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Chapter 1. Introduction
1.1. Introduction

The Hellenic Hinterland is located between the Carpatho-Balkan and Dinaric-Hellenic
mountain belts (Fig. 1.1a) both being part of the Alpine orogen and resulting from the
convergence-related processes between the Eurasian plate and Gondwana-derived
continental blocks (e.g., Dercourt et al., 1993; Stampfli and Borel, 2002), during Mesozoic
and Cenozoic times. It comprises of crystalline rocks that were initially attributed
Precambrian age and were considered to build up an already consolidated, stable part of
crust, unaffected by the Alpine orogenic processes (Kober, 1928; Dimitrievic, 1966, 1974).
In Greece, these rocks have been grouped in the Rhodope massif, and the Serbo-
Macedonian massif, covering the area from its western margin, located east of the Axios
zone in Central Macedonia as far to the east as the Thrace basin (Fig. 1.1b). These
crystalline massifs occupy large regions in Bulgaria, as well. However later studies
indicated that the Hellenic Hinterland has undergone significant reworking and
metamorphism due to Alpine orogeny (e.g. lvanov, 1988; Burg et al., 1990, 1996; Kilias et
al., 1999; Brun and Sokoutis, 2007). As a result, nowadays it is considered rather as a
complex pile of Mesozoic, syn-metamophic nappes stacked in an active Alpine margin,
and later on during Tertiary, this pile was subjected to extension causing the exhumation
of high-grade metamorphic rocks and the formation of several metamorphic core
complexes (Dinter and Royden, 1993; Sokoutis et al., 1993; Brun and Sokoutis, 2007). The
most interesting, however, issue, is that this re-assessment is accompanied by the
difficulty to correctly assign the multi-deformed and multi-metamorphosed rocks to
specific geological (map) units, and, because of this fact, different re-assignments of main
geological contacts and boundaries and diverse structural interpretations have been
proposed (Burg et al., 1995; 1996; 2012; Kilias et al., 1999; Brun and Sokoutis, 2007;
Himmerkus et al., 2011, Plougarlis and Tranos, 2014; Kydonakis et al., 2015).
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Fig. 1.1. Simplified geological maps of: a) the main geotectonic framework of the Eastern Mediterranean
region, including the Dinarides-Hellenides and Balkanides, as the main Alpine orogenic belts. Modified
after Tranos and Lacombe (2014); b) the Internal Hellenides and their innermost part, represented by the
Serbo-Macedonian and the Rhodope massifs. The study area is also indicated at the northern part of the

Athos Peninsula. Modified after Kockel et al. (1977) and Plougarlis and Tranos (2014).

The present PhD thesis focuses on the northern part of the Athos peninsula, which is
the easternmost part of the wider Chalkidiki peninsula in Central Macedonia, Greece, and
protrudes 50 km into the Aegean Sea. The Athos Peninsula was originally mapped by
Kockel and Mollat (1978) (Fig. 1.2), who assigned the rocks comprising the basement of
the central and northern part of the peninsula to the Vertiskos and Kerdyllion Units of the
Serbo-Macedonian massif. The contact between the two units was initially considered as
normal whereas the amphibolites and ultra-mafics were indiscriminately described as
igneous and meta-igneous rocks. Himmerkus et al. (2011) grouped the rocks of the study
area into the Kerdyllion Unit and the Athos-Volvi Suture Zone (Himmerkus et al., 2005),

based solely on dating methods and geochemistry. There is, therefore, an absence of a



purely structural study from the area which will, not only clarify and determine the Alpine
reworking, documented in other parts of the Serbo-Macedonian massif, but also examine
this afore-mentioned re-assessment, by assigning the rocks of the Athos peninsula to
specific (map) units. This is the gap this dissertation attempts to fill, by identifying,
analyzing and clarifying structural relationships, concerning an integral part of the

Hellenic orogen.

Vertiskos Unit

Two-mica gneisses
and biotite-gneisses

Kerdyllion Unit

Marbles

Igneous, meta-igneous
rocks
Amphibolites

Ultramafics

Tertiary granites

Fig. 1.2. Geological map of the study area (based on the geological mapping and lithological descriptions

of Kockel and Mollat (1969) and published by the Publication Department of Geological Maps of I.G.M.R.
(1978)).

1.2. Geological setting
1.2.1 Serbo-Macedonian massif

The Serbo-Macedonian massif was separated from the Rhodope massif during the
decade of 60’s (Kockel and Walther, 1965; Dimitrievic, 1963). More precisely, Kockel and
Walther (1965) who mapped the wider area of the Chalkidiki peninsula in central Greece

defined the Serbo-Macedonian massif as covering the area east of the Axios zone until



the Strymon River (Fig. 1.1). Furthermore, they subdivided the Serbo-Macedonian Massif
into two distinct geological units: a) the structurally upper Vertiskos Unit to the west,
which occupies the largest part of the Serbo-Macedonian Massif, and consists mainly of
gneisses and schists, and b) the structurally lower Kerdyllion Unit to the east, which
comprises mainly of biotite gneisses, migmatitic gneisses, amphibolites and marbles

(Kockel et al., 1977; Sakellariou, 1989; Burg et al., 1995).

1.2.1.1 Lithologies

More specifically the Vertiskos Unit consists mainly of monotonous, fine- to medium-
grained, muscovite-biotite gneiss and biotite-muscovite gneiss; we called them two-mica
gneiss. Subsidiary, lithologies like muscovite gneiss, augen gneiss, biotite gneiss, biotite-
hornblende gneiss and amphibolite intercalate with the two-mica gneiss, whereas
marbles and other carbonate rocks are exceedingly rare. These rocks have been
interpreted as an originally thick series of greywackes, arkoses and shales (Kockel et al.
1977, Sakellariou, 1989). On the contrary, Himmerkus et al., (2006); Himmerkus et al.,
(2009a) interpreted them as representing a mainly orthogneissic sequence of continental
magmatic-arc origin. The amphibolites exhibit a great variability from fine-grained to
coarser, thick-layered, often bearing anatexitic feldspathic layers. Their mineralogical
compositions also vary as far as the biotite concentration is concerned, leading to biotite-
hornblende intercalations at places. Occasionally thin layers of calc-silicate schists are
found intercalating these amphibolitic bodies. The amphibolites, in their entirety, have
been interpreted as meta-ophiolitic bodies with ultrabasic, gabbroic and volcanic
subdivisions, of tholeitic magma origin (Kockel et al. 1977, Kasoli-Fournaraki, 1981). Since
the amphibolites are found to be interlayered with the two-mica gneiss, their
emplacement was considered to be synchronous with the deposition of the afore-
mentioned meta-sediments and of Precambrian age (Kockel et al. 1977). As far as the
ultra-basic bodies are concerned, they consist mainly of pyroxene peridotites, with signs
of extensive serpentinization and their contacts with the surrounding rocks (two-mica
gneisses sequence and amphibolites) have been interpreted as tectonic in all localities

(Kockel et al. 1977). These ultra-basic bodies were grouped into the Therma-Gomati-Volvi



complex by Dixon and Dimitriadis (1984) and were considered as remnants of an oceanic
crust.

The Kerdyllion Unit consists mainly of fine to medium-grained biotite gneisses, with a
very well-developed metamorphic banding and signs of extensive regional anatexis at
places. Concordant intercalations of other rock types are commonly found within the
dominant biotite gneiss sequence and include: muscovite-biotite, garnet-bearing
gneisses, hornblende-biotite and biotite-hornblende gneisses with a less pronounced
layering, as well as various types of fine to coarse-grained, more massive, flaser
amphibolites, often accompanied by anatexitic feldspathic bands and layers of garnet-
epidote-rich and calc-silicate rocks. The second most characteristic rock type of the
Kerdyllion Unit are the marbles which comprise of three distinct horizons: the lower,
intermediate and upper horizon, of similar lithology among all three horizons, but also an
overall distinct facies differentiation, from predominating bluish, coarse-grained, thick-
bedded types to thinly bedded, slaty varieties. Intercalations, predominantly with biotite-
hornblende gneisses and amphibolites, along with actinolite-calc-schists, calcite-bearing
amphibolites, epidote-actinolite-schists and banded biotite-actinolite-calc-schists, are
quite common within the three marble horizons. The Kerdyllion Unit has been interpreted
as an originally monotonous greywacke-arkose and occasionally marl series of great
thickness, with embedded limestone horizons, whereas the amphibolites have been
assigned both sedimentary (marls) as well as igneous (tholeitic magma) origin, depending
on the researcher (Kockel et al., 1977; Kasoli-Fournaraki, 1981; Sakellariou, 1989).

1.2.1.2 Metamorphism

Both units of the Serbo-Macedonian massif are characterized by a multi-phase
metamorphic history, which has been subject to various interpretations by researchers.
The first metamorphic phase has been identified in relict forms as a possible eclogite-
facies, based on the co-existence of titanite and rutile in the basalt-origin amphibolites
(Hellman and Green, 1979) from both Vertiskos and Kerdyllion Units (Kassoli-Fournaraki,
1981; Dimitriadis, 1974), as well as the microanalysis of garnets from the same
amphibolites, whose composition points to A-type eclogites (Sakellariou, 1989). This relict
eclogite-facies was not initially assigned any specific age, other than pre-Mesozoic

(Sakellariou, 1989), whereas later studies identified graphite pseudoforms after

5



diamonds, within amphibolite xenoliths within the Arnea granite and the vicinity of the
Vertiskos Unit, pointing to an ultra-high pressure, eclogite-facies metamorphic event that
was attributed Carboniferous age (Kostopoulos et al., 2000). The latter metamorphic
event could be correlated with the Late Carboniferous-Early Permian mica ages, for the
Vertiskos Unit, dated by Borci et al. (1965) within pegmatoid intrusive bodies, even
though these ages were initially interpreted as the effect of a thermal rejuvenation event
throughout Vertiskos Unit (Kockel et al., 1977). An analogous relict eclogite-facies was
also identified in garnet-staurolite-mica schists which, according to some researchers,
represent former Mesozoic sedimentary sequences initially deposited on the Serbo-
Macedonian Palaeozoic basement (Kockel et al., 1977; Dixon and Dimitriadis, 1984), thus
assigning Mesozoic age to this HP metamorphic phase (Kydonakis et al., 2015).

A consequent second metamorphic event of medium amphibolite grade was
recognized in the Vertiskos Unit meta-sedimentary rocks by Sakellariou (1989), that was
considered syn-tectonic to either the Cimmeric orogenic processes (Sengér, 1984) or a
possible neo-Paleozoic orogenic event (Sakellariou, 1989).

The predominant metamorphic fabric, characterizing both the Vertiskos and
Kerdyllion Units, has been attributed to a third syn/post-tectonic regional metamorphic
event under lower-medium grade amphibolite facies (Kockel et. al, 1977; Dixon and
Dimitriadis, 1984; Sakellariou, 1989), post-dating and overprinting the afore-mentioned
metamorphic phase. This metamorphic phase is considered generally responsible for the
intense Mesozoic reworking of a previously believed inert crustal part since the Paleozoic
by earlier researchers, such as Kockel et al. (1977). Its dating varies according to the
existing geochronological data (Borsi et al., 1965; Christofides et al., 1999, 2007; De Wet
et al., 1989; Harre et al., 1968; Lips et al., 2000; Papadopoulos and Kilias, 1985) and the
researchers ranging from Middle-Late Jurassic (Dixon and Dimitriadis, 1984; Sakellariou,
1989) to Middle-Late Cretaceous (Papadopoulos and Kilias, 1985; Kilias et al., 1999).

This predominant lower-middle amphibolite facies has been found to have
retrograded to an upper greenschist, syntectonic facies, characterizing this fourth
metamorphic phase, affecting both Vertiskos and Kerdyllion Units. The age of this
metamorphic event is considered as Early Cretaceous (De Wet et al., 1987; Sakellariou,

1989) and is based on the already-mentioned, geochronological data of mainly micas



(Harre et al., 1968; De Wet et al., 1989; Lips et al., 2000). However, some researchers
attribute the latter geochronological data to the previous amphibolite facies event, even
though these mica ages are generally considered to represent cooling ages and seem to
be more fit with this retrograde greenschist facies.

The fifth and final, youngest metamorphic phase is represented by a syn-tectonic,
retrograde, lower greenschist facies of Tertiary-Eocene age (Kockel et al., 1977; Kassoli-
Fournaraki 1981; Dixon and Dimitriadis 1984; Chatzidimitriadis et al., 1985; Papadopoulos
and Kilias 1985; Sakellariou 1989), affecting the basement rocks as well as the afore-
mentioned Eocene granitoids of Sithonia, Ouranoupolis etc. and being in accordance with
the main Late Eocene mica cooling ages by Harre et al. (1968).

Various mica ages from pegmatoids and Vertiskos-Kerdyllion Units could have
recorded any stage from the afore-mentioned late-Alpine metamorphic, syntectonic

phases.

1.2.1.3 Magmatism

Magmatism in the Serbo-Macedonian massif has been generally assigned four phases,
even though the ages involved vary from researcher to researcher, depending on the
existence or not of geochronological data as well as the dating methods applied. The first
magmatic phase has been already described and is related to the protolith of the
widespread amphibolites both in the Kerdyllion as well as the meta-ophiolitic, basic and
ultra-basic bodies within the Vertiskos Unit. They are considered as metamorphic
products of a pre-Alpine, probably Precambrian basic-ultra-basic magmatic event (Kockel
et al., 1977, Kasoli-Fournaraki, 1981), even though another group of researchers have
identified great part of this meta-ophiolitic sequence as an in-situ Mesozoic rift complex,
namely Therma-Gomati-Volvi ophiolite complex (Dixon and Dimitriadis, 1984), or a
Mesozoic ophiolithic suture, namely Athos-Volvi Suture zone (Himmerkus et al., 2005).

A subsequent, second magmatic phase is represented by the plagioclase-microcline
gneiss, concordantly incorporated in both the Vertiskos and more extensively the
Kerdyllion Unit. This plagioclase-microcline gneiss corresponds to syn-orogenic,
leucocratic, biotite-muscovite granite intrusions, whereas their dominant fabric was

considered as pre- or syn-kinematic with the dominant regional metamorphism of the
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Serbo-Macedonian massif (Kockel et al., 1977, Plougarlis and Tranos, 2014). Much
younger ages of Eocene to Oligocene times (55.8 to 33.9 Ma), calculated via radiometric
dating of K/Ar and Rb/Sr on muscovite and biotite from this plagioclase-microcline gneiss
(Harre et al., 1968). This dating might represent thermal rejuvenation ages associated
with the widespread acidic intrusions throughout the Serbo-Macedonian massif (Kockel
etal., 1977). However, the oldest dated magmatic phase is of Silurian age, based on zircon
dating, and it is considered to represent a continental magmatic arc having as a result the
primary granite intrusions in the Vertiskos Unit (Himmerkus et al., 2006; Himmerkus et
al., 2009a). Obviously, this age contradicts both the initial Precambrian age assigned to
the same rocks, as well as the predominantly sedimentary origin of the Serbo-
Macedonian massif (Dimitrievic, 1966, 1974; Kockel et al., 1977).

The third magmatic phase is of Mesozoic age, identified in the Vertiskos Unit, and
consists mainly of large, medium- to coarse-grained, monotonous biotite-muscovite
granites, like the Arnea, Kerkini and Monopigadon granites, accompanied by smaller
intrusions, dykes and apophyses. The age assigned to this magmatic phase is a matter of
dispute as two distinct ages have been identified: A Late Jurassic age (Kockel et al., 1977),
based primarily on mica ages (Dixon and Dimitriadis, 1984; Papadopoulos and Kilias, 1985;
DeWet et al., 1989; Ricou et al., 1998; Christofides et al., 1999; Lips et al., 2000), and a
Triassic age based on zircon dating (Himmerkus et al., 2008; 2009; 2011). This difference
between the two recorded ages has been attributed by researchers to the low closure
temperature of micas (300°C to 450°C), which, for the first age group, could correspond
to cooling, exhumation ages of the Vertiskos terrain, whereas zircon ages, being much
less prone to resetting by thermal events, represent primary crystallization ages for the
granites (Himmerkus et al., 2009 and references therein), possibly associated with the
Triassic rifting of a passive continental margin (Stais and Ferriere, 1991). Himmerkus et al.
(2011) also dated a Late-Jurassic magmatic arc event in rocks occupying the Athos
peninsula, which were initially assigned to the Vertiskos Unit (Kockel et al., 1977) and later
to the Kerdyllion Unit and the Rhodope massif (Brun and Sokoutis, 2007, Himmerkus et
al., 2011).

The fourth and youngest magmatic phase, recognized throughout the Serbo-

Macedonian massif, consists of granitoid rocks, e.g. Sithonia, Ouranoupolis, Gregoriou,



lerissos plutons, that intruded the basement of the Serbo-Macedonian massif during
Eocene times (DeWet et al., 1989, Christofides et al., 1990), and were also considered
responsible for Eocene-Oligocene thermal rejuvenation ages of micas from basement

rocks (Harre et al., 1968; Kockel et al., 1977).
1.2.1.4 Deformation

The Serbo-Macedonian massif constitutes a geotectonic assemblage not only of multi-
phase metamorphic and magmatic history, but also deformation, since most of this
history was attributed to specific tectonic events mostly related to the complex plate
convergence between the Gondwana-derived continental blocks and Eurasia.

Sakellariou (1989) defined five syn-metamorphic deformational phases, as afore-
mentioned, for both the Vertiskos and Kerdyllion Units. The first deformational phase,
which is the oldest, has been linked with relict forms found within amphibolites and
correlated with an eclogite facies metamorphism. The second deformational phase has
been linked with a medium-grade amphibolite facies metamorphism and is characterized
by isoclinal folds, generally trending NW-SE, and a parallel trending stretching lineation,
both structural elements characterized by a strong later parallelism with the third,
consequent deformational event. Sakellariou (1989) assigned a Neo-Paleozoic age to this
deformational event. The third deformational phase took place under lower amphibolite
grade conditions and was characterized by the researcher as the main event, which gave
rise to the metamorphic and deformational fabric of both units, as well as the Mesozoic
Arnea granite. It is characterized by isoclinal folds, re-folding previous structures, also
trending NW-SE. Parallel to these axes is the stretching lineation. The age that was
assigned to this deformational event was Mid- to Late-Jurassic. The fourth deformational
phase, which was related with an upper greenschist metamorphic facies, was
characterized by close folds, trending N-S to NNE-SSW, and an intersection lineation of
parallel orientation, mainly expressed as microfold rodding axes. This metamorphic phase
was attributed a Lower Cretaceous age. The last syn-metamorphic deformational phase
was of a lowermost greenschist metamorphic grade, and was characterized by open to
close folds trending E-W, and it was attributed an Eocene age.

Patras et al. (1989) also report five deformational events for the Serbo-Macedonian

massif. The first deformational phase is represented by isoclinal folds trending NW-SE to
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NNW-SSE (135° to 170°) and associated with an axial planar foliation. The second
deformational phase is represented by isoclinal to tight, asymmetric folds, trending 125°-
155° and a formation of an intersection lineation. The third deformational phase mainly
includes large-scale, open to close folds, trending NNE-SSW, frequently asymmetric and
verging towards the SE. The fourth deformational event includes NW-SE trending, open
to gentle folds. The fifth deformational event is represented by N-S trending, kink folds.

Sidiropoulos (1991) concluded four deformational events for the Serbo-Macedonian
massif. The first deformational event is related with migmatization processes and the
initial orientation of its deformational fabric could not be established due to the intense
over-printing of the subsequent deformational event. It was assigned a Hercynian age.
The second deformational event is characterized by an intense mylonitization, a discrete
planar fabric, parallel to the pre-existing foliation related with the first deformationa
event, and the presence of tight to isoclinal folds, dated in the Permo-Triassic. The third
deformational event led to asymmetric, tight, recumbent folds trending NW-SE and NE-
SW and both intersection and sliding lineations. This event has been dated as Late-
Jurassic. The fourth deformational event is related with generally upright, open folds,
trending NNE-SSW and ENE-WSW as well, the development of a synchronous planar
fabric and sliding lineations, assigned a post-Jurassic age.

Kilias et al. (1999) also referred to two main deformational events, which affected the
Serbo-Macedonian massif and were related to the afore-mentioned, alpine re-working
processes that these rocks underwent. The Dsgg event was associated with metamorphic
conditions of 4.5-7.5 kbar and 510-580°C, and refers to a predominant ductile
deformation, producing a penetrative foliation, axial planar to isoclinal folds, the f-axes
of which are found parallel to the equivalent stretching lineation. This stretching lineation
mainly trends ENE-WSW to WNW-ESE and the studied kinematics produced an inferred
top-to-the ENE to ESE ductile flow, of Cretaceous age (120-90 Ma) associated with a
crustal stretching and unroofing. However, this kinematics has been also defined in the
Eocene Sithonia granitoid (Tranos et al., 1993) implying that it outlasted the Eocene. The
second deformational event, namely D¢, defined by Kilias et al. (1999) was associated with

low-angle extensional ductile shear zones, with an inferred top-to-the NE to SW sense of
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shear. This deformational event was attributed an Eocene to Miocene age, followed by a
consequent NW/SE-directed shortening during its later stages.

Plougarlis and Tranos (2014) proposed five deformational events for the Serbo-
Macedonian massif and their study in the Vertiskos and Kerdyllion Units. The first
deformational event is characterized by an intense shearing, the development of
mylonitic zones and isoclinal folds, transposed by the subsequent deformational event.
The second deformational event is also characterized by isoclinal folds, trending ENE-
WSW to E-W, affecting the previous structures and the associated axial planar foliation.
The third deformational event includes close folds, trending WSW-ENE and the
development of a crenulation cleavage. The fourth deformational event was of low
intensity and produced chevron-kink folds, whereas the fifth and final deformational
event described by the researchers corresponded to brittle to semi-brittle structures
defining transpression-pure compression and a N-S directed shortening.

Kydonakis et al. (2015) also studied the deformation of the Vertiskos Unit and, as
following previous researchers (Burg et al., 1996a; Burg et al., 1996b, Brun and Sokoutis,
2007), they incorporated the Kerdyllion Unit to the Rhodope massif. They consider
Vertiskos Unit to be part of the Chalkidiki block, which underwent in overall a ductile
deformational event, associated with an initial high-pressure metamorphism, followed by
a thermal equilibration, under lower pressure but higher temperature metamorphic
condition. This event spanned in time throughout the whole Cretaceous. They recorded
a stretching lineation, dominantly trending NE-SW and a dual opposite sense of shear,
both top-to-the SW and the NE, the former related with thrusting processes and the latter
probably related with extensional tectonics and the exhumation of the metamorphic

units.
1.2.2 Rhodope massif
1.2.2.1 Lithologies

The subdivision of the Rhodope Massif into distinct tectono-metamorphic units is not
an issue that has been totally resolved, however it has been roughly divided into two
units: a) The structurally lower unit which, in the central part of the Rhodope massif
corresponds to the Pangeon Unit (Papanikolaou and Panagopoulos, 1981), and in the

eastern part to the Lower Tectonic Unit, or LTU (Mposkos, 1998; Mposkos and Krohe,
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2000). The Pangeon unit consists of augen gneisses, mica schists and amphibolite schists
of variable thickness (20-300 m), underlying thick massive marbles intercalating with mica
schists of relatively small thickness, usually found within the cores of large scale isoclinal
synforms (Papanikolaou and Panagopoulos, 1981). The LTU, in turn, consists mainly of
orthogneisses, migmatites (containing muscovite-metapegmatite lenses), pelitic
gneisses, high Al-metapelites, eclogites, eclogite-amphibolites, amphibolites and rare
marble intercalations, whereas large ultramafic bodies associated with eclogitised and
amphibolitised gabbros are tectonically intercalated within the orthogneisses and
metapelites (Mposkos, 1998); b) The structurally higher unit, corresponding to: the
Sidironero Unit in the central part of the Rhodope massif, which overlies the Pangeon Unit
via a WNW-ESE tectonic zone, namely Nestos thrust, and to the Upper Tectonic Unit (UTU)
in the eastern part of the Rhodope massif, mainly consisting of medium to high grade
augen gneisses, migmatites, metapelites, leucocratic gneisses, amphibolites, eclogite-
amphibolites, mica schists, thin intercalations of marbles and a lot of pegmatite and aplite
veins, whereas small ultramafic bodies occur in many places (Papanikolaou and
Panagopoulos, 1981; Mposkos, 1998). In any case researchers have consistently
subdivided the Rhodope massif into two different structural units. The subdivision of the
Rhodope massif into the Pangeon-Sidironero Units was based on the tectonic
juxtaposition of a higher amphibolite-grade metamorphic complex, having reached HP to
UHP-HT peak metamorphic conditions that thrust over a lower grade metamorphic
complex of generally HP-LT, upper greenschist facies. Whereas the subdivision of the
Rhodope massif into the LTU and the UTU was based on the different inferred ages of
successive HP, MP and LP tectonometamorphic events, with the most pronounced MP
event being characterized by higher amphibolite facies in the UTU and upper greenschist-
lower amphibolite facies in the LTU (Mposkos, 1989; Mposkos, 1998). As far as the overall
origin of the afore-mentioned units are concerned, metasedimentary rocks are
considered to be of Gondwana provenance, based on the common presence of 670-560
Ma and 2.0-2.1 Ga ages, from detrital zircons, whereas the orthogneisses in bulk are
considered to be granitoids of Hercynian age (late Carboniferous-Early Permian) and the
eclogite-amphibolites metagabbroid rocks of Late Permian-Early Triassic age (Liati et al.,

2011 and references therein).
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1.2.2.2 Metamorphism

The Rhodope massif is strongly characterized, as the Serbo-Macedonian massif, by a
polyphase metamorhism. Some researchers argue for an initial Variscan metamorphism
(Burg et al., 1990; 1996; Krohe and Mposkos, 2002; Peytcheva et al., 2004; von Quadt et
al., 2005) attributed to protolith ages of granitoid gneisses and metapegmatites. The most
recorded and best-documented metamorphic phase, however, is of Mesozoic age and
constitutes an eclogite relict facies, which constitutes a preceding HP history of both
sedimentary and magmatic origin rocks throughout the Rhodope massif (e.g. Mposkos,
1989; Wawrzenitz and Mposkos, 1998; Liati and Gebauer, 1999; Mposkos and
Kostopoulos, 2001; Reischmann and Kostopoulos, 2002; Liati et al., 2011 and references
therein). Numerous studies have identified these eclogite facies metamorphic conditions,
with geochronological data placing them in a very wide time span, ranging from Early
Jurassic to Late Eocene, and varying tectono-metamotamorphic interpretations, which
attribute this time span to either a unique HP/(U)HP event related with a single long-
lasting subduction and exhumation cycle (Mposkos and Krohe, 2006; Cornelius, 2008;
Krenn et al., 2010; Turpaud and Reischmann, 2010), or a series of multiple subduction
cycles during Late Jurassic, Late Cretaceous, Early Eocene and Middle-Late Eocene times
respectively (Liati et al., 2011 and references therein). A subsequent metamorphic phase,
overprinting the latter eclogite facies, and forming the predominant metamorphic fabric
throughout the Rhodope massif, is represented by an amphibolite and at least at parts by
granulite facies (Liati and Seidel, 1996 and references therein, Liati and Gebauer, 1999)
for the UTU and Sidironero Unit, and an upper greenschist-lower amphibolite facies for
the LTU and Pangeon Unit. The amphibolite facies has been dated, mainly in the UTU and
Sidironero Unit, both in the Early Paleocene as well as in the Early-Late Eocene
(Wawrzenitz et al., 1994; Mposkos and Wawrzenitz, 1995; Mposkos, 1998, Liati and
Gebauer, 1999), whereas retrograde greenschist assemblages were geochronologically
placed in the Late Oligocene-Early Miocene (Del Moro et al., 1990; Wawrzenitz and Krohe,

1998), in Thasos and the Pangeon Unit.
1.2.2.3 Magmatism

The Rhodope massif is also characterized by a poly-phase magmatic activity.

Hercynian ages, ranging from Late Carboniferous-Early Permian, are reported as granitoid
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protolith ages of orthogneisses throughout the Rhodope massif (Peytcheva and von
Quadt, 1995; Wawrzenitz 1997; Liati and Gebauer 1999; Liati et al.,, 2002; Liati and
Fanning 2005), even though some researchers have attributed the afore-mentioned
granitic intrusions solely to the Pangaion or Lower Tectonic Unit (Turpaud and
Reischmann, 2010). A consequent magmatic event was identified in amphibolitized
eclogites from the Sidironero and the Upper Tectonic unit that was attributed Late
Permian-Early Triassic age and was related with the crystallization of gabbroic protoliths
(Liati and Fanning, 2005; Liati, 2005, Bauer et al., 2007). A quite well established magmatic
event has been defined in the Mesozoic, and more specifically the Late Jurassic-Early
Cretaceous, connected with either magmatic arc activity of corresponding granitoids or
rift-related magmatic underplating in the continental crust in Central Rhodope supported
by SHRIMP data, recorded in both basic and acid lithologies (Gebauer and Liati, 1997; Liati
and Gebauer, 2001, Liati et al., 2002; Turpaud and Reischmann, 2010). All the existing
geochronological data, however, seem to limit this Late Jurassic-Early Cretaceous
magmatism to the Sidironero and UTU of the Rhodope massif. Tertiary magmatism
remains a prominent characteristic of the Rhodope massif as well, and two main phases
can be distinguished: a first one is restricted within the Sidironero and UTU and refers to
the intrusion of granitoid rocks in the Eocene (Kilias and Mountrakis, 1998; Christofides
et al., 2001; Soldatos et al., 2001). This phase could be responsible for the Late Eocene
migmatization and the formation of leucosomes in orthogneisses recorded by some
researchers (Liati and Gebauer 1999; Liati et al., 2004; Liati, 2005), and a second, younger
one during the Oligocene-Miocene, also characterized by acid magmatism (Harre et al.,
1968; Eleftheriadis et al., 2001), solely within the Pangeon Unit and it is of post-collisional
nature (Christofides et al., 2001).

1.2.2.4 Deformation

The Rhodope massif, although bearing signs of an initial Variscan metamorphism, is
characterized by an overall fabric developed during the alpine, nappe-stacking processes
which must have stretched in time from the Upper Jurassic to the Paleogene (e.g., Burg
et al., 1990; 1996; Liati and Mposkos, 1990; Dinter et al., 1995; Wawrzenitz and Mposkos,
1997; Ricou et al., 1998; Krohe and Mposkos, 2002; Liati, 2005; Mposkos and Krohe, 2006;

Bauer et al., 2007; Krenn et al., 2008). Many researchers have attributed a polyphase
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character to this long-lasting deformational period the Rhodope massif underwent (e.g.
Meyer, 1969; Papanikolaou and Panagopoulos, 1981; Ivanov et al., 1985; Burg et al., 1990;
Kilias and Mountrakis, 1990; Koukouvelas and Doutsos, 1990), while others have grouped
multiple co-axial, recorded structural elements under a single progressive deformational
event (Burg et al., 1996). The main fabric, which has been most prominently imprinted on
the rocks of the Rhodope massif, is characterized by a generally shallow-dipping foliation,
isoclinal, recumbent folds, occasionally showing signs of a sheath fold geometry and
accompanied by a parallel to the afore-mentioned fold hinges stretching lineation (Burg
et al.,, 1996; 2012, Krenn et al., 2010). This intense stretching lineation, recorded
throughout the Rhodope massif, is generally NE-SW to N-S oriented (Meyer et al., 1963;
Meyer, 1969; Kronberg et al., 1970; Kilias and Mountrakis, 1990; Koukouvelas and
Doutsos, 1990; von Braun, 1993, Burg et al., 1996) and represents an either top-to-the
SW to S sense of shearing during the alpine nappe stacking event or a SW-ward shear
associated with the gravitational adjustment of this pre-existing nappe, via low-angle
normal faults (Burg et al., 1996; 2012).

The later stages of Rhodope's deformational history are characterized by both crenulation
and also kilometre-wavelength folds, constituting mainly E-W, S-facing folds but also and
N-S, W-facing chevron folds (Burg et al., 1996; 2012). These folding structures and the
produced occasional planar fabric associated with them, like a crenulation cleavage, have
been found to affect and cross-cut the late- to post-tectonic Eocene to Oligocene plutons
scattered throughout the Rhodope massif (Burg et al., 1996; 2012; Tranos et al. 2009).
1.3. Aim of this study

The Athos peninsula was primarily mapped by Kockel et al. (1977) (Fig. 1.2), and was
considered to be mainly build up by rocks belonging to the Vertiskos and Kerdyllion Units
of the Serbo-Macedonian massif. However, since then, later studies provided new
subdivisions of the crystalline rocks. For example, a new unit, namely Ammouliani Unit
between the Kerdyllion and Vertiskos Units, has been suggested by Plougarlis and Tranos
(2014), the Kerdyllion Unit was incorporated to the Rhodope massif (Burg et al., 1995;
Ricou et al., 1998; Brun and Sokoutis, 2004; 2007, Himmerkus et al., 2007; 2011), and the
Vertiskos Unit was considered as a separated individual tectonic terrane (Burg et al., 1995;

1996; 2012 and references therein).
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Moreover, Kockel et al. (1977), was based mainly on the interpretation of aerial photos
and some cross-sections, as basic tools for their mapping and the area has not been
studied in detail up to now. This fact constitutes the study area of much more interest,
concerning the structural relationships between the two units, and the Alpine reworking,
documented in other parts of the Serbo-Macedonian massif (e.g., its western contact with
the Circum Rhodope Belt Thrust System, Tranos et al. (1999)), which led to the
amalgamation of the innermost part of the Internal Hellenides.

Additionally, geochronological and geochemical data exist for the study area
(Himmerkus et al., 2011), the interpretation of which has led to the extrapolation of
various tectonic implications, with the actual tectonic analysis being absent. This is one of
the gaps this dissertation attempts to fill, in part, using existing geochronological and
geochemical data as a useful tool in an attempt to unfold the geotectonic evolution of the
study area, primarily based on structural analysis.

For this purpose, | carried out fieldwork, a detailed mapping of the study area and
additional microstructural analysis which allowed me to present the different lithologies
and deformation structures of the area. This work aims at deciphering the overall
structure, and tectono-stratigraphy of the Vertiskos and Kerdyllion Units in the northern
part of the Athos Peninsula, and how the region was affected by the Alpine orogeny, also,
targeting the contact between the units, so as to better understand the tectono-

metamorphic history of the Serbo-Macedonian massif.

16



Chapter 2..Geological structure of the Northern part of the Athos peninsula
2.1. Introduction

The northern part of the peninsula is mainly composed of marbles, initially grouped into
the Kerdyllion Unit and biotite gneisses and two-mica gneisses, grouped into the Vertiskos
Unit, both Units belonging to the Serbo-Macedonian massif, whereas their contact was
considered as a normal contact, by Kockel and Mollat (1968), during the mapping process
which led to the 1978 Institute of Geology and Mineral Exploration (I.G.M.E.) of Greece
(Fig. 1.2). However, amphibolites and ultramafic rocks exist along with the above
mentioned rocks, making the geology and relationship between the two units much more
complicated. Later Himmerkus et al. (2011) grouped the rocks of the study area into a
map unit, consisting primarily of biotite gneisses, of ortho-origin, assigned solely to the
Kerdyllion Unit, whereas the amphibolites and ultra-mafics were assigned to the Athos-
Volvi Suture Zone, considered by the specific researchers as an ophiolitic melange zone,
juxtaposed with the Therma-Volvi-Gomati complex of Dixon and Dimitriadis (1984).
During this dissertation a geological mapping of the northern part of the Athos
peninsula took place, along with the collection of structural data, such as different types
of foliation and lineation, fold axes and shear sense indicators and markers, in order to
define the map units of the study area, to clarify the nature of their contacts and to
decipher the overall structure governing this part of the Serbo-Macedonian massif. This
data was introduced and processed by an appropriate Geographical Information System

software and a new map was produced for the study area (Fig. 2.1).
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Fig. 2.1. Geological map of the study area, produced via mapping, field work and structural analysis,

carried out during this dissertation.

2.2. Lithological description of the map units

The geological mapping, which was carried out, defined the main geological map units
of the study area, which are: a) marbles, b) amphibolite gneiss, c) biotite gneiss, d) two
mica-gneiss and g) ultra-mafics. It is worth mentioning that within the marbles, as well as
the biotite and amphibolite gneiss map units underlying the two-mica gneiss, small
exposures of calc-silicate rocks, of several decades of meters in length, have been
observed in the field, but these exposures are too small to be mapped as a distinct map
unit. Another rock-type was identified during the geological mapping; that of leucogneiss,
which exposes in lenses or lensoidal interlayers of up to few hundreds of meters in length
and up to decades of meters in thickness, within the amphibolite and biotite gneiss,

especially along their lower boundary with the two-mica gneiss and to a much lesser
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extent within biotite gneiss overlying the two-mica gneiss. This rock was also not mapped
as a distinct map unit due to its relatively small exposures, even though it is indicated as
a “diffused” rock-element within the above-mentioned map units, in the produced
geological map.

The above map units generally dip with a very gentle angle to the ENE, and thus their
description from the structurally lower to the structurally higher levels is as follows:
Marbles

The marbles, forming an N-S striking narrow stripe between the Eocene Ouranoupolis
granitoid to the west and the lower amphibolite gneiss to the east, occupy the
westernmost part of the study area where the monasteries of Konstamonitou, Zografou,
Chiliandariou and Esfigmenou are located. Actually, the Eocene Ouranoupolis granite
intruded the marbles in the west. The marbles generally dip towards E-ESE at very gentle
angles underneath the amphibolite gneiss. They are mainly white and blueish gray in
color, coarse-grained, strongly foliated and banded, due to the alterations between
purely carbonate and more clastic layers, ranging in thickness up to tens of cm (Fig. 2.2a-
h). They appear as strongly deformed rocks, under ductile flow conditions resulting in a
mylonitic foliation, and at places carry overprinting relationships among multiple
deformational events (it will be further analyzed and described in a following chapter). A
typical mineral assemblage is calcite, biotite, epidote, quartz, and rutile as an accessory
mineral. At places, some intercalations with amphibolites, calc-silicate and amphibole
schists, which may reach tens of meters in thickness, have been observed into the
marbles. The marbles acquire a reddish pink color when these intercalations occur.
Finally, marbles also occur, as lenses in the form of tectonic slivers, few meters in

thickness, along the contact of the two-mica gneiss with the amphibolite gneiss map unit.
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Fig. 2.2. Marbles from the study area: a) Well-foliated marbles W of Konstamonitou monastery, b)
Reddish-pink, well-foliated marbles with thin calc-siliclastic intercalations, S of Zografou monastery, c)
White, intensely folded, generally coarse-grained marbles, S of Zografou monastery, d) White, coarse-
grained, well-foliated marble with foliation parallel shear zone, incorporating a boudinaged amphibolitic
bead, at Dohiarion monastery, e) Blueish white, well-foliated, coarse-grained marble, overlying the lower
amphibolite gneiss map unit, N of Dohiarion monastery, f) White-pink, coarse-grained, well-foliated

marble, SSE of Dohiarion monastery, g) White, coarse-grained, well-foliated marble, intercalating with
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cm-thick amphibolite layers, SSE of Xenofontos monastery, h) Blueish grey, coarse-grained marble,

intercalating with calc-silica-schist inlayers, ocassionally amphibole-rich, at Xenofontos monastery.

Amphibolite gneiss

The amphibolite gneiss map unit, as already mentioned, both underlies and overlies
the two mica-gneiss map unit. The underlying counterpart outcrops in the western part
of the study area, i.e. the areas of Xenofontos, Dochiariou, Konstamonitou, Zografou and
Esfigmenou monasteries, also overlying the marbles, whereas the overlying counterpart
of the amphibolite gneiss occurs in the central part of the study area, from the area
vicinity of Vatopedi monastery to Karyes. The rocks belonging to this map unit are dark
green to black in color, well foliated, and in many parts, they have developed a migmatitic
banding, especially at their part underlying the two mica-gneiss (Fig. 2.3a-h and Fig. 2.4a-
h). They often include augens of feldspar or feldspar-quartz-aggregate. The layering
ranges from 1-2 mm to approximately 10 cm in thickness and depending on their type
they exhibit from coarse-grained and massive to fine-grained types, especially when
thinly banded, whereas flecky and nebulitic textures are also evident in numerous
localities, indicating signs of migmatization. Frequent pegmatoid bodies, constituting the
leucogneiss at many localities, appear parallel or subparallel to the main foliation, forming
concordant pegmatoid bands of few cm to several meters in thickness, which become
much scarcer at the amphibolite gneiss part overlying the two mica gneiss. They are often
boudinaged forming at places “isolated” pegmatoid beads from centimetric to metric
scale. Also, near the contact with the underlying marbles, calc-silicate gneiss or schist
intercalations are found within the amphibolite gneiss. It quite frequently grades from an
amphibole-gneiss to an amphibole-biotite gneiss or biotite-amphibole gneiss, especially
at their contact with the overlying biotite gneiss. A fact that implies the gradual passage
between the amphibolite gneiss and the overlying biotite gneiss. On the other hand, they
also exhibit at places sharp boundaries with the biotite gneiss, in the form of shear zones
and a higher strain gradient, as well as a more pronounced gneissic to migmatitic layering,
when referring to the part of the map unit underlying the two mica-gneiss. There are also
some localities (i.e. Pantokratoros monastery), where they maintain a deformed pillow

structure, which could point to their basaltic protolith origin. The typical mineral
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assemblage consists of hornblende, plagioclase (An 20-40), epidote and zoisite, quartz,

whereas garnet, rutile and titanite exist as accessory minerals.

Fig. 2.3. Amphibolite gneiss images, underlying the two mica-gneiss: a) Migmatitic, well-foliated,

hornblende-biotite gneiss, with boudinaged, calc-silica-gneissic lenses, parallel to the foliation, SSE of
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Xenofontos monastery, b) Migmatitic, fell-foliated, layered amphibolite gneiss, SSE of Pantokratoros
monastery, c) Migmatitic, fell-foliated, layered amphibolite gneiss, NNW of Iviron monastery, d) Fine-
grained, thinly-foliated, amphibolite gneiss, at lviron monastery, e) Migmatitic, coarse-grained,
horneblende-biotite augen-gneiss, with inlayers of the leucogneiss and calc-silica-gneiss map unit, at
Esfigmenou monastery, f) Well-foliated, horneblend-biotite amphibolite gneiss, ENE of Esfigmenou
monastery, g) Migmatitic, amphibolite gneiss, E of Zografou monastery, h) Coarse-grained, garnet-

amphibolite gneiss, E of Esfigmenou monastery.
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Fig. 2.4. Amphibolite gneiss map unit images, overlying the two mica gneiss map unit: a) Well-foliated,

thinly banded amphibolite gneiss, WSW of Karyes, b) Well-foliated, thinly banded amphibolite gneiss, at
Karyes, c) Well-foliated, thinly banded amphibolite gneiss, WNW of Vatopedi monastery, d) Well-
foliated, thinly banded amphibolite gneiss, E of Vatopedi monastery, e) Well-foliated, thinly banded

amphibolite gneiss, W of Vatopedi monastery, f) Well-foliated, thinly banded amphibolite gneiss, W of
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Vatopedi monastery, g) Well-foliated amphibolite gneiss, W of Vatopedi monastery, h) Well-foliated,

amphibolite gneiss, with occasional migmatitic layers, NNW of Pantokratoros monastery.

Biotite gneiss

The biotite gneiss, as the underlying amphibolite gneiss, also underlies and overlies
the two mica-gneiss map unit. The underlying counterpart mainly appears at the western
part of the study area and more specifically as an inlayer within the amphibolite gneiss,
at the vicinity of Xenofontos, Konstamonitou, Zografou and Esfigmenou monasteries,
occasionally coming in contact with the two-mica gneiss as well, due to the effect of an
isoclinal folding, which will be described in the according chapter later on. The overlying
part mainly outcrops in the central part of the study area, W-NW of Karyes, but also E and
W to NW of Vatopedi monastery. It is generally dark gray to blueish gray in color, medium
to coarse-grained and well-foliated (Fig. 2.5a-h). It exhibits a lithological grading towards
the amphibolite gneiss, with mineralogical variations between horneblende-biotite to
biotite-horneblende gneisses. The biotite gneiss, structurally located beneath the two
mica-gneiss map unit, is characterized by a migmatitic texture and layering, with the
occasional, characteristic appearance of feldspar augens as well as feldspar-quartz
aggregate augens, ranging from few mm to several cm wide. Calc-silicate layers can also
be observed at places, in this part of the map unit, quite frequently boudinaged, whereas
the occurrence of concordant, leucogneissic/pegmatoid bodies is much more intense.
The part of the biotite gneiss, structurally situated above the two mica-gneiss, appear
more homogeneous, texture-wise (Fig. 2.6a-d). Its typical mineral assemblage consists of:

plagioclase, biotite, sphene, apatite and epidote.
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Fig. 2.5. Biotite gneiss map unit images, structurally underneath the two mica-gneiss map unit: a)

Migmatized biotite- to biotite-horneblende gneiss, with an occasional augen texture and the presence of
cm-long quartzofeldspathic aggregates, at Xenofontos monastery, Migmatized biotite-horneblende
layered gneiss, with foliation-parallel leucogneissic bands, SSE of Xenofontos monastery, c) Migmatitic,

augen-biotite gneiss, E of Esfigmenou monastery, d) Migmatitic, biotite-gneiss, Eof Zografou monastery,
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e) Relatively homogeneous, well-foliated, biotite-horneblende gneiss with migmatitic leucogneiss
inlayers, ESE of Esfigmenou monastery, f) Relatively homogeneous biotite gneiss with foliation-parallel,
boudinaged, pegmatoid beads, E of Esfigmenou monastery, g) Well-foliated, migmatitic, augen-biotite

gneiss, at Xenofontos monastery, h) Well-foliated, biotite augen-gneiss, E of Esfigmenou monastery.
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Fig. 2.6. Biotite gneiss map unit images, structurally located above the two mica gneiss map unit: a)
Homogeneous, biotite gneiss with boudinaged leucogneiss inlayers, SSE of Esfigmenou monastery, b)
Detail of the afore-mentioned, homogeneous, biotite-gneiss, SSE of Esfigmenou monastery, c)
Homogeneous, biotite-gneiss, run-through by pegmatoid veins, folded and boudinaged, E of Karyes, d)
Close-up view of fine-grained, biotite-horneblende gneiss, with occasional garnets, E of Xenofontos

monastery.

Two-mica gneiss

The two-mica gneiss occurs mainly along the central part of the study area, in the
areas of Xenofontos, Dochiariou, W of Vatopedi and S-SE of Esfigmenou monasteries, as
well as the eastern part in the vicinity of Karyes, Stavronikita, W of Pantokratoros and S-
SE of Vatopedi monasteries. It is grey to brownish grey in color, predominantly fine to
medium-grained and acquires a flaser or even augen texture only at places (Fig. 2.7a-h).
The ratio of the two micas, biotite and muscovite, varies from place to place, leading to

an either biotite-muscovite or muscovite-biotite gneiss composition. At certain localities
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the contribution of biotite to the overall mineral composition diminishes and the rock
transcends to a brownish white leucocratic muscovite gneiss. The two-mica gneiss is well-
foliated and banded, the thickness of the latter usually being a few cm, and it is scarcely
run through by sub-parallel or concordant pegmatoid veins or boudinaged beads, ranging
from tens of cm to few m in thickness. Migmatization images are not so frequent or
intense as in the lower amphibolite and biotite gneiss map units and are mainly limited at
the lower boundary with the afore-mentioned units. Accordingly these concordantly
emplaced to the main foliation pegmatoid bodies, which have been correlated with the
leucogneiss map unit, are almost completely absent from the two-mica gneiss map units.

The rock mesoscopically refers to a sedimentary parent rock and origin.
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Fig. 2.7. Two mica gneiss map unit images: a) Isoclinally folded, well-foliated two-mica gneiss, E of

Konstamonitou monastery, b) Isoclinally folded alterations of white, muscovite-rich gneiss layers and
biotite-rich, schistose layers, both belonging to the two-mica gneiss map unit, E of Konstamonitou
monastery, c) Well-foliated two-mica gneiss, WSW of Vatopedi monastery, d) Two-mica gneiss NNw of
Pantokratoros monastery, e) Two-mica gneiss with very little signs of migmatization processes, E of

Pantokratoros monastery, f) Well-foliated, two mica gneiss colse to the unit’s upper boundary with the
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amphibolite gneiss map unit. Notice the S-C fabric developed in the two-mica gneiss, g) More mesoscopic
view of the well-foliated, two mica gneiss at its upper boundary with the amphibolite gneiss map unit, h)
Lower boundary of the two-mica gneiss map unit with the amphibolite gneiss map unit NW of
Pantokratoros monastery. Notice the migmatitic texture within the amphibolite gneiss map unit and the
accumulated leucogneissic material, in the form of a m-thick layer along the contact of the two afore-

mentioned map units.

Ultra-mafic/mafic map unit

The ultra-mafic/mafic map unit occurs as scattered, elongate, lenticular bodies, from
tens of m to few hundreds of m in length and up to tens of m in thickness, mainly in the
central part of the study area (Fig. 2.1). They are characteristically found within the
amphibolite and biotite-gneiss map units, close to their contact with the two-mica gneiss
map unit. They are also in contact with the marbles, whereas they are absent from within
the body of the two-mica gneiss map units. They are composed of ultra-mafic to mafic
rocks and more specifically dark to light green meta-peridotites, quite frequently
serpentinized, lherzolitic at places, subordinated by dark green pyroxenites, often partly
altered to a pale green color, meta-gabbros and pale greenish white talc-schists (Fig. 2.8a-
h). It seems that their contacts follow concordantly the foliation of the country rocks,
whereas they display at places intense signs of shearing and deformation, appearing as

tectonic lenses/slivers within the afore mentioned map units.
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Fig. 2.8. Ultra-mafic/mafic map unit images from the study area: a) Gabbros, at the boundary of the

amphibolite and biotite gneiss map units, ENE of Dohiarion monastery, b) Lherzolitic parts of the
ultramafic rocks, as tectonic slivers within marbles and amphibolites intercalations, at Dohiarion

monastery, c) Structures resembling pillow-lavas in the ultramafic/mafic map unit, d) Intensely sheared,
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serpentinized ultramafic rocks, parts of a tectonic sliver within marbles and amphibolites intercalations,
at Dohiarion monastery, e) Sheared, serpentinized, ultramafics, separating marbles and the amphibolite
gneiss, NNW of Xenofontos monastery, f) Serpentinized, ultramafic counterparts, W of Xenofontos
monastery, within the biotite gneiss map unit, g) Sheared lherzolititc counterparts of ultra mafic rocks,
NNW of Dohiarion monastery, h) Ultramafic tectonic lense within the amphibolite gneiss map unit, few

m above its contact with the two-mica gneiss map unit, NE of Karyes.

Below follow the lithological descriptions of the leucogneiss and the calc-silicate
rocks, which were identified in the study area, but were not mapped as separate map-
units:

Leucogneiss

The leucogneiss mainly occurs both along the western and eastern contact of the
amphibolite gneiss and biotite gneiss map units with the overlying two-mica gneisses and
its main exposure is in the vicinity of Esfigmenou, Zografou, Konstamonitou and
Xenofontos monasteries to the W and Pantokratoros, Stavronikita, lviron monasteries to
the E. It is a coarse-grained leucocratic biotite-muscovite quartzofeldspathic gneiss that
at places has a flaser to augen gneiss texture (Fig. 3.9a-f). It is generally well-foliated,
appearing as cm to meters thick bands mostly within the lower amphibolites and biotite
gneiss map units and their boundary with the two-mica gneiss, is always parallel or sub-
parallel to the main foliation. Banding varies from few cm to several meters in thickness.
The leucogneiss exhibits a characterictic increased strain gradient, usually expressed via
its frequent and intense augen texture. Its typical mineral assemblage consists of
microcline (occasionally bearing a perthitic texture), plagioclase (showing in specific
samples a microscopic intergrowth with quartz crystals and therefore myrmekite
texture), white mica, biotite, quartz and epidote, garnet and rutile, zircon as accessory

minerals. It mesoscopically refers to an initial felsic melt.
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Fig. 2.9. Leucogneiss map unit images from the study area: a) Large-scale, boudinaged leucogneiss bead,

foliation-parallel and within the biotite gneiss map unit, SE of Esfigmenou monastery, b) m-thick bands
of leucogneiss, parallel to the well foliated amphibolite and horneblende-biotite gneiss layers, E of
Esfigmenou monastery, c) Detail of the afore-mentioned leucogneissic bands, within the amphibolite
gneiss map unit, coarse-grained and obtaining an intense augen texture, of quartzofeldspathic material,

E of Esfigmenou monastery, d) Leucogneissic bands, parallel to the well-foliated amphibolite gneiss map
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unit, at Pantokratoros monastery, e) Leucogneissic band, bearing an augen texture, within the also
migmatized biotite gneiss map unit, E of Zografou monastery, f) Leucogneiss band, foliation-parallel

from the amphibolite gneiss map unit, E of Esfigmenou monastery.

Calc-silicates

Calc-silicate rocks appear either in the form of isolated bands or lenses and boudins
within the amphibolites and the biotite-gneiss or in the form of schist-inlayers within the
marbles. In the former case they are pinkish white in color, due to the plagioclase, calcite
and occasional garnet, with green patches, due to the epidote and diopside at places.
Within the marbles they appear as dark blueish grey schists, primarily composed of
calcite, biotite, epidote and actinolite. In the western part of the study area calc-silicates
appear along the contact of the structurally lower marbles with the overlying amphibolite
and biotite gneiss map units, within both map units and can be used as a structural marker
for the specific contact as we relocate calc-silicates within the amphibolite unit in the

eastern part of the study area as well.

2.3. Contacts between map units

Marbles-Lower amphibolite gneiss contact

The contact between the marbles map unit and the overlying lower amphibolite
gneisses can be observed at the westernmost part of the study area. It is generally normal,
in the vast majority of the locations it was observed. It does not show signs of shearing,
even though, the whole body of the rocks comprising the study area are generally strongly
deformed and sheared. Moreover the existence of calc-silicates, both within the marbles
map unit, mainly as intercalations of calc-silicate, amphibole schists, and within the lower
amphibolite gneisses, mainly in the form of calc-silicate gneiss inlayers, points towards a
diffusion between these two map units and along their normal contact. In the
northwestern part of the study area, at the vicinity of Esfigmenou monastery, the contact
between the marbles and the amphibolite gneiss is tectonic due to a later NNW-SSE

trending, high angle fault-zone, few m in thickness, which has displaced the initial contact.
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Amphibolite gneiss-Biotite gneiss contacts

The contact between the amphibolite gneiss and the biotite gneiss map unit has been
observed both at the structural segment underlying the two mica-gneiss as well as the
overlying segment. As far as the underlying segment is concerned, the specific contact
was studied in the western part of the study area and the vicinity of Xenofontos,
Dohiariou, Konstamonitou, Zografou and Esfigmenou monasteries. Here the amphibolite
gneiss has been found to underlie and overlie the biotite gneiss. This contact is partly
characterized by intense shearing, quite frequently expressed in the form of mylonitic
zones, usually tens of cm thick, where the biotite gneiss acquires an augen texture, but
also in the form of thinner and sharper shear zones juxtaposing the two map units.
Consequently, both map units occasionally exhibit an intense mylonitic foliation along
their contact, which frequently constitutes shear zones of varying thickness, whether it is
the biotite gneiss overlying the amphibolite gneiss or the opposite. However, it is very
common at various localities to observe a lithological grading of one map unit into the
other, with the appearance of lithologically intermediate variations of the two map units,
in the form of horblende-biotite gneisses and biotite-hornblende gneisses respectively,
thus leading us to overall characterize the specific contacts as normal.

The contact between the structurally higher counterparts of the amphibolite gneiss
and the biotite gneiss was documented and observed mainly at the central part of the
study area. The amphibolite gneiss has been found to underlie the biotite gneiss map unit.
They generally exhibit, once more, a distinctive grading from one map unit to the other,
as already mentioned for their structurally lower counterparts, which is more prominent
due to the less overall migmatitic layering, a more thinly layered gneissic texture in the
amphibolite gneiss map unit and finally a more homogeneous texture characterizing the
biotite gneiss map unit, above the two mica-gneiss. In most localitites this lithological
grading strongly advocates towards an overall normal contact. However, a generally high
strain gradient has been documented throughout the whole body rock of this map units’
counterpart as well. Moreover, numerous slivers of ultra-mafics are found along the
contact between them, also indicating the presence of an intense shearing. Therefore,
the two map units seem to lithologically relate to one another and to normally come in

contact, yet also exhibit signs of shearing, possibly attributing their repetition at places to
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shearing in combination with an isoclinal folding event (the latter will be described and

analyzed in the according chapter).
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Two mica-gneiss - Amphibolite gneiss contacts

The contacts between the amphibolite gneiss and the two-mica gneiss have been
observed in various locations, mainly in the central part of the study area. Both underlying
and overlying contacts have been recognized as tens of m thick shear zones of growing
intensity towards the actual contact. The two-mica gneiss acquires an augen texture of
growing intensity when reaching both contacts. The lower amphibolite gneiss also
becomes intensely porphyroblastic, with garnet augens growing along its contact with the
two-mica gneiss, whereas slivers of ultra-mafics and marbles have been recognized along
the contact of the amphibolite gneiss overlying the two-mica-gneiss map unit. A mylonitic
foliation has been documented along both contacts and thinner, more district shear zones
also occur within the afore-mentioned map units themselves. An interesting observation
concerning these contacts was that the leucogneiss map unit, even though strongly
evident and showing signs of intense shearing within the amphibolite and biotite gneiss
map units, close to their contact with the two-mica gneiss, was almost, if not completely,
absent from within the two-mica gneiss map unit.
Leucogneiss contacts

The leucogneiss map unit has been documented mainly within the amphibolite and
biotite gneiss map units underlyng the two mica-gneiss, the biotite gneiss map unit,
structurally situated above the two mica-gneiss. Whenever present, the leucogneiss
appears sheared by a strong mylonitic foliation, parallel to sub-parallel to its neighboring
units, frequently boudinaged and giving the impression of a former leucocratic magmatic
body, brought into concordance with the afore-mentioned map units during an intense

shearing event.

2.4. Lithological correlation with existing units

Taking into account the lithological description of the map units comprising the body
rock of the study area, a correlation is attempted with the Kerdyllion and Vertiskos Units,
as they were originally defined by Kockel et al. (1977), who also undertook the research

and compilation of the I.G.M.E Athos Peninsula sheet (Fig. 1.2).
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The blueish, generally thinly bedded marbles, with the biotite, calc-silica schists, of
the study area fit very well with the Kerdyllion upper marbles horizon, as the latter was
described by Kockel et al. (1977). The amphibolite and biotite gneiss map units even
though they present at places non-normal contacts, in the sense that usually shear zones
constitute their boundaries, they, however, exhibit a lithological relation between them,
since a lithological grading can be observed from one amphibole-rich end member to the
other biotite-rich end member. Moreover the description of the Kerdyllion Unit by Kockel
et al. (1977) as mainly fine to medium-grained, well-banded biotite gneisses, with
extensive signs of regional anatexis and concordant hornblende-biotite, biotite-
hornblende gneisses and occasional garnet-epidote-rich, calc silicate rocks seems to also
fit well with the amphibolite and biotite gneiss map units, also exhibiting signs of anatexis
and an analogous lithological grading from one unit to the other. Bearing also in mind the
fact that in various locations the contact between the lower amphibolite gneiss map unit
and the marbles was not identified as sheared, plus the fact that marbles and amphibolite
gneiss intercalations do exist in the study area, these three map units: marbles, lower and
upper amphibolite and biotite gneisses, are considered as part of the Kerdyllion Unit.

Concerning the protolith origin of the amphibolite gneiss assigned to the Kerdyllion
Unit in the study area the following can be stated: The Kerdyllion Unit has been
interpreted by Kockel et al. (1977), as an originally greywacke-arkose series, also including
marls and carbonate rocks. Nevertherless, according to the same authors, a characteristic
lack of alluminosilicates has been observed for the rocks of the Kerdyllion Unit and the
amphibolites conclusively, a fact that was also verified by this dissertation as an overall
absence of alluminosilicates was observed in the respective samples. The amphibolitic
rocks of the study area mesoscopically refer to an ortho-origin, rather than a sedimentary
protolith. Moreover, geochemical data from amphibolitic samples of the study area
(Himmerkus et al.,, 2011) also point towards an ortho-origin, whereas previous
researchers have also argued towards a magmatic origin of the amphibolites found both
in Vertiskos and Kerdyllion Units in other study areas (Kassoli-Fournaraki, 1982;
Sapountzis et al., 1990).

According to the present researcher, this intercalation of marbles, amphibolite

gneisses, biotite-gneisses and occasional calc-silicates (as a sign of diffusion between the
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marbles and the amphibolite gneisses), assigned to the Kerdyllion Unit, could point
towards a metamorphosed volcaniclastic/volcano-sedimentary sequence primarily
composed of carbonate, basaltic and clay components.

Accordingly the two-mica gneiss map unit, varying between biotite-muscovite,
muscovite-biotite composition, falls well within the description of Vertiskos Unit by
Kockel et al. (1977). The two-mica gneiss map unit mesoscopically refers to a sedimentary
parent rock and origin, as already indicated by Kockel et al. (1977), who assigned it to the
Vertiskos meta-sedimentary sequence in the I.G.M.E. Athos Peninsula, geological map
sheet and related it with a series of arkoses, greywackes and shales.

Kockel et al. (1977) identified the leucocratic bodies scattered within the
metamorphic rocks of the study area as part of the Plagioclase-microcline gneiss map unit
in their map. They considered these bodies as initial syn-orogenic granitic bodies,
intruding in large sheets within both the Vertiskos and Kerdyllion Units. However, these
bodies, namely herein leucogneiss, bear intense signs of anatexis and are closely related
with the migmatization only within the amphibolite and biotite gneiss map units. They fit
much better with the anatexites, Kockel et al. (1977) describe as a characteristic feature
of the Kerdyllion Unit, and the Amoulliani Unit, described as quartzofeldspathic gneisses
and anatexites-granitic gneisses by Plougarlis and Tranos (2014).

The ultra-mafic/mafic map unit can be correlated with the Therma-Volvi-Gomati
complex, considered as a dismembered ophiolite by Dimitriadis (1980), occurring at the
boundary between the Vertiskos and Kerdyllion Units and including both mafic and ultra-
mafic rocks. The Volvi mafic counterparts of the afore-mentioned complex were

interpreted as in-situ, rift-related ophiolites by Dixon and Dimitriadis (1984).

2.5. Description of cross sections

Three detailed cross-sections were constructed, after the collection of structural data
and observations in the field, in the western and eastern part of the study area (Fig. 2.10),
in order to better understand and consequently interpret the structural relationship

between the map units and the Units they represent.
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Fig. 2.10. Location of the three detailed cross-sections in the study area.

The A-A’ cross-section refers to the western coast of the northern part of the Athos
peninsula and is located at the vicinity of Konstamonitou monastery (Fig. 2.10). It trends
E-W and the following can be observed, gradually moving from the W to the E and the
lower to the higher structural levels (Fig. 2.11):

- At the western part of the cross-section, the marbles gently dip towards the E and
underlie conformably the amphibolite gneisses. Numerous locations along this contact,
where alternations of marbles and amphibolite gneisses exist, advocate for the normal
contact with the overlying amphibolite gneisses. Within the marbles calc-silicates,
occasionally amphibole-schists have been found, especially close to mafic-ultramafic
rocks. The latter occur as tectonic slivers tectonically emplaced parallel to the main

foliation of the marbles.
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Fig. 2.11. Cross section at the vicinity of Konstamonitou monastery.
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Fig. 2.12. Cross section at the vicinity of Pantokratoros monastery.
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Fig. 2.13. Cross section at the vicinity of Xenofontos monastery.

Vertiskos Unit
two-mica gneisses
Kerdyllion Unit

biotite gneisses

amphibolite gneisses with
leucosome bodies

Therma-Gomati-Volvi complex

v

ultramafics

geological contact
tectonic contact

42



- At the central part of the cross-section, the amphibolite gneisses pass upwards to
biotite gneisses through successive alternations between them; a fact that advocates for
the normal contact between them. However, these alternations could be further
enhanced from multiplications due to isoclinal to tight folding, as shown by the many
folds of this type that have been observed in both lithologies. The above-mentioned
lithologies indicate intense migmatization and shearing. Because of this, abundant are the
concordantly emplaced lense-shaped leucogneiss bodies, which form distinct layers being
more abundant towards the uppermost part of the biotite gneiss, underlying the two-
mica gneiss.

- At the easternmost part of the cross-section, the biotite gneiss gently dips to the E
and underlies the two-mica gneisses. The contact is a ductile shear zone associated with
an intense mylonitization and strongly imprinted stretching lineation trending N-S. Shear
sense indicators observed both in the field and rock thin sections show a top-to-the S
sense of shear.

- Variations on the geometry of the main foliation and deviations from the low
undulating angles governing the overall structure (Fig. 2.11) are due to refolding from
horizontal, inclined to inverted and close to open folds, although occasionally upright
folds can be observed. These folds trend N-S to NNW-SSE and form synforms and
antiforms with medium to high angles as depicted in the cross-sections with vergence
mainly to the W to WSW.

The B-B’ cross-section refers to the eastern coast of the northern part of the Athos
peninsula and is located at the vicinity of Pantokratoros monastery (Fig. 2.10). It trends
WSW-ENE and the following can be observed, drifting upslope towards WSW and the
structurally lower to the structurally higher (Fig. 2.12):

- The overlying two-mica gneiss dips to the WSW, in a gentle undulating fashion and
at the western part of the cross-section, the amphibolite gneiss overlies it. Their contact

reveals the same features with those described above, apart from the sense-of-shear,
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which is the top-to-the N, i.e., opposite to the previously mentioned. A fact suggesting
inversion of the lithologies due to isoclinal folding.

- At the western part of the cross-section, mafic-ultramafic rocks outcrop as a tectonic
sliver within the amphibolite gneiss and closer to their contact with the tectonically
underlying two-mica gneiss. At the westernmost part, the biotite gneiss, once more gently
dipping to the WSW, overlies the amphibolite gneiss, with a normal contact.

The C-C’ cross-section refers to the southeastern coast of the northern part of the
Athos peninsula and is located at the vicinity of Xenofontos monastery (Fig. 2.10). It trends
SW-NE and the following can be observed, drifting upslope towards NE and the
structurally lower to the structurally higher (Fig. 2.13):

- At the southwesternmost part of the cross section the amhpibolte gneiss both
tectonically underlies and overlies the two-mica gneiss, with both map units following a
gentle dipping geometry towards the NE. The biotite gneiss normally overlies the
amphibolite gneiss and then a mafic-ultramafic tectonic sliver interferes.

- At the central part of the cross section medium to high angles have been recorded
in the map units, related with an asymmetric folding, which also affects and refolds large-
scale, pre-existing, isoclinal folds. The interference of these two folding events will be
analyzed further on in chapter 3.3. The amphibolite has been found to normally overlie
the biotite gneiss, with a relatively low angle, due to the existence of an inverted limb
belonging to an anti-form and related with the afore-mentioned isoclinal folding event.

-At the northeastern part of the cross section the biotite gneiss normally overlies
anew the amphibolite gneiss, whereas the two-mica gneiss has been once more found to

tectonically underlie the amphibolite gneiss.
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Chapter;3. Structural-analysis
371. Foliation

The dominant planar fabric documented in the study area is the namely in this
dissertation S3 foliation, frequently expressed as a mylonitic foliation, generally following
gentle angles of dipping towards the ENE. The second most intensely imprinted planar
fabric is represented by a later S4 crenulation cleavage, much less prominent than the
afore-mentioned mylonitic foliation, dipping with intermediate to high angles towards
the E to ENE or the W to WSW and related with an asymmetric to steeply-inclined folding
event. Besides these two most prominent foliations, other planar fabrics were also
documented, both pre-dating and post-dating the S3 and S4, either as faint or transposed
remnants of overprinted structures (S1 and S2 foliations) or later non-dominant planar
fabrics (S5 foliation). Their description follows from the relatively oldest to the relatively
youngest, as it was documented from overprinting and cross-cutting relationships in the

field.

3.1.1. S1 foliation

S1 represents a primary foliation, which was associated with pegmatoid and aplitic
veins, discordantly emplaced with reference to the main planar fabric, but cross-cut by
the latter foliation, within the amphibolite gneiss, the biotite gneiss and the two-mica
gneiss (Fig. 3.1). Such pegmatoid and quartz veins were also assosiated with an older
foliation in previous studies (Sakellariou, 1989), concerning the Serbo-Macedonian
massif, characterized by eclogitic metamorphic conditions (relics of which were not able
to identify microscopically in this dissertation, due to the poly-metamorphosed history of

the study area and the strong overprinting of later fabrics).
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Fig. 3.1. Pegmatoid vein in the biotite gneiss, assosiated with the S1 foliation and discordantly emplaced
with respect to the main planar fabric, represented by S3 foliation. Parts of the vein that are sub-parallel
to the main planar fabric are boudinaged, whereas discordant parts are isoclinally folded, according to
the domains of the flow regime the whole vein was later subject to. At some locations (upper central part
of the photo) two successive isoclinal folding events can be distinguished related with the development

of the S2 and S3 foliations respectively. Located ENE of Xenofontos monastery.

3.1.2. S2 foliation

The S2 foliation has been documented as a continuous foliation in the marbles,
amphibolite gneiss, biotite gneiss and two-mica gneiss map units, but it is only locally
preserved due to its overprinting by later deformational events and structures as will be
discussed further on. When evident it is frequently assosiated with a recumbent to gently-
dipping isoclinal folding, the latter represented by rootless, intrafolial, isoclinal folds (Figs
3.1, 3.2). Its initial orientation was not possible to determine as it has been forced into
parallelism with the subsequent, dominant S3 foliation, to such an extent that it is often
difficult to distinguish which structure is being observed and measured in the field. It is
notably preserved in various localities where hinges, outlined by the S2 foliation occur
and the S2 foliation has been deformed, cross-cut and crenulated by a later, horizontal to
sub-horizontal S3 foliation (Fig. 3.2). Remnants of this S2 foliation were also recorded
microscopically in the first generation of hornblende porphyroclast crystals, grown over
this S2 foliation and surrounded by crystals of a second generation hornblende, of
significantly smaller grain size, plagioclase and epidote mainly constituting the dominant
S3 foliation, which will be described afterwards. More precisely, when observing these
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older hornblende porphyroclasts in microscope, the S2 foliation is actually outlined as an
internal foliation by the inclusion pattern within the hornblende porhyroclast, and has an
angular relationship to the external subsequent, S3 fabric (Fig. 3.3). Even though the S2

foliation was documented in most map units, it was not documented in the ultra-

mafic/mafic map unit.

Leuco_gn —— Ab ) %
{

Fig. 3.2. Leucogneiss inlayer within the lower amphibolite gneiss map unit, at Pantokratoros monastery.
S2 foliation has been preserved within the leucogneiss as a steeply dipping remnant fabric, probably also
constituting a transpositioned F2 fold hinge. Both former structures are being sheared and
transpositioned by a shallow-dipping to the E S3 mylonitic foliation, also characterizing the overlying and

underlying amphibolite gneiss.
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Fig. 3.3. Hornblende crystal associated with the syn-metamorphic amphibolite facies attributed to the S2
planar fabric. The inclusion pattern outlines a remnant S2 foliation in an angular relationship with the
“external” horizontal S3, defined mainly by a second generation of hornblende crystals, of smaller grain
size, plagioclase, epidote and quartz. Sample A_3, amphibolite gneiss underlying the two mica gneiss,

NNW of Stavronikita monastery.

3.1.3. S3 foliation

S3 foliation is the dominant planar fabric in the study area recorded in all the map
units of and was characterized as the “main foliation”. It is a continuous foliation,
comprised of the main minerals participating in the planar fabric of the majority of the
map units. In the case of the ultra-mafic/mafic map unit the S3 is represented by a C-S
mylonitic fabric and the development of C-type shear bands. In the rest of the map units
itis frequently expressed as an active mylonitic foliation, since its fabric is strongly related
with an intense syn-metamorphic shearing, which took place along with an isoclinal
folding event. It has been found to affect and cross-cut pre-existing fabrics like the afore-
mentioned S2 and also pegmatoid veins related with former fabrics and deformational
events (Figs 3.1, 3.2). It prevails throughout the whole study area and has been the most
strongly imprinted fabric on all the map units.

The S3 foliation mainly dips at low angles towards the ENE (Fig. 3.4), whereas medium
to high angle surfaces also appear, but to a much lesser extent than the predominant low-
angle overall structure. This low-dipping geometry can easily deviate from the ENE-
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dipping norm, frequently exhibiting an undulating geometry, with the map units also
dipping towards the W to WSW, but also N wards and S wards. Additionally, the spatial
distribution of the S3 planes indicates the two most prominent low-angle concentrations,
which suggest an overall isoclinal, recumbent folding (Fig. 3.4a), with a general N-S
trending axis. The latter observation agrees with the structural data collected in the field,
documenting and describing a dominant isoclinal folding of a respective geometry, which
will be described later on and shows that it is not due to a statistical artifact.

Finally, bearing in mind that the study region is comprised of poly-metamorphosed,
multi-deformed rocks one cannot oversee the fact such an analysis will inevitably
incorporate geometries and deformational patterns that postdate the dominant
structures described above and the deformation they represent. Since it has been
concluded from field work observations and data that the S3 foliation is related to a
general recumbent isoclinal folding and is attributed low angles, moderate and high
angles, were also excluded, as shown in Fig. 3.4b, since they have been correlated with
subsequent deformational events and in order to diminish their potential misleading to
misinterpretations related with the dominant structure. This rationale was also followed

in the further analysis of the S3 foliation performed and associated with the description

of the folding (Chapter 3.3.3).

Fig. 3.4. a) S3 planes, mainly dipping towards the ENE and the two main concentrations suggesting a N-S

trending isoclinal folding, sub-parallel to the symmetry axis suggested by the best-fit great circle, b)
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Analogous analysis of the S3 planes, with medium and high-angles excluded and the extrapolated, N-S

trending, isoclinal folding now parallel with the symmetry axis suggested by the best-fit great circle.

3.1.4. S4 foliation

The S4 foliation is a spaced cleavage, of cm-to mm-spacing, that was mainly recorded
in the two-mica gneiss, biotite gneiss, marbles and less prominently the amphibolite
gneiss map units, as well as the leucogneissic bodies within the amphibolite and biotite
gneisses. This spaced cleavage is expressed as a crenulation cleavage and axial foliation,
related with the development of mainly steeply-inclined, asymmetric to overturned folds
(Figs. 3.5-3.9). It does not constitute a continuous foliation and its orientation depends
on the fold geometry and in some cases the dip of the two-paired limbs of the fold, as
shown in Fig. 3.9. In particular, S4 dips at medium to high angles either towards the E-ENE
or the W-WSW, with 4 major concentrations distinguished (Fig. 3.5). The two
concentrations representing high angle S4 planes are actual crenulation cleavage and
axial foliation planes recorded in steeply-inclined to nearly upright folds, horizontal to
sub-horizontal folds, whereas the other two low-to-medium angle S4 concentrations
represent an analogous crenulation cleavage mainly recorded in asymmetrical, steeply
inclined, and horizontal to sub-horizontal folds. As far as the latter case is concerned, S4
foliation exhibits a fan-out, producing lower angles at the steeply dipping limbs and
medium to higher angles at the more gently dipping limbs of the asymmetrical folds (Fig.
3.9). Moreover, a refraction of this S4 foliation has been recorded, especially in the
marbles, when alterations of coarser and more fine-grained layers occur, causing a
change in the dip angle of the resulting cleavage/foliation. This refraction is more evident
in the lower-angle limbs of asymmetrical folds, with coarser-grained and more competent
layers, exhibiting higher refraction angles than more fine-grained and less competent
layers. In both cases, whether it is a high-angle axial foliation/crenulation cleavage
imprinted on steeply-inclined folds or medium-to-low angle crenulation cleavage
imprinted on asymmetrical folds, a N-S to NNW-SSE geometry is concluded and a fold axis

of respective orientation is suggested for this type of folds (Fig. 3.5).

50



Fig. 3.5. Distribution of S4 planes, forming 4 main concentrations, representing its fan-out as a crenulation

cleavage on F4 crenulation folds of diverse geometry. The best-fit great circle suggests an overall,

horizontal, NNW-dipping F4 axis for these crenulation folds.

Along the S4 cleavage the common mineral is the white mica, suggesting lower-grade
metamorphic conditions when higher grade minerals, e.g. hornblende, are not observed
in the field as well as the microscale. Since white mica is not the main constituent mineral
in the amphibolite gneiss and biotite gneiss, where migmatitic layering is more
prominent, this foliation is hardly seen in these rock types. Finally, this S4 foliation and
the associated structures have been found in the field to overprint and cross-cut the

previously described S3 foliation (Figs 3.6-3.9).
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Fig. 3.6. Steeply-inclined to nearly upright fold, within the two mica-gneiss, WNW of Vatopedi monastery.

From the detailed photo a nearly vertical, non-continuous $4 crenulation cleavage/axial foliation can be

defined. It cross-cuts the previously gently-dipping, now folded planes of the S3 foliation.
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Fig. 3.7. S3 foliation, isoclinally folded, within the two mica gneiss map unit, alternating with pegmatoid
bodies. Crenulation folds, post-dating the isoclinal ones, can be distinguished, with the development of

a steeply-dipping S4 crenulation cleavage, cross-cutting the pre-existing S4 planes. Located WNW of

Vatopedi monastery.
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Fig. 3.8. Medium- to high-angle limb of an asymmetric fold, in the two mica gneiss map unit, W of
Vatopedi monastery. The main $4 foliation has been rotated to a medium- to high-angle, along with the
previously recumbent to gently-dipping isoclinal folds. Both structures are crenulated by later crenulation
folds and cross-cut by a non-continuous S3 crenulation cleanage, more conspicuous within the micaceous

inlayers.

Fig. 3.9. S4 crenulation cleavage, fanning out at the two limbs of an asymmetric, steeply-inclined,

overturned F4 fold, verging towards the W, at Esfigmenou monastery.
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3.1.5 S5 foliation

An S5 foliation has been observed in the field forming a faint spaced or crenulation
cleavage, at scarce locations and mainly within the two-mica gneiss and the leucogneiss
bodies, in their less migmatitic counterparts. It is an axial cleavage to mainly E-W trending
kink folds and horizontal upright or slightly asymmetric gentle to open folds, trending E-
W as well (Fig. 3.11). The S5 foliation dips, at medium to high angles, usually to the south
and mainly affects the dominant S3 foliation (Fig. 3.10), as well as the asymmetric folds

related with the S4 foliation, in the sense that the S5 has been documented to cross-cut

the limbs of the afore-mentioned geometry. (Fig. 3.13).

Fig. 3.10. S5 foliation as an axial foliation to kink folds observed in extremely tightly-foliated amphibolite
gneiss, SSE of Stavronikita monastery, and in leucogneissic concordant bodies again within the

amphibolite gneiss, underlying the two mica gneiss, SSE of Stavronikita monastery.

Fig. 3.11. S5 foliation planes trending about an E-W axis.
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3.2. Lineation

This chapter refers to the linear fabrics recognized in the map units. The dominant linear
fabric documented in the study area is the namely in this dissertation L3 lineation,
expressed as a stretching/mineral lineation trending about a N-S axis. The second most
intensely imprinted linear fabric is represented by a later L4 trace lineation, expressed
either as a crenulation lineation or an intersection lineation, dipping with intermediate to
high angles towards the E to ENE or the W to WSW and related with an asymmetric to
steeply-inclined folding event. Besides these two most prominent lineations, other linear
fabrics were also documented, both pre-dating and post-dating the L3 and L4, either as
transposed remnants of overprinted structures (L2 lineation) or as later non-dominant
linear fabrics (L5 foliation). Their description follows from the relatively oldest to the
relatively youngest, as it was documented from overprinting and cross-cutting

relationships in the field.

3.2.1. L1 lineation

The L1 lineation, considered herein, as a corresponding linear fabric related with the

S1 foliation, was not possible to recognize in the field.

3.2.2. L2 lineation

L2 lineation was found on S2 foliation, as a stretching and mineral lineation of
guartzofeldspathic aggregates, or mineral grains of feldspars, micas or amphiboles.
However, as it has been already mentioned in the S2 description, the main fabric
attributed to the overall structure of the study area has strongly overprinted pre-existing
fabrics, like the L2 lineation, and rotated them into parallelism with its predominant
geometry. Therefore, it was not made possible to recognize the initial orientation and
geometry of the L2 lineation, which, when still existent on S2 relics, must have been

forced into parallelism with the consequent, dominant L3 lineation.
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3.2.3. L3 lineation

The dominant linear structures recognized in the field comprise the L3 lineation, and
were recorded on the S3 planes. This L3 lineation has been observed as a linear fabric
made up of quartzofeldspathic aggregates or elongated (stretched) grains (micas), which
define a stretching lineation. In other cases, it appears as a mineral lineation formed by
the needle shaped amphiboles. It has been repeatedly recorded during field work in all
the map units, besides the mafics/ultramafics map unit. The L3, also indicating, as a
stretching lineation, the X-axis of the strain ellipsoid (Passchier and Trouw, 2005), trends
about a N-S trending axis (Fig. 3.12). More specifically, it trends NNE-SSW, when gently
plunging to the north (concentration maxima at 06/011), and when plunging to the south,
an additional concentrate indicates a NNW-SSE trend for the L3 (concentration maxima

at 05/172).

Fig. 3.12. L3 stretching and mineral lineation, distributed about a general N-S trending axis.

3.2.4. L4 lineation

A trace lineation (Piazzolo and Passchier, 2002b) has been documented in the field,

post-dating the dominant L3 stretching lineation, either in the form of a crenulation
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lineation, in the sense that they describe the continuity of microscopic crenulation folds
on the main S3 foliation planes, or in the form of intersection lineations, between pre-
existing S3 foliation planes and subsequent crenulation cleavage (axial F4 foliation).
Especially in the case of intersection lineations, they can greatly vary in orientation,
depending each time on the orientation of the pre-existing foliation plane, which will be
over-printed. However, as far as the L4 is concerned, the most consistent structural
feature which can be safely correlated with a stable geometry, is the one representing
the tracing of microscopic crenulation folds, since fold axes follow, in large, a specific
geometrical axis, especially if they are cylindrical, as is the case for the respective F4 folds,
which will be analyzed later on.

This trace lineation concentrates mainly along a N-S to NNW-SSE trending axis and
then seems to generally scatter in a wide range (Fig. 3.13). Since this L4 maxima is
constituted, in its vast majority, by crenulation lineation measurements, it is considered

to represent the trace of microscopic crenulation folds on pre-existing S3 surfaces.

Fig. 3.12. L4 trace lineation trending mainly about a N-S axis and represented mainly by the tracing of F4
crenulation folds on S3 planes.
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3.2.5. L5 lineation

The L5 lineation was also documented in the field as a trace lineation, expressed either
as a crenulation lineation of kink and crenulation folds or an intersection lineation of the
already described S5 foliation cross-cutting the dominant S3 planes. It was recorded in
scarce locations and more significantly, in some cases it was found to co-exist with the L4
lineation on the same S3 planes (Fig. 3.14). The L5 lineation was documented to cross-cut
and post-date the L4 lineation. Due to the fact that the cases of the L4 and L5 co-existing
are scarce, the gross distinction between them can be done only based on the trend; the
L5 trends more to the E-W to ESE-WSW, whereas the L4 to the N-S to NNW-SSE, as already
described. In some cases the L5 was also recorded as an intersection lineation (of S5 on
S3 planes) on both limbs of asymmetric F4 folds, post-dating the latter (Fig. 3.13). To
conclude, this L5 trace lineation has been the last and least imprinted lineation on the
overall fabric of all the map units and has been found to affect and post-date, as already

mentioned, the S3 planar fabric, the L4 trace lineation, as well as F4 folds, which will be

described in the according chapter.

Fig. 3.13. Interpretation of an asymmetric F4 fold, trending N-S, being overprinted and cross-cut by the
development of E-W trending, S5 surfaces. The intersection of the latter with the folded S3 planes,

produces the L5 intersection lineation.
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Fig. 3.14. Plan view of the foliation plane in thinly-foliated amphibole-biotite gneiss NNW of Iviron
monastery, where the superposition of the later L5 intersection lineation can be distinguished on the pre-
existing L4 intersection lineation, both evident due to the high content of biotite in the crenulation
cleavage planes formed during the respective deformational events. Notice that the L4 lineation is

generally trending NNE-SSW, whereas the L5 is trending ENE-WSW.

3.3. Folds

This chapter refers to the folding events recognized in the map units. The dominant
folding event documented in the study area is represented by the namely in this
dissertation F3 folds, constituting isoclinal to tight, generally recumbent folds, trending
about a N-S axis. The second most intensely imprinted folding event is represented by
asymmetric to steeply inclined, occasionally crenulation F4 folds, trending NNW-SSE to N-
S. Besides these two most fold geometries, F2 folds were also recorded of F3-respective
geometry and also scarce F5 folds, expressed as kink and open to gentle folds trending
about an E-W axis. Their description follows from the relatively oldest to the relatively
youngest, as it was documented from overprinting and cross-cutting relationships in the

field.
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3.3.1. F1 folds

F1 folds were not possible to identify and record in the field. As elements of an initial
stage or stages in the multi-deformational procedure the map units underwent, they were
subsequently overprinted by later deformational events to such an extent that not even

relics of this folding event could be identified in the field.

3.3.2. F2 folds

F2 folds are isoclinal, intrafolial, rootless folds within the S3 foliation, implying that
these folds and their associated S2 foliation have been thoroughly transposed and
overprinted by F3 folds and their associated S3 planar fabric. There are many cases in the
field were these F2 folds have been documented in the marbles, amphibolite and biotite
gneiss, leucogneiss and two-mica gneiss map units, either as isolated, intrafolial rootless
folds (Fig. 3.15) or initial isoclinal folds being isoclinally re-folded by the consequent F3
folding event (Fig.3.17). In very few cases, their hinges have been preserved as relict

structures after their overprinting and transposition due to the F3 folding event and

contemporaneous shearing (Figs 3.2 and 3.16).

Fig. 3.15. Rootless, intrafolial, recumbent, isoclinal F2 folds in: a) well-foliated, coarse-grained marbles
SSE of Dohiarion monastery, and b) well-foliated, lower amphibolite gneiss, E of Zografou monastery,

both structures transpositioned and roteted into parallelism with the subsequent F3 folds.
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Fig. 3.16. Transposition of S2 foliation preserved in mesoscopic F2 fold hinges by a mylonitic S3 foliation,

in biotite gneiss, SE of Esfigmenou monastery.

Fig 3.17. F2 isoclinal folds being isoclinally refolded and overprinted by F3 folds, within the marbles map

unit, SW of Konstamonitou monastery. The lithological differentiation between purely carbonate and
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more clastic-rich horizons, in the "crenulated" central part of the photo, could represent a remnant fabric

of the S2 foliation, at a pre-existing upright position of an F2 fold hinge, also isoclinally refolded .

3.3.3. F3 folds

F3 folds have been recorded in all the map units of the study area, except the ultra-
mafics/mafic map unit. They are mainly isoclinal to tight, horizontal, recumbent folds
trending NNW-SSE (Fig. 3.18) (concentration maxima of their fold axes is at 02°/352° and
NNE-SSW (concentration maxima at 01°/013°). Many of these isoclinal to tight folds
constitute parasitic folds describing larger structures. They trend about a general N-S axis,
also described for the L3 stretching and mineral lineation. This isoclinal folding represents
the dominant meso-scale folding structure imprinted on the study area and also governs

the map-scale structure of the study area (Fig. 3.19).

Fig. 3.18. F3 Fold axes of isoclinal to tight, generally recumbent, horizontal to sub-horizontal folds,

trending parallel to the L3 stretching/mineral lineation.
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Fig. 3.19. Isoclinal folds recorded in the majority of the study area’s map units, following the documented

geometry of a general N-S trending F3 axis: a) Isoclinal F3 fold in two-mica gneiss map unit E of
Konstamonitou monastery, b) Isoclinal F3 fold in two-mica gneiss map unit E of Konstamonitou
monastery, c) Rotated isoclinal F3 fold, to a medium angle, due to later influence by the F4 folding event
in two-mica gneiss map unit, E of Dohiarion monastery, d) Isoclinal F3 folds in two mica gneiss map unit
W of Pantokratoros monastery, e) Isoclinal F3 fold in amphibolite gneiss map unit E of Esfigmenou

monastery. Notice the cross-cutting of the S3 foliation by thin shear zones, also juxtaposing the
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amphibolite gneiss with concordant, leucogneissic layers, f) Isoclinal to rootless F3 folds in the
amphibolite gneiss map unit E of Zografou monastery, g) Isoclinal fold in the amphibolite gneiss map unit
W of Zografou monastery, h) Isoclinal F3 fold in leucogneissic layer within the biotite gneiss map unit W

of Zografou monastery.

In order to better understand this dominant structure, related with this meso- and
map-scale isoclinal folding, further structural analysis has been carried out on the S3
(which constitutes the dominant planar fabric in the study area), the L3 and the F3
datasets respectively.

As far as the S3 dataset is concerned, it can be concluded from the geological mapping
of the study area that the map units repeat themselves bilaterally of a rough N-S
symmetry axis (Fig. 3.20), following the lithostratigraphic sequence described in the
previous chapter, from the overlying, alternating amphibolite and biotite gneiss map
units, to the two-mica gneiss, the underlying, alternating amphibolite and biotite gneiss
and finally the lowest marbles map unit, which outcrops only at the westernmost part of
the study area. The dataset was, therefore divided, according to the structural position of
each map unit vertically (the amphibolite and biotite gneisses underlying and overlying
the two mica gneiss were grouped and named lower and upper amphibolite and biotite
gneisses respectively), as well as this N-S symmetry axis bilaterally of which the map units
repeat themselves (sub-dividing the mapped area in a western and eastern segment). This
first round of analysis (Fig. 3.21) shows that:

a) The best-fit great circles reveal a NNW-SSE to NNE-SSW symmetry axis. Especially
the subsets belonging to the western segment show a main NNW-SSE symmetry axis, with
the exception of the two-mica gneiss unit following a NNE-SSW symmetry axis, whereas
the eastern segment exhibits a N-S to NNE-SSW symmetry axis. Some subsets as the
western segment of the upper amphibolite and biotite gneiss units could incorporate
both geometries, meaning both a NNW-SSE and NNE-SSW symmetry axis. Therefore, a
structural pattern is repeated on each sub-set, revealing either a NNW-SSE or a NNE-SSW

symmetry axis, depending on the rock type as well as its structural position.
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Fig. 3.20. N-S trending symmetry axis (dashed line), bilaterally of which the map units structurally repeat
themselves, separating the study area in a western and eastern segment respectively, for the S3

structural correlation with the F3 folding event.

b) In most cases a horizontal-to-sub-horizontal isoclinal-to-tight folding can be
concluded, from the two most prominent S3 concentrations which can be distinguished.
These f-axes generally coincide with the direction of the afore-mentioned symmetry axes.
The latter also points towards the predominance of NNW-SSE trending, isoclinal to tight
folds in the western segment of the subdivision we have followed and the predominance
of NNE-SSW trending, isoclinal to tight folds in the eastern segment. Finally, wherever
two main, uneven concentrations can be distinguished, they were interpreted as limbs of
mega-scopic S-Z parasitic folds, in the sense that the highest concentration represents the
most frequently recorded longer limb of such a fold and the lower concentration the
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shorter limb (Fig. 3.21, e.g. a NNW-SSE trending, Z fold in the western segment-belonging
marbles unit or a NNE-SSW, trending S fold in the western segment-belonging two-mica
gneiss map unit). The characterization of these folds as S or Z parasitic folds was carried
out, based on the observation along the plane parallel to the best-fit great circles and
normal to the extrapolated f-axis. Such an extrapolation could be useful when trying to
decipher later on the large-scale structure governing the study area.

c) Discrepancies between successive map units concerning the trend of the observed
symmetry axis, as is the case of the two-mica gneiss being in discordance with the
amphibolite and biotite gneiss map units, in some localitites, advocates towards contacts

of tectonic nature.
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Fig. 3.21. Structural analysis on the S3 dataset, subdivided according to the structural position of the map
units and their bilateral repetition along a N-S symmetry axis. The distribution of the best-fit great circles

suggests in each case an either NNW-SSE trending or NNE-SSW trending isoclinal folding.

Considering the very gentle dip angles of the map units, an effort was made to ensure
the afore-mentioned structural conclusions and for this reason, the whole study area was
further sub-divided in 5 ENE-WSW to E-W trending domains, normal to the main
boundaries (Fig. 3.22). The afore-mentioned structural analysis was followed for these

domains. The results of this further more detailed analysis are (Figs 3.23-3.27):

+ + +
\ leuco_gn
+ &

Fig. 3.22. Subdivision of the study area in structural domains A-E for the S3 analysis and correlation with

the F3 folding event.

a) Both NNW-SSE and NNE-SSW symmetries insist, as shown from the geometrical
distribution of the best-fit great circles. More precisely, the ENE-WSW striking best-fit

69



great circles, revealing a NNW-SSE symmetry axis, prevail as a whole in the western part
of the study area, whereas the ESE-WNW striking best-fit great circles, revealing a NNE-
SSW symmetry axis, prevail in the eastern part of it.

b) Wherever the stereo-diagrams allowed it, and two dominant concentrations of S3
measurements could be distinguished, the corresponding folds where also extrapolated.
Following the same rationale, as in the previous analysis concerning the map units as a
whole, most of these folds were also interpreted as being parasitic and therefore
kinematic indicators and parts of a larger structure. The f-axes of these folds were
identified as the poles of the afore-mentioned best-fit great circles. As a whole, the
analysis outlines and verifies horizontal to sub-horizontal, tight to isoclinal folds, with
recumbent to gently-dipping axial surfaces, trending, as mentioned, from the NNW-SSE
to the NNE-SSW. As far as their characterization as parasitic folds is concerned, Z folds
were found to co-exist but structurally prevail over S folds in the western segment, as well
as generally NNW-SSE trending folds over their symmetric counterpart, whereas S-folds
are the dominant parasitic structure at the eastern segment and generally NNE-SSW

trending folds clearly prevail on their symmetric counterpart.
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UPPER AB BT W UPPER_AB _BT_E

TWO_MICA_GN_W TWO_MICA_GN_E

Fig. 3.23. Structural analysis of the S3 foliation at the A domain and correlation of the latter with the F3

isoclinal to tight folding and the respective megascopic parasitic folds.
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Fig. 3.24. Structural analysis of the S3 foliation at the B domain and correlation of the latter with the F3

isoclinal to tight folding and the respective megascopic parasitic folds.
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Fig. 3.25. Structural analysis of the S3 foliation at the C domain and correlation of the latter with the F3

isoclinal to tight folding and the respective megascopic parasitic folds.
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Fig. 3.26. Structural analysis of the S3 foliation at the D domain and correlation of the latter with the F3

isoclinal to tight folding and the respective megascopic parasitic folds.
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WESTERN SEGMENT

LOWER_AB_BT W TWO_MICA_GN_W

Fig. 3.27. Structural analysis of the S3 foliation at the E domain and correlation of the latter with the F3

isoclinal to tight folding and the respective megascopic parasitic folds.

The recorded mesoscopic parasitic folds (Fig. 3.28) are in agreement with the
megascopic parasitic folds extrapolated from the detailed, above S3 analysis. These
mesoscopic, parasitic, isoclinal to tight folds also show a distinct preference to a specific
geometry, meaning that there are locations where S or Z parasitic folds prevail one over
the other. In particular, mesoscopic Z folds were found to prevail in the western segment
of the lower amphibolite/biotite gneiss map units, whereas S folds were found to
predominate in the eastern segment of the two mica gneiss map unit, especially towards
its upper boundary with the upper amphibolite map unit (Fig. 3.29 and 3.23-3.27). M folds
were bitterly seen within the two-mica gneiss map unit and in the middle to eastern part

of region.
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Fig. 3.28. F3 parasitic folds in some of the map units of the study area: a) S-folds facing N, in marbles WSW

of Konstamonitou monastery. b) Z-folds facing N from the previous location. Notice that S and Z parasitic

folds co-exist at the same outcrop, pointing towards the existence of sheath folds. c) Z-folds facing N, in
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marbles map unit S of Zografou monastery. d) S-folds in marbles map unit, S of Zografou monastery. e)
S-folds facing N, in the biotite gneiss map unit N of Dohiarion monastery. f) Z-folds facing N in biotite
gneiss map unit, E of Zografou monastery. g) Z-folds facing N, in the biotite gneiss map unit, E of Zografou

monastery. h) M-folds in the two-mica gneiss map unit, E of Pantokratoros monastery.

N k

Fig. 3.29. Spatial distribution of the mesoscopic parasitic F3 folds in the study area: a) Z-folds (orange-

colored bullets, b) S-folds (purple-colored bullets).

In many locations, S and Z mesoscopic, parasitic folds exist altogether without having
in between any M-shape folds. The most characteristic location of S/Z co-existence is
within the marbles exposed WSW of Konstamonitou monastery and the marbles exposed
WNW of Esfigmenou monastery. In both cases these folds are associated by an intense
S3 mylonitic foliation. This co-existence of S and Z folds along S3 surfaces, without an
isoclinal M-fold hinge interrupting these geometries, at an E-W trending observational
plane, could represent transport-parallel neutral verging (M) open folds, associated with
the development of sheath folds (Alsop and Holsworth, 2004) and in the case of the study
area, N-S trending sheath folds, which were also observed as meso-scopic structures in
the field (Fig. 3.30 and 3.31). This structural scenario of a large-scale sheath fold will be

discussed later on.
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Fig. 3.31. Neutral verging (M) sheath fold, within the migmatitic amphibolite gneiss underlying the two
mca gneiss, truncated by narrow shear zones, E of Esfigmenou monastery

Further structural analysis was also performed on the L3 dataset, in an attempt to
correlate its distribution with the F3 isoclinal folding and consequently the overall

geometry of the study area, via its correlation with the S3 planes on which the L3 was
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recorded at each site. The L3 distribution in two main concentrations trending NNE-SSW
and NNW-SSE respectively (Figs 3.12 and Fig. 3.32) shows that in each case an isoclinal to
tight folding is suggested by the corresponding S3 planes (Fig. 3.32). More specifically, the
S3 referring to the NNE-SSW L3 concentration dips with low angles either towards the E
to ESE and to a much lesser extent towards the WNW, representing either a NNE-SSW
trending, recumbent isoclinal fold or a tight again NNE-SSW trending fold (Fig. 3.32a). In
any case the best-fit great circle resulting from the S3 data suggests a NNE-SSW trending
geometrical axis. As far as the NNW-SSE L3 concentration is concerned, the S3 primarily
dips with low angles towards the ENE and secondary concentrations represent shallow
dipping planes towards the WSW, representing a NNW-SSE trending tight fold, again
parallel to the L3 trend (Fig. 3.32b). The best-fit great circle resulting from the S3 data

suggests a NNW-SSE trending geometrical axis.

Fig. 3.32. Correlation of the L3 lineation with the corresponding S3 planes: a) for the NNE-SSW L3
concentration, and b) for the NNEW-SSE concentration. In both cases a respective NNE and NNW,
horizontal F3 fold axis is suggested by the analysis of the S3 planes, verifying a bilateral geometry, about

a N-S axis.

The afore-mentioned analysis, which was applied on the L3, took place for the F3 axes
as well: the dataset was sub-divided into two sub-sets, one for the NNW-SSE
concentration and one for the NNE-SSW concentration, and the S3 measurements were

analyzed, belonging to the sites of the corresponding F3 data. A similar structural pattern
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was also revealed during this analysis (Fig. 3.33): a) a NNW-SSE symmetry axis was
outlined for the respective F3 concentration, giving insight to two possible sets of NNW-
SSE trending, isoclinal to tight, horizontal, recumbent folds, with shallow-dipping limbs
either to the WSW or the ESE (Fig. 3.33b), b) a NNE-SSW symmetry axis was outlined for
the respective F3 concentration, suggesting a NNE-SSW trending, tight, horizontal
recumbent fold, with shallow-dipping limbs towards the ESE and WNW (Fig. 3.33a). The
structural pattern of a bilateral geometry trending both NNW-SSE and NNE-SSW repeats
itself in the F3 fold-axis as well, as already described in the S3 and L3 analysis, thus
verifying the dominant isoclinal folding structure governing the study area and leading to

a structural combination of all these elements under the same deformational event.

Fig. 3.33. Correlation of the S3 planes recorded at sites with the F3 fold axes: a) trending NNE-SSW to N-
S and corresponsing to the according F3 axes concentration from Fig. 3.18, b) trending NNW-SSE to N-S
and corresponsing to the according F3 axes concentration from Fig. 3.18. The S3 foliation follows a
parallel geometry in both cases, with best-fit great circles striking ESE-WNW and ENE-WSW respectively.
An isoclinal to tight folding can be concluded from both stereo-diagrams, trending in each case parallel

to sub-parallel to the respective F3 axis concentration.

In overall, the fact that the L3 stretching lineation has been documented in this study
to be parallel to the f-axes of the F3 isoclinal to tight folds, the axial planes of which partly

constitute the S3 foliation, has sought its explanation in a large-scale sheath fold
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geometry. Mesoscopic isoclinal folds and parasitic folds, as well as the large-scale
parasitic folds (indicated by the S3 analysis), trending both NNW-SSE and NNE-SSW could
be describing isolated parts of a larger-scale sheath fold, and constitute domes or basins,
where fold hinges converge or diverge respectively, when taking into account the
transport direction and kinematics of the large-scale shear zone in question. The fewer in
number recorded fold axes of isoclinal folds, trending NW-SE to WNW-ESE and NE-SW to
ENE-WSW, could represent the conical parts of the megascopic sheath folds. In addition,
the two main best—fit great circles defined by the F3 axis generally trend about an E-W
axis (Fig. 3.33), thus indicating a transport direction normal to this trend and towards
either the N or to the S (Alsop et al. 2004). The former arcs of these best-fit great circles
represent the Y axis of the bulk finite strain ellipsoid and their normal trend, coinciding
with the L3 and the F3 axes represent the X-axis of the bulk finite strain ellipsoid (Alsop
et al. 2004) (Fig. 3.12, 3.18). Bearing in mind that the isoclinal fold geometry is
contemporaneous with the L3 stretching lineation, which represents a general transport
direction trending N-S, so do the bilaterally dispersed NNW-SSE and NNE-SSW fold axes
represent the general orientation of dome and basin closures of sheath folds, as well as
the large-scale kinematics of a corresponding shear zone (Fig. 3.34). Whether the spatial
combination of this bilateral geometry represents domal or basinal sheath folds depends
on whether the transport direction of the overall shearing is top-to-the-N or top-to-the-
S, an issue that will be discussed and clarified in the description and kinematic analysis of
the deformational events that affected the study area. Moreover, judging from the small
apical angle between the stretching lineation L3 and the isoclinal axes F3 (Fig. 3.12, 3.18
and 3.33), anincreased hinge curvilinearity is concluded, which also suggests an increased
axial planar rotation of these generally recumbent isoclinal folds. In this sense, the shear
zones leading to the afore-mentioned structures should be parallel or sub-parallel to the
axial planes of the F3 folds. This inferred, increased curvilinearity and axial planar rotation
is also an indicator of a mature/well-developed sheath fold geometry (Alsop and

Holsworth, 2004; 2006).
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Fig. 3.34. Schematic 3D cartoon illustrating the sheath fold geometry and orientation of synshearing flow
folds together with sheath folds associated with transport-parallel culmination and depression surfaces.
Increasing deformation towards the underlying detachment surface (marked by barbs) results in
pronounced attenuation of the lower limb and reduction in the apical angle of the sheath fold from
tongue folds on the upper limb to tubular folds on the lower limb. Culmination and depression surfaces
are associated with transport-parallel neutral verging (M) open folds with steeply dipping axial planes.
They separate regions of synshearing flow folds with S folds trending anticlockwise of transport fromZ

folds developed clockwise of transport. From Alsop and Holsworth, 2004.

3.3.4. F4 folds

F4 folds are NNW-SSE to N-S trending (Fig. 3.35) generally horizontal to subhorizontal,
steeply-inclined, and asymmetric to overturned verging mainly towards the WSW (Fig.
3.36-3.43). Sometimes they also appear as upright folds. The characteristic micro-
crenulation folds observed in various localities and associated genetically with the
formation of the afore-mentioned S4 crenulation cleavage, also belong to this F4 group.

F4 folds were recorded to have affected all the map units in the study area.
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Fig. 3.36. F4 asymmetric, sub-horizontal S-plunging folds, within the marbles map unit, NNW of

Xenofontos monastery, verging towards the W.
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Fig. 3.37. F4, asymmetric, steeply inclined, N-S trending folds, within the marbles map unit, WSW of

Konstamonitou monastery, verging towards the W.

Even though they mainly appear as asymmetric close folds verging mainly towards the
WSW to W, but occasionally also towards the ENE to E, they vary in inter-limb angle as
well as in their axial plane dip angle from site to site. That is why at some locations
overturned, close folds are observed and at other locations we document nearly upright,
open folds. The distribution of the limbs of isolated F4 folds varies, representing different
combinations of the fold types constituting the F4 group (Fig. 3.38). Nonetheless, the
limbs of the F4 folds define a general fold axis plunging towards the NNW, verifying the
geometry mentioned for the isolated F4 axes as well. Moreover, a main vergence towards
the WSW can also be concluded from this afore-mentioned F4 limbs distribution (Fig.
3.38); the asymmetry of the two main concentrations suggests a relatively shallower, ENE
dipping limb, which has been more frequently recorded, and a slightly more steeply, WSW
dipping limb, which has been less frequently recorded, conclusively outlining an F4

asymmetric, steeply-inclined fold, verging towards the WSW.
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Fig. 3.38. Structural analysis of the recorded F4 fold limbs: a) Planes of the F4 fold limbs; b) The
distribution of the F4 limbs suggests a general subhorizontal, NNW-plunging F4 axis, with a main vergence

towards the WSW. Equal area, lower hemisphere projection.

84



Another noteworthy fact is that these F4 folds have been found to overprint pre-
existing F3 folds in various locations (Figs 3.39-3.43) and, where evident, F2 folds as well
(Fig. 3.40. and 3.43). Isoclinal previously recumbent folds have been refolded, by F4 folds
having as a result F3 axial planes to obtain, at places steeply inclined to vertical
orientations. Taking into account the fact that F4 folds mainly trend NNW-SSE to N-S and
that F3 axes were originally oriented parallel or sub-parallel to the afore-mentioned F4
folds (Figs 3.18, 3.35 and 3.40), the two fold patterns interfere co-axially, with the F4

pattern superimposing the F3 geometry (Type Il of Ramsay fold interference patterns,

Ramsey, 1967).

F4

F3/S3

Fig. 3.39. Isoclinal parasitic F3 folds and S3 foliation fabric being refolded by a steeply-inclined to upright

N-S trending F4 fold, within the marbles map unit, N of Dohiarion monastery.
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Fig. 3.40. Upright to overturned limb of F4 asymmetric fold in marbles, S of Hiliandariou monastery.
Notice how pre-existing N-S trending, F3 isoclinal folds have been "co-axially" refolded by F4 parasitic

folds. The interference pattern within the isoclinal folds also bears witness of F2 isocinal folds being

Fig. 3.41. Isoclinal, N-S trending, F3 fold, constituting part of an overturned limb belonging to an also N-S

trending, overturned F4 fold, verging towards the W, within the marbles, E of Esfigmenou monastery.
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BN S R
Fig. 3.42. Isoclinal F3 fold, being refolded by gentle-open F4 fold, in the two-mica gneiss map unit, E of

Konstamonitou monastery.

o4 F3/83
F3/S3 F2IS2

Fig. 3.43. Overprinting relationships of 3 distinct generations of folds and planar fabrics, within the two-

mica gneiss map unit WNW of Vatopedi monastery. Pre-existing isoclinal F2 folds being isoclinally
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refolded by F3 folds and both structures, subsequently, crenulated by "co-axial", N-S trending, F4

crenulation folds.

3.3.5. F5 folds

The last recognized folding event includes mainly gentle to open, upright, sub-
horizontal F5 folds, trending ENE-WSW to ESE-WNW, about an E-W axis (Fig. 3.44), and in
few cases kink folds of according orientation (Fig. 3.10). They constitute the least
imprinted folding pattern on the map units of the study area and their documentation

meso-scopically in the field was restricted only in scarce locations.

Fig. 3.44. Distribution of F5 fold axes trending about an E-W axis.
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Chapter 4. Micro-structural analysis

4.1. Microscopic shear sense indicators in mylonites

As it has already been outlined the whole study area is characterized by an overall
ductile deformation diffused in all the map units and expressed via numerous shear zones,
throughout the whole body rock. This ductile deformation and its apparent high-strain
has been imprinted in these ductile shear zones, in the form of mylonites, including
various fabric elements, which have recorded this shearing. In some cases, the sense of
shear can be concluded for these mylonitic shear zones, through the proper kinematic
analysis of these fabric elements, which are called shear sense indicators. Therefore thin-
sections of various rock samples from the majority of the map units were examined. They
are always cut parallel to the stretching lineation of minerals and aggregates, normal to
the mylonitic foliation in order for the observation plane to coincide with the XZ-plane of
the strain ellipsoid. As already mentioned the collection of samples for preparing and
analyzing thin sections was primarily focused on specific locations where the primary
contact of the lower amphibolite gneiss and two-mica gneiss map units could be micro-
structurally examined. Therefore, the majority of the thin-sections come from this specific
structural horizon (Fig. 4.1). However, additionally to the microscopic observation of thin
sections, observations concerning the afore-mentioned kinematic fabric elements were
also carried out in the field, throughout the whole study area. During this overall
examination the following microscopic shear sense indicators were recorded in thin-

sections:
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Fig 4.1. Location of the samples and respective thin sections used in the micro-structural analysis.

- Porphyroclasts. They are defined as mineral grains that were more resistant and
remained as remnants in a matrix that is characterized by a relatively smaller grain size
(Passchier and Trouw, 2005). The planar fabric of the matrix wraps around the
porphyroclasts, which develop due to a difference between the rheological behavior of
the porphyroclasts themselves and the minerals constituting the less resistant matrix
(Passchier and Trouw, 2005). Quite frequently porhyroclasts are surrounded by a mantle
formed by the same recrystallized mineral (mantled porphyroclasts) or a rim of different
composition than the porphyroclast (strain shadow porphyroclasts), which in both cases
forms wings. According to the geometry and symmetry of these wings, the porphyroclasts

can be distinguished into: ¢ -type, o —type (which can also extend their geometry and
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interpretation to sigmoid aggregates), 6 -type, and complex mantled clasts (Hanmer
1984b; Passchier and Simpson 1986; Hooper and Hatcher 1988).

The porphyroclasts, found in abundance in most of the thin—sections, belong in their
majority to porphyroclasts with strain shadows, usually comprised of quartz, plagioclase
and K-feldspar clasts, in a quartzofeldspathic and micaceous matrix. Porphyroclast
systems were recorded in thin-sections from the two-mica gneiss map unit (samples
A_39, A_41, A_43, A_44, A_45, A_46, A_92, A_93, A_94, A_96, E of Konstamonitou
monastery and A_16, W of lviron monastery), the leucocratic counterparts of the
migmatitic amphibolite gneiss map unit (sample A_99), the biotite gneiss map unit (A_2)
and its leucogneissic bands (A_47) and the marbles map unit (A_7). In their vast majority

they indicate a top-to-the-S sense of shear (Fig. 4.2).
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Fig. 4.2. Porphyroclasts with strain shadows, from thin sections: a) o-clast, within the biotite gneiss map

unit, indicating a dextral sense of shear (top-to-the-S). Sample A_2; b) o-clast, within the two mica-gneiss

gneiss map unit, indicating a dextral sense of shear (top-to-the-S). Sample A_43; c) o-clast, within the two
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mica-gneiss gneiss map unit, indicating a dextral sense of shear (top-to-the-S). Sample A_43; d) o-clast,
within the two mica-gneiss gneiss map unit, indicating a sinistral sense of shear (top-to-the-S). Sample
A_90; e) o-clast, within the two mica-gneiss gneiss map unit, indicating a dextral sense of shear (top-to-
the-S). Sample A_92; f) o-clast, within the two mica-gneiss gneiss map unit, indicating a dextral sense of
shear (top-to-the-S). Sample A_93; g) o-clast, within the two mica-gneiss gneiss map unit, indicating a
sinistral sense of shear (top-to-the-N). Sample A_93; g) o-clast, with mica quarter mats (Hanmer and
Passchier, 1991) within the two mica-gneiss gneiss map unit, indicating a dextral sense of shear (top-to-

the-S). Sample A_96.

- C and C’ type shear bands. C-type shear bands or shear band cleavage (Passchier
and Trouw, 2005), constitute part of a C/S fabric. In this fabric the S planes are transected
by the C-type shear bands (Berthé et al. 1979a,b; Vernon et al. 1983; Lister and Snoke
1984; Krohe 1990; Toyoshima 1998), the latter being parallel to the shear zone
boundaries and considered generally straight and continuous. C'-type shear band
cleavage, on the other hand is oblique to the shear zone boundaries (with an angle
ranging from 15-35° between the C’-type shear band and the shear zone boundary,
Dennis and Secor, 1987; Passchier, 1991b; Blenkinsop and Treloar, 1995), it is frequently
short and wavy, with a tendency to appear in more micaceous rocks and can overprint
the C-S fabric (Berthé et al. 1979b, Passchier and Trouw, 2005).

C-S fabric and the according C-type shear band cleavage was also quite frequent in
many of the samples collected in this study, belonging to the two-mica gneiss map unit
(samples A_16, W of Iviron monastery, and A 43, A 44, A 46 and A 93 E of
Konstamonitou monastery), the biotite gneiss map unit (samples A_2, E of Esfigmenou
monastery and A_17, SSE of lviron monastery), the leucogneiss inlayers within the biotite
gneiss (sample A_90, E of Konstamonitou monastery) and the marbles map unit as well

(sample A_7, W of Konstamonitou monastery) (Fig. 4.3).
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Fig 4.3. C-S fabric and C-type shear bands in thin-sections: a) C-S fabric and C-type shear bands, within

the biotite gneiss map unit, indicating a dextral sense of shear (top-to-the-S). Sample A_2; b) C-S fabric
and C-type shear bands, within the biotite gneiss map unit, indicating a dextral sense of shear (top-to-
the-S). Crossed polarizers, sample A_2; c) C-S fabric and C-type shear bands, within the marbles, indicating
a dextral sense of shear (top-to-the-S). Sample A_7; d) C-S fabric and C-type shear bands, within the
marbles, indicating a dextral sense of shear (top-to-the-S). Crossed polarizers, sample A_7; e) C-S fabric
and C-type shear bands, within the two mica gneiss map unit, indicating a dextral sense of shear (top-to-
the-S). Sample A_93; f) C-S fabric and C-type shear bands, within the two mica gneiss map unit, indicating

a sinistral sense of shear (top-to-the-S). Sample A_46.
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Most of the C'-type shear band cleavage micro-structures were recorded in two-mica
gneiss thin-sections, (samples A 39, A 44, A 48 and A 96, E of the Konstamonitou
monastery), but also within the amphibolite gneiss, from its leucocratic counterparts,
where it becomes migmatitic and the biotite gneiss map unit (samples A_2 and A_47 from
the biotite gneiss map unit, E of Esfigmenou monastery and E of Konstamonitou
monastery respectively, and sample A_99 from the amphibolite gneiss map unit, E of
Zografou monastery) (Fig. 4.4). Both C- and C’-type shear bands indicate in their vast

majority a top-to-the-S sense of shear.

Fig. 4.4. C'-type shear bands in thin-sections: a) C'-type shear band, within the two mica-gneiss map unit,
indicating a dextral sense of shear (top-to-the-S). Sample A_48; b) C'-type shear band, within the two
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mica-gneiss map unit, indicating a dextral sense of shear (top-to-the-S). Sample A_44; c) C'-type shear
band, also developing within its boundaries an oblique foliation, within the biotite gneiss map unit,
indicating a dextral sense of shear (top-to-the-S). Sample A_2; d) C'-type shear band, within leucogneiss
inlayers from the amphibolite gneiss, indicating a sinistral sense of shear (top-to-the-S). Sample A_99; e)
C’-type shear band, also developing within its boundaries an oblique foliation, from the two mica-gneiss
map unit, indicating a dextral sense of shear (top-to-the-S). Sample A_96; f) C'-type shear band, also
developing within its boundaries an oblique foliation, from the two mica-gneiss map unit, indicating a

sinistral sense of shear (top-to-the-S). Sample A_39.

-Mineral fish. Mineral fish is characterized by their typical elongate shape, their strong
preference towards an orientation parallel to the mylonitic foliation and their lack of
evidence of rotation (Passchier and Trouw, 2005). It has been experimentally shown that
once a mineral fish obtains an elongate lozenge shape, and on the condition the mineral
fish has poor bonding with the matrix, it can remain in a stable position in any non-coaxial
flow, even in simple shear (Grotenhuis et al., 2002, Mancktelow et al., 2002, and Ceriani
et al., 2003, Passhier and Trouw, 2005). The most common mineral fish found in mylonitic
zones is the mica fish, which is also the most common mineral fish observed in the
samples of the study area as well, even though few biotite-fish were also recorded.

Mica fish was recorded within the two-mica gneiss map unit (samples A_39, A 44,
A 46, A 93, A 94, A 95, A 96, E of Konstamonitou monastery), the leucogneiss inlayers
within the amphibolite gneiss map unit (sample A_106, N of Pantokratoros monastery)
and the the biotite gneiss map unit (sample A_48, E of Konstamonitou monastery), also
recording the highest strain intensity represented by the structure's extremely elongate,
lozenge shape, and the marbles map unit (sample A_9). They overall indicate a top-to-the

S sense of shear, with a few exceptions, indicating the opposite sense of shear (Fig. 4.5).
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Fig. 4.5. Mica fish in thin-sections: a) Mica fish developed along with C’'-type shear bands, within the

leucogneiss, indicating a dextral sense of shear (top-to-the-S). Sample A_48; b) Mica fish, within the two
mica-gneiss map unit, indicating a dextral sense of shear (top-to-the-S). Sample A_44; c) Mica fish within
the two mica-gneiss map unit, indicating a sinistral sense of shear (top-to-the-N). Sample A_94; d) Mica
fish within the two mica-gneiss map unit, indicating a sinistral sense of shear (top-to-the-S). Sample A_95;
e) Mica fish within a leucogneiss inlayer from the amphibolite gneiss map unit, indicating a sinistral sense
of shear (top-to-the-N). Sample A_106; f) Mica fish within a leucogneiss inlayer from the amphibolite

gneiss map unit, indicating a sinistral sense of shear (top-to-the-N). Sample A_106.
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- Oblique foliation. Oblique foliation is a type of foliation observed in mylonites, it is
located within monomineralic domains, which in turn are usually subject to dynamic
recrystallization, and it is characterized by a grain shape preferred orientation (Passchier
and Trouw, 2005). The recrystallized grains constituting this oblique foliation can be
characterized by an overall elongate shape (Means, 1981; Lister and Snoke, 1984), and its
orientation is usually oblique to the compositional layering of a mylonite. Oblique
foliations have been reported for quartz (Brunel, 1980; Law et al., 1984; Law, 1998; Knipe
and Law, 1987; Lister and Snoke, 1984; Dell’Angelo and Tullis, 1989), among other
minerals, and these were the monomineralic domains where oblique foliations were
observed in this study, whereas Sub-Grain Rotation (SGR) was recognized as the dynamic
recrystallization mechanism that led to the specific mylonite-related fabric elements (Fig.

4.6).
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Fig. 4.6. Oblique foliation dominated by SGR as a dynamic recrystallization mechanism: a) Oblique

foliation within a C’-type shear band, defined by elongate quartz ribbons, recrystallized by SGR, and mica
domains, overall inclined to the horizontal S3 main foliation. The oblique foliation along with the shear
band indicate a dextral sense of shear (top-to-the-S). Sample A2, biotite gneiss, E of Esfigmenou
monastery; b) Oblique foliation within a quartz ribbon recrystallized by SGR, between two larger quartz
crystals, indicating a sinistral sense of shear (top-to-the-S). Sample A44, two mica gneiss, E of
Konstamonitou monastery; c) Oblique foliation within quartz-rich domains, separated by mica crystals
and defining the S part of an overall C-S fabric, indicating an overall sinistral sense of shear (top-to-the-
S). Sample A46, two mica gneiss, E of Konstamonitou monastery; d) Oblique foliation in quartz layers,
indicating a sinistral sense of shear (top-to-the-S). Sample A_39, two mica gneiss, E of Konstamonitou

monastery; e) Oblique foliation within a C’-type shear band, defined by elongate quartz ribbons,
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recrystallized by SGR, and mica domains, overall inclined to the horizontal S3 main foliation. The oblique
foliation along with the shear band indicate a sinistral sense of shear (top-to-the-S). Sample A39, two-
mica gneiss gneiss, E of Esfigmenou monastery; f) Oblique foliation within and with respect to the
boundaries of a C’-type shear band, developed in former quartz ribbons by SGR. Sample A_90, two mica

gneiss, E of Konstamonitou monastery.

-Porphyroblasts. Porphyroblasts are single crystals, of a considerably larger size than
their surrounding finer matrix and form by metamorphic growth (Passchier and Trouw,
2005). They constitute a valuable source of information, when it comes to the
interpretation of the tectonic and metamorphic evolution of a study area, as their
inclusion patterns can mimic the structure of rock, at the time of their growth (Passchier
and Trouw, 2005). Thus, a relative timing of mineral growth can be achieved, providing
insight to the metamorphic condition and the deformational history of the rock in
qguestion. Porphyroblasts, when referring to their inclusion pattern, have been classified
by Zwart (1960, 1962) as: pre-, syn-, inter- and post-tectonic.

Garnet porphyroblasts have been recognized in various samples and map units both
mesoscopically and microscopically but they were safely considered as a shear sense
indicator only in sample A_18, coming from the biotite gneiss map unit and its
leucogneissic inlayers, SSE of Stavronikita monastery, where strain shadows were
prominent and in some porphyroblasts a syn-tectonic, spiral inclusion pattern could be

inferred (Fig. 4.7).
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Fig. 4.7. Garnet porphyroblasts in the leucogneiss inlayers from the biotite gneiss map unit. Spiral

inclusion patterns and stair-stepping from the quartz-rich strain shadows suggest a syn-tectonic temporal
relationship with the formation of the dominant fabric imprinted on these rocks as well as with a dextral

sense of shear (top-to-the S), SSE of Stavronikita monastery.

As already mentioned, shear sense indicators and markers were also recorded in the
field, always following the same rationale of identifying fabric elements at an

observational XZ-plane, parallel to the stretching lineation (Figs 4.8 and 4.9 ).
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Fig. 4.8. Mesoscopic shear sense markers recorded throughout the study area: a) Sigmoidal quartzo-

feldspathic aggregate in the migmatitic biotite-horneblende gneiss map unit, indicating a dextral sense

of shear (top-to-the-S), SSE of Xenofontos monastery, b) Feldspar o-clast in the migmatitic biotite gneiss
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map unit, indicating a dextral sense of shear ( top-to-the-S), SSE of Xenofontos monastery, c) Feldspar 6-
clast, in the migmatitic biotite gneiss map unit, indicating a sinistral sense of shear ( top-to-the-N), SSE of
Dohiarion monastery, d) Garnet porphyroblasts with quartz strain shadows, in the amphibolite gneiss
map unit, indicating a dextral sense of shear (top-to-the-N), E of Esfigmenou monastery, e) Sigmoidal
feldspar and quartzo-feldspathic augens and C'-type shear bands, in the migmatitic, biotite gneiss map
unit, indicating a sinistral sense of shear (top-to-the-S), E of Zografou monastery, f) Sigmoidal epidote-
rich aggregate, with biotite-rich tails, within within an ultramafic sliver, tectonically emplaced within the
amphibolite gneiss, indicating a sinistral sense of shear (top-to-the-S), E of Karyes, g) Sigmoidal bodies of
mafic tectonic lenses and quartzo-feldspathic aggregates within the amphibolite gneiss map unit,
indicating a dextral sense of shear (top-to-the-S), SSE of Zografou monastery, h) Domino structure of
antithetic C'-type shear bands in the migmatitic, biotite gneiss map unit, indicating a dextral sense of

shear (top-to-the-S), at Xenofontos monastery.
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Fig. 4.9. Mesoscopic shear sense markers recorded throughout the study area: a) C-type shear bands

forming an S-C fabric within a cm-thick shear zone, in the marbles map unit, indicating a dextral sense of

shear (top-to-the-S), S of Zografou monastery, b) C-type shear bands forming an S-C fabric in the
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leucogneiss, close to the amphibolite gneiss' boundary with the overlying the two-mica gneiss map unit,
indicating a sinistral sense of shear (top-to-the-S), SSE of Iviron monastery,c) C-type shear bands forming
an S-C fabric in altered ultramafic map unit, indicating a dextral sense of shear (top-to-the-S), ESE of
Dohiarion monastery, d) C'-type shear bands in the biotite augen-gneiss, indicating a sinistral sense of
shear (top-to-the-S) ESE of Zografou monastery, e) C'-type shear band in a leucogneiss inlayer,
concordantly emplaced within the biotite gneiss map unit, indicating a sinistral sense of shear (top-to-
the-S), E of Konstamonitou monastery, f) C-type shear bands forming an S-C fabric in leucogneiss layer,
within the amphibolite gneiss map unit and its upper boundary with the two-mica gneiss map unit,
indicating a dextral sense of shear (top-to-the-S), NNW of Pantokratoros monastery, g) C'-type shear band
in a leucogneiss layer, concordantly emplaced within the biotite gneiss map unit, indicating a sinistral
sense of shear (top-to-the-N), E of Esfigmenou monastery, h) Pematoid vein in the biotite gneiss map
unit, boudinaged and sheared by the S3 mylonitic foliation into sigmoid beads, indicating a sinistral sense

of shear (top-to-the-S), W of Karyes.

The above observations suggest that: a) A mylonitic fabric resulting from an intense
shearing is the dominant fabric in all metamorphic rocks throughout the the study area.
b) A dominant top-to-the-S sense of shear can be concluded for the thin-sections, as only
3 out of 24 samples indicated a top-to-the-N sense of shear. Even though the collection
of samples was aimed at the structural horizon of the lower amphibolite gneiss and two-
mica gneiss map units, shear sense indicators and markers were recorded throughout the
study area and this dominant top-to-the-S sense of shear was also verified (Fig. 4.10), with
a few exceptions at specific localitites, as is the case of the upper boundary of the two
mica gneiss with the overlying amphibolite gneiss, in the form of a top-to-the-N mylonitic
shear zone, W of Pantokratoros monastery. c) A non-coaxial, general to simple shear
ductile deformation can be inferred for the study area, concerning the main

deformational event which dominated in the ductile flow regime.
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Fig. 4.10. Spatial distribution of mesoscopic kinematic indicators in the study area revealing an overall
shearing throughout the whole body rock and a predominance of top-to-the-S (orange triangles) sense

of shear.
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Chapter 5: Analysis of crystallographic textures

Crystallographic textures have been used in the past to study and document the
evolution of tectonic contacts (Stipp et al., 2002, Marti et al., 2013). Such an attempt takes
place in this dissertation as well by applying the CIP analysis on samples taken across the
tectonic contact of the Vertiskos and Kerdyllion units in the study area. The primary aim
of this analysis is to study the potential variations of deformational fabrics with respect
to the afore-mentioned contact, to verify whether c-axis pole figures can be used to infer
shear sense in the study area and, should the inferred shear senses exist, whether they

support shear senses inferred from field data already described in the previous chapters.

5.1. Structural background of selected samples

The collection of samples for the application of the CIP analysis on the study area was
based on the rational of examining the contact of the two-mica gneiss, belonging to the
Vertiskos Unit and the amphibolite and biotite gneiss, belonging to the Kerdyllion Unit,
which has been mesoscopically identified at the western part of the study area as a shear
zone with an overall top-to-the-S sense of shear. Therefore samples A39, A40, A43, Ad4,
A45, A46, A47 and A48 were collected along an E-W trending transect, E of
Konstamonitou monastery, in an attempt to verify the mesoscopic shear sense
observations and also to document whether a deformational fabric is developed or
intensifies with respect to the distance from the afore-mentioned contact. Samples A39,
A40, A43, A44, A45 and A46 are, generally speaking, fine-to-medium grained, tightly
foliated two-mica gneisses. A44 sample lithologically deviates from the rest of the
samples, in the sense that it acquires an intense augen texture, with feldspar
porphyroclasts ranging from a mm-to even-cm scale, whereas A46 has an increased
participation of white mica in its overall compostition. Samples A47 and A48 come from
leucogneissic concordantly emplaced bodies within the underlying amphibolite and
biotite gneiss. They resemble, fine-grained, white mica (primarily) leucogneisses, also

tightly foliated.
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Fig. 5.1. Geological map of the study area with the sampling area also indicated. Detailed map showing
the exact location of the CIP samples analyzed in this dissertation. For each sample the main S3 foliation

and the stretching lineation L3 is provided.

The samples are spatially divided as belonging to a northern and a southern block,
with respect to the large-scale E-W trending normal fault truncating and displacing the
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contact under investigation (Fig. 5.1). The main foliation S3 and the stretching lineation
L3 is also indicated for each sample. The vertical distance from the contact was also
calculated for each sample in order to be able to examine the initial assumption of the
development and growing intensity of a deformational fabric (Fig. 5.2). The thin sections
were cut at a xz plane, each time parallel to the stretching lineation and vertical to the
foliation. Since thin sections were cut both N-S and also S-N directed, a reference frame
of structural and geometrical coordinates is provided in order to avoid misinterpretations

(Fig. 5.3).

North block South block

A43=175m
A44=80m
A45=65m
A46=25m

A40=15m
A39=10m

contact
A47=20m

A48=50m

Fig. 5.2. Structural position of each sample analyzed with CIP, with respect to the studied contact.
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L (188°)=X axis ¢———--——————- » X L (020°)=X axis¢———L--—--———- » X
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Fig. 5.3. Structural and geographical coordinates for each thin section analyzed with CIP. FN=foliation
normal, L=stretching lineation (azimuth), X= structural axis, Z=structural axis, x,-x,y=Cartesian

coordinates.

5.2. Method of analysis and procedure
5.2.1. ACF analysis

The thin sections prepared for the CIP analysis (thickness ~25um, polished,
uncovered) were initially scanned, once under parallel polarizer and once under crossed
polarizer conditions (see Appendix). By outlining the quartz aggregates, quartz maps were

produced (see Appendix & Fig. 5.4). These served as a basis for shape analysis by the
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autocorrelation function (ACF). The thin sections were scanned with a resolution of 3000
LPI, the scans and quartz maps cover an area of approximately 30 - 17 mm, their pixel size

is 3500 - 2200 (Fig. 5.4).

29.6 mm

\4

17.34 mm 17.34 mm

Fig. 5.4. The quartz map on which shape analysis by ACF was based and its segmentation into two

separate ‘phases maps’, for both the PAROR and the SURFOR method.

On these maps, the matrix, the outlines and the quartz are represented by grey, black
or white pixels, respectively (Fig. 5.4). The maps were segmented to produce two
separate 'phases maps' each: a 'qtz-map' consisting of the quartz (including the boundary
pixels), and an 'outline-map' consisting of the outline only. The ACF of a gtz-map -
corresponds roughly to the shape analysis of the quartz aggregates, as obtained by the
PAROR method while the ACF of the outlines is the equivalent of the analysis of the
surface fabric by the SURFOR method. For methods see, Heilbronner & Barrett (2014).
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Fig. 5.5. ACF analysis steps for the PAROR and the SURFOR method applied on the qtz-maps.

On each qtz-map, two squares of 2048 - 2048 size were selected, one on the left and
one on the right side of the thin section, creating some overlap in the center, and the ACF
of each was calculated. The ACFs were then averaged to produce one ACF representing
the entire thin section (for validity of this method, see Heilbronner (2002) (Fig. 5.5). Due
to the size of the thin section, only one ACF was calculated in the center of sample A48.
For better visualization, the ACFs were cropped to the center half (1024 - 1024). These

results will be referred to as the paror-ACFs.

Each 'outline-map' was enlarged by a factor of 2, and the outlines were dilated. Again,
two squares were selected and ACFs were calculated on the left and the right size, and
the average ACF was determined (Fig. 5.5). And again, for A48, only one ACF was
calculated. Here, the ACF size is 4096 - 4096, and for presentation, the center quarter

(1024 - 1024) is used. These results will be referred to as the surfor-ACFs.
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5.2.2-CIP analysis

Basic Concepts

The Computer-Integrated Polarization microscopy method is aimed at deriving c-axis
orientations from optical micrographs and presenting the results in the form of pole-
figures and orientation images, originally developed by Panozzo Heillbronner and Pauli
(1993) (Heilloronner and Barret, 2014). By using the relation between interference colors
of uni-axial minerals in thin sections, when viewed under a polarization microscope, the
optical texture can be analyzed and an optical orientation imaging can be performed
(Heilloronner and Barret, 2014). When mineral grains rotate under a polarization
microscope their interference colors change and this change and variation in color can
uniquely define the azimuth and the orientation of the c-axis (Fig. 5.6). Since the method
is based on the interference colors of mineral grains, much attention has to be paid to the
thickness of the thin section, so that the mineral in question each time appears in first-
order interference colors, according to the Michel-Levy chart (Heilloronner and Barret,
2014). In the case of quartz, which is the mineral studied in this dissertation via the CIP

method, thin sections must be prepared with a 25um thickness.

Color signal of rotating axes

+ color change as f(p)

| QE———
2 O—— O T
o 4;5° 9(;“ |3;“ u;éo"' 0° 4;5° 9(;)" |3§5° u;o“

rotation, p
Fig. 5.6. Interference colors for three rotating c-axes with starting orientation of grains: 1) $=45°, 6=90°,
2) $=300°, 6=70°, 3) 6=0°. From the amplitude and phase angle of the rotation signal a primary inclination
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(0°<0<90°) and the full azimuth (0°<¢$<180°) can be derived with the application of the CIP analysis. From

Heilbronner and Barrett, 2014.

As far as the technical prerequisites for the application of the method are concerned
they consist of: an optical microscope equipped for polarization, two extra polarizers
introduced both below and above the thin section, a full wave plate and two quarter-
wave plates, in order to achieve circular polarization, a narrow band interference filter,
transmitting a 660-700 um wavelength and finally a monochrome digital camera to
capture the images.

The steps and actions needed to perform the CIP analysis on a set of micrographs, as
described by Heilloronner and Barrett (2014), include the acquisition of a micrograph
stack, which will be later on processed with the CIP software, its preparation with
appropriate image processing software and the application of the CIP software, to derive
the c-axis orientation at every single pixel of the image. From then on a number of tasks
can be performed, such as preparing pole figures, corresponding to the c-axis orientation,
derive misorientations and orientation gradients, generate color-coded orientation
images and perform texture-based image analysis.

In order to better illustrate the application of the CIP method on actual field data
stemming from thin sections of studied rocks, a sample and the corresponding thin
section from the study area will be used. The illustrated example is from sample A39 and

the CIP site used is A39 i (Table 5.1).
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A43

Ad44
A44
Ad4q
A44
Add
Ad4
A44
A44

A4S

A4S
A45
A4S
A4S

Ad6
Ad6
Ad6
Ad6

A47
A47
A47
A47
A47
A47

A48
A48
A48

A48
A48

Table 5.1. List of all the information concerning all the CIP site micrographs analyzed with CIP and the produced results.
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Image Acquisition

The first basic step is to acquire a micrograph stack, which will be later on
processed with the CIP software. The equipment used for the acquisition of the
micrograph stack from all the studied thin sections was a Zeiss AXIO-Scope polar
microscope, two extra polarizers introduced both below and above the thin section, a
full wave plate and two quarter-wave plates, in order to achieve circular polarization,
a narrow band interference filter, transmitting a 660-700 um wavelength, an
additional x-y stage, mounted on the microscope stage, in order to keep the thin
section in place and a Basler monochrome camera. Prior to the acquisition of the
micrograph stack one should make sure that the thin section coordinates (x=Foliation
trace=Lineation=X structural axis and y=Foliation normal=Z structural axis) are
perpendicular to the microscope cross, as well as the frame of the monochrome
camera, so that all the images taken and processed are aligned to a specific structural
frame. Moreover, the thin section should be placed under the microscope, rotated
180°, so that the actual way-up is pointing down and the image seen through the
microscope lens and taken by the monochrome camera matches the actual
orientation of the thin section. Since the samples and corresponding thin sections
studied in this dissertation do not constitute quartzites, but polyphase rocks, the sites
of the thin sections which were processed with the CIP method were selected basically
according to the gtz content and the crystallographic texture. Different magnifications
were used (2.5x, 5x and 10x magnifying microscope lenses) depending on the afore-

mentioned criteria. In the case of A39 i CIP site a 10x magnification was used.

Assembling the Image Stack

The micrograph stack, needed for the application of the CIP software and acquired
for the A39 i CIP site, consists of 24 micrographs in total:

1) One CIRPOL image, which is acquired by inserting the crossed polarizers and the
two quarter-wavelength plated, inserted at 45° angle with respect to the polarizers,
thus achieving circular polarization (Fig. 5.7). Full light intensity was also used,

whereas the intake of light from the outer source was also shut. Moreover, the
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exposure time of the captured image was selected in such a way through the image-
capturing software that no over- or under-saturation took place and to make sure that
the widest range of gray values was achieved. This rational was applied on the

capturing of the NOPOL and the ROT images as well.

256 by Bl Wih ] Y, 4 K AT Ly s , : Sk s |

Fig. 5.7. CIRPOL image taken for the A39_i CIP site.

2) One NOPOL image, which is obtained by removing the quarter-wave plate and
retracting the lower polarizer, thus achieving plane polarized light (Fig. 5.8). Again, the
illumination and corresponding exposure was adjusted through the capturing

software in order to avoid over- or under-saturating the final image.

Fig. 5.8. NOPOL image taken for the A39_i CIP site.
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3) The ROT images, 19 in total and acquired with the lower polarizer in position
and the quarter-wave plate inserted anew. The 19 rotation images are acquired either
by counter-clockwise rotating the microscope stage every 10°, from 0° to 180°, or by
clockwise rotating both the polarizers and the quarter-wave plate (Fig. 5.9). In the case
of the A39_i CIP site, as well as the rest of the studied sites, the microscope used for
the acquisition of the images was equipped with rotating polarizers as well as rotating
guarter-wave plates, so clockwise rotation was applied. Exposure time of the captured

images, once decided prior to the 0° ROT image was not modified during rotation and

acquisition of the whole ROT sub-stack of images.

Fig. 5.9. ROT images taken for A39_i CIP site at: a) 0°, b) 40°, c) 120° and d) 180°.

4) Four TILT images, which were acquired by physically tilting the thin section with
a specially designed tilting stage and the insertion of a mm-thick wedge underneath
the right edge (the EUP image), the bottom edge (the SUP image), the left edge (the
WUP image) and the top edge (the NUP image) of the thin section. Since the thin
section is tilted, 2 to 4 images need to be taken for each tilted image, focused each

time to different segments of the tilted cross sections. The number of re-focused
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images covering the whole range of the thin section naturally depends on the
magnification used. Since the A39_i micrographs were taken with a 10x magnification,
4 images were captured in order to achieve a fully focused tilted image each time (Fig.

5.10). These 4 micrographs were later on, in the preparation stage, combined in one

image, via additional software (Image SXM).

Fig. 5.10. Four successive images a-d, taken for the compilation of the final EUP image. Each image is
focused on a different region of the CIP site since the thin section has been previously physically tilted

by inserting a mm-thick wedge underneath its right side.

5) One or two BACK images, which are actually taken by leaving the polarizers and
wave plate in place and removing the thin section from the microscope stage. This is
done in order to numerically remove later on any systematic inhomogeneities, caused
by a number of reasons, such as aged polarizers or unnoticed smudges etc. In our case
two BACK images were captured for the A39_i CIP site, the first corresponding to the
tilted images (backT image) and the second, after having re-inserted the thin section,

focused and then removed again, for the flat images (backF image) (Fig. 5.11).
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(b)
Fig. 5.11. BACK-F image taken for the A39_i CIP site. (a) original (b) same with enhanced contrast to

show unevenness of illumination

The next step concerns the preparation of the acquired images, in order for them
to be ready for the CIP processing. The micrograph stack described above was initially
imported as an 8-bit Gray scale image sequence to Fiji software and exported. This
image sequence was then opened with Image SXM software and the Lazy Prepstack
Macros were loaded to the software, necessary for the preparation of the acquired
micrographs. Initially, four substacks were created concerning the four groups of TILT
images, e.g. the four images comprising the EUP tilt were sub-stacked and merged

into one fully focused EUP image (Fig. 5.12), so that in the end, after the 19 ROT images
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only four images follow, corresponding to EUP, SUP, WUP and NUP fully focused
micrographs. Then a fifth sub-stack was created, comprised of 23 images (Fig. 5.13):
the 19 rotated ones and the 4 tilted ones. This substack of images was then opened

again with Fiji software and was registered, aligned and perfectly matched.

Fig. 5.12. Merged EUP image in Image SXM, of the previously described four partially focused EUP
images, illustrated in Fig 5.10.

3 Image SXM 188 File Edit Options Process Analyze Video MacrosmSEM SPM  Windows Help
LUT | Tools

A39_10x_PN_i.tif (1/39)

~O.0

Make Substack From Stack

First Slice '3 Cancel

Last Slice [25 | ok )

Fig. 5.13. Creation of sub.stack containing the 19 ROT and 4 merged TILT images in Image SXM.

Proceeding with the preparation stage of the micrograph stack, this “matched”

sub-stack was then re-opened in Image SXM software and 2 slices were inserted, 2 in
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the beginning and two at the end of the stack. The first two were assigned to the

CIRPOL and the NOPOL images and the last two to the BACK-T and the BACK-F images.

The CIRPOL and NOPOL images were then perfectly matched with the rest of the stack

and the whole image sequence was cropped and the cropping dimensions were

recorded (1540 - 1110, Table 5.1). The gray values of the four TILT images were also

matched to the ones of the last rotated image, by applying the respective Macros from

the Lazy Prepstack, in Image SXM. Then, the stack was exported in the form of the

final 27 files, corresponding to the circular polarized, parallel polarized, rotated, tilted

and background image files, which comprised the input stack for the CIP analysis (Fig.

5.14, 5.15).
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A_40_2.5x_PN_e.C

cirpol(20,249) A40_g.COI2.tif
cirpol(21,249) A40_h.COI2.tif

@& ImageSXM 188 File Edit Options Process Analyze Video [UES{Sdll Stacks SEM SPM Windows Hel
STAMACROP (1/27  Load Macros...

import raw image [I]
add Slice [+]
delete Slice [=]
insert slice at start [0]

make ROI there X]
crop and scale - NN [1]
crop and scale - bilinear [2]
crop and scale - bicubic [3]
flip stack horizontal (4]
flip stack vertical 5]
rotate entire stack 180° [6]
revert 19 ROTs in stack (7]

merge tilts M]
check averages of tilts  [T]
smooth stack from to ... [C]
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| re-center rotations 0-180° K]
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apply camera LUT Yl
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REAL subtract background [Z]
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Fig. 5.14. Application of the Lazy Prepstack macro in Image SXM to create the 27 raw images that are

used as input for the CIP program.
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Fig. 5.15. Content of input folder and control files for the CIP program.

As a last preparation step, before applying the CIP software to analyze the stack,
a mask was produced in order to define which part of the micrograph was going to be
processed and analyzed. The reason for this was the fact that the micrographs
analyzed are not monomineralic and various minerals occupy parts of the
micrographs, which the method does not apply to. For instance, the mineral analyzed
in this dissertation with the CIP method was quartz and the vast majority of the thin
sections did not come from monomineralic quartzites, but from quartzofeldspathic
mainly bands within the map units of the study area. Naturally, in some micrographs
additional non-uniaxial, minerals, such as feldspars and mica or biotite occasionally
occupied some parts of the micrographs and needed to be masked out, in order not
to be included in the analysis. For this reason an initial mask was created by using the
NOPOL exported image file. It was imported to Image SXM software and processed by
subtracting its background, thresholded and inverted (Fig. 5.16a). Such a preliminary
mask can be useful for masking out phases like micas. This mask was then used as a
basis and, after masking out other non-qtz phases such as feldspar porphyroclasts,
participating in the mineral assemblage at the A39 i CIP site, the final mask was
exported as an image file (Fig. 5.16b), which was applied later on during the

application of the CIP software.
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Fig 5.16. Preparation of the mask used in CIP2 process: a) an initial mask is produced from the NOPOL
image and b) the final mask, as a combination of the NOPOL mask and the manual masking-out of

non-quartz phases.

Once the input stack has been prepared we can proceed to apply the CIP routines
(CIP1a, CIP1b and CIP2) on our data, which constitute a Fortran software package. This
means that the according control files (w.ctrlA, w.ctrIB & w.ctrl2) need to be prepared
for each CIP site, indicating the image size (cropping dimensions), the input and

calibration files, as well as the expected results each time (Fig. 5.17).

8eo0o M w.ctrlB
[oy T —— =TT ——

13 Title of problem

A_39_1 16x

20) - and ¥ dinension (max width = 38083
1548,1118

3) ozi imoge:

CIPLA/A_39_1.471]

4% incp imoge (B-98%:

CIP14/4_39_1.INCP

EY T-index file (256 if flipped):
CIP1A/A_39_1.THP

6% ihco imoge (A-98%:

CIP1A/A_39_ 1. INCA

T T-index file (255 if flipped):
CIPLA/A_30_1.THa

§) Calibration of inclination - MUST be same as for cipla
LA ealibfeine2- Lin-266 LLUT

9% Stereogrophic Colour Lookup Table

o edd Aol ACIP-P-standard LCLUT
cip———————— CIPiresults—————————

13 Final result file INC cirpol
CIP1B/A_39_i.INCP

13 Final result file INC amplitude
CIP1B/A_39_1.INCA

2% c-oxis orientotion image {MOM-INTERLEAVED}
CIP1B/A_39_1.COIP.raw

3) cooxis orientotion imoge {MOM-IMTERLEAVED}
CIPAB/A_39_1.COLA.TOw

4% filenome for CPF (MENTEX format) and pole figures
CIP1B/A_39_1.CPF

Fig. 5.17. Example of the CIP1b control file, prepared for the A39_i CIP site.

The first CIP routine is CIP1a which performs the following operations:

- determination of the rotation signal J(p) and the phase angle pA.
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- AZI: conversion of the phase angle of the rotation signal to azimuth
- INCA: conversion of the amplitude of the rotation signal to primary inclination
- INCP: conversion of the amplitude of the circular polarization image to primary
inclination
- TINDEX: derivation of the tilt index from the tilt images
- INC: determination of the full inclination
- Cropping of the inclination histogram
- ERR: derivation of the quality index from curve fit errors.

When running the CIP1a, the input stack that has been prepared is used (Fig. 5.18).
The first variants needed to be inserted, when running CIP1a, are the coordinates of

the brightest and darkest pixels from the CIRPOL image.

. A39_i_mask1_cirpol

] | Spacing ¥ ] [ Lists v] y* 40

S S S S S
] N1o 112 T4

Fig. 5.18. Log file of the initial part of the CIP1a process, listing the input files for CIP site A39_i.

This is done by re-opening the final cropped stack, created during the preparation
stage and thresholding the first CIRPOL image, so that the x, y coordinates of the
brightest and darkest pixels or gray values, in a 1540 x 1110 cropping frame concerning

the A39 i CIP stack, can be chosen (Fig. 5.19).
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Fig. 5.19. Thresholding process of the CIRPOL image in order to define the x, y coordinates for a) the

brightest and b) the darkest gray values, corresponding to quartz grains.

Much attention needs to be given during this stage so that the x, y coordinates
firstly actually belong to qtz grains, as it has already been discussed the studied
samples are polyphase and e.g. the brightest pixels chosen for the results could belong
to the mica phase, misleading the process to erroneous results. Then two histograms
are presented by the software, one for the inclination calculated from the amplitude
(inca in Fig. 5.20) and one for the inclination calculated from the circular polarization

image file (incp in Fig. 5.20).
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5 8 13 204 200 212 23

Fig. 5.20. Second part of the CIP1a log file, documenting the cropping of the inca and incp histograms.

The inca histogram was cut-off, in most cases, at the gray values corresponding to
the 2% and 98% of the histogram curve, whereas the incp histogram was cut-off based
on the darkest and brightest gray values (21, 251 gray values) derived from the CIRPOL
thresholded image file. Using a cropped range of gray values in both cases is of utter
importance so that the C- axis Orientation Images and pole figures to be produced
correspond to the real distribution of c-axis and does not cause artifacts where halos
or empty centers (“doughnut” textures) are present in the pole figures. The results are
exported by the program in the form of image files as well and correspond to the

operations described above (Fig. 5.21).
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Fig. 5.21. Resulting image files after the application of CIP1a on the input stack: a) MAX image of
maximum amplitude, A, intensity; b) MIN image of minimum amplitude, A, intensity; c) FMAX image
of maximum phase angle, pA; d) FMIN image of minimum phase angle, pA’; e) AZI image of the
azimuth calculated from the FMAX and FMIN image files; f) ERR image, used to produce a quality

index of the results; g) INCA image of the 0°-90° inclination, calculated from the MAX, MIN image
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files, based on the inca cut off values; h) INCP image of the 0°-90° inclination, calculated from the
MAX, MIN image files, based on the incp cut off values; i) TXA image, which will be used by CIP1b
process to convert the primary INCA inclination file to full inclination; j) TXP image, which will be

used by CIP1b process to convert the primary INCP inclination file to full inclination.

The second CIP routine applied on the A39 i input stack was CIP1b (Fig. 5.22)
which primarily aims at producing C-axis Orientation Images (COl) of the studied site,
based on the full inclination (0°-180°) of each individual pixel and the mineral grains
under investigation respectively (CIP1a calculations refered to partial c-axis
orientation images, as they represented half the inclination 0°-90°). The input files
consist of the .AZI, .INCA, .INCP, .TXA, .TXP files produced via CIP1a and the output
consists of full inclination image files, histograms, polefigures and COls for both

amplitude-based and circular polarization-based calculations (Fig. 5.23).

MacBookPro-SMB-2:~/Deskiop/CIPsite/CIPdata/A39/A38_10X_PN_i macuser$ cip1b

*cipib: azifine from aziincAindex
maximum image sizeis 4194304
re-written for macosx and g77  june-06
calculates COI for ampl and cirpol
calculates polfigA, polfigB
last update april-14

““““ calling control
name of controle file >
w.ctrlB

**** calling readfiles
CIP1A/A_39_I.AZI
CIP1A/A_39_i.INCP
CIP1A/A_39_i.TXP
CIP1A/A_39_i.INCA
CIP1A/A_39_i.TXA

""" calling convert2

""" calling writefiles

""" calling polefigure
CIP1B/A_39_ip.polfig
->maximum of polefigure is at (18,20): 10.41110
CIP1B/A_39_ia.polfig
->maximum of polefigure isat (17, 2):  7.22566

““““ calling ava
S felutCIP-P-standard CLUT

Fig. 5.22. Log file of the CIP1b process, listing the input and output files and the calculated pole figure

maxima for CIP site A39_i.
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Fig. 5.23. Resulting image files after the application of CIP1b on the input stack: a) Azimuth image; b)

INCP image of the 0°-180° full inclination, based on the incp cut off values; c) COIA image derived
from the INCA values and corresponding pole figure; d) COIP image derived from the INCP values (as

shown in b) and corresponding pole figure.

The last CIP routine applied on A39 i input stack and generally on all the studied
samples was CIP2 (Fig. 5.24). The input comprises of the .AZI file, produced by CIP1a
process, the .INCfile produced by CIP1b process (whether it is INCA or INCP) and finally
the mask that has been created to exclude non-qtz phases and was described in the
preparation stage. The output primarily used in this study was the COI2 images and
the resulting pole figure files calculated with the mask prepared and used in the final

analysis (Fig. 5.25).
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MB-2:~/Desktop/CIPsite/C| ) 10X_PN_i macuser$ cip2
cip2: coifmis/edg from azifinc/mask
maximum image size is 10000000
maximum image widthis 3000 oct-13
re-written for macosx and 677 apr04
5> reads square (CLUT) and stereo (POL)
sdg2s sum of difference with 2 neighbours (0-180)
edgda 2*av of difference with 4 neighbours {0-180)
last update (polfig comection)  march-07
Iast update (edges) august-07
+MASK considers mask in misor and edge  june-08
*calling contro|
name of controle file

“calling readfiles: azi
CIP1A/A_39_i.AZI
“calling readfiles: inc
CIP1BIA_38_1INCP
*calling readfiles: mask
inputimask_F1

. itot

1110 1709400

“calling writefiles

CIP2/A_38_iEDG2s
CIP2/A_39_1.EDG4a
CIP2/A_30 i MISN2

*calling polefigure using mask
* imask = 1 (0=no, 1=yes}

* polcorr = 1 (option 1-5)

- i f polefigure is at (18,20):  11.40150

“calling ava
|ut/CIP-P-spectru

Fig. 5.24. Log file of the CIP2 process, listing the input and output files for CIP site A39_i and the

maximum of pole figures (these values are not automatically saved but need to be recorded).

Fig. 5.25. Resulting image files after the application of CIP2: a) COI2 image based on the CIP1b INCA

image file, the applied mask and the corresponding c-axis pole figure; b) COI2 image based on the

CIP1b INCP image file, the applied mask and the corresponding c-axis pole figure.

The final pole figures and generally all pole figures produced by the CIP routines
are the result of the respective CIP files’ process in Image SXM. The Lazy pole Macros
are firstly loaded on the program and then the .polfig file is opened as a 36 x 36 pixel
size image and the Macro: make 180*180 CIP pole figure is selected. The pole figure
maximum calculated by CIP2 needs to be inserted, as well as the contour maximum
for the produced pole figure. However, the CIP2 also produces misorientation images,
with respect to the CIP coordinates (misE, misH, misN, mis45/90), where the relative

orientation of the derived c-axis is considered with respect to these fixed directions
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(Fig. 5.26). These output files can be later used by CIP4 routine to produce grain
boundary and sub-grain boundary maps. CIP4 was, however, not applied in the

present analysis.

Fig. 5.26. Resulting image files after the application of the CIP2 process to produce grain boundary
maps: a) EDG2s image; b) EDG4a image; and misorientation images c) MIS-45-90 image; d) MISE2
image; e) MISH2 image and f) MISN2 image.

The procedure and analysis described above for A39 i CIP site was applied on all
samples and respective CIP sites listed in Table 5.1, whereas the final c-axis orientation
images (COI2), their respective pole figures (corresponding to both amplitude-based
and circular polarization-based calculations) and the representative CIRPOL image are
presented in the Appendix and will be discussed further on.

Finally, it was attempted to derive a ‘bulk pole figure’ for each sample. To this end,

only the pole figures derived from 2.5x magnifications can be used because higher
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magnification COIs do not represent enough area of the thin section. Moreover,
wherever possible, 2.5x CIP sites and respective pole figures were selected that
minimized the influence of localised strain, as is the case in the direct vicinity of large
feldspar porpyroclasts, where deforming quartz crystals around them record a
respective texture orientation non-representative of the “bulk” texture under study.
As a rough, first estimate, the pole figures were used as is, i.e. without re-contouring
or normalization. With the exception of A43 and A47, between 1 and 6 pole figures
were available for each sample. The pole figures were copied into an image stack
(using Image SXM) and averaged. The pole figures derived from INCA and INCP
inclinations were evaluated separately. The resulting pole figures are shown in Fig.

5.27 and Fig. 5.28, respectively.
2.5x magnification of CIP images
pole figues for INCA inclinations
orientation of pole figues
approximately N-S or S-N
Ad0 = A39 =
W —E

location of samples Ad6 = A4S = Ad4 = A43

o ] A39(INCA)average of stack of 6 slides
A40(INCA)average of stack of 5 slides
A432.5x magnification not availabl
A44(INCA)average of stack of 3 slides
A45(INCA)average of stack of 1 slide
A46(INCA)average of stack of 3 slides
A472.5x magnification not availabl
A48(INCA)average of stack of 1 slide

contact

A48 = A4d7 = or = denotes inferred top to S shear sense

Fig. 5.27. ‘Bulk’ pole figures selected for the interpretation of the CIP analysis for INCA inclinations.
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A48 = A47

2.5x magnification of CIP images
pole figues for INCP inclinations
orientation of pole figues
approximately N-S or S-N

AdD == A3 ==

A46

contact

= OFf =~

= Ad = A43

A39(INCP)average of stack of 5 slides
A432.5x magnification not availabl
A40(INCP)average of stack of 5 slides
Ad44(INCP)average of stack of 3 slides
A45(INCP)average of stack of 1 slide
A46(INCP)average of stack of 3 slides
A472.5x magnification not availabl
A48(INCP)average of stack of 1 slide

denotes inferred top to S shear sense

Fig. 5.28. ‘Bulk’ pole figures selected for the interpretation of the CIP analysis for INCP inclinations.

5.3. Discussion of results

The present analysis constitutes a first overview of the study of crystallographic

textures in the study area.

A quick evaluation of the quartz content was achieved by evaluating the area of the

gtz-maps (Table 5.2). Errors, however, may be quite large because the area of the qtz-

maps is usually larger than the evaluated area, and hence the quartz content may be

underestimated significantly. The matrix, referred to in Table 5.2, is mainly composed

of plagioclase, K-feldspars, white mica and biotite.

Sample Matrix
(%)

A39
A40
A43
Ad4
A45*
A46*
A47
A48*

Note:

83
85
92
83
80
76
93
94

Quartz
(%)

17
15
8
17
20
24
7
6

Matrix and Quartz percentages may have large errors
* denotes that qtz map was cropped for matrix and qtz %
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Table 5.2. A rough evaluation of the quartz content for the samples analysed, based on the produced
qtz-maps.

To derive a sense of shear from the shape of the quartz aggregates, the paror-ACFs
of the gtz-maps (thresholded ACFs, right column of Fig. 5.29) and the surfor ACFs of
the outline maps (representation of ACFs, center column of Figure 5.30) are
considered. The inferred shear senses are listed in Table 5.3 and 5.4). For a consistent
top-to-the South shear sense as inferred from the shear sense indicators (previous
chapter), it appears that the surface-ACF analysis reproduces these results more

reliably than the paror-ACF analysis.

A43
- R
8.67 mm 8.67 mm Ad4
— - —————— -
A39 A45
- - - -
A40 A46
ACF ACF-thresholded
Sawtooth look-up table with A47
3 significant bits emoved
A48
Fig. 5.29. PAROR-ACFs used to infer the sense of shear in each sample.
Sample Area Maijor Minor a/b Angle(°) Shear sense South
in image in image
A39 32819 597.51 69.934 8.54 177 sin left
A40 21903 356.69 78.184 4.56 180 (-) right
A43 21289 440.58 61.524 7.16 1 dex right
Ad4 31441 446.81 89.596 4.99 3 dex right
A45 10665 191.25 71.003 2.69 5 dex left
A46 17907 266.38 85.592 3:11 171 sin left
A47 15077 351.57 54.603 6.44 179 sin left
A48 17313 397.92 55.397 7.18 2 dex right

Note:

(dip of foliation denotes shear sense, S-C interpretation)
A40 no shear sense, symmetrical

A43 only 1° off horizontal

A45 opposite to top to South

A47 only 1° off horizontal
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Table 5.3. Sense of shear inferred from the PAROR ACFs.

_————
e
] e
e A43
4.33mm 4.33 mm = = 4.33 mm Ad4
- L 4
A39 A45
D -
A40 A46
ACF ACF-5 SBR ACF-thresholded
5 SBR -—
Sawtooth look-up table with A47
5 significant bits emoved
A48
Fig. 5.30. SURFOR-ACFs used to infer the sense of shear in each sample.
Sample Symmetry Shear sense South
in image in image
A39 monoclinic sinistral left
A40 orthorhombic - right
A43 slighly monoclinic (dextral) right
Ad4 inclined orthorhombic dextral right
A45 Small: orthorhombic, Large: monoclinic  dextral, sinistral left
A46 monoclinic sinistral left
A47 orthorhombic - left
A48 monoclinic dextral right

Note:
Interpretation by visual inspection
A45 Small / Large refers to small / large correlation distances (small / large contours in ACF)

Table 5.4. Sense of shear inferred from the SURFOR ACFs.

From the skeletons of the ‘bulk pole figures’ of six samples (Figs 5.27 and 5.28),
shear senses can be inferred. In order to do so, the skeleton type was determined (see
Table 5.5). In two cases (A39 and A48), no sense of shear could be determined, in one
case (A46), the inferred sense of shear is opposite to the top-to-the-S shear sense,
inferred from the shear sense indicators (previous chapter). Moreover, the girdles

outlined by the majority of the sites indicate a plane strain flow regime with a strong
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simple shear component, with the exception of A48 pole figures (based on amplitude
calculations) and maybe A47 pole figure as well, which outline type | cross girdles and

point towards a stronger constrictional component, according to the Flinn diagram

(Schmid and Casey, 1986).

Sample Skeleton of average Skeleton of average Inferred South

INCA pole figue 2.5x INCP pole figue 2.5x shear sense inimage
A39 vertical girdle type | cross girdle ? none left
A40 Y max - dex? Y max (dex?) right
A43 - - - right
Ad44 dextral girdle, peri maxes dextral girdle, (peri maxes?) dex right
A45* sinistral girdle, peri maxes  sinistral kinked girdle, Y max sin left
A46* dextral girdle dextral girlde, Y max dex left
A4T7 - - - left
A48* type Il cross girdle GBM type | cross girdle GBM none right
Note:

A39 no shear sense, symmetrical
A46 opposite to top to South
A48 symmetrical cross girdle

Table 5.5. Inferred sense of shear from the bulk pole figures.

5.4. Conclusions and outlook
5.4.1. Shear sense

Taking the ACF and CIP analysis and results into consideration, a shear sense has
been inferred in most cases. As far as the ACF analysis is concerned, all samples
indicated a top-to-the-S sense of shear, expcept for sample A40, where no sense of
shear could be inferred and sample A45, where the opposite sense of shear, top-to-
the-N, was inferred. As far as the CIP analysis is concerned, the interpretation of the
sense of shear was primarily based on the representative 2.5x pole figures chosen for
each samples (Table 5.). Samples A40, A44 and A45 indicated a top-to-the-S sense of
shear. The 2.5x pole figure for sample A39 presents a vertical girdle, thus leading to
no inferred sense of shear. The majority of the A39 CIP sites, however, and their
respective pole figures (Appendix) indicate a sinistral sense of shear and thus a top-
to-the-S sense of shear as well. For samples A43 and A47, no 2.5x magnification was
available. However, from the pole figures produced for other magnifications (see
Appendix), a top-to-the-S sense of shear can also be inferred, even though the area

analysed is not sufficient for the extrapolation of a “bulk” texture. Finally, sample A46
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pole figure indicated an opposite to the overall sense of shear with kinematics of top-
to-the-N.

Judging from the results of the two analyses it is concluded that there is a general
agreement, as far as the sense of shear is concerned, since both methods have led to
an overall top-to-the-S sense of shear. The latter also agrees with field observations
as already indicated in chapter 4, where the bulk sense of shear is top-to-the-S
throughout the whole study area and especially along the contact of the two mica
gneiss overlying the amphibolite and biotite gneiss, both in the western and the
eastern part of the study area, and points towards the compatibility of the ACF/CIP

results with field data.

5.4.2. Deformation mechanisms

While examining, processing and analysing the studied samples the deformation
mechanisms recognized in quartz grains, when observing the microstructures (see
Appendix) were, primarily, the recrystallization mechanisms of Bulging (BLG),
Subgrain Rotation (SGR) and Grain Boundary Migration (GBM). In the Tonale outcrops,
these mechanisms are dominant from 280-400°C, 400-500°C and 500°C to about
700°C (Stipp et al., 2002). In other words, increasing T conditions can be expected
from BLG to SGR to GBM.

BLG recrystallization was identified in samples A43, Ad44, A45, whereas sample A40
also exhibited co-existence of BLG and SGR recrystallization. SGR recrystallization was
the dominant deformation mechanism identified in the quartz ribbons of A39 sample,
frequently leading to the formation of an oblique foliation, and in sample A46, where
SGR grains constituted the S counterpart of a dominant C-S fabric in this specific rock
sample. GBM recrystallization was evident in samples A47 and A48. As far as the two
mica gneiss is concerned the samples being most proximal to the contact A39, A40
and A46, all exhibit SGR as a deformation mechanism, whereas from the multitude of
their pole figures a Y-max can be inferred. On the other hand, by increasing the
distance from the contact BLG takes over as a quartz deformation mechanism,
indicating lower temperatures, whereas peripheral maxes are much more evident in

the skeletal fabric of their pole figures. This could point towards a rising temperature
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(due to the cross-over from BLG to SGR) as well as increasing strain, despite of the
higher T (due to the dominance of Y maxes in the skeletal fabric of the respective pole
figures (Heilbronner and Tullis, 2006)), as we approach the contact. As far as the
underlying amphibolite and biotite gneiss map units and their leucogneissic bodies are
concerned, GBM points to higher T and it is noteworthy that this recrystallization
mechanism manifests itself more distinctively in sample A48, which is structurally
further away from the contact. The observation of decreasing T as we move from the
structurally lower to the structurally upper units could point towards the existence of
a thermal body beneath the contact, with the relatively «hotter» amphibolite and
biotite gneiss coming in contact with the «colder» two mica gneiss. Anatexis has
already been suggested within the amphibolite and biotite gneisses, expressed via the
existence of these leucogneissic, anatexitic bodies, assigned to the D2 event (see next
chapter), whereas the development of the shear zone, has been assigned to the D3
event (see next chapter). Taking into account the alternative of the D2 and D3 events
constituting progressive stages of a Mesozoic deformational event, the above

observations seem to favour such a scenario as well.

Since this is a preliminary version of an analysis of crystallographic textures in the
study area, there is certainly room for future work. First of all, more CIP sites could be
chosen and analysed for each sample, preferably covering continuous quartz domains,
so that the CIP results refer to wider areas and are more representative. Samples A90-
A98, collected from the north block of the sampling area and continuing the sampling
transect to the E, from within the two mica gneisses should be also processed with
the CIP method, since the micrographs have already been taken, a multitude of CIP
stacks has already been prepared for a number of them and they all need to be
processed with the CIP software. Moreover, more samples should be collected from
the underlying amphibolite and biotite gneisses, in order to have a much clearer view
of how textures evolve in the underlying units as well, also with respect to their
distance from the contact under study. Collection of CIP samples could be extended
to the eastern part of the study area, W of Pantokratoros monastery and the shear

zone between the underlying two mica gneiss and the overlying amphibolite gneiss,
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in order to examine if the mesoscopic observations of a top-to-the-N sense of shear
are verified by the crystallographic microstructures and possible shed more light on

how this «sandwiched» megascopic structure developed.
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Chapter 6. Deformational events
6.1. D1 event

The D1 deformational event has been related with an S1 foliation, identified in
discordant pegmatoid veins and truncated by later metamorphic and deformational
fabrics. It has also been associated with the presence and co-existence of titanite and
rutile in thin sections from the amphibolite gneiss. Such a mineralogic relationship has
been related with relic eclogite phases in amphibolites resulting from tholeitic basalts,
according to Hellman and Green (1979). Therefore, this D1 event could be assigned an
eclogite metamorphic grade.

6.2. D2 event

The D2 deformational event is characterized by a ductile fabric, which was
recognized in all rocks, except the mafic/ultramafic rocks of the study area. The S2
foliation is assigned to this deformational event, occurring as an older, transposed,
relict, planar fabric, constituted by minerals indicating an amphibolite-facies
metamorphic grade (having as a strong indicator a 1t generation of hornblende
porphyroclasts preserved within the later S3 planar fabric of the amphibolite gneiss).
It is characterized by rootless, intrafolial, isoclinal folds, which along with the
according L2 lineation were overprinted and rotated into parallelism with later D3-
assigned structures and could not be geometrically and kinematically distinguished
from them. Moreover, relics of the D2 fabric were also found within the leucogneiss
inlayers of the amphibolite and biotite gneiss, a rock which signifies a round of
anatexitic phenomena, the latter gaving rise to the migmatization within the
amphibolite and biotite gneiss. Lastly, the pegmatoid veins, associated with the D1
event, have been found, at places, to be isoclinally folded by F2 folds, thus setting a
relevant time limit to the D2 definitely later than the appearance of these frequently

discordant to the D2/D3 fabrics pegmatoid veins.
6.3. D3 event

The D3 event constitutes the dominant ductile deformational event and gives rise
to the main deformational and metamorphic fabric of the study area, imprinted on all

the map units. Its most prominent feature is the S3 planar fabric gently dipping, in an
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undulating fashion, mainly towards the ENE. This S3 planar fabric is constituted by an
amphibolite facies mineral assemblage and in many locations appears as a mylonitic
foliation. It is noteworthy that ductile deformation during this D3 event was not
localized only in specific shear zones along major tectono-stratigraphic contacts but
was partitioned throughout the whole body rock of the study area, accommodated by
numerous shear zones from microscopic to map scale. That is why structures
traditionally attributed to shear zones and mylonites, such as shear bands,
porphyroclast systems, Lattice Preferred Orientation fabrics, S-C fabric, mica-fish
structures and sheath folds have been documented almost throughout the whole
body rock of the study area (Fig. 4.1-8 and 4.9). It is during this deformational event
that F3 isoclinal folding takes place along with the creation of an L3 stretching
lineation, which both follow a bilateral geometry along a NNW-SSE and a NNE-SSW
trending axis. This parallelism of isoclinal and according parasitic fold axes with the
stretching lineation has been attributed to a large-scale sheath folding pattern and the
incorporation of the whole study area to a multi-scale shear zone.

There is a combination of structural information to be taken into account in order
to better visualize this multi-scale sheath folding pattern depicted in meso-scale
sheath folds, as well as map-scale highly-curvilinear, sheath folds. First of all the
isoclinal fold axes spatially converge and diverge in specific locations throughout the
study area, suggesting the formation and existence of dome and basin domains of a
relatively acute apical angle (<30°). Moreover, when analyzing at places the S3
foliation bilaterally of the XZ-plane in the body of these dome and basin sheath folds,
an overall high ellipticity is concluded, as far as the yz observation plane is concerned.
This relatively high ellipticity is verified by meso-scale observations in various
outcrops, where elliptical closures have been documented, commonly referred to as
“eye folds” (Alsop and Holsworth, 2004; 2006), representing YZ-cross-sections of
sheath folds. When taking into account the ellipticity ratio between outer and inner
elliptical rings in these meso-scale sheath folds cross-sections, a “cat eye” fold pattern
is concluded (Fig. 3.30 and 3.31), according to the classification set by Alsop and
Holsworth (2006). Cat-eye folds have been linked to sheath folds formed primarily by

simple shear deformation and general shear as well, with higher ellipticities pointing
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towards higher deformation intensity and a higher simple shear component (Alsop
and Holsworth, 2006). The fact that the sandwiched two-mica gneiss map unit fades
out at the SW part of the study area, whereas it seems to gain thickness at the eastern
part, suggests that, in the structural context of a large-scale sheath fold, the whole
study area would actually comprise, with its smaller scale basinal and domal domains,
the left half of the cat’s eye, constituting a large scale dome structure verging towards
the S.

The kinematics, verified via kinematic indicators throughout the whole study area,
governing the shearing, have been found to be top-to-the-S directed, even though
there were cases where the opposite, top-to-the-N, sense of shear was documented.
This opposite sense of transport direction could either be attributed to counter-
rotating kinematic indicators, under a deformational framework of general shear or
areas where basin sheath folds are forming. In such areas the combination of isoclinal
folds axes rotating and counter-rotating in respect with the stretching lineation
indicate a convergence of F3 axes towards the N and thus the formation of basin folds.
Moreover, it is necessary to take into account the fact that during sheath folding flow
perturbation takes place and dome sheath folds experience an acceleration of flow
(surging flow), whereas basin sheath folds experience a deceleration of flow
(slackening flow), thus leading to a differential flow when crossing from one domain
to another. This slackening flow could lead to an opposite sense of shear when one is
situated in basin domains. Accordingly parasitic fold axes would converge towards the
opposite direction, with respect to the main transport direction of a major shear zone,
and kinematic indicators could point towards the opposite direction as well.

It is during this D3 event, with the overall top-to-the S sense of shear governing its
kinematics and this multi-scale sheath folding event taking place that the main
contacts among the tectonostratigraphic units, observed today were formed’ either
in the form of pre-existing tectonostratigraphic contacts that were isoclinally folded
or in the form of low angle shear zones.

This D3 deformational event has already been characterized as a ductile
deformational event, which obviously must have taken place at a considerable depth

within the crust. Taking into account mylonitic fabrics associated with this D3 event, a
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low-to-medium grade is assigned to the related mylonites. Especially regarding quartz,
participating in the S3 fabric, and its deformation within mylonitic zones, it is
concluded that intra-crystalline deformation has taken place and more specifically
crystal-plastic deformation by means of a dislocation creep mechanism. The dominant
recrystallization process taking place seems to be Sub-Grain Rotation (SGR)
mechanism, which in turn leads us to indicative temperatures of 400-500 °C (Hirth and
Tullis, 1992; Stipp et al. 2002). Moreover, the fact that, in some microscopic samples,
an oblique foliation is apparent, constituted by SGR recrystallized quartz grains, could
point to even slightly higher temperatures, as the development of this oblique
foliation is assigned to a combined SGR and Grain Boundary Migration (GBM)
recrystallization regime (Passchier and Trouw, 2005). These temperatures, which
constitute the deformational framework of shearing, seem to be in agreement with
the lower-middle amphibolite metamorphic conditions suggested by the mineral
assemblage constituting this S3 planar fabric in amphibolites (hornblende +
plagioclase(an 20-40) + epidote + biotite). It is possible that the development of this
multi-scale shear zone took place during the later stages of this lower-middle
amphibolite facies metamorphism and shearing. In particular, it seems that the
mylonitization took place progressively with intrafolial shear zones and these shear
zones were also progressively folded with isoclinal and sheath folds. Later the
deformation became more localized along distinct shear zones, which cross-cut and

transposed the afore-mentioned sheath folds.

6.4. D4 event

The D4 deformational event corresponds mainly to an outcrop to map-scale
asymmetric folding event characterized by a vergence primarily towards the WSW to
W as well as the ENE to E. The associated S4 foliation, manifested either as a
crenulation cleavage, fanning out at places, or an axial planar spaced cleavage, is
attributed to this folding event and the interaction of this foliation with the pre-
existing S3 has led to the development of an L4 lineation in the form of either an
intersection lineation or a crenulation lineation. The minerals usually participating in

the formation of this S4 crenulation cleavage are micas, suggesting a lower-grade
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metamorphic grade for the D4 event. The afore-mentioned structures related with
this D4 event, even though they have been recorded in all the rocks and found to have
overprinted previous D3 structures, they are not present throughout the whole study
area, but can be mostly observed at specific locations, which represent map-scale F4
folds.

This deformational event exhibits semi-ductile/semi-brittle characteristics, with
scarce S-C type structures, displaying mainly a top-to-the-WSW to SW sense of shear,
or low-angle thrust faults, often exhibiting foliation dragging and verging towards the
WSW (Fig. 6.1). This semi-brittle character and the low-grade metamorphic conditions
assigned to the D4 event, suggest that it must have taken place in the upper crust and
can be correlated with a greenschist facies metamorphism. Finally, based mainly on
the NNW-SSE to N-S trending F4 fold axes recorded and verified by our structural

analysis, it can be concluded that the main structures related with this deformational

event were a result of an ENE-WSW oriented compression.

Fig. 6.1. Fold limb of an asymmetric F4 fold truncated by low-angle thrust faults, exhibiting foliation
dragging and indicating a top-to-the-WSW sense of shear, within the marbles map unit, S of

Konstamonitou monastery.
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6.5. D5 event

The D5 event is characterized by gentle to open folds, trending about an E-W axis and
kink bands associated with an S5 foliation at scarce locations, whereas S5 foliation
occurs as a crenulation cleavage or spaced cleavage along the fold axial surfaces. The
presence of chlorite in most of the rock mineral assemblages must be attributed to
this deformational event, which is characterized by a lower greenschist facies
metamorphism. It constitutes the least imprinted deformational event on all the

formations’ fabric and can be associated with a general N-S oriented compression.

6.6. Age of deformational events

Since no absolute geochronological data was collected throughout this
dissertation no absolute aging of the deformational events can take place. The relative
geochronological order of the 5 deformational events defined in this study has been
carried out by observing and documenting overprinting relationships among their
respective textures and structures. However, their ages have been assigned by
interrelating them with similar rocks from the wider area to which published ages

exist.

D1 event has not been thoroughly documented in this dissertation and therefore
its assignment to an age is quite dubious. The co-existence of rutile and titanite in thin
sections from the amphibolite gneiss has been related with a relict eclogite facies
metamorphism, also mentioned by Sakellariou (1989) for rocks belonging to the
Kerdyllion and Vertiskos Units. Eclogite facies metamorphism has been documented
in other parts of the Serbo-Macedonian massif and it has been attributed pre-
Mesozoic ages (Sakellariou, 1989; Kostopoulos, 2000), even though a relict eclogite
facies within garnet was also documented in Mesozoic meta-sediments, of respective
Alpine age and located within the Chalkidiki peninsula, by Kydonakis et al. (2015).
Additionally, Himmerkus et al. (2011) documented a Permo-Carboniferous age as the
protolith age of the biotite gneisses, setting a further time constraint for the dating of

the consequent syn-metamorphic deformational events concerning the study area.
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Following this rationale a pre-Mesozoic age is assigned to this poorly defined D1

event.

D2 event was primarily dated based on the recognition of relict forms of S2 within
a first generation of pre-D3 hornblende porphyroclasts from the amphibolite gneisses.
This early amphibolite grade metamorphism, correlated with the D2 event, has been
also documented by Sakellariou (1989) in the Vertiskos and Kerdyllion Units and has
been asssigned by the same author an upper amphibolite grade and an either Late-
Paleozoic age (related with the Hercynian orogeny (Borsi et al., 1985)) or an age
related to the Cimmeric orogenic processes, during the Early and Middle Mesozoic.
Taking the above into account, we conclude that this D2 event took place by the end
of the Cimmeric orogenic cycle, prior to the Late Jurassic. Moreover, the
migmatization, which is evident within the amphibolite and biotite gneiss map units,
and the anatexis signified by the concordant leucogneissic bodies, could have initiated
during this event and progressively deformed under the lower-to-medium grade

amphibolite facies of the following D3 event.

The D3 event represents the main deformation event of the study area resulting
in the main tectonic fabric of the metamorphic rocks of the study area. It is associated
with the metamorphism of the rocks to lower and medium amphibolite facies. Rocks
belonging to the Kerdyllion and Vertiskos Units have also recorded the same syn-
tectonic metamorphic grade, characterizing the main fabric of these two units, in
other part of the Serbo-Macedonian massif. Its dating varies and spans within the
Mesozoic, since dates of Middle-Late Jurassic to Early Cretaceous or Middle-Late
Cretaceous are assigned to this event from different researchers. In particular, the
former age is assigned by Harre et al. (1968), Zervas (1980, 1984), Papadopoulos
(1982) and De Wet et al. (1989) based on radiometric dating of hornblende and micas,
whereas the latter is assigned to mid-late Cretaceous also based on radiometric data
from hornblende, mica and biotite by Papadopoulos and Kilias, 1985; Kilias et al.,
1999. Moreover, a time limit of a post-Early-Mid Triassic age or a post-Late Jurassic
age for this S3 syn-metamorphic planar fabric and the D3 event conclusively is set,

since these are the two calculated protolith ages for the Arnaea granite (Vital, 1987;
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Himmekrus et al., 2009 for the first Triassic age group, and Kockel et al., 1977; Dixon
and Dimitriadis, 1984; Papadopoulos & Kilias, 1985; De Wet et al., 1989; Ricou et al.,
1998; Lips et al., 2000, for the second Late Jurassic age group), intruding the Vertiskos
Unit. This plutonic body has also been imprinted by an analogous, dominant planar
fabric of lower to medium syn-metamorphic grade, documented by Sakellariou
(1989). Moreover, Himmerkus et al., (2011) calculated a Late Jurassic age for a
magmatic event based on zircon dating from biotite gneisses of the study area.
Bearing also in mind that the amphibolite gneiss and the biotite gneiss exhibit a
pronounced migmatitic layering, whereas the leucogneiss concordant bodies,
following and defining at places the S3 geometry, lithologically refer to anatexitic
bodies, which could have originated during the previous Cimmeric orogenic cycle, it is
concluded that this D3 event is of Late Jurassic-to-Early Cretaceous age. It was
accompanied by a syn-metamorphic lower to middle amphibolite grade and appears
as a progressive stage of the D2 event, which is characterized by a parallel geometry

and a slightly higher metamorphic grade.

The D4 event, as already described in the previous chapters, gave rise to a
characteristic NNW-SSE tending folding event associated with S4 foliation. Such a
deformation event, charactrized by similar structures, has been documented by
Sakellariou (1989), in the central eastern part of Chalkidiki peninsula, to affect the
rocks of both Vertiskos and Kerdyllion Units. Moreover, Sakellariou (1989), based on
mica ages (Harre et al., 1968; Papadopoulos, 1982; De Wet and Miller, 1987), assigns
to this event, which is associated with a greenschist to upper-greenschist grade
metamorphism, an Early Cretaceous age. Because the metamorphic grade and the
afore-mentioned deformational pattern and style fit well the D4 structures and
metamorphism exhibited by the rocks in the present study area, an Early Cretaceous
age for the D4 event is initially suggested. On the other hand, the Tertiary Alpine
contraction gave rise to NNW-SSE striking thrusts directed towards WSW and
asymmetric folds with vergence towards WSW, similar to folds included in the D4
deformation event. The Alpine contraction has affected the Internal Hellenides, as has
been recognized in the Circum Rhodope Belt Thrust System (Tranos et al. 1999), but,
more importantly, similar ENE-WSW kinematics has resulted from a deformation that
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took place before and simultaneously with the Sithonia granitoid emplacement

(Tranos et al. 1993), thus dating the D4 event to outlast the Eocene.

Finally, the D5 event was identified in this study as an ESE-WNW to ENE-WSW
trending folding event caused by a general N-S oriented shortening. It gave rise to a
general E-W trending S5 foliation, mainly in the form of a crenulation cleavage made
up of the presence of chlorite mineral in various samples from the study area. It was,
therefore, associated with a syn-tectonic, retrograde, lower greenschist facies
metamorphism. Analogous geometry folds have been recorded by Sakellariou (1989)
in the central eastern part of Chalkidiki peninsula, within the Vertiskos and Kerdyllion
Units, and were also correlated and documented as part of an Eocene, syn-tectonic,
lower greenschist metamorphic event, fitting well with mica ages by Harre et al.
(1968), and Marakis (1968). In addition Tranos et al. (1993) documented the Sithonia
granite as an Eocene, syn-kinematic intrusion, which underwent during the Eocene-
Oligocene a late stage of NNW-SSE to NNE-SSW oriented shortening, which also fits
well with the structural data of the D5 event. Therefore an Eocene-Oligocene age is
attributed to the D5 event. Should we accept an Eocene age for the D4 event as well,
then D4 and D5 could be regarded as progressive stages of an Eocene-Oligocene,
retrograde, greenschist facies event, as is the case in Tranos et al. (1993) for the

Sithonia pluton.
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Chapter 7. Discussion

Based on the structural analysis and interpretation of the deformational events
recognized in the study area, this dissertation comes as an additional proof to previous
studies that the innermost part of the Internal Hellenides, formely known as Hellenic
Hinterland, part of which is comprised by the Vertiskos and Kerdyllion Units, may have
a Paleozoic protolith age, but its main fabric and overall structure was acquired during
Mesozoic Alpine reworking processes, which stretched in time until the Early Tertiary.
A first crucial hint for the unravelling of the geotectonic evolution of the study area is
the dating of granitic bodies within both the Vertiskos and the Kerdyllion Unit. The
Vertiskos Unit, apart from the Silurian orthogneiss protolith ages documented by
Himmerkus et al. (2008), is characterized by the intrusion of the Arnea granite,
attributed both a Triassic age (Vital, 1987; Himmerkus et al., 2009) and a Late Jurassic
age (Kockel et al., 1977; Dixon and Dimitriadis, 1984; Papadopoulos & Kilias, 1985; De
Wet et al., 1989; Ricou et al., 1998; Lips et al., 2000), whereas the Kerdyllion Unit has
been associated with Permo-Carboniferous and Late Jurassic magmatic arc-related
intrusions (Himmerkus et al. 2007; 2011). Eocene granites intrude both units.
Therefore these two units, based on the above geochronological data, could not have
come in contact prior to the Late Jurassic, which is also the time limit for the D3 event
in this disseration.

Another crucial structural feature for the unravelling of the geotectonic evolution
of the study area are the tectonic slivers of the ultra-mafic/mafic map unit located
mainly along the boundary of the Kerdyllion-related amphibolite and biotite gneiss
map units, and close to their respective boundary with the Vertiskos-related two-mica
gneiss map unit. These ultra-mafic/mafic slivers follow the geometry of the main
deformational fabric outlined by the S3, as the main foliation in the study, and are
secondarily rotated along with the S3 by the successive, “co-axial” D4 event to more
upright positions. The presence of these slivers therefore along these D3 shear zones
structurally and genetically bind their emplacement along the Vertiskos-Kerdyllion
contact in the study area with the D3 event, which has been temporally constrained

in the Late Jurassic-Early Cretaceous, in this dissertation.
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Analogous mafic and ultra-mafic rocks have been documented close to the
Kerdyllion-Vertiskos boundary, as already mentioned, and grouped under the
Therma-Volvi-Gomati ophiolite complex. Various interpretations have been
suggested, such as being part of an ophiolitic suture of the Paleo Tethys
(Papadopoulos, 1980; Sengor et al., 1984) or in-situ, rift-related rocks attributed to a
Mesozoic opening, oceanic crust (Dixon and Dimitriadis, 1984).

Taking into account our discussion so far, the Vertiskos and Kerdyllion Units in the
study area must have come in contact, during this Late Jurassic-to Early Cretaceous
D3 event. The presence of “ophiolitic” slivers close to their boundary also advocates
towards the scenario of these two lithologically distinct Units being separate segments
of one or multiple pre-Mesozoic continental crusts. Whether a pre-Mesozoic Paleo
Tethys oceanic crust existed and a subduction occurred or a rifting event took place
with the opening of a juvenile Mid-Jurassic ocean, which did not further develop and
convergence was activated, the Vertiskos and Kerdyllion continental crusts collided
during the Late Jurassic-to-Early Cretaceous, with one Unit underplating the other.

Taking into account the fact that:

a) the triple magmatic pulse documented for the Kerdyllion Unit in the study area
has led to its juxtaposition and correlation with analogous Rhodope Units, such as the
Sidironero Unit. It can be therefore be concluded that Kerdyllion Unit was situated
relatively to the S and the Vertiskos Unit to the N, the latter constituting an exotic
terrane of Gondwanan origin already accreted to Laurasia, during Late Paleozoic (von
Raumer and Stampfli 2008; Spiess et al. 2010)

b) throughout the Serbo-Macedonian massif the Vertiskos Unit has been found to
overlie the Kerdyllion Unit, whereas the Vertiskos Unit (two-mica gneiss map unit) has
been found to be “sandwiched” by the Kerdyllion Unit (marbles, amphibolite and
biotite gneisses) in the study area,

c) the kinematic analysis of the D3 event, suggesting an overall top-to-the S sense
of shearing, as well as a progressive deformational pattern where D3 shear zones and
structures are refolded and sheared anew, and

d) a resulting sheath fold geometry with the afore-mentioned characteristics, with

parallel isoclinal F3-axes and L3 stretching lineation,
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it is concluded that during this Jurassic convergence and consequent collision the
Kerdyllion Unit collided and underplated the Vertiskos Unit, forming an initial ductile
shear zone which, during the D3 event, was progressively sheared anew by an intense
S3 mylonitic foliation and was isoclinally folded into a large-scale sheath fold. The
study area constitutes a basin/dome domain of this afore-mentioned large-scale
sheath fold, with the initially underlying Kerdyllion Unit surrounding the Vertiskos
Unit. This underplating process, which might have initiated already by the Early to
Middle Mesozoic (D2 event), must have initially led the Kerdyllion Unit to deeper
crustal levels, which in turn could have given rise to the synchronous intense
migmatization processes of the amphibolite and biotite gneiss and the anatexis
signified by the leucogneiss, concordantly emplaced within the afore-mentioned map
units. Considering the possibility of a progressive character for D2 and D3, this whole
D3-related, dominant structure of the study area could have resulted during extrusion
processes, following the initial D2 path of the Units to deeper crustal levels.

Concerning the D4 event and its dual temporal juxtaposition with either an Early
Cretaceous or an Eocene-Oligocene time the following can be presented. The D4 event
has been described in this study as an ENE-WSW oriented shortening event, under
semi-brittle conditions, with the production of generally asymmetric to upright
steeply inclined, NNW-SSE to N-S trending folds, verging mainly towards the WSW,
and the appearance of semi-brittle fault zones with an overall top-to-the WSW sense
of shear. As already mentioned the Kerdyllion Unit has been correlated with Rhodope
Units of according metamorphic grade and more specifically the Sidironero Unit (Burg,
2012 and references therein). The Sidironero Unit presents a significant shear zone at
its lower boundary, which has been named Nestos thrust or Nestos shear zone and
has been attributed a top-to-the SW shear sense in the regional context of an
analogous shortening, during Late Eocene times (Dinter, 1998; Krohe and Mposkos,
2002). The orientation, kinematics and timing of the Nestos shear zone seems to fit
well with the according features of the D4 event recognized and defined in the study
area, providing further constraining criteria, concerning the dating of this event
favorably in Late Eocene-Early Oligocene times. The fact that the Nestos shear zone

bears signs of a more ductile nature, when compared with the D4 structures, could be
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attributed to its contemporary occurrence at deeper crustal levels with respect to its

westernmost counterpart, the Kerdyllion Unit.
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Chapter 8. Conclusions

The present thesis, in its attempt to analyze, decipher and unfold the overall
structure and the processes which led to this structure in the study area, has reached

the following conclusions:

1) The marbles, the amphibolite gneiss, formerly independent amphibolites by
Kockel et al. (1977), the biotite gneiss, assigned in the study area to Vertiskos Unit by
Kockel et al. 1977, and the anatexitic leucogneiss bodies, considered also by Kockel et
al. (1977) as initial melts of the Plagioclase-microcline gneiss Unit, belong to the
Kerdyllion Unit, whereas the Vertiskos Unit is represented by the two-mica gneiss. The
ultra-mafic rocks are considered to represent oceanic-derived material, assigned to
the Therma-Volvi-Gomati complex (Dimitriadis, 1980) and belonging most probably to
a Mesozoic rift-related in-situ ocean, according to Dixon and Dimitriadis (1984). The
presence of theses mafic-ultramafic rocks, in the form of tectonic slivers, within the
Kerdyllion Unit, permits us to consider the Kerdyllion Unit as of being in closer
relationship with the oceanic crust, possibly representing a deep submarine

environment.

2) The overall structure of the study area is represented by the map units
successively gently dipping mainly to the ENE, and repeatedly outcropping, in most
cases, both at the western and the eastern part of the study area. The marbles dip
underneath the amphibolite gneiss, incorporating a biotite gneiss horizon at the
western part of the study area. The amphibolite gneiss and biotite gneiss both
underlie and overlie the, slightly discordant at places, two-mica gneiss map unit, both
at the western and eastern part of the study area. The two-mica gneiss, in turn,
appears structurally sandwiched between the amphibolite and biotite gneiss. The only

map unit which does not repeat itself to the E is the marbles map unit.

3) The contact, however, between the Vertiskos and Kerdyllion Units is not a
normal contact, as mapped by Kockel et al. (1977) in the central-eastern part of the
Chalkidiki peninsula, but a tectonic contact, as already indicated in other parts of the
Serbo-Macedonian massif (i.e., Sakellariou, 1989; Burg, 1995; 1996; Plougarlis and
Tranos, 2014), and more precisely a large mylonitic shear zone with an overall top-to-
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the-S sense of shear. Nonetheless, the tectonic contact between the Vertiskos and
Kerdyllion Units is more complicated since it is locally inverted. As a result, an opposite
top-to-the-N sense-of-shear occasionaly occurs, and the two-mica gneisses appear
sandwiched between the rocks of the Kerdyllion Unit, due to simultaneous shearing
and isoclinal folding that prevails the deformation. This verifies the complexity of the
tectono-metamorphic evolution of the study area, in the ductile flow regime, and

indicates the need for future research, combining geochronological and P-T data.

4) Through the overall structural analysis performed on the data collected from

the study area, five deformational events were concluded:

D1 event was poorly documented in this study. It was correlated with the co-
existence of titanite and rutile found in the amphibolite gneisses of the study area and
also related with the discordant, to the dominant S3, pegmatoid veins, documented
mainly within the upper biotite gneiss map unit. This event was assigned a pre-

Mesozoic age.

D2 event was considered syn-metamorphic with a higher to middle amphibolite
grade facies and related with isoclinal, rootless folds, as parts of this D2-belonging
fabric, which was intensely transpositioned by the subsequent D3 event. Such
structures were identified both in the Kerdyllion-assigned map units and the
Vertiskos-assigned map units, which, according to our analysis did not come in contact
until Late-Jurassic times, when the afore-mentioned overprinting took place and D2
fabrics in both Units were forced into parallelism with the dominant D3 fabric. D2 is
also related to the initial stages of the anatexis signified by the leucogneiss bodies and
the procounced migmatization of the amphibolite and the biotite gneiss. An early to
middle Mesozoic age was assigned to the D2 event. The case of D2 being an early
progressive stage of the D3 event, due to the metamorphic grade affinity, the parallel
geometries and the successive age attribtute to the two deformational events, is

considered highly possible.

D3 event, which gave rise to the dominant structure of the study area, was related
with a lower amphibolite grade metamorphic grade, the formation of an S3 pervasive

foliation, quite frequently considered as mylonitic, and a distinct parallelism of NNW-
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SSE and NNE-SSW trending F3 isoclinal fold axes and L3 stretching lineation. This
parallelism and the overall deduced top-to-the S sense of shear, were attributed to a
large-scale shear zone and an also large-scale sheath fold geometry, which led to the
structural repetition of Kerdyllion-related, lower and upper amphibolite gneisses and
biotite gneisses around the Vertiskos-related two-mica gneiss map unit. Their
boundary consists of an isoclinally folded, initial D3 shear zone, progressively
deformed by younger shear zones, developed during the late stages of this
deformational event. The age which was assigned to the D3 event was Late Jurassic-
to-Early Cretaceous and it was related with the accretion of the Kerdyllion Unit
underneath the Vertiskos Unit, involving as a geotectonic process the destruction of
an either Mesozoic in-situ, rift-related oceanic crust (Dixon and Dimitriadis, 1984), or
a part of the Paleo-Tethys (Sengor et al., 1984). In both cases this oceanic-derived
material is represented in the study area by the tectonic slivers of the ultra-mafic map
units found mainly close to the boundary between the upper amphibolite
gneisses/biotite gneisses and the two-mica gneiss map units. The present study
suggests a northward subduction and subsequent underplating of the Kerdyllion Unit,

located relatively-to-the S, underneath the Vertiskos Unit, located relatively-to-the N.

D4 event which gave rise to the second most imprinted fabric and structures in the
study area, was related with a greenschist metamorphic grade, generally WSW-
verging asymmetric folds, an S4 crenulation cleavage/axial foliation, an L4 intersection
lineation and semi-brittle faults, indicating altogether a WSW-ENE directed
compression. In many cases it was documented to overprint previous structures and
was assigned an Eocene age, mainly due to equivalent structures documented in
neighboring syn-tectonic, granitic bodies, such as the Sithonia pluton (Tranos et al.,
1993). It was considered to represent the Late-Alpine processes which led to the

accretion of the Apulia to the Eurasian plate.

Finally the D5 event, was related with a lower greenschist metamorphism,
generally E-W trending kink and gentle folds, a weak S5 crenulation cleavage and an
L5 intersection lineation, produced by the interference of pre-existing S3 and S5

surfaces. It was therefore related with a N-S directed compression, which has also
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been documented in the wider area (Tranos et al., 1993). It was considered as part of
the late-orogenic processes that affected the whole study area, during this afore-

mentioned Late-Alpine event.

5) Concerning the existing geological map of Kockel et al. (1977) and the geological
map at scale 1:50.000 (IGME), we can argue that: (a) the boundary between the
Vertiskos and Kerdyllion Unit, needs a thorough revision, b) the biotite gneisses, which
were only referred to as alternations with the two-mica gneisses, are not actually in
alternations with the two-mica gneisses, but with the amphibolite gneisses.
Therefore, they do not belong to the Vertiskos, but the Kerdyllion Unit, c) the two-
mica gneisses, which were initially mapped to cover the largest part of the study area,

seem to be of much more limited extent.

In summary, our work strongly suggests that the overall structure and tectono-
stratigraphy concerning the Vertiskos and Kerdyllion Units is much more complicated
than the view provided by the existing geological maps, and the contact between
these units does not necessarily coincide with the roof of the uppermost marbles of
the Kerdyllion Unit. Finally, the deformation events, concluded in this dissertation
declare the Alpine reworking of the crystalline rocks of the Athos peninsula that was

previously considered as part of the stable Hellenic hinterland.
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Abstract

The Athos peninsula occupies the south-eastern part of the wider Chalkidiki
peninsula in Central Macedonia, Greece. It is mainly built up by crystalline rocks
belonging to the Serbo-Macedonian massif, traditionally constituting, along with the
Rhodope massif, the Hellenic hinterland. The northern part of the Athos peninsula is
mainly composed of marbles, initially grouped into the Kerdyllion Unit and biotite
gneisses and two-mica gneisses, grouped into the Vertiskos Unit, both units belonging
to the Serbo-Macedonian massif, whereas their contact was initially considered as a
normal contact. However, amphibolites and ultramafic rocks exist along with the rocks
mentioned above, making the geology and relationship between the two units much
more complicated.

This dissertation reports the results of a detailed mapping and structural analysis
of the Serbo-Macedonian massif on the Athos Peninsula. It also includes a
complementary study on crystallographic fabrics of mylonites at the contact between
the Vertiskos and the Kerdyllion Units. In light of the structural analysis, a number of
units are re-interpreted. More precisely, the following map units have been defined:
marbles, amphibolite gneisses, biotite gneisses and two-mica gneisses. The marbles,
amphibolite gneisses, and biotite gneisses have been grouped in the Kerdyllion Unit,
whereas only the two-mica gneisses belong to the Vertiskos Unit. Anatexitic
leucogneiss bodies have been found within the rocks of the Kerdyllion Unit, but not in
the two-mica gneisses of the Vertiskos Unit, and can be correlated with either the
Anatexites of the Kerdyllion Unit or the anatexites-granitic gneisses of the Ammouliani
Unit. Ultramafic/mafic rocks exposed in the area are considered as parts of the
Therma-Volvi-Gomati complex, belonging to a Mesozoic oceanic crust. Five
deformation events D1 through D5 were extrapolated by the structural analysis and
its interrelation with previous works, spanning from the pre-Mesozoic to the Late-
Eocene. D1 and D2 are hardly seen in the area, due to their thourough overprinting by
the dominant fabric that characterizes the rocks of the study area and which is
attributed to a Late-Jurassic to Early Cretaceous syn-metamorphic D3 event of
amphibolite facies. D3 is associated with isoclinal folding and intense shearing with an

overall top-to-the-S sense of shear, which resulted in a mylonitic shear zone at the

158



contact between the Kerdyllion and Vertiskos Units, with the Vertiskos Unit
sandwiched between the rocks of the Kerdyllion Unit and the development of a large-
scale sheath fold geometry. This event dominated during the Alpine reworking of the
Serbo-Macedonian massif in the study area. This Alpine reworking continues during
Eocene times with an ENE-WSW compression D4 event, giving rise to asymmetric to
inverted folds, co-axially refolding pre-existing fabrics and structures, whereas D5
describes a N-S compression and belongs to the late-Alpine orogenic processes.
Additionally, based on the geological mapping carried out herein, it seems clear that
the long-standing view of the contact between the Vertiskos and Kerdyllion Units
being at the roof of the uppermost marbles of the Kerdyllion Unit cannot be further
considered as a tectono-stratigraphic fact. In summary, our work strongly suggests
that the overall structure and tectono-stratigraphy concerning the Vertiskos and
Kerdyllion Units is much more complicated than the view provided by the previous

geological maps.

NepiAnyn

H xepoovnoog tou ABw amoteAel TO VOTLO-OVATOALKO TUAMO TNG €UPUTEPNG
Xepoovroou tnN¢ XaAKLSIkAG otnv Kevrpikr) Makedovia, EANada. AnoteAeital Kupiwg
ano KpUOoTaAAKA TeTpwuata TG Zepfo-Makedovikng palag, n omnoia, pall He TN
puala tng Podomng, ocuviotouv tnv EAANvikn Evéoxwpa. To Bopelo TUAMA TNG
Xepoovricou Tou ABw amoteAeital Kuplwg amod HApUAPA, TO OTola apxLKA
tonoBetnOnKav otnv Evotnta twv KepduAAiwv Kat BLOTITIKOUC Kol SILApUAPUYLAKOUG
yveuaioug, oL omoiol emiong apxtkd BewpnBnkav TuAua tng Evotntag tou Beptiokou.
Kat ot U0 evotnteg avrkouv otn 2épBo-Makedovikn pala, evw n emadr Toug apxLKa
Bewpndnke w¢ kavovikr. Mapoha autd, apdBoAiteg Kal UTIEPBACIKA TIETPWHATA
OUVUTIAPXOUV UE Ta TpoavadepBEVTA METPWHUATA, KABLOTWVTAG TN yewAoyla TG
TLEPLOXNC KOL TN OXEoN TwV SU0 EVOTHTWV TOAU TILO TIEPLITAOKN.

H mapovoa &wbaktopiky OSlatplfry mopoucldlel TA QMOTEAECUATA  HLOG
AemTopEPOUG xaptoypadnong Kol TEKTOVIKAG avaAuong tng 2épPBo-MakeSovikng
palag otn xepoovnoo tou ABw. EUmEPLEXEL, ETLONG, LA CUUTIANPWHATIKY LEAETN TOU

KpuoTtaAloypadlkoU 1oToU HUAOVITIKWY {wvwv otnv emadr Twv EVOTATWV TOU
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Beptiokou kal twv KepSuMiwv. Méow auTtng TNG HEAETNG, KATIOLEG XAPTOYPAPIKES
povadec avaBewpouvtol Kal €punvevovtol €k VEOU. [0 OUYKEKPLUEVQ,
kaBoplotnkav ol akOAouBec xopToypadlkéG HOVASEG: papuapa, apdLBoAttikol
yveuolol, Blotitikol yvevolol kot Suwuoppapuylakol yveuolol. Ta pdpuapa, ot
apdLBoAitikol yvevolol kat ot Blotitikol yvelolol anoteAouv HEpoG TNG Evotntag Twyv
KepSuAAiwv evw ol Stpapuoapuytakol yvelolol aviikouv otnv Evotnta tou Beptiokou.
AvOTNKTLIKA, AEUKOYVEUGLAKA cwuata BpéBnkav evtog tng Evotntag twv KepSuAAiwy,
evw amouolalouv amno tnv Evotnta tou Beptiokou, Kal UmopouV va GUCKETLOTOUV EiTe
pe toug Avartnéiteg tng Evotntag KepSduAiwv eite pe toug avatnéiteg/ypavitikolg
YVEUoioug NG Evotntag tng AppouAtavng. Ta unepBaocikd/Bactkd METPWLOTA TIOU
ektiBevtal otnv meploxn HeAETNC Bewpolvral pEpoC Tou Ofpua-BoABn-Topdrtt
CUMAEYLOTOC, TO OTIOLO LE TN OELPA TOU ATMOTEAEL TN O EVOG MeGolwIKOU WKEAVIOU
dAoloU. ATO TNV TEKTOVLKA OVAAUCKN KOL TN CUOXETLON UE TIPONYOUUEVEC EPEUVEG,
npogkuav TEVTE Tapapopdwtikd yeyovota, D1 wg D5, , ta omoia Xpovika
ektelvovtal amd to mpo-Meoolwikd w¢ Kal to Avwtepo Hwkawo. Ta D1 kat D2
TEKUNPWONKaV peTd SUoKOALaG, AOYw TNG EKTETAUEVNC EMKAAUYNG TOUC MO TOV
KUPLO TIOPAUOPPWTIKO LOTO TTOU XAPAKTNPL(EL TA METPWHATA TNG TLEPLOXNG MEAETNG
Kall arnodidetal og Eva CUMUETAUOPDLIKO D3 yeyovog, apdBoAtikng ¢aong, Katd To
Avw loupaotko-Katw Kpntidikd. To D3 yeyovog oxeTiletal e pLo LOOKALVA TTUXwon
Kal gl évtovn Sldatunon pe kivnon mpo¢ N, n omoia odnynoe otn YEveon HLOG
HUAWVLTIKAG Statuntikig {wvng otng emadn twv Evottwy Beptiokou kat KepSuAAiwv
Kalt tnv O&nuwoupyia, mapdAAnAa, TNG YyewHeTpiag pwag sheath peya-mruync.
Amnotéleoe 10 Kuplapxo MOPAUOPPWTIKO YEYOVOG KATA TOV AATLKO OPOYEVETLKO
KUKAO. AUTOC 0 AATILKOG OPOYEVETIKOC KUKAOC cuve)ileTal otnV meploxn LEAETNG LLE TO
D4 yevovog kata to Hwkatvo Kal oxetiletal pe pla cuprnieon ABA-ANA StevBuvong,
SNULOLPYWVTOG OCUUUETPEG WE AVECTPOALUEVEC TITUXEG, OL OTIOLEG EMAVA-TITUXWVOUV
OHOEOVIKA TOUC TIPOUTIAPXOVTIEG TIAPOHOPPWTIKOUC LOTOUC KAl TIG OVTIOTOLXEC
6opéc. To D5 yeyovog meplypadel pia cupnieon dtevBuvong B-N kot aviKeL oTig
UOTEPO-ANTIIKEC OPOYEVETIKEC Olepyaoiec. EmutAéov, Paclopévol otnv mopouoa
xaptoypadnon kat PeAETn yivetal fekdaBapo OTL n mpolmdapyxouca amoyn NG

omapéng tne emadng tTwv Evotntwv KepSuMiwv Kkal Beptiokou otn opodrn Ttou
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aVWTEPOU opilovta TwV popuapwy dev unopel va Bewpeital mAéov dedopévn, 6oov
adopd TV TEKTOVO-oTpwHAaToypadia tng ZépBo-Makedovikng palog. Zuvoyilovrag,
N mapoloa UEAETN TPOTELVEL ULa TIOAU TILO TEPITTAOKN OUVOALKI SOMI KOl TEKTOVO-
otpwpatoypadky Sapbpwon  ywo T TEPLOXN, OMO OUTAV TOU UTodeikvuav

T(PONYOUEVOL YEWAOYLKOL XAPTEC.
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Appendix

SCANNED IMAGES OF THIN SECTIONS WITH PARALLEL POLARIZERS AND UNDER CIRCULAR
POLARIZATION WITH THE CIP SITES INDICATED
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CIRPOL, C-AXIS ORIENTATION IMAGE AND RESPECTIVE C-AXIS POLE FIGURE
CALCULATED WITH CIP ANALYSIS FOR EACH SAMPLE AND CIP SITE

A39

inca
incp A39_a.POLFIG2_25.0_of 16

inca incp
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S-N

inca A39 _2.5x_PN_b.POLFIG2_07.0_of 0
incp A39_2.5x_PN_b.POLFIG2_17.0 of 1
inca incp

A ; &= o, . L"" ‘. - & st
.
S-N 500 pm m
inca A39_2.5x PN_c.POLFIG2_10.1_of 0
incp A39_2.5x_PN_c.POLFIG2_22.0_of_1
added from previous inca incp
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" e

A39_d_2.5x

inca A39 2.5x_PN_c.POLFIG2_10.1_of 0
incp A39_d.POLFIG2 21.0_of_14

inca incp

inca  A39 2.5x PN_e.POLFIG2_12.7_of 0
incp A39_e.POLFIG2_19.0_of 12

inca incp
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inca  A39 10x_PN_f.POLFIG2_08.0_of 05
incp  A39_10x_PN_f.POLFIG2_14.4_of 10

inca incp

inca  A39 10x_PN_g.POLFIG2_11.2_of 08
incp A39_g.POLFIG2 21.0_of_14

inca incp
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A39_h_10x

i A

S-N

inca A_39 h.POLFIG2_11.0_of 07
incp  A_39 h.POLFIG2_10.0_of 07

inca incp

inca A_39 i.POLFIG2_10.0_of 06
incp A_39 i.POLFIG2_11.4_of 07

inca incp
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inca A39_j.POLFIG2_14.0_of 10
incp  A39_j.POLFIG2_09.5 of_06

inca incp

inca A39_k.POLFIG2_08.4 of 06
incp A39_k.POLFIG2_08.0_of 05

inca incp
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A39_|_10x

inca A39_|.POLFIG2_12.0_of 08
incp A39_I.POLFIG2_18.0_of_12

inca incp

inca A39_ m.POLFIG2_11.8_of 08
incp  A39_m.POLFIG2_10.4_of 06

inca incp
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A39 n_10x

inca A39 n.POLFIG2_11.3 of 08
incp  A39_n.POLFIG2_12.5_of 08

inca  A39 0.POLFIG2_07.1_of 05
incp A39_o0.POLFIG2_12.9 of 08

inca incp
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inca A39 p.POLFIG2_09.6_of 06
incp A39_p.POLFIG2_12.9_of 08

inca A39_q.POLFIG2_08.8_of 06
incp  A39_q.POLFIG2_19.5_of_12

inca incp
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inca A40_2.5x PN_a.POLFIG2_11.7_of 0
incp A40_2.5x_PN_a.POLFIG2_20.5 of_1

inca incp
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2.5X_b

8

inca A40_b.POLFIG2_18.4_of_12b
incp  A40_b.POLFIG2 22.0_of_14

inca incp

A40_ 5X ¢ '

inca A40_2.5x PN _c.POLFIG2_08.2 of 0
incp A40_2.5x_PN_c.POLFIG2_23.1_of_1

inca incp
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inca A40_2.5x_PN_d.POLFIG2_18.0_of 1
incp A40_2.5x_PN_d.POLFIG2_33.2_of 2

inca incp

inca A_40_2.5x_PN_e.POLFIG2_08.3 of
incp  A_40_2.5x_PN_e.POLFIG2_14.9_of

inca incp
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inca A40_f.POLFIG2_08.5_of 06
incp A40_f.POLFIG2_12.0_of 08

inca incp

inca  A40_g.POLFIG2_10.0_of 07
incp A40_g.POLFIG2_15.4_of_10
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inca A40_h.POLFIG2_12.7_of 08
incp A40_h.POLFIG2_12.4 of 08

211



A43_10x_a

-

NNE-SSW

inca A_43_a.POLFIG2_09.0_of_06b
incp A_43 10x_PN_a.POLFIG2_33.9_of 2

inca incp
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inca A43_10x_PN_b.POLFIG2_09.8 of 06
incp  A43_10x_PN_b.POLFIG2_28.4_of 19

inca incp

NNE-SSW

inca A43_c.POLFIG2_06.5 of 04
incp A43 _c.POLFIG2_12.7_of 08

inca incp
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inca A43 d.POLFIG2_17.7_of_12
incp  A43 d.POLFIG2_11.9_of 08

inca A43 e.POLFIG2_09.0_of 06
incp A43_e.POLFIG2_15.5_of_10

inca incp
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A43_10x_f

ST o 2. & wy P g
||
NNE-SSW 200 pm m
inca A43 f.POLFIG2_10.8_of 07 .
incp A43_f.POLFIG2_17.0_of_12 N

inca incp

NNE-SSW =200 m m
inca A43_g.POLFIG2_07.2_of 05
incp A43_g.POLFIG2_18.5 of 12

inca incp
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NNE-SSW 500 pm

inca A44_b.POLFIG2_21.8 of 14
incp  A44_b.POLFIG2_15.4_of 10

inca incp
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Ad4_2.5x_cC

inca Ad44 c.POLFIG2_12.1_of 08
incp  A44_c.POLFIG2_21.0_of 14

A44_2.5x_d

&

inca A44_d.POLFIG2_13.7_of 09
incp  A44_d.POLFIG2 26.1_of_18

inca incp
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inca A44_e.POLFIG2 27.4 of 18
incp Ad44 e.POLFIG2_26.3_of 18

Ad4_10x_f

NNE-SSW 200 pm

inca  A44_f.POLFIG2_41.5 of 28
incp  A44_f.POLFIG2_57.3 of 38

inca incp
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A44_10x_g

NNE-SSW

inca A44_g.POLFIG2_12.5_of 08
incp A44 _g.POLFIG2_17.5_of 12

A44_10x_h

NNE-SSW 200 pm

inca Ad44 h.POLFIG2 22.2 of_14
incp A44_h.POLFIG2_12.2_of 08

inca incp
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Ad4_10x_|

inca A44 i.POLFIG2_24.1_of 16
incp  A44_i.POLFIG2_29.5_of 20
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A45_2.5x_a
TSI

A e - [ /

=I=NE 500 pm

inca A45 a.POLFIG2_10.2_of 07
incp A45_a.POLFIG2_18.6_of 12

inca i
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SW-NE

inca Ad45 b.POLFIG2_11.1_of 07
incp  A45_b.POLFIG2_25.3 of 16

inca incp

inca A45_5x_c.POLFIG2_10.3_of 07
incp  A45_5x_c.POLFIG2_12.1_of 08

inca incp
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inca  A45 d.POLFIG2_06.2_of 04
incp A45 d.POLFIG2_13.5 of 09

inca incp

inca Ad45 e.POLFIG2_11.1_of 07
incp  A45_e.POLFIG2_18.3_of 12

inca incp
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inca A45 f.POLFIG2_08.4 of 06
incp  A45 f.POLFIG2_15.8_of_10
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inca A48 2.5x PN_a.POLFIG2_05.0 of 0
incp A46_a.POLFIG2_10.0_of 06

inca incp
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inca Ad46_2.5x PN_b.POLFIG2_04.6_of 0
incp A46_2.5x_PN_b.POLFIG2_13.0_of 0

inca incp

inca A46_PN_c.POLFIG2_05.4_of b
incp A46_2.5x_PN_c.POLFIG2_14.4 of_1

inca incp
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S-N T — um m
inca A46_5x_PN_d.POLFIG2_13.3_of 09
incp A46_5x PN_d.POLFIG2_18.5_of 12

inca incp
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inca A47_5x PN a.POLFIGZ_17.8 of 12
incp  A47_5x_PN_a.POLFIG2Z_12.1_of_08

inca incp
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inca A47_5x PN_b.POLFIG2_08.3_of 05
incp  A47_5x_PN_b.POLFIG2_08.8_of 06

inca incp

A47 5x _c

inca A47_5x _PN_c.POLFIG2_07.8_of 05
incp A47_5x_PN_c.POLFIG2_19.9 of_13

inca incp

229



inca
incp A47_5x PN_d.POLFIG2_17.2_of_11

inca incp

inca A47_5x PN_e.POLFIG2_14.9_of_10
incp A47_5x_PN_e.POLFIG2_11.6_of 08

inca incp
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inca A47_5x PN_f.POLFIG2_09.9 of 07
incp A47_5x_PN_f.POLFIG2_22.8 of_15

inca incp

inca A47_g.POLFIG2_09.7_of 07
incp A47_g.POLFIG2_09.8_of 07

inca incp
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inca A48 5x PN_a.POLFIG2_11.8_of 08
incp A48 5x PN_a.POLFIG2_12.6_of_08b

inca incp
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inca A48 5x_PN_b.POLFIG2_08.6_of 05
incp A48_5x_PN_b.POLFIG2_20.1_of 14

inca A48 _c.POLFIG2_15.9 of_10
incp  A48_c.POLFIG2_09.3 of 06

inca incp
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inca A48 d.POLFIG2_13.0_of_08b
incp A48 d.POLFIG2_12.6_of_08b

inca incp

inca A48 e.POLFIG2_08.5_of 06
incp  A48_e.POLFIG2_07.9_of 05

inca incp
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A48_2.5x_h

inca A48 h.POLFIG2_06.5_of 04
incp A48 _h.POLFIG2_05.8_of 04

inca incp
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C-AXIS POLE FIGURES PRODUCED WITH CIP ANALYSIS FOR EACH SAMPLE AND CIP
SITE

A39 Iinca

Q0OORE
00000k
Q0OOOVO0L

A39 incp

00000
00000OR
000000k
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A40 inca
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0000CIE
000 :



A43 Inca
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0006OOE
A43 incp

0 &

000000k
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A44 Iinca
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A45 inca
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S0
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A46 inca

€96360

A46 Incp

000
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5x

2.59x
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A47 Inca

C aleaCeal JCUC -

A47 Incp

9 000HO
o
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A48 inca
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GEOLOGICAL MAP OF THE NORTHERN PART OF THE ATHOS PENINSULA

Neofotistos Petros
DEPARTMENT OF GEOLOGY, ARISTOTLE UNIVERSITY OF THESSALONIKI
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LEGEND

MAP UNITS

BASEMENT ROCKS
Serbo-Macedonian massif
Vertiskos Unit

Two mica gneiss: gray to brownish gray in colour, predominantly fine-

to medium-grained, well-foliated and acquiring at places a flaser or even augen
texture. Thickness varying from 500m at the eastern coast to 300m at the western
coast, whereas the map unit fades out at the southwestern part of the study area.

510.000 515.000 520.000

Kerdyllion Unit
Biotite gneiss: dark gray to blueish gray in colour, medium- to coarse
grained,well-foliated, exhibiting a lithological grading towards the amphibolite
gneiss with biotite-amphibole-variations, frequenlt run-through by concordant,
anatexitic, leucogneissic bodies and acquiring at places an augen texture.
Thickness varying from 250-100m. Cross-marked areas indicate presence of
leucogneissic bodies.

12

Esfigmenou M.

Amphibolite gneiss: dark green in colour, medium- to fine-grained, well-foliated,
exhibiting a lithological grading towards the biotite gneiss with amphibole-biotite-
variations, frequently run through by concordant, anatexitic, Leucogneissic
bodies and acquining at places an augen texture. Thickness varying from 700 m at
the eastern coast to 100-200m at the western coast. Cross-marked areas indicate
presence of leucogneissic bodies.

Marble: white to blueish gray in colour, generally coarse-grained, well-foliated and 4.465.000 4.465.000
intercalating with amphibolite gneis, calc-silicate and amphibole schists.
Thickness >300m.
IGNEOUS ROCKS
Therma-Volvi-Gomati complex
Ultramafic/mafic rocks: dark to light green meta-peridotites, quite frequently
serpentined, ljherzolitic at places subordinated by dark green pyroxenites, meta-
gabbros and pale greenish white talc-schists. They appear in the form of up to tens
of min thickness elongate, lenticular bodies, tectonically emplaced within the other
map units.
GEOLOGICAL / TECTONIC SYMBOLS
Geological contact
Tectonic contact / Shear zone
Fault
—————— Fault inferred or concealed
)= Strike and dip of S3 foliation
B Strike and dip of S3 foliation with the plunge of L3 lineation
> Strike and dip of S4 foliation
P Plunge of F3 fold axis
' Plunge of F4 fold axis
CROSS SECTIONS
Vertiskos Unit
] two-mica gneisses 4.460.000 4.460.000

Kerdyllion Unit

> b- tlt . . h
—=— —2— —
=~ Diotite gneisses wit
—=— —=— —| |leucosome bodies
e e amphibolite gneisses with
. «—+ .- leucosome bodies

Pantokratoros M.

T— ° r— ° r— marbles with intercalations of
| | calc-silica-amphibole schists

100m Therma-Gomati-Volvi complex

A b 200m A ’ ! ! ultramafics

geological contact

tectonic contact

Stavronikita M.
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