonic level together with the detached Upper Cretaceous sediments over the paleo-
tectonized units (LMU and Sub-Pelagonian).

The key point is that during the deposition of the Upper Cretaceous limestones
above the paleo-tectonized units, the UMU of Skyros was under metamorphic conditions
characterized by PT conditions of 9.2 & 1 kbar and 550 & 30 °C.

The new finding of Late Cretaceous tectono-metamorphic ages in Skyros Island ex-
tends the occurrence of this event to the North Aegean Sea, from a geographical point
of view, and to the Internal Hellenides, from a geodynamic point of view (terrane H4 in
Figure 1). In all cases, the tectonic units bearing the Late Cretaceous tectono-metamorphic
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event are found as tectonic klippen emplaced above different units during the Eocene
orogenic events. The Asteroussia nappe is observed above the Pindos/Ethia nappe in
Crete [17-19], the Anafi metamorphic klippen above the non-metamorphic Eocene flysch
in Anafi Island, southern Cyclades [21,22], the Nikouria nappe above the metamorphic
Amorgos Unit [20], the Akrotiri unit above the Northern Cyclades unit in Tinos [24], and
the Vari unit above the Northern Cyclades unit in Southern Syros [23]. In the cases of
Crete and Anafi Islands, the tectonic klippen are observed above non metamorphic units
overlying Eocene flysch formations of H2, whereas in the cases of Amorgos, Tinos, and
Syros Islands, they overlie Cycladic metamorphic units of H2 metamorphosed during the
Early Cenozoic. It is also relevant that in Crete and in Anafi Island, the Late Cretaceous
tectono-metamorphic events are accompanied by Late Cretaceous granites. Thus, the pre-
viously reported Late Cretaceous tectono-metamorphic events in the External Hellenides
(terrane H2 in Figure 1) have to be investigated in a new geotectonic scenario of a high
temperature domain in the back-arc area of the evolving Hellenic arc in the area of the
internal tectono-metamorphic belt of Rhodope [1,4]. Skyros Island is probably closer to
the Late Cretaceous magmatic/volcanic zone than the previously studied areas in the
External Hellenides domain in Crete and Cyclades, which could be far-travelled distant
units, during the Eocene-Oligocene tectonism of the Alpine orogeny.

8. Conclusions

The new geochronological data from the Upper Metamorphic Unit (UMU) of Skyros
Island show that the Late Cretaceous tectono-metamorphic events known from the South
Aegean are also observed in the North Aegean area within the Internal Hellenides domain.
The tectonic units recording the Late Cretaceous tectono-metamorphic events are always
found as tectonic klippen on top of tectonic units that are either metamorphosed (LMU of
Skyros, Northern Cyclades blueschists, and Amorgos unit) or non-metamorphosed (Anafi
autochthon Eocene flysch and Pindos/Ethia unit). The occurrence of the Late Cretaceous
tectono-metamorphic events also in the Internal Hellenides in the North Aegean proves
that plate convergence with subduction of the Tethyan elements of the African plate is
continuous from the Jurassic to the present. The dominant high-grade metamorphic
characteristics of the Late Cretaceous klippen and their co-existence with granitic bodies
(Asteroussia, Anafi) indicate their formation within the paleo-volcanic arc.
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/ /www.mdpi.com/article/10.3390/ geosciences14030069 /s1, Table S1: Electron microprobe analyses
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SK-110-1 muscovite crystals. All isotopes are shown in mL. Uncertainties are shown as 10.
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