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Abstract: This paper focuses on the structural and finite strain analysis of the Pelagonian nappe,
the HP/LT Ampelakia unit, and the Olympos-Ossa unit in the Olympos-Ossa mountainous area in
order to better understand the exhumation history of the Ampelakia unit and the underlain Olympos-
Ossa unit. Two main stages of Tertiary deformation were revealed, related to nappe stacking and
exhumation processes. During the Paleocene—Eocene crustal subduction, HP /LT metamorphism,
compression, and nappe stacking were developed progressively. This D; stage was terminated with
the final SW-ward emplacement of the Ampelakia and Pelagonian nappe on the Olympos-Ossa
unit during the Eocene-Early Oligocene. The next stage of deformation, D,, was developed during
the Oligocene-Miocene following the orogenic nappes stacking. D, was considered an extensional
event, related to metamorphic isothermal decompression, nappes tectonic denudation, crustal uplift,
and final exhumation of the Ampelakia unit and the Olympos-Ossa unit as a tectonic window. The
calculated finite strain ellipsoids indicate a main flattening type strain geometry and middle strain
intensity, increasing along the nappe contacts. The quartz C-axes diagrams also reveal a flattening
type of deformation and non-coaxial flow towards the southwest and northeast at the western and
eastern flanks of Olympos-Ossa Mountain, respectively. The calculated Wy, vorticity number ranges
from 0.23 to 0.93.

Keywords: blueschists; nappes stacking; exhumation; extrusion wedge; strain analysis; detachment
faults

1. Introduction

Our study area includes the Olympos-Ossa mountainous area, which is part of the Hel-
lenides and is located in the central part of the Greek mainland (Figure 1). The complicated
tectonics is the main feature of this region, as several compressional (nappes stacking, thrust
faults, and crustal thickening) and extensional (nappes denudation, normal detachment
faults, and crustal exhumation) tectonic events are documented ([1] and references therein),
while its major highlight is the HP /LT rock formations constituting the Ampelakia unit.
This tectonic setting complexity has raised queries about the structural evolution of this
area, in which the Ampelakia unit plays a key role. What is the direction of the nappe’s
movement and the quantitative and qualitative characteristics of deformation? What kind
of emplacement mechanism was performed at the HP /LT Ampelakia unit, and which is the
corresponding one for the crustal exhumation and formation of the Olympos-Ossa window?
Which is the best interpretation model of the structural and geotectonic evolution of the
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Olympos-Ossa area? Additionally, this region is notable for the exposure of high-pressure
rocks that were subducted at great depth, metamorphosed to blueschist-facies metamorphic
conditions, and subsequently exhumed without being overprinted by higher-temperature
metamorphic assemblages. Therefore, our study is focused on the determination of the
early and final exhumation mechanisms of the Ampelakia unit and the Olympos-Ossa
tectonic window, simultaneously highlighting the related controversial views, in order to
comprehend the structural evolution of this area.
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Figure 1. Simplified geological map showing the main structural domains of the Olympos-Ossa
mountainous area (modified after [2-5]). Insert: Geological map of the Hellenides with the main
structural domains and their continuation to the adjacent orogenic belts [1].

Regarding structural geology, the Olympos-Ossa mountainous area is formed by a
complicated tectonic nappes pile consisting of continental and oceanic crust rocks, which
are (from the uppermost to the lowermost): the Axios ophiolites, the Pelagonian nappe, the
HP/LT Ampelakia unit, and the Olympos-Ossa unit. Focusing on the HP /LT Ampelakia
unit, it was metamorphosed during the Paleocene-Eocene, under HP /LT metamorphic
conditions, representing nowadays the suture zone between the Pelagonian nappe pile
(Internal Hellenides) and the External Hellenides (Figure 1; [2,6-10]). These blueschist rocks,
which characterize this unit, expand to the south in Evia Island and Cyclades, forming an
arcuate-type HP belt [1,3,9,11-14].

Detailed studies in the adjacent Evia and Cyclades areas [11,12,15-18] concluded that
there is strong evidence of an extrusion wedge that affects the early exhumation of HP units.
This extrusion wedge is related to a potential NE-ward normal fault motion at the top and
a SW-ward thrust fault motion at the base, respectively. According to Lister & Forster [19],
a mechanism of large-scale detachment faults is responsible for the exhumation of the HP
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unit of the Cycladic area. Other studies suggest that the exhumation of the HP unit in the
Pelion area occurred due to a retroward ENE-directed ductile extrusion [3,20-25].

Furthermore, several researchers [2,9,10,14,26] support that the HP/LT Ampelakia
unit, as well as the Pelagonian nappe were emplaced SW-ward above the Olympos-Ossa
unit during the Eocene-Early Oligocene. Some authors [8,27,28] mention that the Paleocene—
Eocene blueschist-facies structures of the Aegean region, related to crustal shortening and
nappe stacking, escape exacted documentation due to the strong overprint effect of the
later extensional deformation stage.

As a result, this paper focuses on (i) explaining the structural and strain analysis of the
Olympos-Ossa area nappes pile, (ii) providing a better comprehension of the emplacement
direction and the exhumation processes of the HP /LT Ampelakia unit and the Olympos-
Ossa window, and (iii) contributing to the interpretation of the geotectonic evolution of
the Hellenides.

2. Geological Setting

Plate tectonics in the eastern part of the Mediterranean region have produced a com-
plicated geodynamic setting: the Anatolian microplate’s tectonic escape to the west pushes
the corresponding Aegean southwestward, resulting in powerful intraplate deformation
manifested in large tectonic structures, while this deformation resulted in the formation
of numerous crustal faults [29,30]. The two main intraplate features linked to the high
seismic activity are the North Anatolian Fault Zone (NAFZ) and the Hellenic Subduction
Zone (HSZ), sometimes referred to as the Hellenic Arc. The 80-million-year development
of the Hellenic Arc, which moved southward to its present location as the subducting
slab simultaneously rolled back, is the main characteristic of Aegean geodynamics [31,32].
Due to the westward prolongation (North Aegean Trough—NAT) of the North Anatolian
Fault (NAF) into the North Aegean Sea, the Anatolian plate pushed the Aegean south-
westward; this process led to the creation of a complicated seismotectonic regime across
the eastern part of the Aegean Sea. Previous research (e.g., [29,33]) indicates that since the
Eocene-Miocene, the Hellenic Trench has retreated (about 580 km) [34,35]. The Aegean and
Anatolian areas exhibit N-S and NE-SW extensional occurrences as a result of these geo-
logical phenomena, which have given rise to a tectonic regime [36]. The occurrences of pull
and push generated by the HSZ forces appear to be connected to the southwest Anatolian
microplate motion [31], while the thickness of the lithosphere in the Aegean region is being
influenced by this movement [37]. The thinning of the upper crust, documented in central
and northern Greece, is caused by the extensional stress field generated by the Hellenic
Trench (HT) retreat [38,39].

Focusing on the study area, the Olympos-Ossa mountain mass belongs to the Eastern
Thessaly—Central Greece region (Figure 1) and is characterized by a complex tectonic
nappes pile, which was successively formed from the Jurassic to the Tertiary, through
alternating compressional and extensional tectonic events, causing nappe stacking and
crustal uplift, respectively [1-3,6,7,9,10,14].

In particular, this nappes pile (Figure 2) consists of (from the uppermost to the low-
ermost): I. The Neotethyan ophiolites. They were obducted during the Middle-Late
Jurassic on the Pelagonian Triassic-Jurassic platform carbonate cover. Late Cretaceous
shallow water limestone overlies transgressively the ophiolites, which evolved to a Late
Cretaceous-Paleocene flysch deposition [40-45]. II. The Pelagonian nappe. It is composed
of a Paleozoic or older poly-metamorphic basement, overlain by a low-grade metamorphic
volcano-sedimentary Permo-Triassic series and Triassic-Jurassic recrystallized carbonate
cover. The Paleozoic crystalline basement consists of mica schists, amphibole schists,
amphibolites, and para- and ortho-gneisses, intruded by calc-alkaline carboniferous (ca.
300 Ma) granitoids [2,46-50]. The Pelagonian basement has been affected by an HP meta-
morphism > 150 Ma, a retrograde amphibolite to greenschist facies metamorphism of
Late Jurassic—Early Cretaceous age, and a Late-Early Cretaceous greenschist facies meta-
morphism. A residual Hercynian metamorphism has also been described [48,50-52]. IIL.
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The Ampelakia unit. It was metamorphosed during the Paleocene-Eocene under HP /LT
conditions, (pressure up to 6—7 Kbar and temperature around 400-480 °C), due to sub-
duction under the Pelagonia, and subsequently affected by retrograde greenschist faces
metamorphism during the Oligocene-Miocene. The Ampelakia unit has been identi-
fied as a volcano-sedimentary series (of unknown origin) consisting of metabasites and
meta-sediment intercalations [2,8-10,53]. The Ampelakia unit is tectonically emplaced on
the lowermost Olympos-Ossa Unit, along with the Pelagonian nappes pile, during the
Eocene-Early Oligocene [2,3,8-10,54,55]. IV. The Olympos-Ossa unit. It consists of a thick
carbonate unit deposited in a neritic environment on the Apulian passive continental
margin without stratigraphic gaps from the Triassic to the Eocene. This series was com-
pleted with the deposition of a Late Eocene-Early Oligocene flysch formation. This unit
is mentioned as a part of the External Hellenides carbonate Gavrovo zone exhumed as
a tectonic window below the HP Ampelakia unit and the Pelagonian nappe during the
Oligocene-Miocene [2,3,9,10,14,26].
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Figure 2. The tectonostratigraphic column of the Olympos-Ossa area (not in scale).
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3. Results
3.1. Structural Analysis

Field and laboratory surveys were carried out, utilizing geological /structural mapping,
as well as modern methods for the strain and kinematics of deformation analysis, to
ascertain the structural evolution of the study area [56-58].

Therefore, for this purpose, many oriented samples were collected from the Olympos-
Ossa unit, Ampelakia unit, and Pelagonian nappe for micro-fabric analysis, enabling the
establishment of the deformation regime and tectonic history of this area. Our survey distin-
guishes two main tectonic events, confirmed by previous researches (e.g., [4,8,10,14,26,45]).

The structures of the first D; tectonic event were mainly documented in the Ampelakia
unit and the deeper parts of the Pelagonian basement. They are relict and characterized
by isoclinal, recumbent, usually intrafoliate folds, subparallel to an L; stretching lineation,
which is preserved on the S; schistosity planes.

On sites where the D; event is documented, the L lineation is mainly created by the
parallel development of blue amphiboles (Figure 3j; glaucophane), white micas (phengite),
epidote, elongated quartz, and albite. The syn-D; metamorphic mineral paragenesis
(glaucophane, albite, lawsonite, chlorite, and quartz) shows that the D; tectonic event took
place under HP /LT metamorphic conditions. It was developed during compression and
NE-ward subduction plunge of the Ampelakia unit under the Pelagonian nappe pile during
the Paleocene-Eocene [1,2,6,7,9,10,14,55].

No clear shear sense kinematic indicators and structures of the D; event are saved
because it is strongly replaced by the second deformation, D, (Figure 3i). During the
progressive stages of the D; event, nappe stacking takes place, associated with the WSW-
ward (Figure 3j) final emplacement of the Ampelakia unit and Pelagonian nappe pile onto
the carbonate Olympos-Ossa unit during the Eocene—Early Oligocene, as has also been
mentioned by Schermer [6,9], Schermer et al. [7], Kilias [1,10,14,55], and Kilias et al. [8,26].
W-SW-ward overthrusting is in agreement with an E-NE-ward dipping of subduction of the
Ampelakia unit under the Pelagonian nappe, proposed by Godfriaux [2], Schermer [6,9],
Schermer et al. [7], Kilias [1,10,14,55] and Kilias et al. [8,26].

The second tectonic event, Dy, is the dominant ductile tectonic event in the study area
and is characterized by a penetrative, mylonitic S, schistosity (Figure 3), as well as by a
NE-SW-trending L, stretching lineation, imprinted on the S, planes. Sub-isoclinal and
sheath folds are also developed during the D, and are similarly parallel, evolved to the L,
stretching lineation (Figure 3).

S, shows a SW-ward dip-direction at the western flank of the Olympos-Ossa mountain-
ous area and a NE-ward one at the eastern mountainous flank, respectively (Figures 3 and 4).
The L, stretching lineation follows the same structural geometry with the S, schistosity
planes, plunging SW-ward and NE-ward at the western and eastern flanks of the Olympos-
Ossa mountainous area, respectively. The D, has strongly affected all tectonic units of the
study nappe stack, which, from the bottom to the top, are: The Olympos-Ossa unit, the
Ampelakia unit, and at least the deeper parts of the Pelagonian basement.
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Figure 3. (a—c) Schmidt diagrams: Projection of the S; foliation and L, stretching lineation (equal
area lower hemisphere), at the western (Kokkinopilos village), south-western (Kryovrisi village),
and eastern flanks of the Olympos region, respectively. The arrows indicate the plunge of stretch-
ing lineation. (d-g) Structures and kinematic indicators of the Olympos region: At the western
flank: (d) Sub-isoclinal asymmetric folds during D, (carbonate of the Olympos-Ossa unit), (e) Shear
bands, indicating a WSW-ward sense of movement (Pelagonian schist-gneisses). At the eastern
flank: (f) Boudinage structures (Olympos-Ossa unit), (g) Contact between cretaceous limestones
and the overlying Eocene-Early Oligocene flysch (Olympos-Ossa unit). The shear bands indicate
an ESE-ward sense of movement; shear bands in the blueschists; (h—j) (from Kilias [1]) Meso- and
microscale structural features and mineral composition of the HP /LT Ampelakia unit in X-Z sections;
(h) Shear bands and top-to-SW movement during D2, (i) S /S, fabric, top-to-SW sense of movement,
(j) Pyroxene o-clasts in the intercalated metabasites of the blueschist unit, with glaucophane growing
in the pressure shadows of the pyroxenes during the high-pressure process, showing the S; fabric.
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Figure 4. (a,b) Schmidt diagrams: Projection of the S, foliation and L, stretching lineation (equal-area
lower hemisphere). The arrows indicate the plunge of stretching lineation; (c—f) Schmidt Macroscale
structures and kinematic indicators of the Ossa region: At the western flank: (c) Pelagonian gneiss,
(d) Blueschists—Ampelakia unit. The kinematic indicators show a top-to-SW sense of shear. At the
eastern flank: (e) Contact between Olympos-Ossa carbonate unit and overlying Eocene flysch (shear
bands indicate a NNE-ward sense of movement), (f) Boudinage structures and shear bands show a
NE-ward sense of movement.
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The D, ductile deformation took place under greenschist facies metamorphic con-
ditions, following an isothermal decompression path (Figure 5; [6,8-10,26]). The critical
syn-D, paragenesis is composed of albite, chlorite, epidote, sericite, actinolite, stilpnome-
lane, and quartz, which also create the L, stretching lineation. Although the glaucophane
is recrystallized to actinolite (in places), it is commonly captured in the S, planes without
any important metamorphic retrogressive indication after its rotation along the S, plane.
This indicates that the post-D;, D, deformation took place, at least at its first stages, at
a great depth, following the nappe stacking, while the HP rocks’ retroward movement
was immediate. According to the P-T-t metamorphic path of the blueschist unit (Figure 5),
we estimate that this first stage of the D2 event took place at a depth of ca. 12 km and
at a pressure of at least 4 kb, following the last compressional stages of the D1 and the
emplacement of the blueschists on the External Hellenides Olympos-Ossa unit. Further-
more, the extensive dynamic recrystallization of the quartz grains along the S, planes,
associated with intensive rock mylonitization, indicates an intense ductile D, deformation
at temperatures exceeding 300 °C [58]. This recrystallization was also performed by grain
boundary migration.

A
OLYMPOS -
30 (Blue schists and lower Pelagonian parts) S
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=87 DHPILT
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< o _&burial (65-45Ma)
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Figure 5. P-T-t tectono-metamorphic path and exhumation history of the Paleocene—Eocene high-
pressure belt (blueschist) in Olympos-Ossa (modified after [8,10]).

Micro and macro kinematic indicators, such as well-developed S-C structures, shear
bands, delta- and sigma-type porphyroclasts, asymmetric boudins, and mica fish
(Figures 3, 4, 6-8) reveal, during the D, deformation, a main sense of shear down-deep top-to-
SW at the western flank and an opposite sense of down-deep top-to-NE at the eastern flank of
the Olympos-Ossa region, respectively. This bivergent kinematic geometry highlights a bulk
coaxial deformation regime. Furthermore, the quartz C-axis fabric analysis similarly reveals
the same geometry of the sense of movement (Figures 9¢, 10c, 11c and 12c¢).

According to the above-described structural data and tectono-metamorphic evolution,
the D, event should be related to ductile extensional deformation, initiated in a great depth
just after the nappe’s emplacement, passing further to ductile-brittle deformational condi-
tions. In this case, the D; extension was associated with the nappes’ tectonic denudation,
crustal uplift, and final exhumation of the Ampelakia unit and the Olympos-Ossa unit as
a tectonic window. The current tectonic contacts between the several tectonic nappes are
considered low-angle, normal detachment faults, previously acting as thrust planes during
the nappes stacking.
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Figure 6. Petrographic thin sections, illustrating microscale deformation structures and kinematic
indicators in the west (a—c) and south-east (d) Olympos Mountain: (a—c) Feldspar o-type porphy-
roclasts, shear bands, and mica-fish, indicating a top-to-WSW sense of shear (Pelagonian schist
gneiss); (d) Shear bands and asymmetric boudin structures indicate a WSW-ward sense of movement

(Pelagonian amphibole schists).

Considering the described structural and tectono-metamorphic evolution of the
Olympos-Ossa mountainous area nappe pile, an Oligocene-Miocene age should be re-
garded for the D, extensional event, as is also described by Schermer et al. [7], Kilias [10,55],
and Kilias et al. [8,26].

Finally, high-angle normal faults of the Neogene-Quaternary age fragmented all
previous structures and geological units. One such high-angle normal fault occurred along
the eastern flank of the Olympos-Ossa mountainous area, resulting in significant uplift and
the asymmetric geomorphological reconstruction of the Olympos mountain. It is steep at
its eastern flank and flat at its western flank.
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Figure 7. Petrographic thin sections, illustrating microscale deformation structures and kinematic
indicators in Ossa Mountain. (a—c): Shear bands (Ampelakia schists and Pelagonian gneiss-schists)
and mica-fish (Pelagonian gneiss), indicating a top-to-WSW sense of shear at the west flank of Ossa;
(d—f): Shear bands (Ampelakia schists and Olympos-Ossa flysch), showing the opposite top-to-NNE
sense of shear.
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Figure 8. Feldspars o-type porphyroclasts reveal a SW-ward sense of shear. (a) Olympos-Ossa flysch,
Ossa Mountain; (b) Pelagonian mylonitic gneiss-schist, Olympos Mountain.

3.2. Strain Analysis
3.2.1. Methods

The strain amount of a deformed geological body can be defined by the measurement
of the geometric shape of the finite strain ellipsoid, assuming no volume change occurred
during the deformational stages [56,57,59].

The ellipticities R = X/Z, R =Y/Z, and R = X/Y highlight the shape and the quantity
of the strain ellipsoid. The finite strain ellipsoid corresponds to the change of shape and
(or) volume of an imaginary sphere (with radius equal to unity) due to the several stages
of deformation affected by the geological body. The finite strain ellipsoid is characterized
by three principal axes, which represent the maximum stretching direction (X-axes), the
intermediate stretching direction (Y-axes), and the maximum shortening direction (Z-axes).
Three more variables, Sx, Sy, and Sz (Sx > Sy > Sz), represent the magnitude of the
principal strains along these directions. Considering that no volume change occurs, the
above three variables are essential to calculate the magnitude of the principal strains and
the stretching direction of the ellipsoid.

In our qualitative and quantitative analysis investigation, 18 oriented samples were
collected along the C and D cross-sections of Ossa Mountain (Figures 9a,b and 10a,b), while
15 oriented samples were collected along the A, B1, and B2 cross-sections of Olympos
Mountain, respectively (Figures 11a,b and 12a,b,d). For calculating the finite strain ellip-
soid, each sample was prepared in at least two thin sections, the first one parallel to the
L, stretching lineation, and the other vertical, both to the L, lineation and the S, foliation.
Feldspars and quartz grains were implemented in the calculations. The Rf/phi, Fry, and
Panozzo methods [56,60,61] were applied to 66 thin sections running the “fabric 8” soft-
ware [62]. The aspect ratios and the three-dimensional strain geometry were calculated by
implementing the mathematical equations shown in (Figure 13). Finally, all measurements
are projected in the Flinn [63] and Nadai [64] diagrams in order to determine the shape of
the finite strain ellipsoid and the type and intensity of deformation.



Geosciences 2024, 14, 179

12 of 26

Alluvian deposits - Talus conus
(Holocene)

|:| Conglomerates (Pleistocene)

- Ophiolites

- Gneisses (Pelagonian nappe)

- Bluschists (Amplelakia) unit

- Eocene - E. Oligocene
Flysch

unit

- ?Triassic - M. Eocene
Limestones

Olympus-Ossa

A Sample
f' Normal detachment fault

}/ Normal fault
/ Syncline
‘,i( Anticline

" Strike and dip

‘/ Streching lineation

z Sense of shear

@)

NORMAL
CIRCLE (R=1)

—Rxy

—Rxz
0 0.2
SCALE (km)

KA201 KA203 KA204 .~

Top(SW)

KA 1.01

. Ka1.03
" N=50 :

“ N=50

+
90° * 90°

Equal area Equal area
Lower hemisphere Lower hemisphere
180° 180°
0° ™ 0’ 2
© KA 2.02 KA 2.04
2 N=70 " N=70 o
j270° o 270° 90° ) 270° o
Equal area Equal area

Lower hemisphere Lower hemisphere

. Ka1.04

N=70

Equal area
Lower hemisphere

. KA3.01

N=60

Equal area
Lower hemisphere

90

Equal area
Lower hemisphere

180°

o . KA3.03
: N=63
90"

C.
Equal area

Lower hemisphere

Figure 9. (a) Geological map of the west Ossa area (modified after [65]); (b) Cross-section C and the
calculated strain ellipsoids across the section are shown; (c¢) Quartz C-axes diagrams showing the
sense of movement and a flattening type of deformation, drawn using the “Stereo 32" software [66,67].
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Figure 10. (a) Geological map of the east Ossa area (modified after [65]); (b) Cross-section D and the
calculated strain ellipsoids across the section are shown; (¢) Quartz C-axes diagrams showing the
sense of movement and a flattening type of deformation, drawn using the “Stereo 32" software [66,67].

Rf/phi method [68,69]: This method is based on the measurements of the long and
the short ellipsoid axes on both the XZ and YZ planes. The method considers homogenous
deformation in the view scale, as well as that the grains are elliptical and distributed
randomly. The exporting data show the final ellipticity (Rf) and the phi (¢) angle between
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the long X-axes and the foliation, e.g., (Figure 14a). The X2-test diagram verifies these
results of Rf/phi magnitude.

Fry method [56,60,70,71]: This method is generally based on the relative displacement
of several porphyroclasts. (e.g., feldspars, quartz grains, hornblende, and mica). In this
study, the central points of quartz grains in the thin sections were analyzed by the nor-
malized Fry method, applying the “fabric 8” software [62], and then the center point of
grains forms an ellipse, which determines the final orientation and the long and short axis
of the finite strain ellipse. The requirements for this method are the same as those described
for the Rf/phi method above. A graphic example of the extracted results is shown in
(Figure 14b), including the final ellipsoid (R, ¢) in the matrix of the grain center and the
verification of the final ellipticity diagram (d-a).
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Figure 11. (a) Geological map of the west Olympos area (modified after [72]); (b) Cross-section
A and the calculated strain ellipsoids across the section are shown; (c¢) Quartz C-axes diagrams
showing the sense of movement and a flattening type of deformation, drawn using the “Stereo 32”
software [66,67].

Panozzo method [61,73]: This method is applied for computing the two-dimensional
strain ellipse. The outlines of grains’ shapes are digitized as closed polygons and then
projected onto a reference line. An example of our results is depicted in (Figure 14c).

Furthermore, to determine the deformation type and sense of movement, quartz C-axis
diagrams were constructed, measuring the quartz C-axes orientation in (8) eight X-Z thin-
sections of the Olympos area units and (10) ten X-Z thin-sections of the Ossa area units, using
the Fedorow table methods [58,74]. The C-axes orientation data, using the “Stereo 32" software,
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Version: 1.0.1 [66,67], were projected in Schmidt stereograms (lower hemisphere, equal area)
for the construction of the corresponding C-axis diagrams (Figures 9¢, 10c, 11c and 12c).
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Figure 12. (a) Geological map of southwest Olympos area (modified after [75]; (b,d) Cross-sections
of B1 and B2 and the calculated strain ellipsoids are shown across the sections (B1, B2); (c) Quartz
C-axes diagrams showing the sense of movement and a flattening type of deformation, drawn using
the “Stereo 32" software [66,67].
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Figure 13. Geometry and math equations of the strain ellipsoid, which is characterized by the three
main strain axes X >Y > Z. ey, ey, and e;: the strain intensity along the main strain axes.
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Figure 14. The Rf/phi (a), Fry (b), and Panozzo (c) methods calculated finite strain ellipses in the XZ
and YZ deformation planes, applying the “fabric 8” software [62].

The vorticity number Wy [57,58]. There are many used methods for estimating the
kinematic vorticity number Wy. In this study, we focused on 2D flows, in which the plane
of observation is parallel to the XZ section plane of the sample. The vorticity number Wy
was calculated to define the component of the non-coaxial rotation in the plastic flow. In
particular, the simplified mathematical formula, which is based on the original formula
by Wallis [76,77], and modified by Xypolias [78], was implemented: Wy, = cos*{tan™1*[(1 —
Rxz*tanb2)/(1 + Rxz)*tanb]}.

This technique considers the calculation of the strain ratio Rxz and the b angle between
the shear/flow plane and the main foliation. The shear plane and foliation are drawn in
C-axis diagrams. The perpendicular line to the central arm of the quartz C-axis diagram
should be drawn to find the shear/flow plane. In our quartz C-axis diagrams, due to the
flattening type of the deformation, the central arm was designed based on the calculated
skeleton asymmetry, while the Wy values were approximately calculated (Tables S1-56).

The actual shape of the ellipsoid is determined by the parameter k = (Rxy — 1)/ (Ryz
— 1), where Rxy, Ry is the ratios of the principal strain axes X, Y, Z of the ellipsoid. The
k parameter values are represented in the Flinn diagram [63]. Accordingly, the Nadai
diagram illustrates the Lode parameter, which provides the strain type in a similar way to
the Flinn diagram, based on the distance from the origin of the axes, which illustrates the
total strain magnitude [64].
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3.2.2. Strain Data

Based on our measurements and fabric analysis, it seems that the strain intensity
generally increases from the Olympos-Ossa unit to the Pelagonian nappe, excepting some
individual values, usually along the nappe contacts. The values of these measurements are
analytically shown in Tables S1-56. In the Ossa region, the measured strain values range:
for Sx, from 1.039 to 1.784, for Sy, from 0.993 to 1.323, showing extension in the Y direction
(Y > 1), and for Sz, from 0.505 to 0.982. Accordingly, in the Olympos region, the measured
strain values range: for Sx, from 1.168 to 1.812, for Sy, from 0.931 to 1.241, showing extension
in the Y direction (Y > 1), and for Sz, from 0.490 to 0.852 (Tables S1-56; Figures 9-12). These
ranges of magnitudes indicate no significant differences in the strain values between both
Olympos and Ossa mountainous areas but increase systematically along the tectonic contact
between the several tectonic nappes (Figures 9-12). Furthermore, the projection of the finite
strain data in the Flinn and Nadai diagrams (Figures 15 and 16) show that both the western
and eastern Olympos-Ossa mountainous flanks are characterized by a main flattening
type of the strain ellipsoid (Y > 1), while limited deviations to near plain strain (Y = 1) are
also documented.
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Figure 15. Strain analysis results in the area of Mount Ossa, plotted onto Flinn and Nadai diagrams

K= (Rxy — 1)/(Ryz — 1), applying the “fabric 8" software [62].
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Figure 16. Strain analysis results in the area of Mount Olympos, plotted onto Flinn and Nadai
diagrams, K = (Rxy — 1)/(Ryz — 1), applying the “fabric 8” software [62].

The resulting quartz C-axes diagrams form a skeleton by small circle girdles, while no
central branch of fabric occurs, indicating a flattening type of deformation (Figures 9¢, 10c,
11c and 12c). These diagrams highlight approximatively the shear plane because the central
band section is not clearly recorded but the direction of movement is very well indicated by
the asymmetry of the small circle girdles: The direction of movement is constantly W-SW-
ward at the west flank and E-NE-ward at the east flank of the Olympos-Ossa mountainous
region, respectively (Figures 9-12). Furthermore, the developed asymmetric skeletons,
with a predominant and a secondary one, reflect a non-coaxial flow and a simple shear
component [79-83].

The calculated Wy values of the Olympos region range from 0.23 to 0.78, while the
corresponding W values of the Ossa region range from 0.52 to 0.93 (Tables S1-56). As
shown in (Figure 17a—c), the simple shear component shows a gradual increase from the
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deeper tectonic units (Olympos-Ossa unit) to the upper Pelagonian nappe, and the Wy
values of the Ossa region record higher values than the Olympos ones. Nevertheless, great
values of Wy were generally recorded within the Ampelakia unit, indicating an important
simple shear component in this unit, which is recorded as the suture zone between the
carbonate Olympos-Ossa unit (External Hellenides) and the Pelagonian nappe pile (Internal
Hellenides). Furthermore, the range of the Wy value of our study area [78] is compared
to the Hellenides (Figure 17d). This diagram shows that the estimate of Wy values of the
Olympos-Ossa area and the Hellenides are in good agreement.
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Figure 17. The linear change of Wk values. (a): W. Ossa; (b): W. Olympos region; (c): E. Ossa and
(d): Hellenides. The range of Wk values in the Olympos-Ossa area, compared to the Wk value ranges
of the Hellenides. (modified after [78]).
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The strain analysis with which the deformation is quantified highlights, generally,
the finite strain. Finite strain represents the accumulation of the overall ductile strains
affected by a structural unit. In our case, through the different deformational stages
recognized in the studied structural units, the dominant ductile event is clearly the last
D; one. Pre-D; strains were overprinted or obliterated by Dy, as indicated by the pre-D;
relict structures. Therefore, it is assumed that the calculated finite strain measurements are
strongly controlled by the D, and represent the accumulation of the pre-D; and D, strains,
while the pre-D; strains accumulated in the studied tectonic units cannot be separated. The
resulting finite strain geometry with local variations in geometry is interpreted as the result
of heterogeneous deformation during the dominating D, event.

4. Discussion

As has already been mentioned, many researchers have studied the Olympos-Ossa
mountainous region. However, no clear interpretation considering the geotectonic evolu-
tion of this area has been provided, while some queries remain under discussion.

Lips et al. [3] applied the “°Ar/% Ar laser probe age-dating technical method, con-
cluding that a top-to-NE direction of tectonic emplacement of the HP Ampelakia unit and
the Pelagonian nappe on the Olympos-Ossa unit took place at the time interval between
the ca. 85-54 Ma. Subsequently, at ca. 54 Ma, a shift in the dominant direction of nappes
tectonic denudation from NE-ward to WSW-ward is documented, related to the blueschist
exhumation and crustal thinning.

Furthermore, kinematic evidence for ENE-ward tectonic emplacement of the blueschist
and the Pelagonian nappe on the Olympos-Ossa carbonate unit during Paleocene-Oligocene
was concluded by Xypolias et al. [13] and Gerogiannis & Xypolias [25] for the Cyclades and
Pelion study area. The same NE-ward kinematic direction for these Paleocene-Oligocene
nappes stacking in the Olympos area was also proposed by Nance [54]. The NE-ward
emplacement direction of the nappes pile is opposed to the observations by Kilias [10,55],
Kilias et al. [8], and Schermer [9], who conclude SW-ward tectonic emplacement of the
HP/LT Ampelakia unit and the Pelagonian nappe on the Olympos-Ossa unit during the
Eocene-Early Oligocene. Subsequently, Oligocene-Early Miocene ductile extension caused
the final exhumation of the HP /LT Ampelakia unit and the Olympos-Ossa carbonate unit as
a tectonic window. Moreover, according to several authors, e.g., Wernicke [84], Dewey [85],
Gautier & Brun [86], Ring & Glodny [15], and Lister & Forster [19], the syn-orogenic
extension is the key to the exhumation mechanism of HP rocks.

Moreover, according to Ring et al. [11,12], Ring & Glodny [15], and Xypolias et al. [22],
the early stage of the retroward and exhumation of HP rocks is related to an extrusion
wedge process. This extrusion wedge is bounded at the top by a normal detachment fault
and at the base by a thrust fault or an out-of-sequence thrust fault, without requiring a
lithospheric extension. Both thrust and normal faults act simultaneously. The thrusting
of the HP rocks in Evia Island initiated their motion during the Early Eocene after their
burial in ca. 20-25 Km in-depth and metamorphism under HP /LT conditions, while it was
completed with their emplacement onto the carbonate Almyropotamos basal unit, regarded
as equivalent to the Olympos-Ossa unit [1], during the Late Eocene—-Oligocene [15].

According to our study, two main stages of deformation were recognized in the
Olympos-Ossa mountainous area. The first D; stage was associated with compression,
nappes stacking, blueschist facies conditions, and the final SW-ward tectonic emplacement
of the HP /LT Ampelakia unit and the Pelagonian nappe pile on the Olympos-Ossa unit
during the Paleocene-Early Oligocene. The second stage of the D, deformation is related to
retrograde greenschist facies metamorphism of the Oligocene-Miocene age, crustal uplift,
and final exhumation of the Olympos-Ossa unit under bivergent SW-ward and NE-ward
extension, initially ductile and subsequently ductile to brittle. An extrusion wedge process
for the HP/LT rocks should be the main mechanism for their earlier exhumation and
tectonic emplacement. Nevertheless, in our study area, we have not observed the main
basal thrust fault and the extensional shear zone related to the lateral extrusion wedge of
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the HP/LT Ampelakia unit during its early exhumation stages, as it was described by Ring
and Glodny [15] for the Evia and Cyclades areas. The observed tectonic contact between
the lowermost Olympos-Ossa unit and the HP /LT Ampelakia unit was interpreted as a
normal detachment fault, while the other main tectonic contact between the Ampelakia unit
and the uppermost Pelagonian nappe was also recognized as a normal detachment fault.
We interpret the absence of the main basal thrust fault, along which the HP /LT rocks were
emplaced initially onto the Olympos-Ossa unit, as well as the absence of the simultaneous
main normal detachment at the top of the HP /LT rocks, due to the intense overprint of
the younger D, Oligocene-Miocene extensional regime. We suggest, in agreement with
Kilias [1,10,55] and Kilias et al. [8,26], that the final exhumation of the Ampelakia blueschist
and Olympos-Ossa units was performed due to the occurrence of this second ductile
and progressively brittle-ductile D, event, as it is clearly indicated by the description
of its structural and metamorphic setting. It is summarized in the development of the
opposite SW- and NE-ward downwardly moved structural units, related to flattening
type ductile deformation, at both SW- and NE-flanks of the Olympos-Ossa mountainous
area, respectively. This structural geometry, associated with retrograde decompressional
metamorphism, caused the bivergent tectonic nappes denudation, crustal uplift, and final
exhumation of the Olympos-Ossa tectonic window (Figure 18). In addition, the Eocene-
Early Oligocene emplacement of the Paleocene—Eocene HP /LT Ampelakia unit and the
Pelagonian nappes pile on the Olympos-Ossa unit are associated with a lateral extrusion
wedge under compressional tectonic, following the Ring et al. [11,12], Ring & Glodny [15],
and Xypolias et al. [22] models, and further through an out-of-sequence thrusting, resulting
in the final emplacement of the Pelagonian nappe pile on both the HP /LT rocks and the
Olympos-Ossa unit.

A dynamic unstable overthickening crust due to nappes stacking processes could
well explain the transformation of compression (D1) to extension (D), further related to
the orogenic collapse. Tertiary retreating and rollback of the subducted Pindos-Cyclades
lithospheric slab under the Pelagonian nappe, as described by Ring et al. [12,27] and
Kilias [1], could also be the mechanism for the change of the dynamic status in the Hellenic
orogenic system of compression to extension. The Neogene-Quaternary high-angle normal
faults and the great normal fault bounded the eastern high-angle dipping flank of the
Olympos-Ossa mountainous area, progressively following the D, extension, forming the
final geomorphological relief of the Olympos-Ossa Mountain (Figure 18).

Considering the strain analysis data and results the recorded difference in Wy values
in the Olympos and Ossa regions, which are greater in Ossa than Olympos, possibly
highlights a difference in timing of the whole exhumation process in the two regions,
respectively. Moreover, the high Wj. values calculated within the HP-LT Ampelakia unit
notes the tectonic contact between the External Hellenides Olympos-Ossa unit and the
Internal Hellenides Pelagonian nappes pile as an important suture zone. Additionally,
strain intensity near or along the nappe tectonic contacts supports the described nappes
pile structure of the study Olympos-Ossa area and its evolution. On the other hand, the
quartz C-axes diagrams indicate a significant component of a non-coaxial deformation,
flattening type of deformation, and sense of shear similar to the described direction of
movement, inferred in the field and in the microscope using kinematic indicators data.
In this case, it is concluded that finite strain analysis, micro-fabric analysis, and vorticity
number calculations all support the proposed deformation history.
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Figure 18. Schematic crustal-scale transects showing, stepwise, the paleo-geographic and geotectonic
evolution of the Olympos-Ossa mountainous area. Paleocene-Eocene subduction, HP /LT metamor-
phism, and nappes stacking during compressional tectonics. Eocene-Early Oligocene emplacement
of the Pelagonian nappe and the blueschists of the Olympos-Ossa unit. Oligocene-Miocene extension
and final exhumation of the HP/LT Ampelakia unit and the External Hellenides Olympos-Ossa
carbonate unit.

5. Conclusions

Conclusions from the finite strain and structural fabric study of the HP /LT Ampelakia
unit and carbonate Olympos-Ossa tectonic window exhumation process are as follows:

1. The HP/LT metamorphosed Ampelakia unit during the Paleocene—Eocene subduc-
tion, subsequently, along with the Pelagonian nappes pile, was overthrust W-SW-ward
over the carbonate Olympos-Ossa unit during the Eocene—Early Oligocene, causing
a complicated nappes stacking and an important crustal thickening (D). Subse-
quently, the initially ductile and progressively brittle-ductile extensional tectonics
(Dy) occurred during the Oligocene-Miocene causing bivergent SW-ward and NE-
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ward tectonic nappes denudation and crustal thinning and uplift resulted in the
final exhumation of the Ampelakia unit and the lowermost Olympos-Ossa unit as a
tectonic window.

2. Today, the tectonic contacts between the several residual tectonic nappes in the
Olympos-Ossa area form low-angle normal detachment faults, related to the
Oligocene-Miocene extensional event, while they usually follow the old inherited
structures of the thrust faults.

3. The finite strain ratios indicate that the ellipsoid is mostly flattening (Y > 1), both at the
western and eastern Olympos-Ossa mountainous flanks, with few deviations to near
plain strain (Y = 1). The estimated strain ellipsoids reveal higher deformation around
or along tectonic contacts between nappes. The calculated Wy vorticity number reveals
the rotational component of flow and the non-coaxial component of deformation. Wy
ranges between 0.23 and 0.78 at the Olympos region, while the corresponding Wy
values at the Ossa region range from 0.52 to 0.93, generally increasing at both regions
from the Olympos-Ossa unit to the Pelagonian nappe. Furthermore, great Wy values
were recorded within the Ampelakia unit, highlighting the suture zone between
the External Hellenides carbonate Olympos-Ossa unit and the Internal Hellenides
Pelagonian nappes pile.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/geosciences14070179/s1, Table S1: Summary of strain data from
Pelagonian basement (KA 3.01-03), Ampelakia unit (KA 2.01- 04, KAA10-12), Flysch (KA 1.01-05,
K®11) and Limestones (KA11-13) of Olympos-Ossa unit; Table S2: Summary of strain data from
Pelagonian basement (KA 3.01-03), Ampelakia unit (KA 2.01- 04, KAA10-12), Flysch (KA 1.01-05,
K®11) and limestones (KA11-13) of Olympos-Ossa unit; Table S3: Summary of strain data from
Pelagonian basement (KA 3.01-03), Ampelakia unit (KA 2.01- 04, KAA10-12), Flysch (KA 1.01-05,
K®11) and limestones (KA11-13) of Olympos-Ossa unit; Table S4: Summary of strain data from the
Olympos region. Pelagonian basement (K006, 1, 2, 3, 9, 13), Ampelakia unit (8, 10, 12, OKA2) and
limestones window (K005, OKA1, OK2, OKA3, OKA4); Table S5: Summary of strain data from the
Olympos region. Pelagonian basement (K006, 1, 2, 3, 9, 13), Ampelakia unit (8, 10, 12, OKA2) and
limestones window (K005, OKA1, OK2, OKA3, OKA4); Table S6: Summary of strain data from the
Olympos region. Pelagonian basement (K006, 1, 2, 3, 9, 13), Ampelakia unit (8, 10, 12, OKA2) and
limestones window (K005, OKA1, OK2, OKA3, OKA4).
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