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Chapter 1. Introduction

Chapter 1: Introduction

1.1 The burial and exhumation of continental crust
The burial and subsequent exhumation of continental crust are key processes at
convergent plate boudaries, shaping the architecture of mountain belts and influencing the
general evolution of subduction zones, which provide one of the main driving forces of our
dynamic planet. Subduction of continental rocks may occur in settings where the upper plate
is continental (continent-continent convergence) or where the upper plate is oceanic
(obduction, Dewey, 1976; Dewey and Bird, 1970). In either case, continental rocks may reach
various burial depths in the lower plate of subduction zones, depending on the mechanical
conditions of their accretion to the upper plate. Shallow accretion of continental crust to the
upper plate results in its incorporation in accretionary wedges (Figure 1.1). The amount of
accreted rocks substantially influences the overall architecture of resulting mountain ranges
as well as the exhumation of the accreted continental rocks back to the surface (e.g. Dahlen,
1990; Platt, 1986). The part of continental crust that is not involved in shallow accretion,
undergoes deep burial, i.e. continental subduction (Figure 1.1). Continental rocks are
naturally buoyant, and hence typically resist long-term subduction into the Earth’s mantle,
leading to the (partial) exhumation of the subducted material. The balance between
subduction/exhumation and the related structural evolution of continental subduction
influence the architecture of mountain belts (e.g. Vogt et al., 2017), the overall evolution of
subduction zones (e.g. van Hinsbergen et al., 2020), and the recycling of continental material
(e.g. Clift and Vannucchi, 2004; Plank, 2005). Existing models that aim to describe and
explain continental subduction-exhumation cycles mainly differ in the controlling tectonic
process or mechanism responsible for the exhumation of the subducted continental rocks,
besides the effects of surface processes (Ring et al., 1999). The proposed models include
back-arc extension induced by the roll-back of the subducted slab (e.g. Brun and Faccenna,
2008; Brun et al., 2016), delamination of a thickened continental lithosphere (e.g. Platt and
Vissers, 1989; Seber et al., 1996), the buoyancy-driven extrusion of the subducted continental
crust (e.g. Chemenda et al., 1996; Herwegh et al., 2017), exhumation in a subduction-channel
(Cloos and Shreve, 1988), or slab extraction (Froitzheim et al., 2003).

Figure 1.1 Schematic sketch showing the shallow (accretionary wedge) and deep (continental
subduction) burial of continental rocks in a subduction zone.
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In cases where subduction initiates within the oceanic lithosphere, the oceanic lower
plate subducts into the mantle (Pearce et al., 1984) and drags the attached continental margin
into the subduction zone. This situation leads to regional thrusting of oceanic lithosphere over
continental crust, i.e. ophiolite obduction (Dewey, 1976; Gealey, 1977). Ophiolite obduction
is a relatively poorly understood process in plate tectonics, largely due to the apparent
difficulty of emplacing denser oceanic lithosphere over lighter continents, as well as due to
the difficulty of quantifying subduction of continental plates. Obduction often results in the
short-term, deep burial (subduction) of the continental crust, which is followed by
exhumation (e.g. Agard et al., 2010; Brovarone and Agard, 2013; Chemenda et al., 1996;
Kilias et al., 2010). Obduction is generally followed by the final closure of the oceanic basin,
resulting in continental collision that partially obliterates the geological record of a previous
obduction process. In such cases, for example in the Hellenides (e.g. Schmid et al., 2008), it
is especially challenging to unravel the conditions of the superposed continental burialexhumation cycles.
The current understanding of continental burial-exhumation processes is based on
decades of research in structural geology (Tate et al., 2015; Wheeler, 1991), metamorphic
petrology (e.g. Rubatto et al., 2011; Zheng, 2012), geochronology (e.g. Glodny et al., 2008),
deep-Earth geophysics (e.g. Hetényi et al., 2018; Wortel and Spakman, 2000), and
geodynamic modelling (e.g. Vogt et al., 2017; Willingshofer et al., 2013). In particular, the
integration of various methods and datasets has proven to be key in unravelling the spatial
and temporal conditions of continental burial-exhumation cycles (Behr and Platt, 2012; van
Hinsbergen et al., 2020).

1.2 Tectonic setting of the Hellenides and the Betics in the Mediterranean
orogenic system
The Mediterranean orogenic belt underwent a complex geodynamic evolution as part of
the Africa-Eurasia convergent plate boundary zone (Figure 1.2). The present-day geometry
of mountain belts and sedimentary basins are the products of long-lasting crustal deformation
that has been driven by the subduction of oceanic and continental lithosphere and associated
mantle flow (e.g. Faccenna et al., 2014; Royden, 1993; van Hinsbergen et al., 2020). The
subduction of continental lithosphere resulted in the-shallow or deep-accretion of the
continental upper crustal domains to the upper plate of the subduction systems, resulting in
the formation of regional nappe stacks, for instance in the Dinarides, Hellenides, Betics, or
Appenines (e.g. Handy et al., 2010; Jolivet and Brun, 2010; Schmid et al., 2008; van
Hinsbergen et al., 2020; van Hinsbergen et al., 2005). The Mediterranean system hence
provides an ideal region to study the conditions of continental burial-exhumation cycles,
either by the acquisition of new field data for constraining tectonic models, or by developing
new models and using the wealth of existing data for model validation and testing.
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Figure 1.2 Simplified map of the Alpine-Mediterranean orogenic system highlighting the main
structures. White rectangles show the two studied orogenic segments (Hellenides and Betics), the
topography is based on SRTM data (Farr et al., 2007).

1.2.1

Tectonic setting of the Hellenides

The Hellenides are a NW-SE trending mountain range in the eastern Mediterranean
(Figure 1.2), made up predominantly by stacked nappes of continental upper crust and
subordinately by obducted ophiolite sheets. The complex geodynamic evolution of the
Hellenides included the Triassic opening of the Neotethys ocean (e.g. Bortolotti and Principi,
2005; van Hinsbergen et al., 2020), the initial closure of the ocean by ophiolite obduction in
Middle-Jurassic to Early Cretaceous times (e.g. Bortolotti et al., 2013; Schmid et al., 2019),
the final closure of the ocean by Cretaceous-Paleogene continental subduction/collision (e.g.
Jolivet and Brun, 2010; Ricou et al., 1998; van Hinsbergen et al., 2005), and syn-to postorogenic extension since the Eocene, driven by the roll-back of the subducted slab (Brun et
al., 2016; Brun and Sokoutis, 2007; Jolivet and Brun, 2010; Le Pichon et al., 1981). Due to
the superposition of obduction and subsequent continental nappe stacking, certain geological
units (namely the Pelagonian zone) experienced multiple phases of tectonic burial and
exhumation within the same orogenic cycle (Kilias et al., 2010; Most, 2003). Middle Jurassic
intra-oceanic subduction and the obduction of ophiolite sheets in the Late Jurassic-earliest
Cretaceous was followed by out-of-sequence thrusting in the Late Cretaceous-Paleogene,
creating composite thrust sheets consisting both of continental and oceanic units (e.g. Schmid
et al., 2008). The vergence of Cretaceous-Paleogene nappe stacking was generally top-SW,
which resulted in the burial and accretion of regional thrust sheets, namely the Pelagonian,
Pindos, Gavrovo-Tripolitza, and Ionian (e.g. Jolivet and Brun, 2010; van Hinsbergen et al.,
2005). The nappe stack was affected by syn-to-post-orogenic extension, which controlled the
exhumation of the buried continental crust. The kinematics of extension was generally top11
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NE (with the exeption of Rhodopia, e.g. Brun and Sokoutis, 2007), i.e. the exact opposite of
the nappe stacking vergence (e.g. Brun et al., 2016; Walcott, 1998). The opposite-sense
shearing made use of pre-existing nappe contacts, and, therefore, mechanical heterogeneities
influenced the pattern of rock exhumation (Jolivet et al., 2010) in addition to the changing
velocity of slab roll-back, which was responsible for a switch from localized to distributed
extension in the Aegean (Brun et al., 2016).
1.2.2. Tectonic setting of the Betics
The Betics mountain range is part of the curved Betic-Rif orogenic system in the western
Mediterranean (Figure 1.2), which formed as a result of convergence between the North
African and Iberian continental margins (e.g. Balanyá and García-Dueñas, 1987; Faccenna
et al., 2004; Platt et al., 2003a). Similarly to the Hellenides, continental subductionexhumation processes played a major role in the evolution of the Betics. The mountain range
is made up by three, predominantly continental nappe complexes (from bottom to top
Nevado-Filábride, Alpujárride, and Malaguide) that were buried in subduction zones to
various depths during the Paleogene and Miocene (e.g. Azañón, 1997; Balanyá and GarcíaDueñas, 1987; Booth-Rea et al., 2002; Goffé et al., 1989; Platt et al., 2006; van Hinsbergen
et al., 2014). The exhumation of the deepest unit (Nevado-Filábride Complex) was controlled
by a major extensional detachment, which led to the formation of an elongated tectonic
window exhibiting high-grade metamorphic rocks in the core of the mountain range
(Martínez‐Martínez and Azañón, 1997; Martínez‐Martínez et al., 2002; Platt et al., 1984;
Platt and Vissers, 1980). The exposures of the Nevado-Filábride and the structurally
overlying Alpujárride Complex have been extensively used to derive the Cenozoic tectonic
evolution of the Betics including the mechanism of continental subduction and subsequent
exhumation (e.g. Augier et al., 2005a; Behr and Platt, 2012; Booth-Rea et al., 2015; Martínez‐
Martínez et al., 2002). To this end, the paleo-geographic origin and the conditions (e.g.
timing) of subduction of the Nevado-Filábride Complex remain debated (e.g. Augier et al.,
2005a; Platt et al., 2006), hence inviting further investigations of the geological record in
order to further constrain the geodynamic evolution.

1.3 Scope of the thesis
The thesis aims to contribute to the understanding of continental burial-exhumation
cycles, ultimately to further constrain the geodynamic evolution of convergent plate
boundaries as well as plate tectonic reconstructions. In particular, debated or enigmatic
questions such as the understanding of successive burial-exhumation cycles related to
continent-ocean and subsequent continent-continent convergence or the physical evolution
of obduction systems are prime research objectives. The main focus points of the conducted
research are (1) to explore the geological (in particular structural and geochronological)
record of successive continent-ocean and continent-continent convergence in the Eastern and
Western Mediterranean regions (Hellenides and Betics, respectively), and thus constrain the
geodynamic evolution of the regions and the mechanics of burial-exhumation processes; (2)
12
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to improve the understanding of strain localization processes (e.g. the effect of structural
inheritance and mechanical stratigraphy) during the burial and exhumation of the continental
upper crust; (3) to unravel the significance of continental subduction-exhumation processes
during the obduction of ophiolite sheets.
In order to explore a wide range of processes involved during continental burialexhumation cycles, field studies were conducted in two regions of the Mediterranean
orogenic system that exhibit different characteristics in terms of structure and metamorphic
history; the Northern Sporades (Pelagonian zone) in Greece, and the Sierra de los Filábres
(internal Betics) in SE-Spain. The rocks of the Northern Sporades islands are characterized
by generally low metamorphic grade and no major jumps of metamorphic grade across
tectonic contacts, while the Sierra de los Filábres exhibit high-grade metamorphic (eclogite
facies) rocks in its core, separated by a major extensional detachment from the overlying lowgrade metamorphic rocks. The different field regions allowed to conduct case studies
focusing on shallow burial and the role of structural inheritance during exhumation (Northern
Sporades), as well as deep burial and the link between extensional detachment formation and
the extrusion of the subducted continental crust (Sierra de los Filábres). In this research, field
studies combined geological mapping, structural analysis, and sample collection for 40Ar/39Ar
dating and petrological investigations. The field and analytical data aims to constrain the
superposition of ophiolite obduction and continental subduction in the Northern Sporades
(Chapter 2) and in the Betics (Chapter 4), as well as strain localization processes during the
burial-exhumation cycle of the continental upper crust (Chapter 3). Following the field
studies that constrain the geological record of ophiolite belts, the physical relation between
continental subduction-exhumation and ophiolite sheet emplacement is addressed by a
thermo-mechanical numerical modelling study, validated against a global geological dataset
(Chapter 5).

1.4 Thesis outline
Following the introduction, Chapter 2 provides a detailed field‐based study from the
island of Skopelos (Northern Sporades islands, Pelagonian zone, Greece) that integrates
structural and petrological analyses with white mica 40Ar/39Ar dating in order to delineate
phases of tectonic burial and exhumation, and to determine their timing, kinematics, and
metamorphic conditions. The combination of the new structural, petrological, and
geochronological data with published datasets allows for discriminating between the record
of burial‐exhumation related to obduction of the Vardar/Neotethys ophiolite sheet, and
burial‐exhumation related to the subsequent Pelagonia‐Rhodopia collision. The defined
regional tectonic events are correlated at a large scale, within the Hellenides-Dinarides
orogen, and discussed in terms of burial-exhumation mechanics.
The study in Chapter 3 aims to understand strain localization on the scale of the
Pelagonian metasedimentary cover formations (Late Paleozoic to Paleogene) on the Northern
Sporades (Greece), from the initial stages of Paleogene shortening, through nappe stacking,
to extensional exhumation. We apply detailed structural analysis and the 40Ar/39Ar dating of
key shear zones. The study highlights the importance of structural inheritance related to a
13
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pre-extension shortening phase, as well as of the mechanical stratigraphy in the burialexhumation mechanics of upper crustal formations. We argue that structural inheritance and
mechanical stratigraphy were key in defining a distributed extensional deformation pattern
during exhumation, dominated by layer-parallel shearing. In addition, the study defines two
newly mapped, major thrust contacts on the island of Skiathos.
Chapter 4 focuses on the structural and geochronological record of continental
subduction-exhumation processes in the Nevado-Filábride Complex of the Betics mountain
range (SE-Spain). We combine previously published datasets with new structural and
40
Ar/39Ar white mica dating results in order to constrain the structural superposition of
tectonic units and the timing of continental subduction. Our results indicate two phases of
Cenozoic burial in the Nevado-Filábride Complex, which inspire the revision of existing
paleo-geographic reconstructions. Our proposed reconstruction accounts for Paleogene
obduction of an ophiolite sheet derived from the Alpine Tethys over the continental
formations of the Nevado-Filábride Complex, followed by a second phase of Miocene
subduction below the Alboran continental domain. The kinematic data constraining Miocene
subduction and exhumation implies that the main extensional detachment obliquely cut the
inherited nappe stack. These results have significant implications for regional
paleogeographic reconstructions.
Chapter 5 focuses on the links between continental subduction-exhumation and ophiolite
sheet emplacement. We combine numerical thermo-mechanical simulations of oceanic upper
plate-continental lower plate subduction systems and data acquired in ophiolite belts
worldwide to unravel the physical processes that explain the structure of ophiolite belts. Our
results reveal that buoyancy-driven extrusion of subducted crust triggers necking and
breaking of the overriding oceanic upper plate. The broken-off piece of oceanic lithosphere
is then transported on top of the continent along a flat thrust segment and becomes a fartravelled ophiolite sheet separated from its root by the extruded continental crust. Our model
carries implications for the tectonic evolution of ophiolite belts worldwide as well as for
continental subduction-exhumation processes in general.
Chapter 6 provides a short synthesis that combines the results of various thesis chapters
in order to gain and discuss broader insights about continental burial-exhumation processes.

14

Chapter 2. Cretaceous‐Paleogene tectonics of the
Pelagonian Zone: Inferences from Skopelos island1

1

This chapter is based on Porkoláb, K., Willingshofer E., Sokoutis, D.,
Creton, I., Kostopoulos D., Wijbrans J., 2019, Tectonics, 38(6), 1946-1973.

Chapter 2: Cretaceous-Paleogene tectonics of the Pelagonian Zone

2.1 Introduction
Successive episodes of continent-ocean and continent-continent convergence may
result in the repeated tectonic burial and exhumation of a continent or continental block and
lead to a complex polyphase deformation history recorded by metamorphic rocks. The
Aegean region (Figure 2.1) provides an opportunity to investigate such a succession of
events, since episodes of oceanic and continental subduction, obduction, and continentcontinent collision have all taken place during the alpine evolution of the region (Bortolotti
et al., 2013; Brun et al., 2016; Goffé et al., 1988; Jolivet and Brun, 2010; Maffione et al.,
2015; Robertson, 2004; Schmid et al., 2008). The complexity of the Aegean evolution
requires an integrated approach: it has been demonstrated that studies that integrate structural
analyses with petrological and/or geochronological investigations can significantly
contribute to the understanding of regional geodynamics (e.g. Laurent et al., 2017; Lips et
al., 1998; Lips et al., 1999; Philippon et al., 2011; Walcott, 1998).
The Pelagonian zone in Greece (Figure 2.1) records multiple phases of deformation
and metamorphism related to continent-ocean and subsequent continent-continent
convergence (Kilias et al., 2010; Lips et al., 1998; Most, 2003; Schenker et al., 2014;
Schermer et al., 1990; Sharp and Robertson, 2006; Walcott, 1998). Obduction of Jurassic
ophiolites from the Neotethys ocean in the Late Jurassic-Early Cretaceous was followed by
the collision between Pelagonia and Rhodopia and the subsequent subduction of Pelagonia
below Rhodopia in the latest Cretaceous-Paleogene (e.g. Ricou et al., 1998; Schermer et al.,
1990; Sharp and Robertson, 2006; Spray et al., 1984). The repeated burial was followed by
extensional exhumation adding further to the complexity of the superimposed deformation
phases (Brun et al., 2016; Jolivet and Brun, 2010; Walcott, 1998). Consequently, the
Pelagonian zone offers many open questions especially regarding the definition of structural
units, tectonic transport directions, and the timing and metamorphic grade of deformation
events.
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Figure 2.1. (a) Simplified geological map of the Aegean domain showing the main tectonic units
and important structures (modified after Burg, 2012). The greyscale background elevation map is
based on GMRT data (Ryan et al., 2009). NAF=North Anatolian fault; NAT=North Aegean
trough. Location of Figure 2.1b is shown by white bracket. (b) Map showing the main geological
units of the Northern Sporades and the Pelion peninsula following the subdivision of Jacobshagen
et al. (1978).

In this study, we have investigated the geological record of tectonic burial and
exhumation in the eastern part of the Pelagonian zone (Figure 2.1), exposed on the Northern
Sporades, an island group in the northern Aegean region.
In particular, we present a field-based study from the island of Skopelos that integrates
structural and petrological analyses with white mica 40Ar/39Ar dating in order to delineate
phases of tectonic burial and exhumation and to determine their timing, kinematics, and
metamorphic conditions. Comparison of our new data with published data sets allows for
17
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discriminating between burial-exhumation related to obduction tectonics, and burialexhumation related to the Pelagonia-Rhodopia collision as well as for correlating
deformation events within the Pelagonian zone at large scale. We conclude with discussing
our new results in the frame of Cretaceous-Paleogene geodynamic processes within the
Aegean realm.

2.2 Geological setting
2.2.1 Mesozoic – Paleogene geological evolution of the Pelagonian zone
The Pelagonian is defined as a NW-SE trending zone in the Republic of North
Macedonia and Greece consisting of thrust sheets that record Alpine orogenic events
(Aubouin et al., 1976), and is bordered by the Neotethys/Vardar oceanic suture zone in the
NE and the external Hellenides (Pindos and Adria) in the SW (Figure 2.1a). The Pelagonian
zone is either interpreted as an Adria-derived tectonic unit representing the passive margin
that was facing a single Neotethys ocean (e.g. Bortolotti et al., 2005; Mercier et al., 1975;
Schmid et al., 2008), or as a microcontinent separated from Adria by the Pindos and from
Eurasia by the Vardar oceans (e.g. Dilek et al., 2007; Robertson et al., 1996; Sharp and
Robertson, 2006). Late Paleozoic – Early Triassic rifting during the break-up of Pangea and
subsequent Early-Middle Triassic spreading led to the formation of a passive margin facing
the Neotethys/Vardar ocean within the Pelagonian realm (e.g. Bortolotti and Principi, 2005;
Stampfli and Borel, 2002). Rifting and marine invasion was reflected in the deposition of
Permian and Early Triassic syn-and post-rift sediments on top of the Variscan basement, and
extensive deposition of carbonate platform sediments from Middle Triassic to Middle
Jurassic times (e.g. De Bono, 1998; De Bono et al., 2001; Scherreiks et al., 2010). Upper
Paleozoic – Early Triassic (meta)clastic deposits together with thick Pelagonian carbonates
of Triassic and Jurassic age characterize a significant part of the Pelagonian zone, including
the Sporades and the Pelion peninsula (Figure 2.1b). Deep water sediments and volcanicsedimentary mélange successions of similar age are found in the same area (De Bono, 1998;
Jacobshagen and Wallbrecher, 1984; Sharp and Robertson, 2006). A similar volcanicsedimentary succession on the Sporades called the “Eohellenic unit” consists of clastic
metasediments, thin-bedded marbles, and mafic metavolcanics of unknown stratigraphic
range (Jacobshagen and Matarangas, 2004; Jacobshagen et al., 1978; Jacobshagen and
Wallbrecher, 1984; Matarangas, 1992). The Pelagonian carbonate platforms drowned in the
Middle-Late Jurassic as marked by deposits of reef debris carbonates intercalated with
nodular cherty carbonates. Late Jurassic radiolarites and greywackes are found in the upper
members of the deepening sequence (Danelian and Robertson, 2001; Robertson, 1991;
Scherreiks, 2000).
The Permian-Jurassic sedimentary succession of the Pelagonian zone is overlain by
obducted ophiolitic rocks that originated in the Neotethys ocean. The ophiolites probably
formed in a supra-subduction zone setting following intra-oceanic subduction initiation
(Barth et al., 2008; Clift and Dixon, 1998; Maffione et al., 2015). Middle –Late Jurassic
radiometric ages of the metamorphic sole at the base of the ophiolitic nappe attest to the early
phases of intra-oceanic obduction (Bortolotti et al., 2013; Clift and Dixon, 1998; Dilek et al.,
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2007; Dimo‐Lahitte et al., 2001; Liati et al., 2004; Maffione et al., 2015; Robertson, 2004).
Intra-oceanic obduction was followed by the emplacement of the ophiolitic thrust sheet(s)
onto the Pelagonian passive margin leading to deformation and metamorphism in the
Pelagonian zone. This Late Jurassic – Early Cretaceous tectono-metamorphic event of
various metamorphic grade (greenschist facies to partial melting) has been reported from
various locations along the Pelagonian zone as well as in the Dinarides providing evidence
for the tectonic burial of the passive margin following ophiolite obduction (e.g. Kilias et al.,
2010; Lips et al., 1999; Most, 2003; Schefer, 2012; Schenker et al., 2014; Schermer et al.,
1990; Schmid et al., 2008; Sharp and Robertson, 2006; Tomljenović et al., 2008; Walcott,
1998).
The burial of the Pelagonian margin was followed by exhumation and the formation of
a regional Late Jurassic – Early Cretaceous erosional unconformity in the Evia-PelionSporades region (De Bono, 1998; Jacobshagen and Wallbrecher, 1984). Karstification of the
Pelagonian carbonates was associated with the accumulation of bauxites and laterites (e.g.
Jacobshagen and Wallbrecher, 1984; Robertson, 1991). Deposition of Albian-Turonian
transgressive conglomerates, carbonates, and finally Turonian - Paleogene flysch marks Late
Cretaceous transgression and the evolution of a foredeep, which in all likelihood marks the
final closure of the Neotethys/Vardar ocean between Pelagonia and Eurasia (Jacobshagen
and Wallbrecher, 1984). This Upper Cretaceous - Paleogene sedimentary sequence is referred
to as Mesoautochtonous unit (Jacobshagen and Wallbrecher, 1984). A stratigraphically
similar but structurally distinct succession is called the Palouki unit which crops out on
Skopelos and Alonnisos (Figure 2.1b). The Mesoautochtonous and the Palouki unit have
experienced low-grade metamorphism and intense deformation due to the final closure of the
Neotethys ocean and following nappe stacking, which is assumed to be of Eocene in age
based on the age of the Flysch formations (Jacobshagen and Wallbrecher, 1984; Matarangas,
1992). Similar tectono-metamorphic events ranging from Late Cretaceous to Late Paleogene
in time and greenschist to blueschist facies metamorphism have been reported from many
locations within the Pelagonian zone (e.g. Lips et al., 1999; Schermer et al., 1990; Walcott,
1998) and also from the more external domains of the Hellenides like the Cyclades (e.g.
Altherr et al., 1979; Blake et al., 1981; Bröcker et al., 1993; Lister and Forster, 2016;
Wijbrans et al., 1990). Final closure of the Neotethys/Vardar ocean resulted in regional
nappe stacking and the formation of the generally SW-verging Hellenides (Figure 2.1a) with
metamorphic rocks in the lower tectonic units like Pelagonia, Pindos, and Adria experiencing
largely top-SW sense of shear (Brun et al., 2016; Jolivet and Brun, 2010). Subduction of
continental crust such as Pelagonia might have contributed significantly to the initiation of
slab-rollback (Brun and Faccenna, 2008) which has controlled upper plate extension and
exhumation in the Aegean by detachment systems with mainly top-NE kinematics since
Paleogene times (Brun et al., 2016; Brun and Sokoutis, 2007; Gautier and Brun, 1994).
2.2.2 Geology of Skopelos
The island of Skopelos belongs to the Northern Sporades, a group of islands located ca.
100 km north of Athens, due east of Volos and which are part of the Pelagonian zone. In the
following paragraphs, we will describe the structure and stratigraphy of Skopelos island from
bottom to top, following the subdivision of Matarangas (1992). The lowermost unit is the
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Pelagonian, which consists of Upper Paleozoic – Carnian mixed metaclastic-carbonate (thinbedded marble) succession and conformably overlying Carnian – Jurassic (?) thick- bedded
carbonates (marbles and dolomites) (Matarangas, 1992). Jurassic carbonates in the
Pelagonian unit have been reported from the neighboring island of Alonnisos (Figure 2.1b)
(Kelepertsis, 1974), however these observations have not been confirmed from Skopelos yet.
The Glossa unit structurally overlies the Pelagonian unit (Matarangas, 1992). It is mainly a
metasedimentary-metavolcanic succession consisting of phyllites, metasandstones, thinbedded marbles that contains slices of metabasalts and Cipolines (pale green marbles with
tuff content (Matarangas, 1992). The stratigraphic age of the Glossa unit is uncertain as is
its provenance. This unit has been interpreted as part of the Pelagonian unit based on
lithological similarities (Jacobshagen et al., 1978), or as part of the Eohellenic nappe, which
represents the transition from the distal Pelagonian margin towards the Neotethys/Vardar
ocean (Jacobshagen and Matarangas, 2004; Matarangas, 1992). The latter interpretation
implies that the Glossa and the Pelagonian units on Skopelos are time equivalents (Upper
Paleozoic – Jurassic). According to Matarangas (1992), the Glossa unit has been thrust on
top of the Pelagonian probably in Early Cretaceous times when the Jurassic ophiolites of the
Neotethys ocean were emplaced on top of the Pelagonian zone. Both the Pelagonian and the
Glossa units record low-grade metamorphism and pervasive folding (Matarangas, 1992).
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Figure 2.2. (a) Geological map of Skopelos (modified after Matarangas, 1992) showing the major
structures, measurements of the main foliation, and important locations on the island. (b)
Tectonostratigraphic column showing the approximate outcropping thickness of the formations.
(c) Cross section through Skopelos island. Trace of the cross section is shown on Figure 2.2a by
white line.

The Pelagonian and Glossa units are truncated by an erosional unconformity, which
forms the base of the younger sedimentary cycle, the Mesoautochtonous unit. The
unconformity is marked by metabauxites and Al-rich metapelites which mainly fill the
uneven karstified surface of the Pelagonian dolomites on Skopelos (Figure 2.2) as well as the
Glossa unit on Skiathos (Figure 2.1b). Petrological analysis of the Al-rich metapelites has
shown the occurrence of carpholite and chloritoid which implies high pressure metamorphic
conditions (Mposkos and Liati, 1991a). The metabauxites and metapelites are considered to
be of Albian age (Matarangas, 1992), however different Late Jurassic – Early Cretaceous
ages cannot be ruled out due to the time range of the regional hiatus (e.g. Robertson, 1991).
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On top of the metabauxites-metapelites, Albian-Cenomanian transgressive conglomerates
occur, which are gradually pass to Cenomanian-Turonian carbonates. The carbonates exhibit
well-foliated, rudist-bearing marbles as well as massive dolomitic layers with barely visible
foliation. The carbonates are unconformably overlain by a largely fine-grained metaclastic
succession, the Mesoautochtonous Flysch unit. The age of the flysch was described as
Maastrichtian – Paleogene (Matarangas, 1992). Fossils found in the flysch confirm the extent
of this formation into the Paleocene and possibly into the Eocene (Matarangas, 1992). The
entire Mesoautochtonous sequence experienced low-grade metamorphism and pervasive
deformation (Jacobshagen and Wallbrecher, 1984; Matarangas, 1992).
Skopelos exhibits another tectonic unit with similar Cretaceous strata: the Palouki unit
(Figures 2.1b and 2.2). This unit lies on top of the Mesoautochtonous unit separated by a
thrust (Figure 2.2). It consists of three formations. The upper two formations are equivalents
of the marbles and the overlying flysch of the Mesoautochtonous unit; they share lithological
and stratigraphic characteristics (Cenomanian – Turonian marbles and Upper Cretaceous –
Paleogene flysch) (Matarangas, 1992). In contrast, the lowest and thickest formation of the
Palouki unit is uncertain in age and is lacking equivalents in the region. It largely consists of
fine-to medium-grained metaclastic sediments and thin-bedded marbles. Based on the
lithofacies, a deep-water origin was proposed for the lowest Palouki formation (Matarangas,
1992). Its contact with the overlying Cenomanian-Turonian carbonates is uncertain; it could
either be conformable or erosional (Matarangas, 1992). The base of the formation and thus
of the whole Palouki unit exposes mafic volcanic bodies, fine-grained dark phyllites, and
serpentinite blocks. Based on these findings, it was assumed that the Palouki unit was
deposited on the Eohellenic nappe (Glossa unit on Skopelos) (Matarangas, 1992). Fossils are
scarce and document an Upper Jurassic –Lower Cretaceous stratigraphic range (Matarangas,
1992). The Palouki nappe experienced low-grade metamorphism and pervasive deformation
similar to the Mesoautochtonous unit (Matarangas, 1992).

2.3 Analytical methods
2.3.1 Microprobe analyses for pressure-temperature calculations
Microprobe analyses were performed in order to constrain the chemical composition
and gain the input for thermodynamic calculations of a prospective shear zone (outcrop 3.3
on Figure 2.2a). The microprobe analyses were conducted at the Department of Geological
Sciences, School of Mining and Metallurgical Engineering, National Technical University of
Athens, Greece, using a JEOL JSM–6380LV scanning electron microscope equipped with
an EDS Oxford Instruments INCA 505 analytical system. Operating conditions were:
accelerating voltage 20 kV, beam diameter 1 μm, probe current 20 nA and counting time 80
s. Standards used were: wollastonite (Si, Ca), rutile (Ti), corundum (Al), hematite (Fe),
rhodonite (Mn), periclase (Mg), jadeite (Na) and orthoclase (K). Results of the analyses are
listed in Appendix, and the P-T estimations based on the results are given in Section 4.3.
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2.3.2 40Ar/39Ar dating
40

Ar/39Ar dating of white micas was performed with the objective to link deformation
phases recorded by the metamorphic rocks exposed on Skopelos with thermal and/or
crystallization events. It has been demonstrated that conventional multi-grain step heating
40
Ar/39Ar dating of mixtures of white micas (Schermer et al., 1990) as commonly occur in
the blueschist-greenschist domain may result in geologically meaningless age spectra without
knowing the precise end-members of the mixture (Bröcker et al., 2013; Lister and Forster,
2016). Warren et al. (2012a) made the point that under such PT conditions muscovites or
phengites may yield crystallization ages meaning that resetting is not achieved by thermally
activated diffusion. To avoid difficulties in interpretation and gain the maximum information
from our samples, we applied two ways of 40Ar/39Ar dating: 1) determination of the 40Ar/39Ar
age of fine-grained mylonitic foliations by step heating experiments on fine-grained sericite
fabrics (S2 on Figures 2.5b, c, d, and e) 2) determination of the 40Ar/39Ar age of larger
(≥250µm) white mica crystals with the multiple single grain fusion dating method (Figures
2.5a and f). The applicability of white mica 40Ar/39Ar fabric and single grain fusion dating
approach for the detection of multiple tectonic events has been proven by several works as
well as that careful microstructural characterization of the samples allows for selective dating
of different foliations (Beltrando et al., 2009; Lips et al., 1998; Lister and Forster, 2016; Uunk
et al., 2018; Wijbrans et al., 1990). Thus, by the combined usage of fabric and single grain
fusion methods we may expect to gain time constraints for multiple main stages of ductile
deformation on Skopelos. A short description of the dated samples is given in Appendix 3.
In case of the fine-grained sericite fabrics we used groundmass separates because
individual sericite grains were too small for separation. The grain size of the groundmass
separates was 250 – 500 micrometer. The methodology of ground mass dating followed
Pascual et al. (2013).
For the purpose of single grain fusion dating white mica crystals of the crushed samples
were separated from 250–500μm sieve fractions using a Faul vibrating table and heavy liquid
density-based separation. Carbonate and dust contamination were removed by HNO3
treatment of the samples. Mica separates from 7 samples were selected for single grain fusion
dating. The samples were packed in aluminium foil packages and stacked in an aluminium
tube that was irradiated for 18hrs. in the CLICIT facility of the Oregon State University
TRIGA Reactor. For both irradiations the neutron flux was monitored by standard bracketing
with the DRA sanidine standard with an age of 25.52± 0.08Ma, modified from Wijbrans et
al. (1995) to be consistent with Kuiper et al. (2008).
Single grain fusion and step heating experiments were carried out in the Vrije University
Amsterdam argon geochronology laboratory with 25 W CO2 laser heating samples loaded
on Cu-trays (185 individual 2 mm diameter, 3 mm deep holes for single grains and 6 mm
diameter holes for the incremental heating of fine sericite. The sample holder was connected
to a three-stage extraction line and a quadrupole mass spectrometer (Schneider et al., 2009).
Data was reduced in ArArCalc 2.50 (Koppers, 2002). Procedure blanks were monitored and
diluted air shots were measured in the sequence to track mass discrimination.
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2.4 Results
2.4.1 Structural mapping and kinematics of ductile deformation
Field work has been conducted with the aim of inferring the kinematics and relative
sequence of deformation phases that are associated with the burial and the exhumation of
rocks exposed on the island of Skopelos. As such our fieldwork entailed a detailed mapping
of ductile structures including foliation planes and related stretching lineations and shear
sense indicators (Passchier and Trouw, 1996; Simpson and Schmid, 1983) as well as fold
structures. Structural mapping was done on the basis of the geological map of Skopelos
(Matarangas, 1992) and led to the revision of the map on some fault structures and their
kinematics (Figure 2.2), a detailed discussion of which is beyond the scope of this
contribution. The field data are summarized in map and cross-sectional view (Figures 2.2a,
b, and Figures 2.3a, b, and c) as well as in stereographic projections (Figures 2.3d and e).
Based on overprinting relations, the mapping of ductile fabrics yielded two distinct
deformation phases, which are related to two different burial and exhumation cycles.
D1 deformation phase consists of structures that have been observed in the Pelagonian
and Glossa units as well as in the lowermost formation of the Palouki unit. However, D1
structures are absent in the younger sedimentary cycle (Mesoautochtonous unit and in the
upper formations of the Palouki unit). The remnants of a first generation of tight-isoclinal
folds (F1) and an associated axial planar cleavage (S1) are preserved in many outcrops (Figure
2.4c and d) and some of our samples (Figures 2.5a, d, and e). S1 foliation planes and L1
stretching lineations are defined by white mica, chlorite, and calcite. Fold axes of F 1 tightisoclinal, cylindrical folds are mainly trending NE-SW and have both NW and SE vergence
(Figures 2.3c and e). In a few occasions F1 sheath folds have been observed implying intense
non-coaxial ductile shear (Figure 2.4a). In outcrops that exhibit S1 foliation surfaces, L1
stretching lineations were identified, showing approximately NW-SE trends (Figure 2.3a).
Associated kinematic indicators show both top-NW and top-SE sense of shear in agreement
with the double vergence (NW and SE) of F1 tight-isoclinal folds. D1 structural features are
generally not bound to major shear zones, but are within the Pelagonian, Glossa, and the
lowermost formation of the Palouki units. However, the distribution is not homogenous; NWSE stretching lineations and associated top-NW - and SE shear sense indicators are the most
abundant in the Upper Paleozoic – Carnian metasediments of the Pelagonian unit (Figures
2.3a and b). No convincing overprinting relations between the top-NW and top-SE shearing
has been observed, probably due to the strong post-D1 overprint.
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Figure 2.3. Plots of key structural measurements on Skopelos. (a) Map of stretching lineations
(b) Map of stretching lineations associated with kinematic indicators. (c) Map of isoclinal fold
axes. (d) Stereographic projection of stretching lineations. (e) Stereographic projection of isoclinal
fold axes.
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Figure 2.4. Structural interpretation of key observations. (a) and (b) Photo and related drawing
of a NW-SE trending sheath fold overprinted by top-NE C-prime shear bands in the Glossa unit.
The sections are parallel with the L2 stretching lineation. (c) SE-verging F1 isoclinal fold with
well-preserved S1 axial planar cleavage in the Pelagonian unit. The section is parallel with the L1
stretching lineation. (d) Isoclinal F1 fold refolded by close to tight F2 folds at location 13.2 (for
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location see Figure 2.2a). Blue star represents the location of sample 13.2 used for 40Ar/39Ar
single grain fusion dating (Figure 2.8). The section is parallel with the L1 stretching lineation. (e)
NE-plunging L2 stretching lineation in the marbles of the Glossa unit. (f) Top-NE C-S fabric in
the Upper Cretaceous – Paleogene flysch of the Mesoautochtonous unit. Note that the early D2
isoclinal folds are cut by the shear planes. The section is parallel with the L2 stretching lineation.
(g) Idealized NE-SW and NW-SE sections showing the typical structures observed in the
Pelagonian, Glossa, and the basal formation of the Palouki units. 1: Scarce NW-SE plunging L1
stretching lineations and dominant NE-SW plunging L2 stretching lineations (Figure 2.3a and d).
2: top-NW shear criteria (Figure 2.3b). 3: top-NE shear criteria (Figure 2.3b). 4: section of noncylindrical F1 fold (sheath fold) (Figure 2.4a and b). 5: remnants of tight-isoclinal F1 folds with
either NW or SE vergence. In the hinge zones of these folds the S1 foliation is well-preserved
(Figure 2.4c), otherwise obliterated by the pervasive S2 foliation. 6: F2 folds folding both S0 and
S1 foliations (Figure 2.4d). 7: S1 foliation crenulated by the S2 foliation (Figure 2.5a).

D2 structures, which overprint D1 structures (Figures 2.4a, b, d, and g, Figures 2.5a, d,
and e) are more abundant, are found in many outcrops and in all geological units of Skopelos.
The D2 phase was characterized by the formation of a pervasive foliation (S2) defined by
fine-grained white mica, chlorite, solution surfaces, and in case of marbles calcite (Figure
2.5). S2 corresponds to the axial planar cleavage of tight-isoclinal F2 folds that trend NW-SE
and have both SW and NE vergence (Figures 2.3c and e, Figure 2.4g, Figure 2.5a). In the
Pelagonian and Glossa units, as well as in the lowermost formation of the Palouki unit, F 2
structures fold the S1 tectonic foliation (Figures 2.4d and g, Figures 2.5a and d), while in the
Mesoautochtonous unit and in the upper formations of the Palouki unit F2 structures fold the
S0 bedding. Rare occurrences of NE-SW trending F2 non-cylindrical sheath folds are
confined to zones of localized ductile strain. S2 foliation planes exhibit strong stretching
lineations observed on calcite (Figure 2.4e), white mica, and chlorite, trending NE-SW
(measured in more than 80 outcrops) (Figures 2.3a and d). Associated kinematic indicators
show the dominance of top-NE shear sense (Figures 2.3b and 4f), but a significant number
of top-SW shear sense indicators have also been found (Figures 2.3b, 2.5b and d). D2
structures also show largely distributed pattern, however several tectonic contacts have been
found with localized ductile deformation related to top-NE or top-SW tectonic transport
(Figure 2.6). The S2 main foliation and F2 isoclinal folds are in most cases bent or cut by topNE shear bands (Figure 2.4f) or shear zones that are observed to be gradually replaced by
semi-brittle to brittle normal faults (Figure 2.6c). These observations suggest that the early
D2 phase is characterized by isoclinal folding (F2) and the formation of the main foliation
(S2) and top-SW shearing (Figure 2.5b and c), which is followed by top-NE shearing (late
D2) (Figure 2.4f and g). Top-NE shearing is the last phase of ductile deformation we have
observed on the island. The description and discussion of the newly established fault pattern
(Figure 2.2a) is out of the scope of present contribution.
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Figure 2.5. Interpretation of microscope images. Images from (a) to (g) were captured with crosspolarized light, image (h) was captured with plain-polarized light. For sample locations see Figure
2.2a. (a) Photo of sample 8.1 highlighting the two tectonic foliations (S 1 and S2) present in the
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Pelagonian unit and the larger (≥200µm) white mica crystals which were picked for 40Ar/39Ar
single grain fusion dating (Figure 2.8). Note that the majority of the micas define the S1 foliation
and thus associated to D1 deformation, but some grains of detrital origin also occur. The section
is parallel with the L2 stretching lineation. (b) Photo of sample 3.3 showing the mylonitic S 2
foliation developed during top-WSW shearing. Chloritoid porphyroblasts contain remnants of
carpholite and are swimming in a matrix of phengite, quartz, and hematite. This sample was used
for P-T calculations (Figure 2.7) and for 40Ar/39Ar fabric dating (sample 3.3 on Figure 2.9). The
section is parallel with the L2 stretching lineation. (c) Photo of sample 3.3 showing a synkinematic
chloritoid porphyroblast with respect to top-WSW shearing. The section is parallel with the L2
stretching lineation. (d) Photo of sample 7.2 from the Glossa unit showing the remnants of the
disrupted S0-1 foliation folded into tight-isoclinal folds, and the main S2 foliation defined by very
fine-grained sericite (for 40Ar/39Ar fabric age of this sample see Figure 2.9) and dissolution
surfaces. Top-SW C’-type shear bands developed during and/or after the formation of the S 2
foliation. The section is parallel with the L2 stretching lineation. (e) Photo of sample 7.1 from the
Pelagonian unit showing S1 foliation defined by larger white micas (≥200µm) and S 2 foliation
defined by fine grained sericite and solution surfaces (for 40Ar/39Ar fabric age of this sample see
Figure 2.9) The section is parallel with the L2 stretching lineation. (f) Photo of sample 7.2 from
the Mesoautochtonous flysch unit showing detrital white mica crystals which were used for
40
Ar/39Ar single grain fusion dating. (g) Photo of sample 1.2b from the Glossa unit showing the
dynamic recrystallization of quartz. (h) Photo of sample 19.1 from the metabasalts of the Glossa
unit showing extensive growth of chlorite and calcite at the expense of the original basaltic mineral
assemblage.
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Figure 2.6. Interpretation of key outcrops. For outcrop locations see Figure 2.2a. (a) Shear zone
at location 3.3 in Al-rich metapelites separating the Pelagonian and Mesoautochtonous units. Blue
star represents the location of the sample used for P-T calculations (Figure 2.7) and 40Ar/39Ar S2
fabric dating (Figure 2.9). (b) Top-E shear zone localized at the stratigraphic contact between the
Cenomanian-Turonian marbles and Upper Cretaceous-Paleogene Flysch of the
Mesoautochtonous unit at outcrop 16.2. Note that the shear zone is sub-parallel with the mylonitic
S2 foliation. (c) Contact between the Pelagonian and the Glossa units at location 23.1. The contact
is characterized by well-developed metamorphic foliation, intense and clear NE-SW trending
stretching lineation, top-NE ductile shear, thick bodies of secondary quartz, and late-stage normal
faults which cut through the sheared contact.

2.4.2 D2 shear zones
Figure 2.6c shows the only clear outcrop (outcrop 23.1, for location see Figure 2.2a)
exhibiting the contact between the Pelagonian and the Glossa units. There, pervasive NE-SW
trending stretching lineations with top-NE sense of shear as indicated by C-S structures
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(Figure 2.6c) are observed, as well as thick veins and bodies of secondary quartz and intense
folding. The deformation is largely accommodated in the Pelagonian metaclastic rocks below
the contact delineating a 8-15 m thick zone of localized ductile deformation. The ductile
fabric of the shear zone is cut by a series of semi-brittle to brittle normal faults dipping to the
North showing a gradual change in the style of extensional deformation from ductile shearing
to normal faulting (Figures 2.6c).
Note that the top-NE shear zone has been tilted towards the NW due to a series of brittle,
oblique strike-slip/reverse faults during a younger stage of deformation resulting in a NESW orientation of the shear zone in map view (Figures 2.2a and c).
We also found that D2 deformation often localized within narrow (1-10 m thick) shear
zones, which are either parallel to the stratigraphic layering (Figure 2.6b or see Figures 2.2a
and c for map-view) or reactivated already existing tectonic contacts (Figure 2.6c). The sense
of shear within these shear zones is top-NE or top-E. A D2 tectonic contact has also been
found at the base of Mesoautochtonous unit separating the Pelagonian unit from the
Cenomanian-Turonian basal conglomerates and marbles (Figure 2.6a). The shear zone
consists of very fine grained, foliated, high-Al metapelites. The metapelites exhibit intense
ductile deformation; they have a very closely spaced foliation and a top-WSW C’-type shear
bands (Figure 5b). In contrast, the conglomerates and marbles show no enhanced stretching
or layer-perpendicular shortening. The subvertical orientation of the foliation and the shear
zone is due to late-stage fault-related folding caused by a transpressive fault running at a
distance of roughly 100m from the outcrop (Figure 2.2a). Back-rotation of the shear fabric
into its pre-folding position yielded a ENE-WSW stretching direction for the shear zone with
associated shear fabric implying top-WSW sense of shear, which means WSW-ward
movement of the conglomerate-marble sequence with respect to the metapelites and the
Pelagonian unit. The significance of this contact was proven by microstructural and
petrological analysis of the sample from this outcrop (sample 3.3), which is described in the
next section.
2.4.3 Metamorphic conditions
More than fifty thin sections were analyzed in an effort to characterize as precisely as
possible micro-scale deformation processes and metamorphic mineral assemblages
associated with the different formations and deformation phases. All outcrops of the main
units on Skopelos display evidence of synmetamorphic, micro-scale processes such as
dissolution creep, white mica (re)crystallization (Figures 2.5b and c), calcite twinning (Figure
2.5h), quartz subgrain formation and grain boundary migration (Figure 2.5g), and chloritecalcite growth (Figure 2.5h). Chlorite growth is especially characteristic of the metabasaltic
formation of the Glossa unit (Figure 2.5h) and is commonly accompanied by albite and
epidote growth. Investigation of metamorphic mineral assemblages did not reveal significant
differences in metamorphic grade between the different tectonic units of Skopelos, or
between D1 and D2 deformation phases. Foliation S1 is defined by larger white mica grains
(≥ 250µm) (Figures 2.6a and c) as compared with S2, which is commonly defined by
mylonitic sericite fabric which overgrowing the pre-existing larger micas of the S1 foliation
(Figures 2.6b and c). The observed mineral assemblages and micro-scale deformation
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processes are consistent with metamorphism under greenschist-facies conditions both for D1
and D2 events.

Figure 2.7. PX and PT sections for sample 3.3 (for sample location see Figure 2a, for thin section
and outcrop images see Figure 5b-c and Figure 2.6a). Quartz (SiO2) and water (H2O) were
assumed in excess. (a) PX section calculated for T=400°C. (b) Isochemical PT section.

An exception to the general greenschist facies conditions of D 1 and D2 ductile fabrics
was found in outcrop 3.3 (Figure 2.6a); the sample collected from the mylonitic metapelites
exhibits an entirely different mineral content and associated PT conditions associated to D 2
deformation as described in detail below. Representative mineral analyses from this outcrop
are reported in the Appendix 1, whereas the whole-rock composition is listed in Appendix 2.
In sample 3.3 (Figure 2.6b), chloritoid porphyroblasts (6vol%) are set in a very fine-grained
mylonitic fabric defined by phengite (51%) + quartz (38%) + hematite (4%). Most of the
chloritoid crystals are synkinematic (Figure 2.5c) with respect to the shearing event (top-tothe-WSW) that produced the mylonitic foliation and often contain S-shaped quartz inclusion
trails, although larger, pretectonic crystals have also been observed. Chloritoid crystals have
grown at the expense of and contain inclusions of carpholite, indicating progressive
crystallization typically under high-pressure/low-temperature conditions (Goffé et al., 1973;
Pourteau et al., 2014; Vidal et al., 1992; Vidal et al., 1994), a rather common feature of
blueschist-facies metapelites from various Tethyan localities (Agard et al., 2001; Goffé et al.,
1988; Oberhänsli et al., 1998; Plunder et al., 2013; Trotet et al., 2006; Vidal and Theye,
1996). There is a continuum in chloritoid crystallization from the larger relictic grains to the
smaller synfolial ones as attested to by their overlapping Mg# values with the rims of the
synfolial grains displaying the highest values (see Appendix 1), interpreted to have recorded
the highest metamorphic grade (see Pourteau et al., 2014, their Figs. 7b, c & d). To a first
approximation, and according to the calculations of Pourteau et al. (2014) in the FMASH
system, the range of observed chloritoid Mg# values (~0.19 – ~0.25) in the divariant
chloritoid-carpholite field is consistent with temperatures between 350 and 450°C in the
pressure range 1-2 GPa.
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Pressure and temperature conditions that prevailed during shearing of sample 3.3 were
assessed using Gibbs free-energy minimization (Connolly, 2009; Connolly, 2005) and
mineral and bulk-rock data from Appendix 1 and 2. The solution models used are: Ctd(HP)
for chloritoid, Mica(CHA1) for white mica, Gt(GCT) for garnet, Chl(HP) for chlorite and
Carp for carpholite (http://www.perplex.ethz.ch/).
The presence of hematite in the sample does not allow for a simple calculation of phase
equilibria assuming all Fe as Fe2+. Even if measured Fe3+ values were available, we still
cannot know how Fe2+/Fe3+ could have possibly changed with time during metamorphism.
To circumvent this problem, we introduced Fe3+ as an unknown variable. This, of course,
increases the dimensionality of the problem (i.e. from 2 to 3 independent variables) and
makes calculations more complicated. Our approach was to compute several 2D P–X sections
assuming constant temperature (350, 375, 400, 425 and 450°C), where X is the bulk-rock
Fe2O3/(Fe2O3+FeO) ratio (in wt.%) that becomes zero (0) when all Fe is present as Fe2+
and one (1) when all Fe is present as Fe3+. The presence of hematite and Fe2+-bearing
minerals in 3.3 suggests that X lies between 0 and 1.
We simplified the pelitic composition by ignoring the minute amounts of Na, Ca and Ti
and assumed that the system is saturated in H2O (water) and SiO2 (quartz) (i.e. K2O-FeOFe2O3-MgO-Al2O3-SiO2-H2O system). The calculated misfit between modelled and
measured mineral compositions (see Hunziker et al., 2017, their Equation 1) is minimized
for temperatures between 400 and 425°C. For an X value of ~0.62, the crossing of the Si-inPhe (atoms per formula unit or apfu; see Appendix 1) and Mg#-in-Cld isopleths at these
temperatures occurs at P~1.2 and 1.6GPa respectively. Figure 2.7a is a P–X section for
T=400°C. The corresponding P–T section for that particular composition is depicted in
Figure 2.7b. Considering the uncertainties due to ferric iron, the compositional isopleths of
Mg#-in-chloritoid, Si-in-phengite and the thermodynamic stability of the assemblage (CarCld-Qz-Phe-Hem; mineral abbreviations after Whitney and Evans, 2010) suggest that
metamorphic recrystallization should have taken place at T=400–425 ± 25°C and P=1.2–1.6
± 0.2GPa. This is in agreement with but refines much more rigorously the P–T bracket
inferred earlier, based on thermodynamic modelling of carpholite-chloritoid equilibria alone
(Pourteau et al., 2014). Our figures represent a robust estimate of the P–T conditions under
which the observed mylonitic foliation formed in sample 3.3. The calculated thermodynamic
pressure here is essentially equal to the mean stress but could deviate from lithostatic (Moulas
et al., 2013; Moulas et al., 2018).
2.4.4 40Ar/39Ar dating
2.4.4.1 Single grain fusion experiments
The results of single grain fusion experiments are presented on Figure 2.8. The plots
show largely heterogeneous distributions of ages which could theoretically indicate either
that: 1) the timing of closure was heterogeneous (meaning multiple geological events); 2)
inherited argon is unequally removed from the crystals; 3) there is variable amount of excess
argon. In our case two main age groups can be distinguished based on the 40Ar/39Ar dating: a
Paleozoic (>250Ma) group, and an Early Cretaceous, ~105-135Ma group. Especially samples
8.1 and 12.4 show clear peaks of Early Cretaceous ages showing that most of the white micas
in these samples date an event in the Early Cretaceous. The presence of Paleozoic single grain
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fusion ages in the pre-Early Cretaceous metasedimentary formations (Pelagonian, Glossa,
and the basal formation of the Palouki units) implies that temperature reached during the
Early Cretaceous event was not high enough (<500ºC) to reset the Ar-system of all the white
micas by thermally activated volume diffusion, allowing in some grains the Variscan
protolith ages to be preserved. Early Cretaceous ages thus most likely represent deformationdriven recrystallization and cannot be interpreted as cooling ages (Warren et al., 2012a).

Figure 2.8. Diagrams of 40Ar/39Ar single grain fusion dating experiments on larger (≥200µm)
white mica crystals. The diagrams show the age distribution of single mica crystals (black dots)
and the relative probability of the results (red line). The relative probability is a function of the
absolute age and the corresponding σ1 error of a single mica grain. If individual error is small
with respect to the bin size one gets a spikier representation of the peaks. Grey stripes indicate the
stratigraphic extent of the units of which the samples are derived from. For sample locations see
Figure 2.2a. For thin section images of samples 8.1 and 12.4 see Figures 2.6a and 2.6d,
respectively.
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This means that the Early Cretaceous grains provide direct constraints for the timing of
a tectono-metamorphic event in the pre-Early Cretaceous formations. On the other hand,
Paleozoic ages are likely to represent the cooling of the Variscan basement rocks or
alternatively Variscan deformation events. The fact that the signal of detrital, Variscan grains
and newly formed Early Cretaceous grains can be separated shows the strength of the single
grain fusion approach as long as the temperature of metamorphism does not exceed 500 ºC
(for more details about the single grain fusion approach see Uunk et al., 2018). For example,
in case of sample 8.1 which comes from the metaclastic series of the Pelagonian unit, the
majority of the white micas define the S1 foliation of the rock which formed during a
metamorphic event (Figure 2.5a). However, the sample also contains larger clasts with
detrital white micas (Figure 2.5a). Looking at the age distribution of sample 8.1 on Figure
2.8, the result shows a very good agreement with the observations in the thin section: a clear
Early Cretaceous peak (9 grains with similar ages) defining the metamorphic event, but also
one detrital grain which shows Variscan origin and proves that resetting in the Early
Cretaceous was not achieved by thermal diffusion, but by deformation-induced
crystallization.
Grains with ages between the Early Cretaceous and the Paleozoic - that are difficult to
explain from a geological point of view - might be the consequence of unequally removed
inherited argon leading to mixed ages intermediate between the two recorded events (Figure
2.8).
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Figure 2.9. Diagrams of 40Ar/39Ar step heating fabric dating experiments on fine grained white
micas (sericite). The horizontal axes show the cumulative 39Ar released during the step heating,
while vertical axes show the age of Ar-loss. For sample locations see Figure 2.2a. For thin section
images of samples 3.3, 7.2, and 7.1 see Figures 2.5b-c, d, and e, respectively. Note that the σ1
error [Ma] of each heating step is plotted with blue lines which tend to be very close to the result
function (black line).

2.4.4.2 Step heating experiments: dating S2 fabrics
The results of step heating experiments on the S2 sericite foliations are presented on
Figure 2.9. Age spectra show a dominance of 53-75 Ma, documenting the S2 fabric-forming
event in the rocks of Skopelos. The samples from the Mesoautochtonous unit (samples 3.3
and 12.3) show younger ages than the samples from the Glossa and Pelagonian units (samples
7.1, 7.2, 2.2). This might be due to earlier fabric formation in those samples, or alternatively
to the presence of minor amount of Early Cretaceous mica fragments in the ground mass of
samples 7.1, 7.2, and 2.2. The determination of the ages based on the spectra seems robust in
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all samples except for sample 2.2 where the more complicated age spectra would also allow
to define a younger age of ca. 65Ma. However, based on the number of steps (4 versus 3) we
prefer to accept the ~75Ma age for sample 2.2 (Figure 2.9). Staircase-shaped age spectra of
samples 7.1 and 2.2 imply that a younger (probably ~25Ma) thermal overprinting event
affected these samples. Since this event is not present in all samples, the regional significance
of this overprint is not clear.

2.5 Interpretation of results
2.5.1 Late Jurassic-Early Cretaceous evolution of Skopelos
D1 deformation phase on Skopelos is defined by the remnants of a first foliation (S1 on
Figure 2.5a, d, and e), NW-SE trending stretching lineations, and related shear sense
indicators showing top-NW and top-SE sense of shear (Figure 2.3a and b). A distinct group
of first-generation, cylindrical isoclinal folds (F1) have NE-SW trending fold axes (Figure
2.3c), which fits to the NW-SE shearing suggested by the L1 stretching lineations and
associated shear sense indicators. D1 structures are limited to the Pelagonian, Glossa, and the
oldest formation of the Palouki units.
Single grain fusion 40Ar/39Ar dating of white micas allows us to define a clear fabricforming event in the Early Cretaceous (~105-135 Ma) (Figure 2.8) that by multi-grain dating
would have been partly obscured by admixing of a Variscan component in the sample
material. In case of the Pelagonian, Glossa, and in the oldest formation of the Palouki units,
the single grain fusion approach allows for separating detrital, Variscan micas from grains
defining the S1 foliation (Figure 2.5a). Since the temperature during D1 deformation was not
high enough to reset the detrital grains by thermal diffusion, we conclude that the Early
Cretaceous ages are achieved by deformation-induced crystallization and treat them as direct
time constraints for the formation of the S1 foliation and thus the timing of D 1 deformation
phase. The lack of any remnants of a higher-temperature mineral association and the presence
of non-reset detrital white micas in the relevant formations suggest that metamorphic
conditions during D1 phase did not exceed greenschist facies.
The Pelagonian unit of Skopelos was deposited on the passive margin of the Pelagonian
continental basement facing the Neotethys/Vardar ocean (Figure 2.11a). In our interpretation,
the Glossa unit represents the deep water-facies equivalent of the Pelagonian unit, and was
deposited coevally on the distal Pelagonian margin and/or on the ocean-continent transition
zone (Figure 2.11a). A similar reconstruction has already been proposed linking the
Eohellenic nappe (Jacobshagen et al., 1978) and as part of that the Glossa unit (Matarangas,
1992) with the Vardar ocean.
The origin of the Palouki unit, the stratigraphic range of the basal formation of the unit,
and the contact between the basal and the upper formations have not been clarified so far
(Matarangas, 1992). Our 40Ar/39Ar white mica single grain fusion ages from the basal
formation of the Palouki unit show a roughly 110-125 Ma white mica population in the
formation. The fossils found in the basal Palouki formation provide a Late Jurassic-Early
Cretaceous possible range of deposition (Matarangas, 1992). Our 40Ar/39Ar ages imply that
the formation was buried and metamorphosed around 110-125 Ma (sample 13.2 on Figure
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2.8), which brackets the possible depositional range of the basal Palouki formation between
~ 130-160 Ma. In our view the basal formation of the Palouki unit was most likely deposited
on top of the Eohellenic units (in the sense of Jacobshagen et al., 1978), prior to Early
Cretaceous metamorphism of the Pelagonian margin (Lips et al., 1998; Most, 2003; Schermer
et al., 1990; Walcott, 1998), in front of the advancing ophiolitic thrust sheet(s). This idea is
supported by deep water facies characteristics of the sedimentary succession (Matarangas,
1992) and blocks of serpentinites and mafic volcanics in the formation. In this sense the basal
Palouki formation is similar to the sub-ophiolitic mélange mapped on Evia (e.g. Danelian
and Robertson, 2001), in the northern part of the Pelagonian zone (e.g. Sharp and Robertson,
2006), or in the Internal Dinarides (e.g. Gawlick et al., 2009; Schmid et al., 2008).
Following the deposition of the lowermost Palouki formation, the Pelagonian margin
was overthrust by the Neotethyan ophiolites and consequently buried to greenschist facies
conditions. The Glossa unit on Skopelos was most likely emplaced on top of the Pelagonian
unit during the Early Cretaceous D1 phase. This scenario is compatible with the idea of
passive margin inversion during obduction (Figure 2.11b) and is also supported by commonly
found SE-and NW-verging, isoclinal F1 folds as well as NW-SE trending L1 stretching
lineations in the proximity of the contact, implying a NW-SE trend of movement (Figure
2.3).
As it is suggested by our single grain fusion 40Ar/39Ar ages (Figure 2.8), S1 fabric
formation in the Pelagonian, Glossa, and the lowermost formation of the Palouki units ceased
~110-105 Ma suggesting the exhumation of these units above the brittle-ductile transition
zone. The formations were subsequently transgressed by the Mesoautochtonous unit and the
upper formations of the Palouki unit from the latest Albian-Early Cenomanian (~100-95 Ma)
(Matarangas, 1992), implying surface exposure of the older units. The 40Ar/39Ar ages and the
stratigraphical constraints together constrain the timing of D 1 exhumation for the late Early
Cretaceous.
2.5.2 Late Cretaceous-Paleogene evolution of Skopelos
40

Ar/39Ar sericite S2 fabric ages of present study (Figure 2.9) define a latest Cretaceous
– earliest Eocene period of ductile fabric formation (S2 main foliation) in all units of
Skopelos. This foliation is pervasive on the whole island and its formation is associated with
NE-SW tectonic transport evidenced by stretching lineations and kinematic indicators
(Figure 2.3b). Dating of fabrics related to D2 deformation allows us to assign D2 structures
with a latest Cretaceous – earliest Eocene period. Without having a clear distinction between
early and late D2 deformations (top-SW vs top-NE shearing) in terms of metamorphic grade
and mineral associations, it is difficult to assign the S2 fabric forming to either top-SW or
top-NE shearing. The mylonitic fabric of sample 3.3. (Figure 2.5b and c) however shows a
clear top-WSW sense of shear and a well-developed S2 foliation that is dated to be ~55 Myr
old. This and the observations that top-NE shearing usually affects an already existing S2
foliation suggest that the D2 fabric-forming event was predominantly associated with the topSW shearing.
The metamorphic grade of D2 phase is constrained by microscale deformation
mechanisms and metamorphic mineral assemblages which imply greenschist facies
conditions for the rocks of Skopelos except for one blueschist facies shear zone (Figures 2.6a
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and 2.7) between the Pelagonian and Mesoautochtonous units. Considering the generally low
metamorphic grade of the formations, we suggest that the rocks of Skopelos were not
subducted to great depth together with the Pelagonian basement (e.g. Brun et al., 2016) during
D2 burial, but they were rather incorporated into an accretionary wedge between Pelagonia
and Eurasia.
The top-SW distributed shearing (Figure 2.3b), thrusting of the Palouki unit on top of
the Mesoautochtonous unit, and the top-WSW shear zone between the Pelagonian and
Measoautochtonous units (Figure 2.11d) are correlated with the tectonic burial (thrusting)
within the accretionary wedge during the latest Cretaceous-earliest Eocene.
The top-WSW blueschist facies shear zone at the base of the Mesoautochtonous unit
consists of mylonitic metapelites that carries a foliation with a 55 Ma 40Ar/39Ar S2 fabric age
(Figures 2.5a, 2.7, and 2.8). The same high-pressure metapelites at the base of the
Mesoautochtonous unit were described by Mposkos and Liati (1991a) at the southwestern
shore of the island, implying that the high-pressure shear zone is not only locally present
between the Pelagonian and the Mesoautochtonous units. Since the high-pressure shear zone
separates the Pelagonian and the Mesoautochtonous units, which are observed to have an
erosional contact in most outcrops (Matarangas, 1992), we propose that parts of the erosional
unconformity were activated during top-SW tectonic burial phase as a shear zone (Figure
2.11d). This view contradicts the previous interpretation which reckoned with an erosional
contact between the Mesoautochtonous and the Pelagonian units on the whole island
(Matarangas, 1992).
The contact between the Pelagonian and the Glossa units has been described as a thrust
based on the observation that the Glossa unit is structurally lying on top of the Pelagonian
(Matarangas, 1992). According to our observations, the latest movement along this contact
was top-NE shearing with normal kinematics (Figure 2.6c). However, we suggest that the
Glossa unit was emplaced on top of the Pelagonian by a D 1 thrust or a reverse-sense shear
zone preceding the activity of the D2 top-NE normal-sense shear zone (Figure 2.11b). The D2
shear zone thus reactivated or alternatively cut the Early Cretaceous (D 1) nappe contact
between the two units (Figures 2.11d and e).
The dominant top-NE shearing (Figure 2.3b) overprints older D1 or early-D2 ductile
structures (Figures 2.4b, f, g) and occurred under decreasing temperatures as documented by
the gradual change of ductile shearing to normal faulting (Figure 2.6c), within the same
kinematic frame. We thus correlate the top-NE shearing on Skopelos with the extensional
exhumation of the accretionary wedge above the brittle-ductile transition zone. According to
our observations, this first stage of exhumation was largely accommodated by distributed
top-NE shearing (Figure 2.3b), and by the formation of a few top-NE shear zones which
localized along pre-existing rheological contrasts, and dip sub-parallel to the main foliation
(S2) (Figures 2.2, 2.6b and c, and 2.11e and f). These shear zones may have a minor to
medium (few 100 or 1000 m) of displacement (Figure 2.11f) and consequently do not cut out
major parts of the stratigraphy. We suggest that the distributed and localized top-NE shearing
together played an important role in the exhumation of Skopelos.
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2.6 Implications for the Early Cretaceous tectonics of the Pelagonian
margin
2.6.1 Correlation of Early Cretaceous tectonic events in the Pelagonian zone
Early Cretaceous tectono-metamorphic events (D1 in present work) have been reported
from many locations along the Pelagonian zone (Figure 2.10a) and from its continuation into
the Dinarides (Internal Dinaric thrust sheets such as the Drina-Ivanjica and the JadarKopaonik (Schmid et al., 2008). Single grain 40Ar/39Ar laserprobe dating combined with
petrological investigations showed the existence of a distinct blueschist to greenschist facies
tectonic event in the region of the Pelion peninsula and the Ossa tectonic window (Lips et
al., 1998; Lips et al., 1999) (Figure 2.10A), while Rb/Sr and multigrain 40Ar/39Ar dating
provided younger mixed ages (85-135 Ma) in the blueschist to greenschist facies rocks of the
Olympos tectonic window (Schermer et al., 1990). Early Cretaceous metamorphism in the
northeastern part of the Pelagonian zone was identified by K/Ar dating (Most, 2003) (Figure
2.10a). Furthermore, remnants of high-temperature metamorphism during the Early
Cretaceous is evidenced by dated anatectic melts (117±8 Ma) North from the Olympos
window (Schenker et al., 2014). Walcott (1998) determined a large population of greenschist
to amphibolite facies, NW-SE and weak E-W trending stretching lineations from the
Thessaly-Pelion region and assigned top-SE and top-E tectonic transport to the Early
Cretaceous. NW-SE and E-W trending stretching lineations have been determined in the
Pelagonian unit in NW-Thessaly (Kilias et al., 1990; Sfeikos, 1992), and in the northern part
of the Pelagonian zone (Kilias et al., 2010; Most, 2003; Sharp, 1994; Sharp and Robertson,
2006) without identifying a preferential sense of shear (Figure 2.10a). The above-mentioned
ductile fabrics imply NW-SE or E-W tectonic transport and have been assigned to the Late
Jurassic or Early Cretaceous ophiolite emplacement and subsequent deformation of the
Pelagonian zone or alternatively to an early collision between Pelagonia and Rhodopia
(Schenker et al., 2014).
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Figure 2.10. Correlation of deformation phases in the Pelagonian zone. The basis for correlation
are geochronological and kinematic datasets compiled from published data (Gerogiannis and
Xypolias, 2017; Kilias et al., 2010; Lips et al., 1998; Lips et al., 1999; Most, 2003; Schermer et
al., 1990; Walcott, 1998) which are comparable to our results from Skopelos. S=Skopelos. (a)
Correlation of D1 phase: Early Cretaceous resetting of Ar-Ar and K-Ar systems coupled to
observed top-NW or top-SE directed tectonic transport indicated by stretching lineations and
associated kinematic indicators. Note that Early Cretaceous tectono-metamorphic events have also
been reported from the Europe-derived units (e.g. Kydonakis et al., 2016), however we focus
exclusively on the Pelagonian zone. (b) Correlation of D2 phase: latest Cretaceous-Paleogene
Ar/Ar white mica fabric ages and K/Ar ages coupled to observed top-SW and top-NE tectonic
transport.

Further to the NW, the Pelagonian zone continues in the Internal Dinarides. Based on
stratigraphy and structural position, the Pelagonian zone of the Hellenides can clearly be
correlated with the Internal Adria-derived thrust sheets structurally underlying the obducted
ophiolites of the Dinarides (e.g. Schmid et al., 2008). Early Cretaceous metamorphism in the
Internal Dinarides is constrained by K/Ar thermochronology (Milovanović, 1984;
Milovanovic et al., 1995; Porkoláb et al., 2018; Tomljenović et al., 2008), and Early-to Late
Cretaceous metamorphism by 40Ar/39Ar thermochronology (Schefer, 2012). Similarly to the
Pelagonian zone in the Hellenides, WNW-ESE stretching lineations and top-WNW sense of
shear has been reported from the sub-ophiolitic units marking the tectonic transport direction
of the ophiolite thrust sheet(s) (Carosi et al., 1996; Schefer, 2012; Schmid et al., 2008). Our
correlation shows, that Early Cretaceous tectono-metamorphic events along the Pelagonian
zone in Greece and in the Internal Dinarides have similar timing and similar directions of
tectonic transport following the emplacement of Neotethyan ophiolites.
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2.6.2 Early Cretaceous underthrusting of the Pelagonian margin
Cessation of deposition on the Pelagonian margin is linked with the obduction of
Neotethyan ophiolites (e.g. Danelian and Robertson, 2001; Scherreiks, 2000). Subduction
initiated in an intra-oceanic setting (e.g. Barth et al., 2008; Bortolotti et al., 2013; Maffione
et al., 2015) in Middle-Late Jurassic times (Dimo‐Lahitte et al., 2001; Spray et al., 1984)
(Figure 2.11a). As shown on Figure 2.10a and discussed in section 6.1, Early Cretaceous
deformation and metamorphism can be correlated from Skopelos, through the Pelagonian
zone, up to the Internal Dinarides. Consequently, underthrusting of the distal
Pelagonian/Adriatic units below the obducting Neotethyan units was a regional-scale
process. The thermo-mechanical feasibility of such a system has been tested numerically with
a series of experiments, suggesting that ophiolite obduction is a process that remains stable
in a broad physical parameter range (Duretz et al., 2016a). Strong continental basement
rheology plays a key role in obduction while switch from compression to extension seems to
be important for the subsequent exhumation of metamorphic rocks following underthrusting
(Duretz et al., 2016a). However, the effect of surface processes on the conditions of
exhumation has not been investigated yet, and the general lack of identified major Early
Cretaceous exhuming structures (shear zones or normal faults) in the region might imply that
erosion played a major role in this process. Exhumation following a short-lived
underthrusting of the continental margin is consistent with the presence of regional Late
Jurassic – Early Cretaceous unconformities truncating both oceanic and metamorphosed
continental units (Jacobshagen and Wallbrecher, 1984; Robertson, 1991; Sharp, 1994) in the
Pelagonian zone (Figure 2.11c). The trend of tectonic transport during the Late Jurassic Early Cretaceous along the Pelagonian zone is consistently between NW-SE and E-W (Figure
2.10a) but kinematic indicators are observed to be double-vergent (both top-NW to W and
top SE to E) on Skopelos (Figure 2.3) as well as and on a larger scale (Figure 2.10a).
According to plate tectonic reconstructions, the Pelagonian/Adriatic continental margin was
located to the W (e.g. Maffione and van Hinsbergen, 2018; Robertson et al., 1996) or SW
(e.g. Stampfli and Borel, 2002) from the Neotethys/Vardar oceanic domain. Considering that
the clockwise rotation in the Pelagonian zone has been substantial (roughly 30-50º) since
Eocene times (van Hinsbergen and Schmid, 2012; van Hinsbergen et al., 2008 and references
therein), we can restore the top-NW to W kinematic indicators to roughly top-W-SW.
Therefore, in our view the Early Cretaceous top NW-W kinematic indicators (now in present
day coordinates) in the Pelagonian zone are likely to represent the record of underthrusting
below the Neotethyan/Vardar ophiolites. This view is also supported by the top-W structural
polarity of obduction-related deformation in Northeastern-Albania (Tremblay et al., 2015),
in Western-Serbia (Porkoláb et al., 2019a), and top-WNW shear sense indicators in the
metamorphic sole and sub-ophiolitic mélange of the Internal Dinarides (Carosi et al., 1996;
Schefer, 2012; Schmid et al., 2008).

42

Chapter 2: Cretaceous-Paleogene tectonics of the Pelagonian Zone

Figure 2.11. Simplified five-step evolutionary model of the Pelagonian margin and the tectonic
units of Skopelos between ~170 and ~40 Ma. For steps (b) to (e), plots show the estimated
pressure-temperature evolution of Skopelos. (a) Intra-oceanic subduction initiation in the
proximity of the Pelagonian passive margin. (b) Underthrusting of the Pelagonian margin below
the Vardar ophiolites driving metamorphism and deformation (D 1 on Skopelos) of the passive
margin sediments. The Glossa unit is emplaced on top of the Pelagonian unit. (c) Uplift and
erosion of the Pelagonian margin and the obducted ophiolites. Deposition of Late Cretaceous
sediments (Mesoautochtonous and Palouki units on Skopelos) on top of the metamorphic rocks.
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(d) Development of an accretionary wedge in the collision zone between Pelagonia and Rhodopia.
All the units of Skopelos were incorporated in the wedge after being carried down by the
subducting Pelagonian basement. Top-SW tectonic transport and greenschist to blueschist facies
metamorphism characterized the burial of the units. (e) Initial exhumation of the accretionary
wedge by top-NE extensional shearing following the initiation of slab roll-back. (f) Magnification
of the approximate location of Skopelos on Figure 2.11e showing the detailed interpretation of the
observed pervasive top-NE shearing. The shear zones run sub-parallel to the main foliation (S2)
causing only minor modifications in the nappe structure but triggering the development of
distributed top-NE shear in all the units of Skopelos.

On the other hand, the interpretation of the commonly found opposite top-SE to E
kinematic indicators within the Pelagonian zone (Figure 2.10a) remain enigmatic. A sound
solution would be to assign the top-SE to E shearing to the extensional exhumation of the
continental margin following the obduction of the ophiolites, however no convincing
structural analysis has been presented so far which would confirm the extensional nature of
these structures or the relative timing with respect to the top-NW to W shearing. An
alternative explanation could be a double-vergent thrusting scenario producing both top-NW
to W and top-SE to E shear zones related to the inversion of the passive margin
during/following obduction. Both ideas would need to be confirmed by a robust structural
analysis from multiple locations along the Pelagonian zone.

2.7 Implications for the Late Cretaceous – Paleogene tectonics of the
Pelagonian zone
2.7.1 Correlation of Late Cretaceous – Paleogene tectonic burial in the Aegean region
Deposition of Albian-Turonian transgressive conglomerates, carbonates, and on top
Turonian - Paleogene flysch marks Late Cretaceous-Paleogene transgression and the
evolution of a foredeep basin between Pelagonia and Eurasia/Rhodopia (Jacobshagen and
Wallbrecher, 1984; Matarangas, 1992). Latest Cretaceous – Paleogene metamorphism and
top-SW thrusting directions have been reported from all over the Aegean region (Figure
2.10b) and also from the Dinarides (e.g. Schefer, 2012). Recent tectonic models of the
Aegean region suggest NE-ward subduction of the Pelagonian continental lithosphere below
Eurasia/Rhodopia following the final closure of the Vardar ocean (e.g. Brun et al., 2016;
Jolivet and Brun, 2010; Ricou et al., 1998). NE-ward subduction led to the formation of topSW shear fabric in the lower plate units such as Pelagonia associated with prograde
metamorphism (Figure 2.10b) (Brun et al., 2016 and references therein; Philippon et al.,
2011). Lower plate units which are now found on the surface have experienced
metamorphism in various degrees. Blueschist to greenschist facies rocks with Late
Cretaceous – Early Eocene mylonitic fabrics are found in the tectonic windows of the
Olympos and Ossa regions where a more external thrust sheet of the Hellenides-nappe-stack
crop out (Lips et al., 1998; Schermer et al., 1990) (Figure 2.1). Rocks from greenschist to
blueschist facies are also found in the Pelion peninsula showing Paleogene-Miocene fabric
ages (Gerogiannis and Xypolias, 2017; Lips et al., 1999; Walcott, 1998). Blueschist to
44

Chapter 2: Cretaceous-Paleogene tectonics of the Pelagonian Zone

eclogite facies rocks with Paleogene fabrics are found in the region of the Cyclades (e.g.
Jolivet and Brun, 2010; Jolivet et al., 2010; Laurent et al., 2017; Lister and Forster, 2016;
Wijbrans et al., 1990). Rb/Sr dating from the North Pelagonian zone has also indicated
Paleogene metamorphism (Koroneos et al., 1993). All these results have been assigned to the
Paleogene suturing of Adria-and Europe-derived units and the formation of the SW-verging
Aegean nappe stack. Paleogene suturing of Adria-derived units and Eurasia is also welldocumented in the Internal Dinarides: top-SSW to W nappe stacking and related
metamorphism has been dated and reported from the Kopaonik thrust sheet (Schefer, 2012)
and the Sava Zone (Ustaszewski et al., 2010). Based on the Paleogene foredeep deposits of
Skopelos (Mesoautchtonous and Palouki flysch formations) and the similarities in timing and
kinematics of ductile deformation shown by Figure 2.10b, we correlate the top-SW D2
structures of Skopelos and related S2 fabric formation defined by the present study with the
final closure of the Neotethys ocean that led to the second episode of burial and subsequent
exhumation of the Pelagonian zone (Figure 2.11d).
2.7.2 Paleogene accretionary wedge evolution on Skopelos
The metamorphic grade during D2 phase was greenschist facies for all units of Skopelos,
except for one blueschist facies shear zone (Figures 2.5a and 2.7) located at the base of the
Mesoautochtonous unit. These findings are not consistent with reconstructions that
incorporate the entire Northern Sporades in the belt of Aegean high pressure rocks which
have been subducted to great depth in Paleogene times (e.g. Figure 4. in Brun et al., 2016).
The grade of metamorphism is rather consistent with shallow tectonic processes in an
accretionary wedge which formed during the collision of Pelagonia and Rhodopia (Figure
2.11d).
The Mesoautochtonous unit and the upper formations of the Palouki unit were deposited
in a convergent setting in front of the advancing thrusts of the Europe-derived units
(Rhodopia) (Figures 11c and d). The upper formations of the Palouki unit were deposited
coevally but at distance from the equivalent Mesoautochtonous formations (Matarangas,
1992) which is also reflected in the slightly different heavy mineral composition of the two
flysch successions (Faupl et al., 1999). Following deposition of the flysch formations, the
Palouki unit was thrust on top of the Mesoautochtonous unit (Figures 11d). The Ar/Ar age of
the mylonitic sericite fabric (S2) in the Turonian-Paleogene flysch is roughly 53Ma (Figure
2.9). Consequently, the deposition of the Mesoautochtonous and the Palouki units ceased
prior to the Paleocene-Eocene boundary, and the units were subsequently transported to a
depth of greenschist facies conditions (roughly 10-15 km) together with the subducting
Pelagonian basement. Greenschist facies conditions suggests that the Mesoautochtonous and
the Palouki units were detached from the downgoing plate by a thrust system and were
incorporated in the accretionary wedge, which was evolving on top of the downgoing plate
(Figure 2.11d). Similar greenschist facies syn-D2 metamorphic conditions of the Pelagonian
and Glossa units as well as of the basal formation of the Palouki unit imply that these
formations were also incorporated in the accretionary wedge instead of being subducted
(Figure 2.11d). Ar/Ar fabric ages from the Pelagonian and Glossa units are somewhat (~10
Ma) older than the ones from the Mesoautochtonous unit (Figure 2.9) suggesting that these
formations might have been buried earlier (latest Cretaceous-Early Paleocene), while the
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flysch units were still depositing in the foredeep basin. The partial activation of the erosional
contact between the Mesoautochtonous and Pelagonian units (Figure 2.2, for details see
Section 5.2) as top-SW shear zone (Figure 2.11d) is easiest explained assuming that this
originally erosional contact has been dipping in the same direction than the thrusts of the
accretionary wedge (Figure 2.11d).
Pressure recorded within the mylonitic metapelites, exposed between the Pelagonian
and the Mesoautochtonous units is significantly higher compared to the Mesoautochtonous
unit above and to the Pelagonian unit below; these units have only experienced greenschist
facies metamorphism (Figure 2.11d). Explanations for such pressure differences depend on
the approach in converting pressure to depth. Traditionally, pressure as recorded by mineral
assemblages is interpreted in terms of overburden (lithostatic) pressure (e.g. Jolivet et al.,
2003), whereas other authors (e.g. Schmalholz and Podladchikov, 2013) suggest that tectonic
overpressure may be significant in some instances. These fundamentally different ways of
interpreting the meaning of pressure inevitably leads to substantially different tectonic
interpretations of the same P-T path recorded by the metamorphic rocks. In our case assuming
that the recorded pressure corresponds to the lithostatic pressure demands a complicated
tectonic model: a thin slice of metapelites needs to be subducted to much greater depth with
respect to the over-and underlying units and subsequently exhumed in a way that
accommodates a differential displacement and transports the blueschist-facies metapelites
between the greenschist facies units. On the other hand, accounting for overpressure in the
metapelites instead of assuming large differential displacements would provide a much
simpler solution, which is also consistent with our observations. Numerical simulations of
lithospheric shortening have demonstrated that pressure can significantly increase inside
weak crustal shear zones (such as the one between the Pelagonian and the Mesoautochtonous
units) to maintain a constant depth-averaged horizontal total stress and to fulfill the horizontal
force balance across the shear zone (Moulas et al., 2014; Schmalholz and Podladchikov,
2013). Thus, we suggest that the high-pressure assemblage on Skopelos could be an example
where tectonic overpressure inside a prograde, greenschist facies, weak shear zone has led to
aerially restricted blueschist facies metamorphism related to top WSW shearing at the
tectonic contact between the Pelagonian and the Mesoautochtonous units (Figure 2.11d).
2.7.3 Top-NE exhumation of the accretionary wedge
The simultaneous onset of exhumation and extension in the Aegean region suggests that
these processes are intimately linked (Brun et al., 2016; Brun and Sokoutis, 2007, 2010). The
switch from contraction to extension is commonly related to the subduction of buoyant
continental block(s) and resulting initiation of slab-rollback during the Eocene (Brun and
Faccenna, 2008). Slab-rollback resulted in trench retreat and related NE-SW extension in the
upper plate. Top-NE shear zones localized in the Pelagonian zone (Figure 2.10b), top-NE
regional detachment(s) in the Northern Cyclades (Gautier and Brun, 1994; Grasemann et al.,
2012; Jolivet et al., 2010), and a top-SW regional detachment in Southern Rhodopia (Brun
and Sokoutis, 2007; Dinter and Royden, 1993).
We correlate the top-NE ductile deformation of Skopelos with the early-stage
exhumation of the Late-Cretaceous-Paleogene accretionary wedge. Our observations (Figure
2.3b) are consistent with the commonly observed top-NE exhumation in the Aegean region
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(Figure 2.10b) (Brun et al., 2016 and references therein). Latest Cretaceous-earliest Eocene
S2 mylonitic fabrics (Figure 2.9) most likely formed during the tectonic burial of the rocks,
setting an Early Eocene upper boundary for the possible onset of exhumation in case of
Skopelos. This upper boundary is consistent with the 40-45 Ma onset of exhumation in
Rhodopia (Brun and Sokoutis, 2007; Lips et al., 2000) and in the Ossa-Olympos-region (Lips
et al., 1998; Schermer et al., 1990; Walcott, 1998). Younger, Eocene to Oligocene onset of
exhumation has been inferred for the Pelion peninsula (Lips et al., 1999) as well as for the
Cyclades (Brun et al., 2016; Jolivet and Brun, 2010; Jolivet et al., 2010; Lister and Forster,
2016; Uunk et al., 2018; Wijbrans et al., 1990) supporting the hypothesis that the southward
migration of extensional and compressional domains was coupled to trench retreat leading to
the southward decreasing age of exhumation (Jolivet and Brun, 2010).
Apatite fission track data (Hejl et al., 1999) suggest that the rocks of Skopelos have
already been exhumed to a near-surface position by mid-Oligocene times. This implies that
most of the exhumation took place between the late-Eocene and early-Oligocene. The ductile
stage of exhumation on Skopelos was accommodated by small to medium-sized, top-NE
shear zones and distributed top-NE shearing between the main structures (Figure 2.11f). The
exact amount of exhumation accommodated by these structures remains uncertain, but could
be quantified in the future with the specific dating of exhumation-related fabrics and zircon
fission track dating. Later normal faulting is probably linked with the evolution of the North
Aegean Trough, and is also likely to have played a significant role during final exhumation
of the rocks to the surface.

2.8 Conclusions
The application of multi-scale structural analysis, metamorphic petrology, and white
mica 40Ar/39Ar dating allowed to define two distinct episodes of tectonic burial and
exhumation on the island of Skopelos.
-

-

-

Early Cretaceous (~105-135Ma) tectonic burial and exhumation affected the
Pelagonian, Glossa, and the lowermost formation of the Palouki units and
developed a first generation of isoclinal folds (F1) and a related foliation (S1). We
correlate the top-NW and top-SE shearing and greenschist facies metamorphism of
D1 with the underthrusting of the Pelagonian or Adriatic margin below the Vardar
ophiolites. The structural and geochronological record of this underthrusting can
be correlated up to the Internal Dinarides.
Underthrusting was followed by exhumation and erosion of the Pelagonian
margin. The exhumation of the Pelagonian, Glossa, and the lowermost formation
of the Palouki units of Skopelos took place during the late Early Cretaceous and
were subsequently transgressed by the younger sedimentary sequences from the
latest Albian-Early Cenomanian (~100-95 Ma).
Latest Cretaceous-Early Eocene 40Ar/39Ar white mica ages of mylonitic S2
foliations attest to a second phase of burial and exhumation of Skopelos. A second
generation of isoclinal folds (F2) and tectonic foliation (S2) developed during topSW and following top-NE shearing under greenschist facies conditions.
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-

-

-

The Late Cretaceous-Paleogene sedimentary cycle exposed on Skopelos was
deposited in a compressional setting and was buried during subduction of the
Pelagonian basement to greenschist facies conditions.
We propose that all the rocks of Skopelos were detached from the downgoing
Pelagonian basement by top-SW thrusts and incorporated in an accretionary
wedge that evolved above the downgoing plate during Paleogene times. Top-SW
shear fabrics formed during the tectonic burial of the rocks, while opposite top-NE
fabrics formed during the first stage of extensional exhumation.
A shear zone in Al-rich metapelites records significantly higher pressure than the
overlying Mesoautochtonous and the underlying Pelagonian units. In our view the
pressure difference could be an example of tectonic overpressure inside a
prograde, weak shear zone.

2.9 Appendix
Phase
Phengite
Notes
matrix
wt.% oxides
SiO2
46.9
TiO2
Al2O3
36.02
Fe2O3
FeO
2.11
MnO
MgO
0.7
K2O
9.6
Na2O
0.56
Total
95.89
Cations
Si
3.09
Ti
Al
2.8
Fe3+
Fe2+
0.12
Mn
Mg
0.07
K
0.81
Na
0.07
Total
6.95
Mg#
0.368
Oxygens
11

syn-pc

Chloritoid
syn-pr
pre-pc

pre-pr

Carpholite Hematite
incl. in ctd matrix

24.03

24.74

25.04

25.29

36.45

40.87

41.64

41.74

42.03

33.14

18.16
6.75
2.59

17.81
5.57
3.2

19.39
7.01
2.47

18.09
6.52
2.89

10.32
0.98
5.67

0.56

92.4

92.96

95.65

94.82

86.56

97.98

1.99

2.01

2.01

2.03

1.95

3.98

3.99

3.94

3.97

2.09

1.26
0.47
0.32

1.21
0.38
0.39

1.3
0.48
0.3

1.21
0.44
0.35

0.46
0.04
0.45

8.02
0.203
12

7.99
0.244
12

8.02
0.188
12

7.99
0.224
12

5
0.495
8

0.86
96.56

0.02
1.97
0.01

2
3

Appendix 2.1. Representative mineral analyses of sample Sko-3.3. Syn: syn-mylonitic; pre: premylonitic; pc: porphyroblast core; pr: porphyroblast rim.
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wt.%
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
Total

62.66
0.99
20.21
5.49
0.55
1.11
0.31
0.31
4.79
0.02
3.56
100.00

Appendix 2.2. Whole-rock composition of sample Sko-3.3

No.

Lat

Lon

Method

Unit

1.2

39.164

23.627

single grain

Glossa

7.3

39.163

23.640

single grain

Pelagonian

8.1

39.174

23.650

single grain

Pelagonian

12.4

39.087

23.754

single grain

M Flysch

13.2

39.104

23.741

single grain

P Flysch

13.6

39.128

23.710

single grain

M Flysch

17.5

39.124

23.758

single grain

P Flysch

2.2

39.176

23.634

fabric

Glossa

3.3

39.128

23.677

fabric

M Metapelites

7.1

39.165

23.634

fabric

Pelagonian

7.2

39.167

23.635

fabric

Glossa

12.3

39.085

23.753

fabric

M Flysch

Description
brown schistose metasandstone with
metaconglomerate layers
grey phyllitic schist
heavily deformed light brown pyhillite
with metasandstone layers
grey metasandstone with large detrital
white micas
brown phyllite with large detrital white
micas
brown phyllite with coarser
metasandstone layers
brown phyllite with large detrital white
micas
brown phyllitic schist with welldeveloped S2 sericitic foliation
purple to grey metapelites with mylonitic
S2 foliation
grey phyllitic schist with well-developed
S1 and S2 foliations
grey to light pink phyllitic schist
grey phyllite with well-developed S2
sericitic foliation

Appendix 2.3. Location and description of dated samples. No.: sample number, Lat: Latitude,
Lon: Longitude, M: Mesoautochtonous, P: Palouki.
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Chapter 3: Strain localization during burial and exhumation of the continental upper crust

3.1 Introduction
The burial and exhumation of continental rocks in subduction and collision settings has
received significant attention during the last decades. Large-scale analogue and numerical
models have demonstrated, that the relative strength (rheology) of the upper crust, lower
crust, and lithospheric mantle of continental plates in subduction/collision systems
determines where strain localizes and hence controls the geometry of the evolving mountain
belt (Sokoutis and Willingshofer, 2011; Vogt et al., 2017; Vogt et al., 2018). In such settings,
subduction of continental crust is often followed by post-orogenic extension that is one of
the key mechanisms driving the exhumation of deeply buried rocks (e.g. Dewey, 1988;
Gautier and Brun, 1994; Lister et al., 1984; Wernicke, 1981). The onset of extensional
deformation is often explained by a change in slab dynamics from advancing to retreating
(with respect to the upper plate of the subduction system) (Brun and Faccenna, 2008; Brunet
et al., 2000; Le Pichon et al., 1981). The distribution of post-orogenic extension is
substantially influenced by crustal or lithospheric heterogeneities such as weakness zones
inherited from the shortening phase (nappe contacts and suture zones). These weakness zones
are prone to be reactivated as extensional faults and shear zones, and may lead to the
formation of extensional detachments (e.g. Balázs et al., 2017; Daniel et al., 1996; Jolivet et
al., 2010; Patel et al., 1993). Detachments accommodate at least several 10s of kilometers of
displacement and juxtapose high-grade next to low-grade metamorphic rocks (metamorphic
core complexes) (Gautier and Brun, 1994; Reynolds and Spencer, 1985; Wernicke, 1981).
The mechanics of detachment faulting and thus the localized mode of post-orogenic
extension have been studied extensively (e.g. Axen et al., 1995; Brun et al., 2018; GarcíaDueñas et al., 1992; Jolivet et al., 2010; Selverstone, 1988), however, less attention have been
paid to regions where extensional deformation never resulted in the formation of a major
detachment, but is distributed over multiple, smaller shear zones. As a consequence,
extensional deformation does not produce easily observable jumps in the metamorphic grade.
Furthermore, the relation between the distribution of contractional deformation during nappe
stacking and the distribution of subsequent extensional deformation remains unexplored,
especially on a smaller, upper crustal scale.
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Figure 3.1. (a) Geological maps of Skiathos (after Ferentinos, 1973) and Skopelos (after Porkoláb
et al., 2019b) highlighting the locations of key outcrops discussed in the text; (b) Magnified detail
of Figure 3.1a; (c) Tectono-stratigraphic column of Skiathos and Skopelos displaying the
approximate outcropping thicknesses of the formations and the tectonic units established prior to
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this study (Ferentinos, 1973; Heinitz and Richter-Heinitz, 1983; Jacobshagen and Wallbrecher,
1984; Matarangas, 1992); (a) Stereographic projection of stretching lineations measured on
Skiathos and Skopelos.

We focus our study on the metasedimentary cover of the Pelagonian thrust sheet
(Internal Hellenides) outcropping on the islands of Skiathos and Skopelos (Figure 3.1).
Different to Rhodopia in the north and the Cyclades in the south, where the extensional style
is of localized core-complex type (Brun and Sokoutis, 2007; Brun and Sokoutis, 2018;
Gautier and Brun, 1994; Jolivet et al., 2010), extension in our study area is distributed over
multiple small-scale (up to a few 10 meters thick) extensional shear zones. We aim to
understand strain localization on the scale of the Pelagonian metasedimentary cover
formations (Late Paleozoic to Paleogene), from the initial stages of shortening, through nappe
stacking, to extensional exhumation. We present detailed structural geological analyses
supplemented by 40Ar/39Ar dating of key shear zones and discuss the kinematics of burial –
exhumation and the importance of mechanical stratigraphy and structural inheritance. We
revise the nature of contacts between different geological units on the islands of Skiathos and
Skopelos, identifying multiple thrusts and normal-sense shear zones that were previously
mapped as stratigraphic contacts (Ferentinos, 1973; Heinitz and Richter-Heinitz, 1983;
Matarangas, 1992). We compare our findings on the conditions of distributed extensional
shearing with type locations of localized, core-complex-style extension to develop the
understanding of post-orogenic extensional strain localization.

3.2 Tectonic and Geological setting
The Aegean is an excellent location for investigating the burial and exhumation of
continental crust, as Cretaceous to Early Paleogene nappe stacking and metamorphism of
continental crust was followed by extensional exhumation starting during the Eocene (Brun
and Sokoutis, 2007; van Hinsbergen and Schmid, 2012; Jolivet and Brun, 2010). This burialexhumation cycle occurred in context of Africa – Europe convergence, which also led to the
closure of the Mesozoic Neotethys ocean and the subduction and accretion of largely upper
crustal continental thrust sheets (Pelagonian, Pindos, Gavrovo-Tripolitza, and Ionian thrust
sheets) derived from the Adria microplate (Brunn et al., 1976; Jacobshagen, 1978; Jolivet
and Brun, 2010; Ricou et al., 1998; Schmid et al., 2019; van Hinsbergen et al., 2005). The
accretion of buoyant material to the upper plate (Rhodopia i.e. Eurasia) triggered the retreat
of the subduction trench resulting in upper plate extension (Brun and Faccenna, 2008).
Following the initiation of slab-rollback, early-stage extension was accommodated by a
major top-SW detachment in Rhodopia (Brun and Sokoutis, 2007; Brun and Sokoutis, 2018;
Dinter and Royden, 1993; Sokoutis et al., 1993), and a top-NE detachment(s) at the Cyclades
(Gautier and Brun, 1994; Jolivet et al., 2010), implying that initial extension was highly
localized in those regions. In Neogene times, the rate of slab rollback substantially
accelerated following the tearing of the Hellenic slab, resulting in a more distributed pattern
of brittle extensional structures related to an increase in mechanical coupling among layers,
throughout the Aegean (Brun et al., 2016; Brun, 1999).
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The Northern Sporades island group is part of the Pelagonian zone in Greece (Aubouin
et al., 1976; Jacobshagen, 1978) and consists of three major islands (Skiathos, Skopelos, and
Alonnisos) that are largely made up by low-grade metasediments (Jacobshagen and
Wallbrecher, 1984). In the Northern Sporades, the Pelagonian zone consists predominantly
of metamorphosed cover sequences and upper crustal rocks that were decoupled from the
subducting lower crust and lithospheric mantle during the collision with Eurasia (e.g. Jolivet
and Brun, 2010; van Hinsbergen et al., 2005). The oldest outcropping formations are
Paleozoic meta-siliciclastics locally intruded by granites, which are overlain by thick (~3 km)
Middle Triassic to Middle Jurassic platform carbonates (dolostones and limestone marbles)
and a much thinner Middle-Late Jurassic deep water sequence (radiolarites and greywackes).
This succession was deposited on the east-facing Pelagonian/Adriatic passive margin (De
Bono, 1998; De Bono et al., 2001; Scherreiks, 2000; Scherreiks et al., 2010) and is
structurally overlain by obducted Middle-Late Jurassic ophiolites and sub-ophiolitic
metasediments that originated in the eastward enclosing Neotethys ocean (Dimo‐Lahitte et
al., 2001; Scherreiks, 2000; Spray et al., 1984). On the Northern Sporades, the ophiolites that
are almost completely eroded (Bortolotti et al., 2013 and references therein; Jacobshagen and
Wallbrecher, 1984), and comprise together with the underlying sub-ophiolitic metasediments
the Eohellenic nappe (Jacobshagen et al., 1978; Jacobshagen and Wallbrecher, 1984) or the
Western-Vardar Ophiolitic unit (Schmid et al., 2019). On Skopelos, the metamafic and
metasedimentary rocks of the Eohellenic nappe are referred to as the “Glossa unit”, which
covers the northern part of the island (Figure 3.1a) (Matarangas, 1992). On Skiathos, the
Glossa unit was not distinguished on the maps of Ferentinos (1973) or Heinitz and RichterHeinitz (1983), and it seems to be largely eroded. The Paleozoic-Mesozoic formations below
the ophiolites were metamorphosed during the Early Cretaceous, probably related to a phase
of continental subduction below the oceanic upper plate (Kilias et al., 2010; Lips et al., 1998;
Lips et al., 1999; Most, 2003; Porkoláb et al., 2019b). Burial was followed by exhumation,
regional erosion, and the deposition of Late Cretaceous-Paleogene sedimentary formations.
On the Northern Sporades, the Late Cretaceous – Paleogene formations comprise the
Mesoautochtonous unit deposited on Triassic and Jurassic rocks, and the Palouki unit, which
was thrust on top of the Mesoautochtonous unit following the deposition of the Upper
Cretaceous - Paleogene flysch (Jacobshagen and Wallbrecher, 1984; Matarangas, 1992)
(Figure 3.1c). These units consist of a transgressive sequence of coarse siliciclastic sediments
which are followed by shallow water carbonates (dominantly rudist-bearing limestones), and
a quartz-rich flysch succession marking the final closure of the Neotethys ocean (Ferentinos,
1973; Jacobshagen and Wallbrecher, 1984; Matarangas, 1992). On Skiathos, Vidakis (1995)
re-interpreted the entire flysch formation as the Eohellenic nappe, however, we consider this
erroneous and use the original classification of Ferentinos (1973). During latest Cretaceous
– Early Paleogene times, all the formations of the Northern Sporades were affected by
tectonic burial leading to greenschist to locally blueschist facies metamorphism, followed by
the erosion of the nappe stack and extensional exhumation (Porkoláb et al., 2019b). In the
following sections we present our results on the strain localization during this phase of burial
and exhumation on the islands of Skiathos and Skopelos.
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3.3 Strain localization and the kinematics of deformation
Our fieldwork included detailed mapping of ductile and brittle structures focusing on
the kinematics of deformation and delineating the main zones of strain localization. Mapping
was based on detailed stratigraphic studies of Skiathos (Ferentinos, 1973; Heinitz and
Richter-Heinitz, 1983) and Skopelos (Matarangas, 1992). Regarding the structural build-up
of Skopelos, we follow the new map of Porkoláb et al. (2019b). We present the results of our
structural mapping in the form of geological maps of the two islands (Figure 3.1),
interpretations of key outcrops (Figures 3.2, 3.3, 3.4, 3.5, 3.6 and 3.7), and cross sections
(Figure 3.10).
The pre-Upper Cretaceous formations of the Northern Sporades (the Paleozoic to
Middle Triassic metaclastics and Upper Triassic platform carbonates of the Pelagonian unit,
and the Glossa unit) preserve structural elements related to an Early Cretaceous tectonometamorphic event. In these rocks, the Late-Cretaceous – Paleogene tectono-metamorphic
event is already D2, while in the Upper Cretaceous – Paleogene lithologies it is the first phase,
D1 (Porkoláb et al., 2019b). In the present study, we only focus on the Late Cretaceous –
Paleogene burial-exhumation cycle which affected all the outcropping formations on
Skiathos and Skopelos. Contraction during tectonic burial and extensional exhumation are
from now on indexed as Db and De, respectively. Regarding the distribution of deformation
in a given rock volume, we use the expressions “localized” and “distributed” always with
respect to the scale of observation. Therefore, what is described as “localized” deformation
on the scale of the islands, may be part of a “distributed” deformation pattern on a larger
scale.
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Figure 3.2. (a) Top-SW reverse-sense shear zone (Kastro shear zone) at Location 1 emplacing
the Upper Cretaceous carbonates on top of the Upper Cretaceous-Paleogene Flysch. Stereographic
projection of structural measurements is included; (b) C’-type shear bands and σ-clasts showing
top-SW sense of shear, pencil for scale; (c) Relation between the tightly folded S0 bedding of the
marble and the newly formed Sb foliation; (d) Plain polarized microscope image of the sample
from Location 1 showing the microscale structure of the marble mylonite. Red lines highlight the
shape-preferred orientation of the calcite crystals (~95% of the rock mass) that is slightly oblique
to the S0 original bedding (white lines). Discontinuous white mica layers (~5% of the rock mass)
follow the S0 bedding.

3.3.1 Contractional structures related to tectonic burial (D b)
All the geological units of the islands are characterized by a penetrative tectonic
foliation (Sb) which is the axial planar cleavage of Fb tight to isoclinal folds. The foliation is
poorly or not developed in the dolomitized parts of the Upper Triassic carbonates, but
especially well-developed in the calcite marble layers (Figures 3.2 and 3.3). Up to a few
hundreds of meters thick calcite marble layers are found in the Upper Triassic part of the
Pelagonian unit, and in the Cenomanian – Turonian part of the Mesoautochtonous unit. Thin
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marble layers are also found in the Glossa unit, which also show well-developed Sb foliation
planes (Figures 3.6 and 3.7b). The Sb foliation in the metaclastic rocks (Paleozoic – Carnian
part of the Pelagonian unit, some parts of the Glossa unit, and the Upper Cretaceous –
Paleogene flysch) is largely defined by recrystallized white micas, chlorite, and occasionally
oriented quartz observed macroscopically and in thin sections. The penetrative foliation
carries a stretching lineation (Lb) which is defined by stretched calcite aggregates in marbles,
and white mica or chlorite in the metaclastic rocks and the metabasalts of the Glossa unit.
The best developed stretching lineations are observed in calcite marbles, while stretching
lineations in the Upper Cretaceous – Paleogene flysch are often poorly developed. The
general trend of stretching lineations is NE-SW on both islands. Lb stretching lineations are
generally associated with top-SW to top-S sense of shear described in detail in section 3.1.1.,
observed on both islands (Figure 3.1). These kinematic directions are typically distributed
over the entire thickness of the strata. Additionally, localized D b deformation was also
observed in a few, 5-15 m thick shear zones showing a mylonitic foliation, well-developed
stretching lineations, and more intense shear fabric compared to the ductile strain recorded
outside of these zones. At such shear zones, the Cenomanian – Turonian marbles are found
on top of the Late Cretaceous – Paleogene flysch unit, or Upper Triassic Pelagonian
carbonates on top of the Upper Cretaceous carbonates or flysch of the Mesoautochtonous
unit (Figure 3.1). Such relationships are observed on both islands at multiple locations,
providing the clearest marker for post-Upper Cretaceous thrusting on the Northern Sporades
(Figure 3.1).
3.3.1.1 Key outcrops
On Skiathos, the Cenomanian – Santonian carbonates of the Mesoautochtonous unit are
in many cases found on top of the younger flysch formation (Figure 3.1a). Previous works
focusing on lithological mapping defined these as stratigraphic contacts (Ferentinos, 1973;
Heinitz and Richter-Heinitz, 1983), not explaining the structural position of the formations.
Location 1 (Kastro shear zone) (Figure 3.2a) provides the best exposed section to study
this relationship at the historical village of Kastro. The village is built on a cliff made up by
the Cenomanian – Santonian carbonates which dip 30-45° to the NE. The flysch (dark grey
to brown quartz-rich metasandstones, slates, and phyllites) is outcropping below the
carbonates, with an identical orientation. The carbonates show an alternation of well-foliated
and massive parts (Figure 3.2a), while the flysch carries a moderately developed main
foliation (Sb) subparallel with the S0 compositional layering (bedding), and a weakly
developed NE-plunging stretching lineation. The two formations are separated by 5-10 m
thick zone with a very closely spaced mylonitic foliation and intense stretching lineations.
The mylonitic foliation is NE dipping and carries a down-dip stretching lineation. Both
structural elements are similarly oriented as the weakly or moderately developed S b and Lb
in the flysch below, indicating that the tectonic transport along the shear zone was subparallel
to the orientation of the S0 sedimentary foliation. The shear zone consists of nearly pure
calcite marble with minor amount (estimated as < 5% based on the thin section) of finegrained white micas found in discontinuous layers along the S0 bedding (Figure 3.2d). The
original bedding is preserved, suggesting that the protolith of the marble mylonite was a wellbedded rather than a massive limestone (Figure 3.2a). Shape-preferred orientation of the
calcite crystals attesting to dynamic recrystallization defines the Sb foliation that makes a
small (10-20°) angle to the S0 bedding and defines a SW-ward structural vergence (Figure
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3.2d). This agrees with asymmetric boudinage and σ-clasts showing top-SW sense of shear
(Figure 3.2b). A similar zone of very well-foliated marble was identified higher up in the
outcrop (Figure 3.2a). The shear zones are cut by two northerly-dipping normal faults which
belong to a later phase of extension. The same top-SW shear zone (Figure 3.2a) can be
followed from Location 1 towards the South, outcropping at the base of the carbonate hilltops
(Figure 3.1a).

Figure 3.3. Key outcrops displaying reverse-sense shear zones. For locations see Figure 3.1; (a)
Folded nappe contact at Location 2 between the Upper Cretaceous carbonates and the Upper
Cretaceous-Paleogene Flysch; (b) Aerial view (photo from tripinview.com) of a reverse-sense
shear zone at Location 4 emplacing the Upper Triassic carbonates on top of the Upper CretaceousPaleogene Flysch.

A similar relationship between the same units is found on the island of Skopelos, at
Location 2 (Figures 3.1b and 3.3a). This contact was previously mapped as a stratigraphic
contact (Matarangas, 1992), but has recently been identified as a thrust emplacing the
carbonates on top of the flysch (Porkoláb et al., 2019b). However, the contact and the key
structural elements are difficult to analyze and measure, since it has been overprinted by
younger deformation phases as shown by the folded, irregular, and brecciated nature of the
outcrop (Figure 3.3a) and the different structural elements cutting through nearby (Figure
3.1b). Both the carbonates and the flysch have a well-developed Sb tectonic foliation,
implying that at least one stage of thrusting took place under ductile conditions. To delineate
the main structure, detailed mapping of the area was performed, showing that the thrust is
dipping in a northerly direction, making a highly curved intersection with the topography
(Figures 3.1b and 3.3a). The orientation of the thrust and the S0-Sb composite foliation in the
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surrounding outcrops point to a low-angle thrust geometry (Figures 3.1b and 3.3a). The
carbonates are characterized by a well-developed tectonic foliation and stretching lineation.
However, the Lb stretching lineations that belong to the thrusting have been overprinted by
Le stretching lineations, which locally trend E-W and are associated with top-E sense of shear
(Figure 3.1b). The general orientation of the thrust and the foliation (N-dipping) in the
surrounding rocks, and the frequently observed top-S shearing in the Mesoautochtonous unit
on Skopelos (Figure 3.1) suggests that the original Db transport direction at Location 2 was
similar to Location 1 on Skiathos, top-S or SW.
Location 3 and 4 on Skiathos exhibit a contact where Upper Triassic carbonates of the
Pelagonian unit are lying on top of the Mesoautochtonous unit; in case of Location 3 on the
Cenomanian-Santonian carbonates, while in case of Location 4 on the Upper CretaceousPaleogene flysch (Figure 3.1a). At Location 3, Upper Triassic dolomite boulders are found
on top of the hill. The dolomites overlie a zone of 5-10 m thick calcite marble with a very
closely spaced mylonitic foliation (Sb) that is dipping ~30° to the NE. The mylonitic foliation
carries a well-developed N-S trending stretching lineation associated with top-S sense of
shear based on asymmetric calcite aggregates and C’ shear bands. The marble mylonites
overlie the Upper Cretaceous rudist-bearing carbonates with a less intense S0-b foliation that
has the same, NE-dipping orientation as the mylonites above. The marble mylonites clearly
define a shear zone of highly localized strain during top-S ductile thrusting (Db), similarly to
Location 1.
The shear zone is difficult to follow towards the NE due to vegetation and steep
topography; however, it crops out on the shoreline cliffs at Location 4 (Figures 3.1a and
3.3b). Here the footwall unit of the ductile thrust is the Upper Cretaceous – Paleogene flysch,
which directly overlies the Upper Triassic carbonates with an erosional unconformity (Figure
3.3b). The shear zone is delineated by a very well-foliated part below the massive Upper
Triassic carbonates in the hangingwall. The white color of the well-foliated part implies that
most of the ductile strain localized in carbonate material similarly to Location 1 or Location
3. The shear zone is subparallel with the main foliation of the outcrop (Figure 3.3b).
3.3.2 Extensional structures related to exhumation (D e)
Structures that are related to Top-S to SW ductile thrusting and distributed shearing
accommodated tectonic burial (Db) and are often pervasively overprinted by structures
related to the extensional exhumation of the rocks from ductile to brittle conditions (De).
Ductile De shearing did in most cases not lead to the formation of a separate S e foliation.
Instead, shearing occurred parallel to the already existing Sb foliation planes, resulting in the
deformation of the Sb foliation (Figures 3.4, 3.5, 3.6, and 3.7). Le stretching lineations trend
on average NE-SW (Figure 3.1) and are defined by the same minerals as Lb such as chlorite,
white micas, calcite, and quartz. Therefore, Lb and Le only differ on the sense of shear, which
is generally top-NE in case of De and top SW for Db, respectively (Figure 3.1). Top-NE
ductile shearing was observed in numerous outcrops on Skopelos and Skiathos (Figure 3.1a)
and is not restricted to shear zones, attesting to a distributed mode of deformation during D e
phase. Zones of localized De strain (i.e. ~ top-NE shear zones) showing a transition from
ductile to brittle shearing have been mapped as well and are presented in details in the
following section. In zones of localized De shear, the meta-basalts of the Glossa unit and
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occasionally the Upper Cretaceous – Paleogene flysch formation are heavily chloritized
(Figures 3.7b and c). Strain localization was observed at several inherited reverse-sense shear
zones (Figures 3.6b and 3.7a) and stratigraphic contacts (Figures 3.4, 3.5, 3.6c, and 3.6d). De
shear zones are parallel/subparallel with the S0-b composite foliation and therefore do not cut
out major parts of the stratigraphy. Differences in the metamorphic grade between the
footwall and hangingwall of De shear zones were also not observed. Ductile top-NE shearing
was followed by asymmetric, semi-brittle to brittle, northerly dipping normal faulting
observed in many outcrops, providing clear evidence for the extensional nature of top-NE
shearing and the gradual change in the deformation conditions from ductile to brittle (Figures
3.4, 3.5, 3.6, and 3.7c-e). These northerly dipping normal faults are often tilted and link to
pre-existing, ductile to brittle, normal-sense shear zones with similar kinematics (Figures 3.4
and 3.5). Asymmetric (northerly dipping) normal faulting was followed by more symmetric
normal faulting (northerly and southerly dipping) as shown by our dataset of mesoscale
normal faults measured on both islands (Figure 3.8). Two main sets of normal faults can be
delineated with no clear overprinting relations between them; one trending NE-SW, and the
other trending NW-SE (Figure 3.8). The major normal faults (with at least a few tens of
meters of displacement, e.g. on Figure 3.5a) have been mapped and are presented on Figure
3.1, showing that the majority of map-scale normal faults are trending ~ NW-SE (Figure 3.1).
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Figure 3.4. (a) Top-NNE extensional shear zone at Location 5 activating the stratigraphic contact
between the Upper Cretaceous carbonates in the footwall and the Upper Cretaceous-Paleogene
Flysch in the hangingwall. Details of the shear zone are highlighted in the subfigures; (b) TopNNE semi-brittle shear bands at the contact of the two formations, notebook for scale; (c) NWdipping, low-angle normal fault, hammer for scale; (d) NW-dipping normal fault with semi-brittle
asymmetric folds in the hangingwall; (e) Plain polarized microscope image of the sample from
Location 5 showing a single tectonic foliation that is subparallel to the S 0 bedding. Sedimentary
features such as the inverse grading of quartz grains are still visible. The asymmetric top-NNE
fold also observed in the outcrop (Figure 3.3) did not develop an axial planar cleavage supporting
the idea of semi-brittle to brittle flexural folding; (f) Ductile top-NNE shear band in the mylonitic
contact zone, hammer for scale; (g) Recumbent box-fold in the hangingwall of the shear zone,
Dimitrios for scale; (h) Strong stretching lineation in the footwall marble; (i) Stereographic
projections of structural elements measured in the outcrop.
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3.3.2.1 Key outcrops
Location 5 (Skiathos town shear zone) at Skiathos city, provides an excellent section to
study strain localization during De deformation phase. The lower part of the outcrop consists
of Upper Cretaceous calcite marbles, which are overlain by the Upper Cretaceous –
Paleogene flysch formation (Figure 3.4a). The contact is low-angle, on average dipping ~ 10°
to the North. Close to the contact, the marbles exhibit a closely spaced, subhorizontal
mylonitic foliation and an intensely developed stretching lineation trending NNE-SSW
(Figures 3.4h and i). The flysch above is also well-foliated, and consists of quartz-rich, finegrained metasandstone intercalated with some mica-rich layers. Sericites define the foliation
and also the NNE-SSW oriented stretching lineation. Both in the carbonates and the flysch,
only one main tectonic foliation is found (Sb-Se composite foliation) which is subparallel with
the original S0 bedding. The flysch shows an intensely sheared fabric which is best developed
close to the contact towards the carbonates. We identified two sets of C-type shear bands;
one which rotates the foliation without cutting through the foliation planes, thus attesting to
deformation by ductile creep (Figure 3.4f), and one which not only drags, but clearly cuts the
foliation planes in a brittle manner associated with thin fault gouges or fine-grained breccias
along the shear planes (Figure 3.4b). Both types of shear bands document the same top-NNE
kinematics, providing evidence for perseverant kinematics of the shear zone under decreasing
temperature conditions.
The flysch also shows a large number of asymmetric, close to tight folds, which have a
consistent top-NNE vergence (Figures 3.4a, d, e, and g) and are not developed in the
carbonates below. These folds do not have an axial planar cleavage, implying that
metamorphic conditions at the stage of folding were probably not high enough to induce
ductile creep in the quartz-rich layers (Figure 3.4e). Most of these small asymmetric folds
are parasitic to a large, recumbent, box-type fold structure which probably formed by flexural
slip along the foliation planes of the flysch (Figure 3.4g). The folds are cut by numerous
small-scale normal faults that have <1m displacement (Figure 3.1a) and consistently dip
towards the NNW (Figures 3.4a, c, and d). This represents a continuous record of northward
displacement in the shear zone including stages of ductile shearing, semi-brittle shearing and
folding, and normal faulting related to extensional exhumation of the rocks. The normal faults
are moderately inclined (30-40°) suggesting that the rotation of the shear zone took place
during or after its main activity. The shear zone clearly localized at the original stratigraphic
contact between the carbonates and the flysch. The carbonates seem to accommodate large
amount of ductile strain showing more intense stretching lineation and mylonitic foliation;
while semi-brittle and brittle strain is more localized in the metaclastic flysch formation.
Figure 3.3a shows that the normal faults do not cut through the contact between the marbles
and the flysch, instead they join and reactivate the contact between the two formations which
was previously sheared in a ductile manner.
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Figure 3.5. Top-NE to E extensional shear zone at Location 6 activating the stratigraphic contact
between the Upper Cretaceous carbonates and the Upper Cretaceous-Paleogene Flysch. (a) Aerial
view (photo from tripinview.com) of the shear zone and its surroundings; (b) Well-developed
stretching lineation; (c) A network of flat, NE-dipping normal faults that link to the shear zone
below; (d) Non-cylindrical (sheath) fold with fold axes subparallel with the stretching lineations;
(e) Top-NE C-S type shear bands overprinting previously formed isoclinal folds in the shear zone;
(f) Stereographic projections of structural elements measured in the outcrop.
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Location 6 on Skopelos (Figure 3.5) provides a section that is very similar to Location
5 on Skiathos; it also exhibits Upper Cretaceous carbonates overlain by the Upper Cretaceous
– Paleogene flysch formation, with an intensely deformed stratigraphic contact in between
(Figure 3.5). The Upper Cretaceous marble and the carbonate-rich layers of the flysch show
a well-developed mylonitic foliation (Sb-Se composite foliation) and stretching lineations
(Figure 3.5b). The stretching lineations trend ESE-WNW to NE-SW (Figure 3.5f) and are
associated with top-ESE to NE sense of shear evidenced by C-type shear bands (Figure 3.5e).
Top-ESE to NE shear bands consistently overprint previously formed isoclinal folds (Figure
3.5e), but are associated with the formation of non-cylindrical folds (sheath folds) trending
subparallel with the stretching lineations (Figure 3.5d). The mylonitic foliation and the sheath
folds are restricted to the shear zone which is 10-15 meters thick. The ductile shear structures
have been overprinted by a series of NE-dipping normal faults that joined the main shear
zone and reactivated it in a brittle manner (Figures 3.5a and c). Some of the normal faults are
low-angle, probably attesting to the rotation of the shear zone, while some of them are close
to the ideal 60° probably related to a later, post-tilt phase of normal faulting (Figure 3.5a).
Similarly, to Location 5, this outcrop provides an example for the progressive extensional
exhumation of the rocks from ductile shearing to asymmetric normal faulting.

Figure 3.6. Extensional strain localization in the Glossa unit, on Skopelos; (a) Schematic tectonostratigraphic column of the Glossa unit, highlighting the position of extensional shear zones and
key outcrops; (b) Extensional reactivation of the Early Cretaceous nappe contact between the
Pelagonian and Glossa units by top-NE shearing and normal faulting, modified after Porkoláb et
al. (2019b) (Location 7); (c) Top-NNE ductile to brittle extensional shear zone between the
metaclastic and marble formations of the Glossa unit (Location 9); (d) top-NE shear zone between
the mixed metabasalt-marble and the metaclastic formations of the Glossa unit (Location 8).
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The Glossa unit on Skopelos displays further examples of extensional strain localization
(Figure 3.6). Figure 3.6a shows that the entire Glossa unit was affected by distributed topNE shearing, while localized top-NE shearing occurred along 1) the inherited Early
Cretaceous nappe contact between the Pelagonian and the Glossa units (Figure 3.6b, Location
7, discussed in Porkoláb et al. (2019b)); 2); the contact between the marbles/metabasalts and
the metaclastics (Figure 3.6d, Location 8); and 3) the contact between the metaclastic and
marble formations (Figure 3.6c, Location 9). Location 7 is an outcrop of a 10-15 m thick
shear zone separating the Pelagonian and Glossa units, displaying mylonitic foliation, NESW trending stretching lineations, top-NE C-type shear bands, and large amount of secondary
quartz overgrowth near the main movement zone. The ductile shear zone shows a brittle
overprint that does not precisely reactivate the ductile shear zone as a low-angle normal fault,
but largely cuts through it with steeper normal faults (Figure 3.6b). Location 8 shows a topNE shear zone between the mixed marbles-metabasalts and the metaclastics of the Glossa
unit (Figure 3.6d). The calcite-rich footwall rocks have an extremely fine mylonitic foliation
and very well-developed NE-SW trending stretching lineations, while the quartz-rich
hangingwall shows strong folding and quartz precipitation. Both C and C’-type shear bands
were observed, the C’-types showing a transition from ductile (curving the foliation planes)
to brittle (cutting the foliation planes) style of deformation. Location 9 displays a ductile to
brittle shear zone separating the marbles and metaclastics of the Glossa unit (Figure 3.6c).
Both rock types were strongly sheared and display intense NNE-SSW trending stretching
lineations, associated with top-NE C’-type shear bands. The shear zone was reactivated as a
brittle, low-angle normal fault as evidenced by cataclastic bands and local brecciaction of the
metaclastic rocks. The C’-type ductile shear bands have the same orientation as the
overprinting brittle Riedel-planes (Figure 3.6b). The foliation planes are cut by the main slip
surface at the steeper fault segments, showing that the shear zone was not entirely layerparallel in the brittle stage.
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Figure 3.7. Examples of top-NE to E extensional shearing; (a) Top-NE C’ shear bands at Location
10 showing the reactivation of a top-SW nappe contact that previously emplaced the Upper
Cretaceous carbonates on top of the Upper Cretaceous-Paleogene Flysch; (b) Well-developed topE C’ shear bands in the mafic metavolcanics in contact with marbles of the Glossa unit at Location
14. The dark green color of the metavolcanic rock is related to strong chloritization; (c) Top-NE
C-S shear bands in the metavolcanics of the Glossa unit at Location 12. The green bands in the
rock are heavily chloritized; (d) top-NE normal faults in the same outcrop (Location 12) showing
to continuity of tectonic transport through the cooling (exhumation) of the rocks; (e) Stereographic
projections of structural elements measured at Location 12.

Locations 10 and 11 on Skiathos are located just above the top-SW ductile thrust that
emplaced the Upper Cretaceous carbonates on the of the Upper Cretaceous – Paleogene
flysch (Figure 3.1a). The outcrops exhibit a shear zone at the base of the marbles with a
mylonitic foliation, NE-SW trending stretching lineations, and SW-verging S0-Sb relations,
confirming that we find here the southward continuation of the shear zone at Location 1
(Figure 3.2). However, both Locations 10 and 11 show the dominance of opposite, top-NE
shear sense indicators within the marble mylonites (Figure 3.7a). This implies, that top-NE
shearing localized at the pre-existing top-SW shear zone, which was consequently reactivated
in an opposite sense.
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Figure 3.8. Azimuth and dip rose diagram of small-scale (up to several meters of displacement)
normal faults measured (a) on Skiathos; and (b) on Skopelos.

3.4 40Ar/39Ar dating of key shear zones
We performed 40Ar/39Ar dating of white micas from two key shear zones at Location 1
and Location 5 (Figures 3.2 and 3.4, respectively) in order to constrain the timing of shear
zone activity. It has been demonstrated on the island of Skopelos that resetting of the white
mica Ar-system in the greenschist facies rocks of the Northern Sporades was achieved by
deformation-induced crystallization of the foliation rather than thermally activated diffusion,
thus the produced ages can be treated as time constraints for the deformation events (Porkoláb
et al., 2019b).
In case of Location 1, we sampled the marble mylonites which constitute the shear zone
between the Upper Cretaceous carbonates and the Flysch formation below (Figure 3.2). The
marble consists of >95% calcite, but contains minor amount of fine-grained white micas
(sericite) (Figure 3.9a) which were separated in the grain size range of 100-250 µm for the
dating, using a Faul vibrating table.
In case of Location 5 (Figure 3.4), we sampled the flysch formation which contained
sufficient amount of sericite along the foliation planes (Figure 3.9b). The individual sericite
crystals were too small to be separated, so we used ground mass separates (250-500 µm)
following the methodology of Pascual et al. (2013) and Porkoláb et al. (2019b).
The samples were packed in aluminium foil packages and stacked in an aluminium tube
that was irradiated for 18 hours in the CLICIT facility of the Oregon State University TRIGA
Reactor. For both irradiations the neutron flux was monitored by standard bracketing with
the DRA sanidine standard with an age of 25.52± 0.08 Ma, modified from Wijbrans et al.
(1995) to be consistent with Kuiper et al. (2008). The step heating experiments were carried
out in the Vrije University Amsterdam argon geochronology laboratory with 25 W CO 2 laser
heating samples loaded on Cu-trays. The sample holder was connected to a three-stage
extraction line and a quadrupole mass spectrometer (Schneider et al., 2009). Data was
reduced in ArArCalc 2.50 (Koppers, 2002). Procedure blanks were monitored and diluted air
shots were measured in the sequence to track mass discrimination.
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3.4.1 Activity of the Kastro shear zone (Location 1): 40Ar/39Ar age spectra
The dated sample from the Kastro shear zone (Location 1) was taken from the marble
mylonites that contain ~ 5% white micas. The thin section displays evidences for deformation
by dislocation creep such as sutured grain boundaries, shape preferred orientation, and
undulatory extinction (Figure 3.9a). The dynamically recrystallized calcite crystals went
through grain size reduction during mylonitization as shown by the dominance of ~ 100µm
grain size and minor amount of remaining larger grains. Figure 3.9c shows the age spectra of
the white micas separated from the sample. The majority of the heating steps define a
dominant ~55 Ma age, while the three early steps show a staircase shape going down to 3540 Ma (Figure 3.9c). Since the resetting of the Ar-system was achieved by deformationinduced crystallization of the white micas during the development of the foliation, we can
interpret the ~55 Ma resetting as the main fabric forming event in the shear zone, which was
related to the top-SW ductile thrusting. The three-younger steps in the staircase either suggest
an overprinting event around 35-40 Ma, or alternatively gradual Ar-loss between ~55 Ma and
35-40 Ma. From a structural geological point of view, continuous deformation and thus
foliation development for 20 Myrs is unlikely, therefore we suggest that the 35-40 Ma
represents reactivation of the top SW shear zone, which has partially reset the Ar-system of
the white micas. This view is in line with our field observations, which show top-NE normal
sense reactivation of the shear zone (Figure 3.7a).

Figure 3.9. Results of 40Ar/39Ar step heating experiments and microstructural characterization of
the dated samples. For locations see Figure 1; (a) Cross polarized image of the sample from
Location 1 showing sutured grain boundaries in calcite attesting to deformation by dislocation
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creep and the presence of white mica flakes that were separated for dating; (b) Cross polarized
image of the sample from Location 5. The sample largely consists of dynamically recrystallized
quartz (~ 90%) and fine-grained white mica crystals. The top-SSW shear criteria presumably
attesting to the tectonic burial of the rocks was not observed in the outcrop, which only exhibits
top-NNE shear criteria related to extension (Figure 3.4); (c) Age spectra of the sample from
Location 1. (d) Age spectra of the sample from Location 5. The horizontal axes show the
cumulative 39Ar released during the step heating, while vertical axes show the age of Ar‐loss.

3.4.2 Activity of the Skiathos town shear zone: 40Ar/39Ar age spectra
Figure 3.9d shows the age spectra of the ground mass separates from the UpperCretaceous – Paleogene flysch at Location 5 (Skiathos town, Figure 3.4). The spectra reveal
multiple elements of the history of white micas in the sample. The last heating step yielded
an age of ~ 110 Ma, the previous four steps are in between 55 and 65 Ma, while the last 9
steps define a prominent staircase-shaped spectra ranging from 50 to 30 Ma. The last heating
step yielding the oldest age clearly shows that detrital white micas are still present in the
flysch, which has also been reported from Skopelos (Porkoláb et al., 2019b). The presence
of this detrital age confirms that the micas have not been reset by thermal diffusion under
greenschist facies conditions, and that not all white micas are reset when the tectonic foliation
developed in the rock. The previous four heating steps show ages between 55 and 65 Ma,
probably attesting to the same burial-related fabric-forming event that is more dominant in
the sample from the Kastro shear zone. This interpretation is supported by microstructural
analysis of the dated sample: Figure 3.9b shows that our sample preserves inherited structures
that were presumably related to burial and associated top-SW shearing and foliationdevelopment, which was not observed in the outcrop (Figure 3.4). The 55-65 Ma steps are
preceded by 9 steps defining a staircase-pattern, which ranges from ~50 Ma to 30-35 Ma
defining a similar young overprinting event as in case of Location 1, yet it seems to be more
significant in this sample. The strong overprint is in very good agreement with our
observations regarding the top-NNE extensional shearing at Location 5 which gradually
shifted to normal faulting (Figure 3.4). We suggest that the rocks at Location 5 first developed
a tectonic foliation during the top-SW burial of the rocks around 55-60 Ma, which was
strongly overprinted by top-NE shearing around 30-35 Ma during the extensional exhumation
of the rocks.

3.5 Discussion
3.5.1 Implications for the nappe structure of the Northern Sporades
Our field observations led to a substantial revision regarding the tectono-stratigraphy of
Skiathos and Skopelos. In case of Skopelos, we use the published map of Porkoláb et al.
(2019b), but we highlight different structural elements that have not been discussed before,
and present a new, smaller scale cross section (Figure 3.10b).
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In earlier studies, no structures related to post-Cretaceous shortening have been reported
from Skiathos. Our field results, maps and cross sections (Figures 3.1 and 3.9), however,
show that both Skiathos and Skopelos exhibit several reverse-sense shear zones, which
produce repetitions in the upper parts of the stratigraphy. These repetitions were either not
observed, or incorrectly interpreted as stratigraphic contacts by previous works on Skiathos
(Ferentinos, 1973; Heinitz and Richter-Heinitz, 1983) or Skopelos. On Skiathos, these are 1)
the top-SW shear zones outcropping at Locations 1 and 8 that emplaces the Upper Cretaceous
carbonates on top of the flysch; and 2) the top-SSW shear zone outcropping at Location 3
and 4 that emplaces the Upper Triassic carbonates on top of the Upper Cretaceous carbonates
or the flysch formation. On Skopelos, these are 1) the N-dipping thrust outcropping at
Location 2 that emplaces the Upper Cretaceous carbonates on top of the flysch; and 2) a Sdipping backthrust at Location 10 that similarly emplaces the Upper Cretaceous carbonates
on top of the flysch (Figures 3.1 and 3.9).

Figure 3.10. Cross sections from (a) Skiathos; and (b) Skopelos. For map-view traces of the cross
sections see Figure 3.1.

These structures are all low-angle (<30°) and produced a tectonic transport that was
subparallel with the S0 bedding in the formations (Figure 3.10). Most of the ductile strain was
localized in the relatively weak parts of the carbonate formations (Upper Triassic and Upper
Cretaceous) that show a well-developed mylonitic foliation and stretching lineation as
opposed to the surrounding massive carbonates (partly dolomites, partly massive calcite
marbles) and siliciclastic formations. The flat-lying, top-SW shear zones produced smallscale nappes (several 100 meters thick) which seem to be rooted in a relatively shallow part
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of the Pelagonian strata: no hangingwall unit older than Upper Triassic was observed along
these thrusts (Figure 3.10). The estimated timing of top-SW thrusting on Skiathos (~ 55 Ma
in this study) is consistent with the findings of Porkoláb et al. (2019b) reporting dominantly
55-65 Ma 40Ar/39Ar white mica fabric ages from Skopelos. Our discovery of the Db shear
zones shows that post-Cretaceous shortening was much more pronounced on Skiathos than
previously thought (Ferentinos, 1973; Heinitz and Richter-Heinitz, 1983).
3.5.2 Geometry of upper crustal shortening: the role of stratigraphy
The Aegean consists of exhumed upper crustal thrust sheets derived from the Adria
microcontinent, while most of the lower crust and lithospheric mantle subducted into the
asthenosphere (Ricou et al., 1998; van Hinsbergen et al., 2005). Decoupling of the upper
crust from the rest of the continental lithosphere in numerical models is explained by a major
weak zone at the base of the upper crust, defined by the compositional difference between
the upper crust and the lower crust (e.g. Vogt et al., 2017). Such models may explain the
formation of an upper crustal nappe stack, but lack resolution to account for strain
localization in multi-layer systems within the upper crust. In this section, we discuss the intraupper crustal strain localization during the collision of Pelagonia with Rhodopia based on our
key observations.
Our observations suggest that weak calcite layers have played a key role in localizing
top-SW shearing following the onset of shortening (Figures 3.2 and 3.3). We have identified
two main decoupling levels that determine the geometry of thrusting; namely the relatively
weak parts of the Upper Cretaceous and the Upper Triassic shallow-water carbonates
(Figures 3.2 and 3.3). In order to understand the stratigraphic control on the thrusting
geometries, we discuss the rheology of the initial, pre-shortening (~ 70 Ma) lithological
succession of the Pelagonian upper crust (Figures 3.11a and b). Our simplified lithological
succession consists of (from top to bottom): 1) Upper Cretaceous – Paleogene flysch which
is predominantly quartz-rich sandstone; 2) Upper Cretaceous shallow water carbonates
containing both massive and layered (weaker) limestones; 3) Ophiolites (mafics and
ultramafics) that are partially or completely eroded depending on the exact location, subophiolitic metasediments, siliciclastic sediments of the Albian transgressive sequence; 4)
Jurassic and Upper Triassic shallow water carbonates containing both massive, dolomitic,
and weaker, layered calcite limestones; 5) Pre-Middle Triassic clastic metasediments and
continental crystalline basement rocks.
The observed strain gradients (strain localization in the weak carbonates) suggest that
certain parts of the shallow-water carbonates are significantly weaker under low-grade
metamorphic conditions than the quartz-rich formations like the Upper Cretaceous –
Paleogene flysch. Calcite flow laws based on the assumption that dislocation climb
mechanism controls the ductile creep of calcite do not predict such strength differences
compared to quartzite flow laws (e.g. Koch et al., 1989; Ranalli, 1995; Schmid et al., 1980).
In contrary, a flow law based on the dislocation cross slip mechanism of calcite marbles by
De Bresser (2002) predicts creep behavior for calcite layers already at the depth of several
kilometers (depending on the geotherm and stress state), resulting in higher predicted strain
rates (i.e. strain localization) for calcite layers then for wet quartzites.
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We show a simplified strength profile of the top 15 km of the crust considering two
calcite layers within the Upper Cretaceous and Upper Triassic carbonate formations which
behave according to the cross slip flow law (De Bresser, 2002). All other layers are assumed
to behave according to a wet quartzite rheology (Koch et al., 1989) (Figure 3.11b). Our
calculations show, that the two calcite layers are substantially weaker than the surrounding
rocks due to the difference in deformation mechanism (ductile creep for the calcite, brittle
failure for the wet quartzite). Consequently, the localization of deformation in the calcite
layers is predicted for the shallow upper crust, showing a good fit with our observations
(Figures 3.2 and 3.3). Ductile creep in the wet quartzite initiates at the depth of 9-10 km, and
around the depth of 13-14 km, the strength of the calcite layers and the wet quartzite become
comparable, predicting a more distributed style of deformation. On the scale of the crust, the
base of the upper crust (between 15 and 20 km) is still predicted to be the most important
weak layer being responsible for the decoupling of the upper crust from the rest of the
lithosphere. However, the two weak calcite layers define significant, shallow decoupling
horizons, where intra-upper crustal shortening would localize (Figure 3.11a and b). The three
main ductile shear zones are connected by ductile (below ~10 km) or brittle (above ~10 km)
thrust segments, resulting in a ductile flat-brittle ramp type of thrusting geometry (Figure
3.11a).

72

Chapter 3: Strain localization during burial and exhumation of the continental upper crust

Figure 3.11. Schematic evolutionary model of the Pelagonian upper crust from ~70 to ~35 Ma;
(a) Simplified lithological model of the Pelagonian upper crust prior to nappe stacking. The
thicknesses of the formations correspond to regional values taken from the literature. The
stratigraphic thickness of the flysch formation is difficult to estimate as it is eroded and structurally
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disrupted to thin slices (e.g. Clift and Robertson, 1989; Sharp and Robertson, 2006; present study),
but when it is preserved, it can reach a thickness of a few kilometers (Toljić et al., 2018); (b)
Strength profile calculated for the uppermost 15 km of the crust assuming an average continental
geotherm (corresponding to 65mW/m^2 surface heat flow) and a strain rate of 10^-14 1/s. Two
calcite layers are taken into account that follow the calcite cross slip flow law by de De Bresser
(2002). The rest of the upper crust is approximated with a wet quartzite rheology (Koch et al.,
1989); (c) Top-SW nappe stacking at ~55 Ma. The equivalents of our key observations regarding
the emplacement of Upper Cretaceous and Upper Triassic carbonates on top of younger
formations (Locations 1, 2 and 3, 4) are highlighted by orange and white stars, respectively; (d)
Top-NE extensional inversion of the nappe stack at ~ 35 Ma. The equivalents of our key
observations regarding the localized shearing at stratigraphic contacts (Figures 3.4 and 3.5), the
reactivation of top-SW marble mylonite shear zones (Figure 3.7a), and the reactivation of an Early
Cretaceous nappe contact are highlighted by orange, white, and purple stars, respectively.

Figure 3.11b shows our schematic interpretation of intra-upper crustal thrusting at ~ 55
Ma. By that time, all the formations reached greenschist facies metamorphic conditions
(Porkoláb et al., 2019b, this study). Imbrication of the upper crust took place by top-SW
thrusting, subparallel to the S0 bedding in the rocks, coeval to the development of the
pervasive Sb tectonic foliation. The presence of two shallow decoupling levels resulted in the
formation of thin nappes that are rooted in the upper parts of the original stratigraphy (Figure
3.11b).
Our timing constraints with respect to top-SW thrusting and related fabric forming (~
55 Ma) are consistent with geochronological results from the surrounding regions (Lips et
al., 1998; Lips et al., 1999; Most, 2003; Porkoláb et al., 2019b; Schermer et al., 1990) and
confirm large-scale models that the Pelagonian upper crust accreted to the Eurasian upper
plate during early Paleogene times by top-SW thrusting (Brun and Faccenna, 2008; Jolivet
and Brun, 2010). Following its accretion, the Pelagonian thrust sheet was emplaced on top
of the more external Hellenic units (Figure 3.11b and c), namely the Pindos, GavrovoTripolitza, and Ionian upper crustal thrust sheets, which also accreted to the upper plate oneby one, between ~45 and ~30 Ma (Jolivet and Brun, 2010; Schmid et al., 2019; van
Hinsbergen et al., 2005). The accretion of crustal units to the upper plate triggered the
southward retreat of the subduction trench, which has been driving extension in the Aegean
since ~ 40 Ma (Bonev et al., 2013; Brun and Faccenna, 2008; Brun et al., 2016; Brun and
Sokoutis, 2007; Rohrmeier et al., 2013). The exhumation of the metamorphosed continental
nappes is generally attributed to extension, and the role of erosion in the unroofing of the
nappe stack is yet to be explored. The proper estimation of the time distribution and the
amount of eroded material from the Northern Sporades is presently hindered by the poor
quality of available seismic lines and the lack of borehole data in the North Aegean Trough
(Beniest et al., 2016).
3.5.3 Strain localization during extensional exhumation
3.5.3.1. Geometry and evolution of extensional shear zones
The top-SW nappe stacking was overprinted by opposite sense, on average top-NE,
greenschist facies shearing, which we relate to the extension of the Pelagonian nappe stack.
The tectonic foliation developed during the burial of the rocks (~ 55 Ma) was deformed and
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partially recrystallized during extension (~ 30 - 35 Ma according to the overprinting of the
white mica Ar-system). We note that no separate extensional foliation cross-cutting Sb was
observed. Most outcrops on both islands display small increments of layer –parallel ~ topNE shearing (Figure 3.7c) implying that the entire thickness of the strata was affected by
distributed ductile shearing. Additionally, several sections show localized, ductile to brittle,
top-NE shearing on the scale of the islands (Figures 3.4, 3.5, and 3.6). These extensional
shear zones are parallel/subparallel with the pre-existing S0-Sb foliation, up to 15 meters
thick, and do not produce an observable difference in the metamorphic grade between the
footwall and hangingwall units, attesting to relatively minor displacements (probably up to a
few hundreds of meters). Our observations suggest that both stratigraphic and tectonic
(thrust) contacts were oriented favorably (dipping to N-NE) to enhance extensional
reactivation of these structures (Figure 3.11d). Top-SW imbrication developed a dense
network of N-NE dipping weak zones (thrust or sheared stratigraphic contacts) which
resulted in a characteristic, distributed extensional shearing pattern using multiple small shear
zones rather than localization along a single, major detachment (Figure 3.11d). These shear
zones show evidences of progressive deformation starting under ductile and continuing under
brittle conditions (Figures 3.4, 3.5, and 3.6). We interpret these observations as the gradual
extensional exhumation of the rocks starting with top-NE ductile shearing, continuing with
transitional shearing, semi-brittle folding, and finishing with normal faulting. Alternatively,
the embrittlement of the shear zones due to increasing fluid pressure during mylonitization
and mineralization could be envisaged to explain the switch from ductile to brittle shearing
(Selverstone et al., 2012). Normal faults that developed in the same rock volume following
the localized ductile shearing in the rocks typically appear in asymmetric sets dipping the
same way as the shear zones (Figure 3.4 and 3.5). The observation that most of the normal
faults join the shear zones rather than crosscutting them (Figure 3.4 and 5) suggests that the
shear zones remained important decoupling horizons also under brittle conditions and have
been reactivated as low-angle normal faults. The majority of the normal faults are rather lowangle (30-40°), implying that rotation took place during the exhumation of the rocks similar
to large-scale detachment systems in nature (e.g. Lister and Davis, 1989), or in analogue
models (Brun et al., 1994). Alternatively, the formation of low-angle normal faults could be
explained by an inclined rather than vertical sigma 1 orientation (Axen, 2019). The key
characteristics (relatively small, no linkage with each other, showing transition from ductile
to brittle extensional shearing) of the extensional shear zones of Skiathos and Skopelos are
identical to the minidetachments described from the proximity of the Whipple detachment in
California (Axen, 2019; Axen and Selverstone, 1994). In the case of the Whipple detachment,
the linkage of minidetachments at the brittle-ductile transition zone (BDTZ) lead to the
formation of the main structure which eventually accommodated most of the displacement
(Axen, 2019). Many other detachments over the globe show such strain localization at the
BTDZ (e.g. Arca et al., 2010; Martínez‐Martínez and Azañón, 1997; Reynolds and Lister,
1990; Selverstone, 1988), and its mechanics has also been shown plausible by numerical and
analogue experiments (Brun et al., 1994; Tirel et al., 2008). A key condition for detachment
formation at the BDTZ thus is the existence of a favored decoupling level where the normal
faults that cut the brittle upper crust are rooted (Figure 3.12a). In contrast, Skiathos and
Skopelos display multiple decoupling levels defined by the network of N-NE-dipping
heterogeneities (Figure 3.11d) which resulted in multiple similarly sized (5-15m thick) shear
zones, but no linkages between them. A similar case of distributed extension has been
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reported from the Apennines, where the W-dipping thrusts of the nappe stack are partially
reactivated in extension as low-angle normal faults. These structures do not link up with each
other to form a major detachment, and individually accommodate minor amounts of
extension (Keller et al., 1994). Figure 3.12c shows our simple model of such a distributed
style of extension which is accommodated largely by layer-parallel shearing along multiple
horizons (minidetachments), and does not result in the formation of a major detachment due
to the lack of linkages between the small shear zones. We note however, that the amount of
extension applied to the system is certainly crucial. Substantially more extension applied to
the nappe stack of the Northern Sporades would most likely have resulted in the linkage of
the shear zones to form a major detachment, and a related metamorphic core complex.

Figure 3.12. End-members of extensional strain localization; (a) Localization of a detachment at
the Brittle-Ductile Transition Zone (BDTZ); (b) Localization of a detachment at a major inherited
weakness zone (e.g. inherited nappe contact or suture zone); (c) Distribution of extensional
shearing over multiple weak zones (inherited faults with dashed grey lines), with no major
detachment localized due to the lack of linkage between the shear zones.

3.5.3.2 The role of structural inheritance in extensional strain localization: the Aegean
example
The formation of detachments may also occur by the extensional reactivation of major
weakness zones such as nappe contacts; examples have been described from Corsica (Daniel
et al., 1996), from the Himalaya (Patel et al., 1993), and from the Aegean (Jolivet et al.,
2010). Identically to detachment localization at the BDTZ, the normal faults that cut the upper
brittle layer of the crust are rooted in a single detachment which controls the exhumation of
the footwall (Figures 12a and b). Such highly localized extensional patterns have been
described from the more external Hellenic thrust sheets outcropping on the northern Cyclades
(e.g. Jolivet et al., 2010; Lister et al., 1984) and from Rhodopia (e.g. Brun and Sokoutis,
2007; Sokoutis et al., 1993), standing in contrast with the distributed extensional style of
Skiathos and Skopelos.
The Cycladic metamorphic units were exhumed by a top-NE detachment or detachment
system, resulting in discrete jumps in the metamorphic grade between footwall and
hangingwall units, and the exhumation of higher-grade metamorphic rocks compared to the
Northern Sporades. It has been suggested that the localization of the North Cycladic
Detachment was controlled by the major top-SW nappe contact separating the formations of
the Pelagonian (Internal Hellenic) thrust sheet which did not witness Eocene HP-LT
metamorphism from the Pindos/Cycladic blueschist (External Hellenic) units which followed
an Eocene HP-LT and Oligocene-Miocene HT-LP metamorphic path (Jolivet et al., 2010 and
references therein) (Figure 3.11). In contrast, the internal shortening of the Pelagonian thrust
sheet - as observed on Skiathos and Skopelos - was characterized by a more distributed
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thrusting pattern – due to the multiple weak zones in the upper crust - accommodating the
shortening on multiple smaller thrusts, hence not producing one prominent rheological
weakness zone in the crust. Thus, the difference in the magnitude and localization of postorogenic, top-NE, extensional shearing between the northern Cyclades and the Northern
Sporades may originate in the different distribution of the preceding shortening.
In case of Southern Rhodopia, a highly localized, opposite-sense, top-SW extensional
detachment (Kerdylion detachment) controlled the exhumation of a metamorphic core
complex consisting largely of amphibolite facies gneisses, marbles, micaschists, and
migmatites (Brun and Sokoutis, 2007; Brun and Sokoutis, 2018; Dinter and Royden, 1993;
Sokoutis et al., 1993). The reason for the opposite sense of the Kerdylion detachment is yet
to be thoroughly investigated, but a possible explanation has been proposed by Jolivet et al.
(2018). The authors argue, that back-arc basins opened by slab rollback (such as the Aegean)
are subjected to large-scale simple shear induced by the faster trenchward flow of the mantle
below the weak crust of the upper plate. The shearing is becoming more effective as the core
complexes evolve due to the increasing area affected by the basal drag, and might result in a
temporal switch between dominant detachment kinematics; from top-SW (Rhodopia) to topNE (Cyclades) in case of the Aegean (Jolivet et al., 2018). In addition to this, we suggest,
that the opposite sense of the Kerdylion detachment might also be influenced by structural
inheritance. In contrast with the Adria-derived tectonic units, Rhodopia was subjected to a
change in subduction polarity, from SW-dipping during the Jurassic and Early Cretaceous to
NE-dipping during the Late Cretaceous – Paleogene (e.g. Jahn‐Awe et al., 2010). The former
SW-dipping subduction resulted in the formation of major top-NE thrusts which produced a
penetrative SW-dipping fabric in the rocks (Bonev and Stampfli, 2003; Okay et al., 2001;
Schmid et al., 2019). These structures might have controlled strain localization during the
Eocene extension and localized the main detachment along a SW-dipping pre-existing weak
zone.
3.5.4 Late-stage brittle extension
The initial geometry of the normal faulting linked to the flat-lying decoupling horizons
was characterized by asymmetric, predominantly northerly-dipping fault sets which often
have been rotated (Figures 3.4, 3.5, and 3.10d). However, following the further exhumation
of the rocks, more symmetric (both northerly and southerly dipping) normal faults formed,
most of which have not been substantially rotated based on their dip angle (Figure 3.8), and
accommodated map-scale extensional deformation (Figure 3.1 and 3.9). Widespread normal
faulting and related development of Neogene basins in the Aegean has been attributed to the
acceleration of slab-rollback from ~15 Ma, possibly induced by the tearing of the Hellenic
slab (Brun et al., 2016; Brun and Sokoutis, 2010). We suggest that the majority of non-tilted,
symmetric normal fault sets on Skiathos and Skopelos are related to this accelerated phase of
extension during the Neogene. This idea is supported by the thick (possibly up to 6 km)
Neogene sediments deposited in the North Aegean trough north of Skopelos (Beniest et al.,
2016; Jongsma, 1975; Mascle and Martin, 1990) (Figure 3.1). The small-scale faults (up to a
several meters of displacements) have a highly varying orientation with no clear evidence for
overprinting relations between the differently oriented sets, thus making a paleostress
analysis of the faults pointless (Figure 3.8). The two main sets (NW-SE trending and NE-SW
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trending) of small-scale normal faults imply perpendicular extensional directions,
corresponding to trench-perpendicular (~NE-SW) and trench-parallel (~NW-SW) directions
in reference to the Hellenic subduction zone. It has been suggested that trench-perpendicular
extension driven by trench retreat and trench-parallel extension driven by the opposite-sense
rotation of the eastern and western Aegean are of comparable magnitude (van Hinsbergen
and Schmid, 2012). Trench-parallel extension resulted in the enhanced thinning of the South
Aegean nappe stack, however, its effect must have been much less in the North Aegean where
oroclinal bending was not as pronounced (Hinsbergen and Schmid, 2012). Our maps and
cross sections show that the majority of the map-scale faults (minimum a few tens of meters
of displacement) are oriented roughly NW-SE on Skiathos and Skopelos, supporting the idea
that trench-perpendicular extension has been predominant in the area of the Northern
Sporades (Figures 3.1 and 3.9). However, the presence of numerous NE-SW trending smallscale faults (Figure 3.8) suggests that the second and third principal stress axes (σ2 and σ3)
had roughly the same magnitude for a period of time, allowing the switch from NE-SW to
NW-SE oriented σ3.

3.6 Concluding remarks
We presented a case study on how strain is distributed within a major upper crustal
nappe (Pelagonian thrust sheet), from the initial stages of tectonic burial to the extensional
exhumation of the formations. Detailed structural analysis on two islands (Skiathos and
Skopelos) supplemented by 40Ar/39Ar dating of key shear zones led to the following
conclusions:
-

-

-

-

78

The Northern Sporades display several thin thrust sheets consisting of shallow upper
crustal formations. Our structural mapping resulted in the definition of two thrust
contacts on Skiathos that are reported here for the first time.
Thrusting predominantly took place by ductile top-SW shearing under low-grade
metamorphic conditions, localized in weak calcite marble layers within the Upper
Cretaceous and Upper Triassic carbonates at ~55 Ma. We show that the rheological
heterogeneity defined by the pre-shortening stratigraphy is key in understanding
strain localization during the tectonic burial of the continental upper crust. The
multiple decoupling levels in the upper crust of the Northern Sporades resulted in
distributed top-SW thrusting, i.e. the formation of thin, small-scale nappes.
Our kinematic and timing constraints support model implications suggesting that
extension initiated following the Early Paleogene accretion of the Pelagonian upper
crust to Eurasia (e.g. Brun and Faccenna, 2008).
Extensional inversion of the nappe stack initiated by opposite-sense, generally topNE, ductile shearing, which localized at inherited heterogeneities such as reversesense shear zones and stratigraphic contacts at ~35 Ma. The dense network of
northerly-dipping, inherited weakness zones resulted in a highly distributed pattern
of ductile extensional deformation (layer-parallel shearing). The shear zones did not
link up with each other and consequently no major extensional detachment formed.
We argue that the contrasting distribution and kinematics of post-orogenic extension
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-

in the different regions of the Aegean (Cyclades, Northern Sporades, and Southern
Rhodopia) was influenced by structural inheritance.
Ductile top-NE shearing was gradually replaced by semi-brittle shearing and normal
faulting attesting to the extensional exhumation of the rocks. Dominantly northerly
dipping normal faulting linked to the northerly dipping decoupling levels was later
replaced by more symmetric normal faulting. The orientation of normal faults
suggests variable extensional directions (mainly trench-perpendicular and trenchparallel), with the predominance of NE-SW, trench-perpendicular extension.
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Chapter 4: Two Cenozoic burial phases in the Nevado-Filábride complex

4.1 Introduction
The Betic-Rif orogen in the Western Mediterranean region (Figure 4.1a) has been
instrumental for understanding the role of slab dynamics and continental subductionexhumation processes (Booth-Rea et al., 2015; Platt et al., 2003a; Spakman et al., 2018). In
a simplified form, the orogen consists of an Eocene and younger metamorphosed nappe stack,
derived mainly from subducted continental crust (the internal Betics or the Alboran zone),
which was emplaced during Miocene times over an imbricated, mostly non-metamorphosed
sedimentary cover of the Iberian and North African margins (the external Betic and external
Rif zones), and the Atlantic oceanic crust in the Gulf of Cadiz (e.g., Azañón et al., 1998;
Balanyá and García-Dueñas, 1987; Martínez Martínez, 1986; Platt et al., 2003a; van
Hinsbergen et al., 2020). Tectonic reconstructions and seismic tomographic images have
shown that the burial and exhumation history was associated with 400-800 km of subduction,
even though the Africa-Iberia absolute plate convergence was less than 100 km (Booth‐Rea
et al., 2007; Faccenna et al., 2004; van Hinsbergen et al., 2014). The excess in the amount of
subduction is interpreted to result from slab roll-back that included a significant amount of
westward slab retreat, more or less orthogonal to the N-S convergence direction between
Africa and Iberia (Lonergan and White, 1997; Rosenbaum et al., 2002). In this general
framework, the original geometry of the subduction zone (dipping N-NW versus SE) and the
exact amount of slab roll-back are still debated, which has resulted in a number of different
paleogeographic and geodynamic scenarios (e.g. Faccenna et al., 2004; Handy et al., 2010;
Pedrera et al., 2020; Romagny et al., 2020; van Hinsbergen et al., 2020; van Hinsbergen et
al., 2014; Vergés and Fernàndez, 2012). This debate is ultimately rooted in different
interpretations of the timing and direction of nappe stacking, metamorphism and exhumation
of the units in the internal Betic orogen, and particularly in the Nevado-Filábride Complex
(NFC, Figure 4.1b). The NFC is a composite unit that contains both oceanic and continental
rocks metamorphosed at eclogite-facies conditions, which has yielded both Eocene and
Miocene geochronological ages, interpreted as prograde metamorphism (Augier et al., 2005a;
Kirchner et al., 2016; Li and Massonne, 2018; Monié et al., 1991; Platt et al., 2006; Sánchez‐
Vizcaíno et al., 2001). The NFC contains a (ultra)mafic unit, where the presence of often
metamorphosed Jurassic gabbros, dolerites, (pillow)basalts, pelagic sediments, and
peridotites implies a dominantly ocean-derived character (Puga et al., 2011; Puga et al.,
1999). However, a number of observations such as the presence of depleted and serpentinized
mantle rocks, Al-rich xenolits in the metabasites, mafic dykes intruded into continental
formations, and the analysis of detrital U-Pb zircon populations suggest that the rock
succession might have originated from a hyper-extended continental margin setting (GomezPugnaire and Munoz, 1991; Jabaloy-Sánchez et al., 2021; Laborda-López et al., 2020;
Morten et al., 1987), similar to the the West Iberian Atlantic margin (e.g. Reston et al., 2007).
The NFC is truncated at the top by a major extensional detachment (Martínez‐Martínez
et al., 2002; Platt and Vissers, 1980) that separates it from the continental Alpujárride
Complex (AC). The continental-derived AC was buried to high pressure-low temperature
(HP-LT) metamorphic conditions in Eocene times (Azañón, 1997; Bessière, 2019; BoothRea et al., 2002; Goffé et al., 1989; Monié et al., 1994; Platt et al., 2005) below rock units of
the structurally highest, Maláguide Complex (MC). The AC and MC were interpreted to be
derived from the AlKaPeCa microcontinental fragment that existed within the Alpine Tethys
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Ocean, together with formations exposed in the Kabylides units of Northern Africa and units
exposed on Sicily and Calabria (Bouillin et al., 1986; Handy et al., 2010; van Hinsbergen et
al., 2014).

Figure 4.1. (a) Large-scale geological map of the Gibraltar arc(modified after Comas et al., 1999).
(b) Geological map of the study area (eastern Sierra de los Filábres), modified after Garcia
Monzón et al. (1974), containing shear sense indicators, the locations of dating samples and the
location of other key outcrops. A-A’ is the location of the cross section in Figure 4.5a. (c) NNWSSE cross section through the study area highlighting the major geological structures (sz=shear
zone).

Two contrasting interpretations have been offered for the timing of burial in the NFC,
based on different (or differently interpreted) geochronological data. One interpretation is
based on Paleogene geochronological data derived from the continental units of the NFC in
terms of 40Ar/39Ar ages on amphiboles (Monié et al., 1991) and white micas (Augier et al.,
2005a; de Jong et al., 1992), and U-Th-Pb ages on monazites (Li and Massonne, 2018),
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interpreted as HP-LT metamorphism in the continental NFC starting at ~48 Ma,
simultaneously with the burial of the structurally higher AC. This interpretation assumes
Paleogene burial, while other Miocene geochronological ages are thought to reflect a stage
of slow exhumation, resulting in a correlation of the NFC with the same paleogeographic
continental unit as the AC and MC (AlKaPeCa unit, Bouillin et al., 1986). This interpretation
is difficult to reconcile with the limited amount of Eocene convergence inferred by
paleogeographic reconstructions (<100 km, e.g. van Hinsbergen et al., 2020), which appears
to be insufficient for the burial of the entire oceanic to continental NFC domain.
Another interpretation is based on U-Pb zircon dating of mafic eclogites (Sánchez‐
Vizcaíno et al., 2001), Lu-Hf garnet dating of oceanic and continental rocks (Platt et al.,
2006), and 87Rb/86Sr multi-mineral dating of one mafic eclogite and two metapelite samples
(Kirchner et al., 2016), which yielded Miocene ages (~20-12 Ma). These ages are interpreted
to reflect prograde burial metamorphism, which implies that the NFC belonged to the Iberian
continental margin that subducted below Alboran domain (AC and MC) during Miocene
times. These studies however do not account for the Paleogene geochronological results and
consider those datasets unreliable therefore, discard the interpretation of Paleogene NFC
burial (e.g. Behr and Platt, 2012; Platt et al., 2006). Furthermore, a precise structural
differentiation between nappe contacts and extensional detachments is still unclear across the
NFC (e.g., Martínez‐Martínez et al., 2002). The current NFC and AC definition in the key
area exposing the (ultra)mafic unit (eastern Sierra de los Filábres) follows the contrast in
metamorphic grade, which was created by the tectonic omission along the extensional
detachment after nappe stacking (Martínez‐Martínez and Azañón, 1997; Martínez‐Martínez
et al., 2002; Platt and Vissers, 1980). Such a definition is difficult to be directly used for
distinguishing paleogeographic domains stacked in a subduction zone.
Here we aim to reconcile the tectonic architecture of the internal Betics in the key area
of the eastern Sierra de los Filábres, by focusing in particular on the juxtaposition of
continental and ocean-derived units and the geometry, kinematics, and timing of main shear
zones. We complement the extensive database of previous studies by kinematic mapping and
structural analyses, together with single grain fusion 40Ar/39Ar dating of white micas in
structurally strategic outcrops. We re-evaluate the kinematics and timing of tectonic burial in
the NFC, allowing us to revisit the structural definition of tectonic units, constrain the
paleogeographical and kinematic reconstructions of the Alboran region, and provide new
insights on the mechanics of Cenozoic burial-exhumation processes.

4.2 Geological setting
The internal Betic nappe stack consists of three major nappe complexes, from top to
bottom the low-grade to non-metamorphic Maláguide (MC), the low-grade to high-grade
Alpujárride (AC), and the high-grade Nevado-Filábride (NFC) (e.g., Azañón, 1997; Balanyá
and García-Dueñas, 1987; Booth-Rea et al., 2002; Martínez Martínez, 1984; Platt et al.,
2003b; van Hinsbergen et al., 2014; Vissers, 2012). The NFC is located in the core of an
elongated, E-W oriented metamorphic dome, while the AC and the MC makes up the flanks
of this structure (Figure 4.1a). In our study area of the eastern Sierra de los Filábres (Figure
4.1b), only the AC and the NFC are exposed.
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The AC consists of a Paleozoic succession of metapelites (phyllites) and quartzites,
overlain by a Triassic succession of meta-clastic sediments, evaporites (gypsum) and
(meta)carbonates, as well as including mafic intrusive bodies (Garcia Monzón et al., 1974).
The AC is exposed on the northern flank of the eastern Sierra de los Filábres and has been
separated from the NFC based on its (locally) substantially lower metamorphic grade (e.g.
Booth-Rea et al., 2002; Garcia Monzón et al., 1974; Martínez‐Martínez et al., 2002). The
base of the AC is defined by a zone of retrograde mylonites and cataclasites that represent a
major extensional detachment known as the Betic Movement Zone, separating the AC in the
hanging-wall from the NFC in the footwall across a significant tectonic omission (Martínez‐
Martínez et al., 2002; Platt et al., 1984; Platt and Vissers, 1980). The AC in the eastern Betics
reached low-temperature blueschist facies metamorphic conditions with a peak temperature
of 350-450 °C (Booth-Rea et al., 2002) in Eocene times, interpreted as subduction-related
metamorphism (Bessière, 2019; Goffé et al., 1989; Monié et al., 1994; Platt et al., 2005).
Subduction of the AC was followed by its extensional exhumation and a related HT-LP
metamorphic overprint during the early Miocene (Azañón et al., 1998; Booth-Rea et al.,
2004; García-Dueñas et al., 1992; Lonergan and Johnson, 2002; Platt et al., 2003b; Rossetti
et al., 2005).

Figure 4.2. Tectono-stratigraphic column of the study area with the results of this study and the
tectonic subdivisions used by previous studies, Version A (e.g. Booth-Rea et al., 2015; GarcíaDueñas et al., 1988; Martínez‐Martínez et al., 2002; Martínez Martínez, 1984; Platt et al., 2006),
and Version B (Puga et al., 2002; Puga et al., 2017; Puga et al., 2011).

The NFC is defined as all rock units situated in the footwall of the Betic Movement
Zone and is commonly subdivided into three tectonic units characterized by upward
increasing metamorphic grade across the separating thrusts, while upward decreasing
metamorphic grade within a single unit (Figure 4.2, Augier et al., 2005a; Augier et al., 2005b;
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Booth-Rea et al., 2015; Martínez‐Martínez et al., 2002; Martínez Martínez, 1986). In the
eastern Sierra de los Filábres (Figure 4.1b), the Calar-Alto unit, equivalent of the Caldera
unit (Puga et al., 2002), is composed of a thick (up to 1500 m), likely Permian succession of
dark to light, pelitic schists (Tahal formation), overlain by Permian to Triassic metaconglomerates, quartzites, and carbonates, intercalated with small lenses of meta-mafic rocks
(meta-dolerites) (Figures 4.1b, c, Figure 4.2, Garcia Monzón et al., 1974; Martínez Martínez,
1984; Martínez Martínez, 1986). This unit is structurally overlain by the previously described
(ultra)mafic unit thought to contain the remnants of a former oceanic lithosphere and those
of a hyper-extended continental passive margin (Gomez-Pugnaire and Munoz, 1991;
Laborda-López et al., 2020; Puga, 2005; Puga et al., 2011). The (ultra)mafic succession
contains (meta)gabbros, mantle peridotites of spinel-lherzolite composition and other, more
or less depleted mantle rocks, such as cumulus troctolites, and are crosscut by doleritic and
plagiogranitic dykes, which are best exposed in the area of Cobdar (Figure 4.1b, Puga, 2005).
It furthermore contains (meta)basalts showing preserved pillow and flow structures (Puga,
2005). The igneous age of the mafic rocks was determined by U-Pb dating of metagabbros
and metadolerites yielding Early Jurassic ages (185 ± 3 Ma, Puga et al., 2011). The
(ultra)mafic succession is overlain by metasediments (quartzites, micaschists, and
calcschists), interpreted to be part of a pelagic sequence that formed on the ocean floor
possibly during Cretaceous time (Puga et al., 2011; Tendero et al., 1993).
The structural separation of the (ultra)mafic unit is debated. One group of studies
include these rocks in a Bédar-Macael unit that also contains Paleozoic and Mesozoic
continental formations (version A on Figure 4.2, e.g. Augier et al., 2005a; Martínez‐Martínez
et al., 2002; Martínez Martínez, 1984; Platt et al., 2006). The observation of small mafic
bodies and dykes intruding the continental formations of the Calar-Alto unit and the
overlying carbonates (Booth-Rea et al., 2009a, b; Morten et al., 1987), U-Pb age populations
of detrital zircons (Jabaloy-Sánchez et al., 2018; Jabaloy-Sánchez et al., 2021), and
stratigraphic studies (Ortí et al., 2017; Simon, 1987) support the common origin of the mixed
continental-oceanic NFC succession, which might have belonged to a former hyper-extended
continental margin (Booth-Rea et al., 2015; Gomez-Pugnaire and Munoz, 1991; LabordaLópez et al., 2020). This interpretation does not account for the observations that the
(ultra)mafic rock sequence contains all the elements of a typical (although dismembered and
metamorphosed) oceanic lithosphere sheet, favored by the second group of studies defining
a separate Ophiolite unit (version B on Figure 4.2, Puga et al., 2002; Puga et al., 2011).
Regardless the structural definition, the (ultra)mafic unit is interpreted by geophysical studies
to have a significantly larger thickness (4-9 km) at depth, beneath Sierra de los Filábres
(Pedrera et al., 2009).
An interesting structural situation is the contact between the (ultra)mafic unit and the
overlaying sequence, best exposed in the area of Bédar (Figure 4.1b). Here, the (ultra)mafic
unit is overlain by a large Carboniferous orthogneiss (meta-granite) body (Martínez-Martínez
et al., 2010), which is intruded into metasediments (paragneisses and micaschists) of possibly
pre-Carboniferous age, interpreted to be part of the same Bédar-Macael unit (version A on
Figure 4.2, García-Dueñas et al., 1988; Martínez-Martínez et al., 2010; Martínez‐Martínez et
al., 2002) or in a different interpretation the Sabinas unit (version B on Figure 4.2, Puga et
al., 2002; Puga et al., 2011). The contact between the Carbonifeous and underlying Jurassic
(-Cretaceous?) rocks (Figure 4.2) is interpreted to be either a thrust (Puga et al., 2002) or the
result of a large-scale recumbent fold with the orthogneiss in its core (García-Dueñas et al.,
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1988; Martínez-Martínez et al., 2010; Martínez‐Martínez et al., 2002). This controversy is
just apparent, since the recumbent fold (if present) must be sheared along the overturned
flank to explain the rapid change in age, consequently resembling a thrust geometry (fold
nappe). Therefore, we use the former definition and further study the tectonic contact
between the (ultra)mafic unit and the overlying orthogneiss (Figures 4.1c, 2).
4.2.1 Metamorphic conditions and kinematic characteristics of the NFC
The Calar-Alto unit (Figure 4.2) reached eclogite-grade peak burial metamorphic
conditions in the order of 14 kbar/550 °C (Augier et al., 2005a), 20-22 kbar/470-490 °C
(Santamaría-López et al., 2019), or 16.2-18.6 kbar/519-543 °C (Li and Massonne, 2018). In
the thick metapelite formation, the HP-LT mineral paragenesis consists of garnet, chloritoid,
phengite, chlorite, kyanite, and rutile (e.g. Augier et al., 2005a; Booth-Rea et al., 2015). The
micaschists and orthogneiss bodies of the Sabinas unit reached similar or slightly higher
eclogite-grade peak burial conditions with thermodynamic estimations of 20 kbar/520 °C
(Santamaría-López et al., 2019), 10-14 kbar/500-600 °C (Augier et al., 2005a), or 20-22
kbar/550-600 °C (Ruiz-Cruz et al., 2015). The (ultra)mafic unit (Figure 4.2) reached similar
eclogite-grade peak metamorphic conditions, developing a mineral paragenesis consisting
largely of omphacite, garnet, and phengite in the meta-mafic rocks (e.g. Puga et al., 1999).
Thermodynamic estimates of peak metamorphic conditions for the mafic eclogites are in the
range of 14-22 kbar/570-675 °C (Puga et al., 2000), 16-17 kbar/680-710 °C (Padrón-Navarta
et al., 2010), 20-22 kbar/550-600 °C (Ruiz-Cruz et al., 2015), or 16-22 kbar/500-700 °C
(Augier et al., 2005a).
Numerous studies have interpreted that both the continental and (ultra)mafic protoliths
experienced an additional episode of heating during their decompression, i.e. exhumation
(Booth-Rea et al., 2015; Li and Massonne, 2018; Puga et al., 2000; Santamaría-López et al.,
2019), although retrograde P-T paths implying isothermal decompression (Augier et al.,
2005a) or cooling during decompression (e.g. Behr and Platt, 2012) have also been reported.
Retrograde metamorphism in the metapelites of the Calar-Alto and Bédar-Macael units is
characterized by the abundant growth of chlorite, albite, white mica, and quartz, which define
the post-HP tectonic foliation(s)(Augier et al., 2005a; Booth-Rea et al., 2015). Following
medium-to low-temperure retrograde metamorphism, the NFC experienced significant
further cooling and exhumation to (or near) the surface during the late Miocene (Johnson,
1997; Lonergan and Johnson, 2002; Vázquez et al., 2011).
The kinematics of deformation during HP-LT metamorphism in the NFC is unknown
due to obliteration during the subsequent moderate-to low-temperature shearing (e.g. Augier
et al., 2005a). Retrograde mineral assemblages in the NFC overgrow a relic S0 sedimentary
layering and the early, HP-LT, S1 tectonic foliation, which is preserved in the deeper sections
of the Calar-Alto unit, and is progressively obliterated towards the Marchal shear zone
(García-Dueñas et al., 1988), where the S2 or younger foliations become more closely spaced
(Augier et al., 2005a; Booth-Rea et al., 2015). The pervasive S2(-3) foliation(s) carries
stretching lineations that are dominantly associated with a top-W sense of shear during
exhumation, especially close to the main extensional detachment system or Betic Movement
Zone (Augier et al., 2005a; Booth-Rea et al., 2015; Martínez‐Martínez et al., 2002; Platt and
Vissers, 1980). Augier et al. (2005c) furthermore reported the divergence of this generally
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westward shear direction on either limbs of the NFC dome. Retrograde shearing in the
formations of the NFC finally transitioned to semi-brittle to brittle shearing and normal
faulting along the Betic Movement Zone (Augier et al., 2005c; Martínez‐Martínez et al.,
2002).

4.3 Structural and tectono-stratigraphic results
We complement the extensive available kinematic database by conducting a fieldwork
with the aim of detailing the geometry, kinematics, and metamorphic conditions of the main
shear zones as well as making new observations regarding the present structural relationship
between the original continental and (ultra)mafic protoliths. We build on the already
established petrological data and use further field criteria to infer the kinematics of shearing
during the established metamorphic stages. To that end we used stretching lineations and
associated kinematic indicators such as shear bands (C-S or C’-S structures, Figures 4.3c,
4.4f), or asymmetric porphyroblasts (Simpson and Schmid, 1983) to infer tectonic transport
directions under different metamorphic conditions. The measured stretching lineations can
be generally grouped in two categories: moderate-temperature (developed >= 450 °C),
representing near-peak metamorphic conditions prevailing during deep burial and early
exhumation (e.g. Booth-Rea et al., 2015), and low-temperature, representing the retrograde
metamorphic stage during significant decompression (exhumation) in the NFC (Figures 4.1b,
4.3a, e.g. Augier et al., 2005a). Moderate-temperature stretching lineations are usually
defined by black and blue amphiboles and plagioclase in the metamafic rocks. Lowtemperature stretching lineations are defined when arguments for retrograde mineral growth
with respect to near-peak conditions were found in the field or thin sections. These are
situations when: 1) low-grade minerals, most frequently chlorite and albite (Augier et al.,
2005a) overgrow higher-grade fabrics with no moderate-temperature lineation preserved (see
also Augier et al., 2005a); 2) a moderate-temperature stretching lineation is still preserved,
but it is overprinted by retrograde lineations while keeping the same sense of shear; 3) a
moderate-temperature stretching lineation is still preserved in some foliation planes, but a
second set of stretching lineations overprint the first set with a different orientation, defined
by different minerals, such as chlorite, albite, green amphibole, white mica, quartz or calcite.
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Figure 4.3. (a) Stereographic projection of moderate and low-temperature stretching lineations
and associated kinematic indicators (b) Stereographical projection of cylindrical, asymmetric,
tight-isoclinal fold axes (F2-3). (c) C-S shear fabric in garnet-micaschist at the top of the Ophiolite
unit (Cuatro Amigos shear zone) showing top-WNW sense of shear. (d) Tight, asymmetric, Nverging fold (F3) in mafic amphibolite showing the crystal-plastic deformation (flow) of
plagioclase.

4.3.1 Kinematics of deformation
Our kinematic observations are largely similar to previous stuctural studies (e.g. Augier
et al., 2005a; Booth-Rea et al., 2015; Martínez‐Martínez et al., 2002), with a few key
ellements and differences that are herewith described in more details. The NFC in the eastern
Sierra de los Filábres displays a gradual change of ductile structural elements from the core
of the dome (deeper sections of the Calar-Alto unit) towards its flanks, where the Marchal
and Cuatro Amigos shear zones crop out (Figures 4.1b, c). The metapelites in the core of the
dome show a distinct succession of folds and related axial planar cleavages that are largely
obliterated in the proximity of these shear zones. A generation of early isoclinal folds (F 1) is
only observed in the metapelites of the Calar-Alto unit. These folds affect the S0 sedimentary
layering, are generally rootless and transposed into the tectonic foliation of the subsequent
folds (S2, Figures 4.4a, e). F2 isoclinal folds are associated with a pervasive S2 foliation. The
S0, S1 and S2 foliations are generally (sub-)parallel in the areas close to the shear zones
(composite S0-2 foliation, Figures 4.4b, f), while in the deeper sections of the Calar-Alto unit
S2 foliation defines a strong crenulation cleavage in the meta-pelitic rocks (Figures 4.4a, e).
Tight to isoclinal, dominantly asymmetric folds (F3) refold the pervasive S2 foliation and F2
isoclinal folds, associated with an occasionally strongly developed S 3 tectonic foliation
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(Figure 4.3d). In the shear zones, the tight F3 asymmetric folds are flattened to isoclinal fold
geometries and the S3 foliation becomes sub-parallel to the S2 foliation, making their
distinction difficult in places. These two generations of tight-isoclinal, cylindrical folds (F23) were measured in all exposed units of the NFC in our study area and show dominant E-W
oriented fold axes (Figure 4.3b), and flat (< 45 °) axial planes. The consistency of the
asymmetric fold geometry and the dominantly ~N-ward vergence (e.g., Figures 4.1c and
4.3d) implies a significant component of non-coaxial deformation (simple shear) in the
formation of these folds. The exception is the El Pilar – El Chive area, where consistent
southward vergence of asymmetric F3 folds is observed in the meta-mafic and carbonate
rocks (Figures 4.4a, d). F2-3 folds display ductile deformation (flow) and oriented growth of
plagioclase and black to blue amphiboles in the meta-mafic rocks, implying that the
formation of these folds was coeval with near-peak metamorphism (Figure 4.3d). S2 and
subordinately S3 foliation planes carry well-developed stretching lineations. Based on field
and micro-structural observations, two generations of stretching lineations can be
distinguished. Moderate-temperature stretching lineations show an average top-NNW (top330°) sense of shear, while low-temperature stretching lineations (including a transition from
moderate to low-temperature while keeping the same sense of shear) show an average topW (top-271°) sense of shear (Figure 4.3a). The more northerly directed tectonic transport
during near-peak metamorphic conditions is in agreement with the dominantly E-W trending
and N-verging, cylindrical, asymmetric F2-3 folds (Figures 4.3a, b). The westward retrograde
shearing implies that tectonic transport direction substantially changed (~ 60°) from a higher
temperature deformation stage to a subsequent lower temperature one.
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Figure 4.4. Interpreted thin sections photos showing the microstructure of geochronologically
dated and other key samples. The sample location is plotted on Figure 4.1b. (a) Plain polarized
thin section image of the Tahal formation, outside of the Marchal shear zone (Key outcrop 8 on
Figure 4.1b), showing unoriented chlorite growth during retrogression and the preservation of an
early S0-1 foliation in relic crenulations. (b) Plain polarized thin section image of the Tahal
formation, inside the Marchal shear zone (Key outcrop 9 on Figure 4.1b), showing oriented
chlorite growth. Older fabrics (S0, S1, possibly S2) are completely overprinted by the shear zone
foliation. C’-type shear bands imply top-W sense of shear. (c) Plain polarized thin section image
of well-preserved garnets in the Sabinas unit (Key outcrop 10 on Figure 4.1b) outside of the main
shear zones. (d) Plain polarized thin section image of a garnet pseudomorph within the Cuatro
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Amigos shear zone, largely replaced by white mica and quartz (Sample 3 on Figure 4.1b). (e)
Cross-polarized image of Sample 1 showing the preservation of the early S 0-1 foliation in
crenulations and the unoriented growth of chlorite. Large mica crystals define the S 0-1 foliation,
while small micas define the S2 foliation. (f) Cross-polarized image of Sample 5 showing a
mylonitic foliation and top-W C’-type shear bands. (g) Cross-polarized image of Sample 6
showing an ultramylonite band associated with top-WNW sense of shear in the orthogneiss of the
Sabinas unit. (h) Cross-polarized image of Sample 4 showing mylonite bands associated with topWNW sense of shear directly below the main detachment.

4.3.2 Shear zones and tectonic units in the eastern Sierra de los Filábres
Mapping of the main shear zones complimented with new observations regarding the
tectono-stratigraphic superposition of the formations, led to the refinement of the commonly
used subdivision of tectonic units for the eastern Sierra de los Filábres (Figures 4.1c and 4.2).
The base of the Calar-Alto unit is not exposed in our study area. The top of this unit is defined
by the Marchal shear zone (García-Dueñas et al., 1988). This shear zone is often observed in
mylonitic quartzites and marbles situated in the uppermost part of the Calar-Alto unit or in
the marbles and amphibolites situated in the lower part of the Ophiolite unit (Figures 4.1c
and 2). The shear zone shows NW-SE to E-W oriented stretching lineations and associated
top-NW to W sense of shear (Figure 4.4b). Along the northern flank of the Sierra de los
Filábres, a repetition of the the Ophiolite unit is observed (Figures 4.1b, c). The repetition is
caused by a reverse-sense shear zone (herewith named Torcal shear zone), which does not
exhibit consistent shear sense directions (both top-E and top-W kinematic indicators). The
top of the Ophiolite unit is marked by the basal shear zone of the Sabinas unit, herewith
named the Cuatro Amigos shear zone, which is observed in the amphibolites, micaschists
and calcschists of the Ophiolite unit, and in the Carboniferous orthogneiss of the Sabinas
unit. The shear zone exhibit mylonites and ultramylonites, where the observed stretching
lineations are dominantly retrograde, trending WNW-ESE associated with a top-WNW sense
of shear, as observed, for instance by a well-developed C-S fabric in the micaschists of the
Ophiolite unit (Figure 4.3c). Given that the significantly older Carboniferous orthogneiss
tectonically overlies the Ophiolite unit, we interpret this contact between the Ophiolite and
Sabinas units as an initial thrusting shear zone (the Cuatro Amigos shear zone, Figure 4.2).
These observations and their interpretation are not incompatible with the fold-nappe solution
described in details by García-Dueñas et al. (1988), with the exception that the overturned
flank of the fold-nappe must have accommodated larger amounts of thrusting (shearing) than
hitherto assumed. The Sabinas unit is further dissected by multiple shear zones causing a
complex repetition of formations including a thin sliver of mafic amphibolites and
serpentinites outcropping below Triassic dolomite marbles (Figures 4.1 c).
4.3.2.1 Lithostratigraphy and structure of the Ophiolite unit
Starting from the lithological composition and the mafic-ultramafic petrography of the
Ophiolite unit extensively described by previous studies (e.g. Puga et al., 2011; Puga et al.,
1999; Puga et al., 2000), our observations show that the base of this unit generally displays
Triassic meta-carbonates (dominantly limestone marbles and subordinately dolomite
marbles) folded together with thin layers of meta-mafic rocks (Figures 4.5a, g). The metacarbonates are in most sections overlain by the Jurassic mafic and ultramafic rock succession
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that can reach a thickness of 250 m. Mafic rocks are dominantly fine to coarse grained
amphibolites, often containing relics with the texture of the basaltic, doleritic or gabbroic
protoliths. The amphibolites are characterized by clearly developed, often mylonitic foliation
defined by stretched plagioclase and oriented amphibole crystals. The mineralogical
association of the amphibolites often includes epidote and garnet. Other rocks observed are
large bodies of serpentinites, locally reaching a thickness of 150 m, (Figure 4.5f),
serpentinite-schists, and talc-schists. In the Cobdar area (Figure 4.1b), previous studies have
described extensively the structure, composition and petrography of mantle rocks, such as
peridotites or cumulus troctolites, affected by a significant degree of metasomatism and
alteration from serpentinites to talc, together with gabbros, dolerites and pillow basalts (e.g.
Puga et al., 2017; Puga et al., 2011; Puga et al., 1999). The crustal rocks are cut by numerous
dykes of (porphyric) basalts and plagiogranites (or plagio-gneisses when metamorphosed)
that locally retain the typical sheeted-dykes geometry or composition (Figure 4.5e). The
mafic and ultramafic rocks are overlain by calc-schists, garnet-micaschists, and quartzites,
interpreted to represent a syn- to post- rift deep-water successions deposited on top of the
oceanic rocks (Figure 4.5g, Puga et al., 2011; Tendero et al., 1993). These metasediments
cover both the mafic and ultramafic rocks of the Ophiolite unit (Figure 4.5a). The different
lithologies of the Ophiolite unit display various vertical superpositions of different rock types
due to the effect of several successive deformation phases and is significally omitted in or
near the vicinity with the main detachment or associated exhumation shear zones.
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Figure 4.5. Structure and composition of the Ophiolite unit. (a) Cross section through the
ophiolite unit at the El Pilar location (for map-view trace of the section see Figure 4.1b). Note the
consistent southward vergence of asymmetric folds that affect thin slivers of metamafics and the
metacarbonates together. (b) (Meta)Gabbro block in pelitic matrix in the mélange formation of
the Ophiolite unit. See hammer for scale. (c) Carbonate block in mafic-pelitic matrix in the
mélange of the Ophiolite unit. (d) SSW-verging asymmetric fold in shallow-water carbonates
(limestone marble). The carbonate layer is underlain by fine-grained mafic amphibolite displaying
several mafic blocks of similar composition. (e) Plagiogranite dykes in dolerite at Cobdar. (f)
Thick body of serpentinite covered by quartzites and micaschists. (g) Calcschists and micaschists
that cover the mafic and ultramafic formations of the Ophiolite unit.

One key observation not described previously is that the mafic, ultramafic, and
sedimentary formations of the Ophiolite unit are often mixed in a mélange that still preserves
often the olistostrome structure of the original protolith, despite the superimposed shearing
and metamorphism (Figure 4.5a, Figure 4.1b). The mélange is largely made up by a talc,
serpentinite or meta-siltic and pelitic matrix, surrounding centimetres to tens of metres sized
meta-sedimentary and mafic blocks, such as limestone or dolomitic marbles (e.g., Figure
4.5c), quartzites, various types of schists, basalt, dolerite, gabbro (e.g. Figure 4.5b), or metaconglomerates. The mafic blocks often preserve the original gabbroic, doleritic or basaltic
texture (e.g., Figure 4.5b) and the surrounding matrix is typically rich in talc, serpentinite and
meta-mafic minerals, mixed with meta-sedimentary blocks or matrix, sometimes including
secondary gypsum. The proportion of mafic and siliciclastic material is highly variable within
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the mélange. The S2-3 foliation is independent of the contacts between different lithologies
within the mélange, generally crosscutting throughout the matrix and blocks of various
composition, suggesting that the formation of the mélange predate the peak metamorphism.
The best preserved section (from El Pilar towards Lubrin along the main road) displays a
typical ophiolitic mélange facies, with mafic blocks mixed together with other blocks of
meta-sediments, buried in a talc-and serpentinite-rich sedimentary matrix (Figures 4.5a, b,
c). The mélange is cut by a series of late normal faults, however, the overall olistostrome
structure of the formation is clear (Figures 4.5a, b, c). The mélange formation outcrops at
numerous locations in the eastern Sierra de los Filábres (Figure 4.1b), and exhibit various
grades of metamorphism and deformation. The deformation observed in the Ophiolite unit is
similar with the one observed in all other units. The exception is the area of the El Pilar and
El Chive (Figures 4.1b and 4.4a), where the meta-mafic and ultramafic rocks and the
ophiolitic mélange are better exposed and preserved. In this area, a generation of asymmetric
folds has been observed, which has a consistent top-SSW vergence (Figure 4.4d), in contrast
to the typical N-ward vergence of F2-3 asymmetric folds observed elsewhere.
4.3.2.2 Additional tectono-stratigraphic observations in the Low-Grade unit
Along the northern flank of the Sierra de los Filábres, a tectonic omission creates a
significant offset from high-grade to low-grade metamorphic conditions, separated by a zone
of retrograde mylonites and cataclasites that marks the previously mapped major extensional
detachment, i.e. Betic Movement Zone of Platt and Vissers (1980). The retrogressed
mylonites in the footwall largely consists of the garnet-micaschists that overly the mafic and
ultramafic rocks of the Ophiolite unit (Figure 4.6a). These garnet-micaschists are
characterized by the retrograde growth of chlorite, calcite, and quartz at the expense of the
peak metamorphic mineral assemblage (Figure 4.6b). Stretching lineations in chlorite are
associated with clear top-W shear sense indicators. The retrograde mylonites are often
reworked as cataclasites and cut by numerous normal faults that post-date the cataclastic
foliation (Figure 4.6c). The transport direction of the cataclastic shear bands and normal
faults are also top-W, in agreement with the ductile kinematic indicators in the retrograde
mylonites (Figure 4.6c).
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Figure 4.6. (a) Interpreted satellite image showing a typical exposure of the main extensional
detachment. The location of the exposure is given on Figure 4.1b (Key outcrop 7). (b) Crosspolarized thin section image of the retrogressed garnet-micaschist directly underlying the
detachment. The asymmetry of the garnet+quartz+white mica clast suggests top-WNW sense of
shear. (c) Retrograde mylonite reworked as a cataclasite within the main damage zone of the
detachment. Cataclastic shear bands and normal faults are dipping towards the WNW. (d) Crosspolarized thin section image of the non-metamorphic dolerite overlying the detachment. The
dolerite preserved its original igneous texture and composition. (e) Outcrop image of the nonmetamorphic dolerite.

In the hanging-wall of the detachment, the low-grade formations show significant
lithological similarity to the underlying formations of the NFC. The basal formation of the
low-grade unit consists of thick successions of metapelites and quartzites that are the lowgrade equivalents of the Permian strata of the Calar-Alto unit. The metapelites only reach the
grade of phyllitic cleavage in terms of fabric development, while the quartzites developed a
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less closely spaced tectonic foliation compared to those of the Calar-Alto unit. In some
sections, the detachment is directly overlain by non-metamorphosed or very low-grade
dolerites and basalts that preserved their igneous textures and mineral composition (Figures
4.6d, e). These mafic rocks are the protolith equivalents of the Jurassic meta-mafic crustal
rocks (fine and coarse-grained amphibolites) in the Ophiolite unit located beneath the
detachment. These mafic rocks are also overlain by dolomites, which do not show a
developed tectonic foliation or signs of metamorphic recrystallization, attesting to relatively
low metamorphic temperatures (below 400 °C). The dolomites are likely the protolith
equivalents of the Triassic dolomite marbles observed in the NFC.
4.3.2.3 Strain distribution during exhumation (retrograde metamorphism)
Mapping of structural and metamorphic features with special attention to the
superposition of moderate and low-temperature fabrics allowed us to delineate zones where
strain localization during retrograde metamorphism (i.e. during exhumation) took place in
our study area. A large amount of deformation was accommodated along the extensional
detachment system (around 110 km of extension, Martínez‐Martínez et al., 2002), as
evidenced by the earlier described tectonic omission from the higher-grade footwall to the
low-grade hanging-wall (see also Martínez‐Martínez et al., 2002; Platt and Vissers, 1980).
Furthermore, the NFC in the footwall of the detachment records strain localization
during the retrograde metamorphism, reflected in the development of retrograde shear fabrics
across the dome. The metapelites in the core of the NFC preserve an early S 0-1 foliation,
overprinted by the dominant S2 foliation (Figures 4.4a, e). Both foliations are overgrown by
abundant and dominantly unoriented, retrograde chlorite (Figures 4.4a, e), implying that the
core of the NFC was not affected by significant deformation during the growth of chlorite.
In contrast, the top few tens of meters of the same metapelite formation directly underlying
the top-WNW Marchal shear zone shows oriented chlorite growth, defining the dominant
stretching lineation and main foliation close to and within the shear zone (Figure 4.4b). This
suggest that the Marchal shear zone was active during the exhumation of the NFC, but this
deformation did not propagate deeper into the Calar-Alto unit, producing a transition from
oriented to unoriented chlorite growth from the flanks to the core of the dome. A similar trend
is observed in the upper two tectonic units of the NFC (Ophiolite and Sabinas units). In the
proximity of the Cuatro Amigos shear zone, the higher-temperature fabric of the garnetmicaschists is generally replaced by retrograde white mica, chlorite, and quartz (Figure 4.4d).
Furthermore, the oriented growth of chlorite at the expense of the higher-temperature fabric
is observed in the micaschists and metamafics of the Ophiolite unit, as well as in the
orthogneiss of the Sabinas unit. The orthogneiss also exhibits bands of ultramylonites
associated with top-WNW sense of shear and growth of retrograde minerals such as sericite
or chlorite (Figure 4.4g). Further away from the shear zone, garnets are typically better
preserved (Figure 4.4c), retrograde stretching lineations are less frequent, and the dominant
higher-grade sense of shear (top-NNW) is better preserved (Figure 4.1b). These observations
suggest that the Cuatro Amigos shear zone was also active during the retrogression and thus
exhumation of the NFC, similarly to the Marchal shear zone.
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4.4 40Ar/39Ar dating
4.4.1 Methodology
40

Ar/39Ar dating of white micas was performed with the objective to constrain the timing
of metamorphic fabric formation and the activity of shear zones in our study area by selecting
6 samples from key areas of the eastern Sierra de los Filábres (Figure 4.1b, see Figures 4.4dh for thin section images of dated samples). We applied the 40Ar/39Ar dating of large (≥ 250
µm) white mica crystals with the multiple single grain fusion dating method (Uunk et al.,
2018). The applicability of white mica 40Ar/39Ar single grain fusion dating approach for the
detection tectono-metamorphic events has been proven by numerous works (Lips et al., 1998;
Lister and Forster, 2016; Porkoláb et al., 2019b; Uunk et al., 2018; Wijbrans et al., 1990).
The resetting of white mica Ar-systems may be achieved by thermal diffusion (allowing to
constrain the timing of cooling below the closure temperature) or by deformation-induced or
fluid-assisted (re)crystallization, which allows to constrain the timing of metamorphic fabric
formation (e.g. Villa, 1998; Wijbrans and McDougall, 1986). Temperature-dependent
resetting of white micas is a gradual process, and depends not only on the temperature itself
but also on the duration of the overprinting event (Wijbrans and McDougall, 1986), as well
as on the grain radius (de Jong et al., 1992). Hence, in case the metamorphic temperature was
high enough and maintained long enough to reset all (small and large) mica crystals,
homogenous age distribution of the dated single grains are expected (i.e. a single tectonometamorphic event will be detected by the dated grains). In case one criteria was only
partially sufficient, partial resetting may take place, producing heterogeneous age
distribution, i.e. detecting multiple resetting events and mixed ages in between (Lister and
Forster, 2016; Uunk et al., 2018; Warren et al., 2012b). Complete resetting of the white mica
Ar-system by thermal diffusion is thought to require temperatures higher than typical values
of greenschist-blueschist facies metamorphism (> 500 °C, Harrison et al., 2009; Warren et
al., 2012b). If temperatures were not high enough (or the duration of heating not long enough)
to reset the white mica Ar-system by thermal diffusion, some (or all) of the grains can still
be reset by deformation-induced or fluid-assisted crystallization due to the formation of a
tectonic foliation, producing similar homogenous or heterogeneous grain age distributions
(Lister and Forster, 2016; Porkoláb et al., 2019b; Villa, 1998).
White mica crystals of the crushed samples were separated from 250–500 μm sieve
fractions using a Faul vibrating table and heavy liquid density-based separation. Carbonate
and dust contamination were removed by HNO3 treatment of the samples. Mica separates
from 6 samples were selected for single grain fusion dating. The samples were packed in
aluminium foil packages and stacked in an aluminium tube that was irradiated for 18hours in
the CLICIT facility of the Oregon State University TRIGA Reactor. For both irradiations the
neutron flux was monitored by standard bracketing with the DRA sanidine standard with an
age of 25.52± 0.08Ma, modified from Wijbrans et al. (1995) to be consistent with Kuiper et
al. (2008). Single grain fusion experiments were carried out in the Vrije University
Amsterdam argon geochronology laboratory with 25 W CO2 laser heating samples loaded on
Cu-trays (185 individual 2 mm diameter, 3 mm deep holes for single grains). The sample
holder was connected to a three-stage extraction line and a quadrupole mass spectrometer
(Schneider et al., 2009). Data was reduced in ArArCalc 2.50 (Koppers, 2002). Procedure
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blanks were monitored and diluted air shots were measured in the sequence to track mass
discrimination.

Figure 4.7. Results of single grain fusion white mica 40Ar/39Ar dating. (a)-(f) Plots of 40Ar/39Ar
ages, where numbers indicate sample codes (for the map location of dated samples see Figure
4.1b). Black circles represent individual dated grains. Black lines show the relative probability,
i.e. the cumulated 1-sigma normal distributions of every grain age in the samples. Peaks in the
black lines hence show most likely dates of resetting in the samples. (g) Cross-section through our
study area showing the projected locations of the dated samples.
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4.4.2 40Ar/39Ar dating results
The dated samples show a variety in age results as well as in the distribution of the
single grain ages within individual samples. A group of three samples (samples 2, 3, and 4)
display homogenous single grain age distributions with a relative probability peak at ~ 15
Ma (Figures 4.7b, c, d), suggesting a single dominant process of resetting in these samples.
The grains that define the 15 Ma probability peak show ages between 12 and 22 Ma. Some
grains with significant deviation from the mean are still present in these samples, showing
older (20-25 Ma) or younger (10-12 Ma) ages. Sample 2 shows an outlier grain with
substantially older (57 Ma) age, possibly related to incomplete (partial) resetting. Sample 1
also shows a largely homogenous age distribution, however, the peak relative probability of
the ages is significantly older, ~ 33 Ma (Figure 4.7a). The grains that define the probability
peak are between 27 and 38 Ma, while two outlier grains are present in between 40 and 45
Ma, and one grain at 70 Ma. Sample 5 contains 4 grains close to 20 Ma, and further two at
70 Ma (Figure 4.7e), while sample 6 shows the most heterogeneous age distribution with
three groups of grains at 12-14 Ma, 17-24 Ma, and 28-30 Ma (Figure 4.7f).
The location and microstructure of the dated samples highlight the possible importance
of the age differences between Sample 1 and all the other samples (Figure 4.7g). Sample 1
was collected from the pelitic schist formation of the Calar-Alto unit, relatively far from the
major shear zones in the area. This sample is the only one to preserve S0-1 foliation in
crenulations (Figure 4.4e), and thus probably preserved earlier mica generation(s) compared
to the other samples (Figures 4.4 f, g, h). Furthermore, the grain size of the white micas in
the relic S0-1 foliation (typically 100-300 μm) is substantially larger than the grain size of
white micas in the pervasive S2 foliation (typically 50-150 μm, Figure 4.4e). Hence, the dated
micas most likely belong to the older S0-1 foliation, as all the selected single grains were
larger than 250 μm. The mean age of 33 Ma of this sample is significantly older than the
mean age of the other samples (15-20 Ma) which were collected near (sample 6) or from the
major shear zones (samples 2, 3, 4, 5, Figure 4.7g). In these samples the oldest S0-1 foliation
is completely obliterated by the superposed foliation and shear fabric development due to
shear zone activity, resulting in the formation of S2 or younger shear zone foliations (Figures
4.4 f, g, h). Samples 2, 3, and 5 were collected from micaschists of the Ophiolite unit,
incorporated into the shear zone that emplaced the Carboniferous formations of the Sabinas
unit on top of the Ophiolite unit. The shear zone was later likely reactivated (or progressively
used) during the exhumation of the NFC (see Section 3.2.3). Sample 4 was collected from
the retrograde garnet-micaschists incorporated in the major extensional detachment that
separates high-grade and low-grade units, while sample 6 was collected from a mylonitic
horizon of the Carboniferous orthogneiss of the Sabinas unit.
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4.5 Discussion
4.5.1 Interpretation of 40Ar/39Ar ages and timing of tectono-metamorphic events
Our results are in agreement with in-situ laser 40Ar/39Ar white mica ages reported by
Augier et al. (2005a), which shows older ~45-25 Ma ages for the preserved S0-1 foliation
when compared with the ~22-12 Ma ages in places where such foliation was overprinted by
the fabric of a shear zone.
Numerous studies have shown that Ar-loss in white micas is a complicated process,
where thermal diffusion might only play a limited role in the resetting of the Ar-system,
particularly when significant deformation or fluid flow is present in the given rock volume
(Harrison et al., 2009; Lister and Forster, 2016; Uunk et al., 2018; Villa, 1998; Warren et al.,
2012b). Our results and those of Augier et al. (2005a) indicate that structural criteria
(preservation of a tectonic foliation) correlate with the age results, which implies that
temperature is not the dominant mechanism of resetting. We hence argue that the dominant
resetting mechanism in our samples was deformation-and possibly fluid-induced
(re)crystallization during the development of tectonic foliations. Along these lines white
micas constituting an older foliation (S0-1) in the metapelites of the Calar-Alto unit yield older
age clusters compared to samples where micas constitute younger fabrics (S2 or younger
foliations developed during shear zone activity). Furthermore, these samples are located at a
distance of ca, 1-2 km below the main shear zones (Marchal shear zone, see Figure 4.1c and
Figure 1d in Augier et al., 2005a)) and do not exhibit evidence for significant deformation
during the activity of the overlying shear zones (22-12 Ma). Hence, we assume a very limited
deformation-or fluid flow-induced Ar-loss in these samples during the activity of the main
shear zones. It follows that peak temperatures (ca. 470-550 °C) in the Calar-Alto unit (Augier
et al., 2005a; Li and Massonne, 2018; Santamaría-López et al., 2019) were not high enough
(or not sustained long enough) to facilitate efficient thermal diffusion in the metapelites.
Several studies have suggested that excess argon might be responsible for the presence
of older than Early Miocene white mica 40Ar/39Ar ages in the NFC (Behr and Platt, 2012; de
Jong, 2003; De Jong et al., 2001; Kirchner et al., 2016; Platt et al., 2006). Excess argon
incorporation in white micas has been attributed to sub-microscopic illitization during latestage hydraulic fracturing, where the density of the fracture network controls the grade of
illitisation and hence the amount of excess argon incorporation on the scale of individual
grains (De Jong et al., 2001). This process resulted in highly varying 40Ar/39Ar ages in
samples of the Carboniferous orthogneiss , somewhat similar to sample 6 in our study taken
from the same formation (Sabinas unit, Figures 4.2 and 4.7). In this sense, significant age
variations in sample 6, and possibly the significantly older, outlier grains in the other samples
could also be explained by excess argon incorporation, not only by partial resetting (inherited
argon). However, sample 1 shows a consistent, homogenous distribution of older ages
between 27 and 38 Ma, which do not exhibit the typical variance caused by excess argon. In
addition, the effect of excess argon (if present) is expected to be more profound in the coarser
grained rocks such as the micaschists of the Ophiolite unit (samples 2, 3, 4, 5, yielding 1222 Ma grains) compared to the fine grained schists of the Calar-Alto unit (sample 1, yielding
27-38 Ma grains), therefore predicting that sample 1 should be less affected by this process
(De Jong et al., 2001). Consequently, the above described correlation of the observed
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structural criteria (preservation of an older foliation far from the shear zones) with the older
age clusters demonstrated in Augier et al. (2005a) and in this study is a more logical
explanation for the variety of age data than assuming an unclear presence of excess argon in
those samples. All these arguments consedered, we interpret our white mica 40Ar/39Ar ages
as a record of two different fabric forming periods, i.e. (re)crystallization of white micas as a
result of deformation events: 1) a Paleogene fabric evolution recorded by Sample 1 in the
Calar-Alto unit (38-27 Ma), and 2) an Early-Middle Miocene fabric evolution recorded by
the samples within or in the proximity of the main shear zones (22-12 Ma). Outlier grains (4
grains in all samples) with significantly older age results (60-70 Ma) and the significant age
variation (heterogenous distribution) in sample 6 are possibly the result of inherited or excess
argon in the samples.

Figure 4.8. Summary of published geochronological results constraining the timing of tectonometamorphic events in the NFC.

Accounting for the full range of existing geochronological ages (Figure 4.8) shows that
our Paleogene white mica 40Ar/39Ar ages and those of Augier et al. (2005a) are in agreement
with amphibole 40Ar/39Ar and monazite U-Th-Pb data (Li and Massonne, 2018; Monié et al.,
1991). Miocene U-Pb zircon, Lu-Hf garnet and 87Rb/86Sr multimineral ages that are
supplemented by thermodynamic data constraining the P-T conditions of the dated minerals
outline a second episode of prograde, HP-LT metamorphism (Kirchner et al., 2016; Platt et
al., 2006; Sánchez‐Vizcaíno et al., 2001). Accepting both sets of ages and their interpretations
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as burial-related metamorphism, we argue that the NFC might have experienced two phases
of burial, in the Paleogene and subsequently in the Miocene.
4.5.2. Superposition of Miocene thrusting and extension: the mechanics of exhumation
and the structural definition of the NFC and the AC
Our results suggest that the main nappe contacts of eastern Sierra de los Filábres formed
during near-peak metamorphic conditions, with a kinematics of top to NW-NNW in presentday orientation. Furthermore, these shear zones display significant evidences of activity
during the retrogression and exhumation that took place with a general top to WNW-WSW
kinematics (in present-day coordinates). This observation implies that kinematics of the shear
zones progressively changed from top to NW-NNW shearing during burial and possibly early
exhumation to top to WNW-WSW shearing during the subsequent exhumation to mid-crustal
levels. This significant change in the sense of shear during exhumation implies a different
strain and stress pattern for mid-crustal levels compared to the subduction zone, most likely
related to the localization of the main, top-WNW-WSW extensional detachment system at
the brittle-ductile transition zone (BDTZ, Martínez‐Martínez et al., 2002). Our results hence
indicate that the exhuming NFC nappes were captured by the extensional detachment when
reaching the BDTZ, which facilitated their further (final) exhumation and resulted in oblique
shearing with respect to the nappe stacking direction (Figure 4.9). This interpretation is
consistent with existing extrusion models of the NFC, where the formation of the extensional
detachment system at the brittle-ductile transition zone took place coevally with the
contractional exhumation (i.e. extrusion) of the NFC (Behr and Platt, 2012; Booth-Rea et al.,
2015; Booth‐Rea et al., 2005). These interpretations are further supported by the observation
of E-W trending upright folding, related to N-S contraction, interpreted to be coeval with the
formation of the extensional detachment system (Augier et al., 2005a; Martínez‐Martínez et
al., 2002). Therefore, in agreement with these studies, we interpret the exhumation of the
NFC to be the result of an interplay between the extrusion of subducted crust in the deeper
segments of the subduction zone, and coeval upper crustal extension in the orogen (Figure
4.9).
Established models of extrusion have shown that nappe formation and exhumation of
deeply subducted continental material creates uplift and associated extension in the orogenic
upper crust (Chemenda et al., 1997; Chemenda et al., 1996; Hacker et al., 2000; Herwegh et
al., 2017; Platt, 1986). Applying these models to the Betics implies that the initial buoyancydriven extrusion of the subducted NFC may have triggered uplift and hence the localization
of the extensional detachment system, which in turn accommodated the extrusion of the
subducted crust. The extrusion of the NFC and the localization of the detachment system was
facilitated by the westward migration of the slab, that created space for rock exhumation as
well as for asthenospheric upwelling, which resulted in the observed high-T overprint
(reheating) of the NFC during exhumation (Booth-Rea et al., 2015; Booth‐Rea et al., 2005;
Santamaría-López et al., 2019). The highly oblique (almost orthogonal) kinematics of the
top-W or SW detachment compared to the original, top-NW nappe stacking direction (Figure
4.9, Behr and Platt, 2012; Martínez‐Martínez et al., 2002; Platt et al., 2003a) is more
compatible with an orogen-parallel (or trench parallel) extension mode that creates
elongation domes associated with orogen perpendicular shortening during orogenic building
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(e.g. Brun, 1983; Rey et al., 2011), as previously suggested for the NFC (e.g. Behr and Platt,
2012; Martínez‐Martínez et al., 2002), or observed elsewhere, such as in case of the Tauern
or Danubian windows of the Eastern Alps and South Carpathians (e.g. Matenco and Schmid,
1999; Scharf et al., 2013).

Figure 4.9. Schematic 3D sketch of the early exhumation (extrusion) stage of the NFC in the
Early-Middle Miocene showing the superposition of nappe stacking and extensional detachment
formation. Note that the original, ~ top-NW nappe contacts were obliquely cut by the ~ top-W
extensional detachment that localized at the brittle-ductile transition zone. Therefore, it is possible,
that low-grade and high-grade metamorphic equivalents of the same formations from the same
nappe units are juxtaposed by the detachment.

The NFC and AC are not only defined as tectonic units, but also as paleogeographic
units juxtaposed by thrusting in a subduction zone. To arrive at such interpretations, their
definition must be based on the modern nappe structure (i.e. different units bounded by
thrusts). However, the current definition of the AC and the NFC is also based on a contrast
in metamorphic grade, created by a tectonic omission along an extensional detachment,
instead of the original thrusts (Martínez‐Martínez et al., 2002). Using a detachment between
the AC and NFC as a nappe definition would be valid if the extensional detachment
reactivated exactly the original nappe contacts, with an opposite sense of shear. This way of
reactivating nappe contacts has been interpreted elsewhere in the Mediterranean to be an
important mechanism of exhumation of metamorphic rocks (e.g., Jolivet et al., 2010).
However, in case of the Betics, the highly oblique kinematics of the superposed nappe
stacking and extension implies that the detachment obliquely cut through the nappe-stack
(Figure 4.9), creating a tectonic omission between the NFC and the AC, and possibly
reactivating pre-existing shear zones during the late-stage formation of the extensional dome
(see also Martínez‐Martínez et al., 2002).
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Due to the oblique displacement along the detachment with respect to the original nappe
stacking shear zones, low-grade metamorphic formations that originally belong to the NFC
are also expected to be observed in the hangingwall of the detachment, overlying their highgrade stratigraphic equivalents in the footwall (Figure 4.9). Examples for such formations
could be the low-grade or non-metamorphosed basalts, dolerites, and gabbros (Figure 4.6),
which are the protoliths of the high-grade amphibolites or eclogites in the Ophiolite Unit
across the detachment. Similarly, the low-grade lithologies commonly assigned to the AC
along the northern flank of the eastern Sierra de los Filábres such as Paleozoic phyllites and
Triassic dolomites have high-grade equivalents below the detachment (schists and dolomite
marbles). Therefore, we suggest that due to the oblique superposition of nappe stacking and
extension, the low-grade formations in our study area are not necessarily part of the AC, but
may also be part of the NFC in terms of paleogeographic provenance. Ultimately, we
conclude that a separation between the extensional detachment creating the observed tectonic
omission and the nappe stacking reflecting the paleogeographic provenance of continental
units should be further pursued in the Sierra de los Filábres and elsewhere in the Internal
Betics.
4.5.3 Origin and emplacement of the (ultra)mafic unit
The mafic-ultramafic rock succession of the NFC is most commonly interpreted in the
context of a magma-poor, hyper-extended (Iberian-derived) continental margin, which
contains intruded mafic dykes as well as areas with mantle rocks exhumed to the seafloor
(e.g. Booth-Rea et al., 2015; Gomez-Pugnaire and Munoz, 1991; Laborda-López et al., 2020).
The same rock succession is also interpreted as a separate tectonic unit (Ophiolite unit, Puga
et al., 2002; Puga et al., 2011), representing the metamorphosed remanants of an independent
ophiolite sheet. Our observations are consistent with large parts of both interpretations, which
in our view are not exclusive.
A key observation is the presence of a mixture of sedimentary and (ultra)mafic rocks,
interpreted as an ophiolitic mélange. The combination of an olistostrome and a shear zone is
typical for an ophiolitic melange, which forms by gravity emplaced (ultra)mafic blocks and
rocks scraped from the undelying continental formations. The different blocks are buried in
a sedimentary matrix derived partly from alteration reactions of (ultra)mafic minerals, and
are thrusted by ophiolite sheets during their obduction over continental margins (Figure
4.10c). Such ophiolitic mélanges have been described from ophiolite complexes worldwide
(Andersen et al., 1990; Schmid et al., 2008; Yilmaz and Maxwell, 1984). We argue that the
mélange of the (ultra)mafic unit cannot simply represent a brittle shear zone where the
different lithologies are mixed in the damage zone, because the sedimentary olistostrome
fabric of the original protolith is still preserved in some outcrops (e.g. Figure 4.5b, c),
although sheared during burial and sometimes also cut by late extensional shear zones and
normal faults during exhumation.
The interpretation of an ophiolitic mélange associated with an obduction of ophiolites
does not exclude the presence of a hyper-extended continental margin, whose continental
mantle could have been connected to - a probably narrow or embryonic - oceanic lithosphere
(Fig. 10b). Therefore, there is no conflict between ophiolite and hyper-extended continental
margin interpretations, because both can be part of the same paleogeographic domain.
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These considerations can be placed in the context of two alternative scenarios. If we
account for our Paleogene geochronological ages (Figure 4.8) to reflect tectonic burial and
metamorphism, an obducted oceanic lithosphere connected with a hyper-extended
continental margin could provide the overburden required for the burial metamorphism. The
obduction of oceanic lithosphere or arc-continent collisions are commonly associated with
the regional burial metamorphism of continental margins (e.g. Agard and Vitale-Brovarone,
2013; Goffé et al., 1988; Porkoláb et al., 2021; Pourteau et al., 2013; van Hinsbergen et al.,
2016). In this preferred scenario, the Paleogene white mica 40Ar/39Ar ages of the relic S0-1
foliation could be explained by burial metamorphism during obduction (Figure 4.10c), whose
record is preseved only in the deeper sections of the Calar-Alto unit, at far distances from the
Miocene shear zones (Figure 4.7g).
In the alternative scenario where the Paleogene geochronological ages are not
interpreted as burial metamorphism, the Miocene subduction of the entire NFC is the simplest
solution (Booth-Rea et al., 2015; Kirchner et al., 2016; Platt et al., 2006; Sánchez‐Vizcaíno
et al., 2001). We also consider this interpretation as entirely valid, since the debate on the
reliability of different geochronological data appears to be far from over. However, these
interpretations should also account for an oceanic lithosphere connected to the hyperextended Iberan margin, and explain the presence of the ophiolitic mélange.
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Figure 4.10. Tectonic reconstruction of the Western Mediterranean region highlighting the
relevant tectonic units of the Betics, modified after van Hinsbergen et al. (2020) (a) Snapshot at
45 Ma showing the Paleogene subduction of the NFC and the AC below oceanic (Ophiolite unit)
and continental (MC) upper plate segments, respectively. (b) Schematic cross-section through the
45 Ma reconstruction snapshot. (c) Schematic sketch of the obduction process magnified from the
cross-section of Figure b, highlighting the possible positions of different lithologies (mafic and
ultramafic rocks capped by syn-post-rift sediments, ophiolitic mélange, and the downgoing
continental formations) observed in the continental NFC and Ophiolite unit. (d) Snapshot at 20
Ma showing the initial Early Miocene subduction of the NFC below the Alboran domain
containing the MC and the AC. (e) Schematic cross-section through the 20 Ma reconstruction
snapshot.
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4.5.4 Implications for tectonic reconstructions
Reconstructions of the Betics orogen have placed the continental NFC either in the
AlKaPeCa terrane (i.e. a pre-subduction microcontinent or extensional allochthon), to
explain Paleogene burial ages (e.g. Vissers et al., 1995), or on the SE-Iberian margin, to
explain Miocene burial ages (e.g. Platt et al., 2006). Based on the combination of our results
and literature data (e.g. Figure 4.8), we suggest that these interpretations are not mutually
exclusive, and we envisage a two-stage evolution for the NFC that contains both phases of
burial.
The Paleogene burial ages of the continental NFC place these units within the
AlKaPeCa terrane, which differs from recent paleogeographic reconstructions (e.g. van
Hinsbergen et al., 2020; van Hinsbergen et al., 2014). The burial of the NFC and AC are
simultaneous, and given the very low convergence rates of only mm/year in the Eocene, this
requires that the NFC and AC were lateral paleogeographic units that were both part of the
AlKaPeCa terrane (part of the same continental block or laterally separated blocks, Figure
4.10a). The AC was buried below the MC that was presumably either the most distal forearc
of Iberia, or a continental nappe that was also derived from the AlKaPeCa. There is no
structurally higher unit above the MC to give a conclusive answer. The NFC was buried
below oceanic crust (the Ophiolite unit), and we therefore envisage that the subduction zone
transitioned from along the Iberian continental margin into the oceanic crust of the Alpine
Tethys, such that a narrow strip of oceanic crust was located in the upper plate, below which
the NFC subducted in Eocene time (Figures 4.10a, b, c).
The Miocene burial of the NFC plus the overlying ophiolites below the AC requires that
the pivot point around which the trench rotated was located between the two units (Figure
4.10d). As a result, the NFC and the overlying Ophiolite unit were part of the Iberian margin
(lower plate), whilst the AC was part of the upper plate, i.e the Alboran domain (Figures
4.10d, e). The Alboran domain started to thrust over the NFC and the Ophiolite unit in the
Miocene, with an almost opposite vergence compared to Paleogene thrusting (Figures 4.10a,
d). This Miocene history is the same as in van Hinsbergen et al. (2020). The difference is that
instead of assuming an undeformed Iberian margin, our reconstruction implies that the
Iberian margin already hosted an Eocene fold-thrust belt related to ophiolite obduction, prior
to the Miocene subduction below the Alboran domain.
This model explains the two phases of burial in the NFC, corresponding to Paleogene
and Miocene geochronological data, and only one, Paleogene phase of burial in the AC, while
keeping the consistency with all other geological and geophysical data described in van
Hinsbergen et al. (2020). It also explains the presence of an ophiolitic mélange associated
with the (meta-)mafics and ultramafics of the Ophiolite Unit by incorporating Paleogene
obduction (Figure 4.10c). The Paleogene obduction might also play an important role in the
rheological weakening of the Iberian margin, which might be important for facilitating the
westward rollback of the slab along the margin (Chertova et al., 2014). In our reconstrution,
the NFC undergoes ~25° clockwise rotation following the Early Miocene subduction. As the
initial Miocene burial direction was top-W (Figure 4.10d), the presently observed NW-SE
orientation of the moderate-temperature stretching lineations are explained by the clockwise
rotation (the originally E-W trending lineations are rotated to NW-SE). Furthermore, this
rotation might also explain the observed top-SSW vergence in and above the ophiolitic
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mélange formation (Figure 4.5a, d): the Paleogene vergence of obduction was top-SE (Figure
4.10a), which rotates to a more southerly (~ top S) direction after the Early Miocene.

4.6 Conclusions
We presented the results of a structural analysis and single grain fusion 40Ar/39Ar dating
of white micas to address the paleogeographic and tectonic evolution of the Betics mountain
range in SE Spain. We refined the tectonic subdivision of the eastern Sierra de los Filábres
to document strain localization during the burial and exhumation of the NFC. Our results
show that the main nappe contacts in the NFC were active during the Miocene continental
subduction-exhumation cycle both at near-peak metamorphic conditions during the late
burial stage and at retrograde conditions during the early exhumation stage of the NFC. The
kinematics of shearing along the nappe contacts gradually changed from top-NNW to top-W
as the rocks were being exhumed and captured by the top-W-WSW extensional detachment
localized at the brittle-ductile transition zone. The observed change in the sense of shear
during exhumation suggest that the extensional detachment obliquely cut the inherited nappe
contacts, hence the low-grade formations exposed along the northern flank of the Sierra de
los Filábres do not necessarily belong to the AC, but may also belong to the NFC in terms of
paleogeographic provenance. We documented the existence of an ophiolitic mélange
formation, which suggests that the (ultra)mafic succession of the NFC (Ophiolite unit) is a
dismembered ophiolite sheet originally emplaced by an obduction process. White mica
40
Ar/39Ar ages correlate with the preservation or obliteration of an early, relic, metamorphic
fabric in the rocks of the NFC. Our white mica 40Ar/39Ar ages hence largely record Ar-loss
due to deformation/fluid-induced recrystallization during two fabric-forming periods at 3827 Ma and 22-12 Ma. The combination of our results with previously published
geochronological data in the NFC suggests a tectonic model with two phases of burial
(subduction) in the Paleogene and subsequently in the Early-Middle Miocene. Our proposed
tectonic reconstruction accounts for Paleogene obduction of the Ophiolite unit over the
continental formations of the NFC, which explains Paleogene geochronological data in the
NFC as well as the presence of an obduction mélange in the Ophiolite unit.
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Chapter 5: Extrusion of subducted crust explains the emplacement of far-travelled ophiolites

5.1 Introduction
Finding physical mechanisms that explain how dense oceanic lithosphere, referred to as
ophiolite, is emplaced on top of lighter continental plates (i.e. obduction) has prompted a
long-standing scientific discussion(Agard et al., 2014; Coleman, 1971; Dewey, 1976).
Ophiolites may be accreted to continents by being scraped off from the subducting oceanic
lower plate (Coleman, 1971; Oxburgh, 1972), or emplaced on top of the continent in a
continental lower plate - oceanic upper plate subduction setting (Boudier et al., 1988; Duretz
et al., 2016a). In the latter case, subduction typically initiates within the ocean resulting in
the formation of high temperature-low/medium pressure (HT-LP/MP) metamorphic soles at
the base of the upper plate (Agard et al., 2016; van Hinsbergen et al., 2015). Intra-oceanic
subduction is followed by continental subduction below the oceanic upper plate when the
continental margin enters the subduction zone. Such ophiolite belts exhibit high pressure-low
temperature (HP-LT) metamorphic units structurally underlying the ophiolite (Figures 5.1 a,
b, c). These HP-LT units predominantly consist of continental upper crust that represents the
former passive margin of the subducting continent (Kilias et al., 2010; van Hinsbergen et al.,
2016; Yamato et al., 2007). The subduction and exhumation of these units appear to be a
relatively short-lived process, as evidenced by the characteristic duration of 10-30 Myr for
the subduction-exhumation cycle recorded in the metamorphic rocks (Figure 5.1e). The
exhumed continental units are typically found between an ophiolite sheet that was transported
for tens or even hundreds of kilometers over the continent (far-travelled ophiolite sheets) and
the rest of the oceanic domain (open ocean or suture zone of the former ocean) (Figures 5.1a,
b). Far-travelled ophiolite sheets are up to 10 km thick, and their average width is 50-55 km
(Figure 5.1e), suggesting that their dimensions are mechanically limited during emplacement.
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Figure 5.1. Datasets collected from natural ophiolite belts. For detailed explanation and
references regarding the datasets (c, d, e) see Supplementary Note 1 and Supplementary Tables
5.1, 5.2. Simplified cross sections showing the structure of the Oman (Searle, 2007) (a) and New
Caledonia (Maurizot et al., 2020; Patriat et al., 2018) (b) ophiolites and their structural relationship
to the underlying continental rocks. The far-travelled ophiolite sheets are separated from their
oceanic root by exhumed continental units, which show a transition from non-metamorphic to
high metamorphic grade. (c) Peak pressure-temperature (P-T) data collected from the subducted
and exhumed geological units in natural ophiolite belts. Multiple data points from the same
location represent the peak conditions of different structural levels. Error bars represent the
uncertainty of thermodynamic calculations. (d) Duration of the continental subductionexhumation cycle below the oceanic upper plate as recorded by the buried and exhumed
continental formations. The duration is calculated from the arrival of the continental margin in the
subduction zone to the near surface/surface exhumation of the subducted formations and is
indicated by colored circles. Error bars show uncertainties associated with the duration of the
subduction-exhumation cycle, where solid lines reflect well-constrained and dotted lines poorly
constrained cases, respectively (see Supplementary Note 1). e Average width of far-travelled
ophiolite sheets (colored circles) and the deviation from the average along strike (error bars) in
natural ophiolite belts. The width was measured along 3-8 cross sections along each ophiolite belt.

Models of ophiolite emplacement hence have to account for 1) short-lived continental
subduction below the oceanic upper plate followed by exhumation of the subducted upper
crust, and 2) the observed dimensions of ophiolite sheets. Recent numerical modelling studies
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achieved these conditions by imposing convergence to reach the state of continental
subduction, and subsequently imposing divergence to exhume the continental margin and
thin the oceanic upper plate (Duretz et al., 2016a; Hässig et al., 2016). However, these models
do not lead to nappe formation in the subducted continental crust, which is a key feature of
natural systems and seems to play an important role in the exhumation of the HP-LT
continental rocks (Kilias et al., 2010; Pourteau et al., 2013; Searle, 2007). Moreover, stacking
of continental nappes below the oceanic upper plate is critical for inducing uplift on top of
the rising thrust sheet(s), which in turn may lead to gravity-driven extension in the upper
plate (Agard et al., 2010; Chemenda et al., 1996; Lagabrielle et al., 2013). Extension in the
upper plate might significantly contribute to the unroofing of the subducted continental rocks
as well as in separating the far-travelled ophiolite sheet from its root (Chemenda et al., 1996;
Lagabrielle et al., 2013). Hence, exploring decoupling and nappe formation mechanisms in
the continental lower plate is crucial to understanding the deformation of the oceanic upper
plate and far-travelled ophiolite emplacement.
Here, we combine numerical thermo-mechanical simulations of oceanic upper platecontinental lower plate subduction systems and data acquired in ophiolite belts worldwide to
unravel the physical processes that explain the structure of ophiolite belts. We highlight the
genetic link between the extrusion of the subducted continental crust and the emplacement
of far-travelled ophiolite sheets, and further identify the key parameters controlling this
process.

5.2 Results
5.2.1 Modelling strategy
We designed 2D thermo-mechanical numerical simulations governed by momentum,
mass, and heat conservation equations and a visco-elasto-plastic rheological model (see
Methods for details of numerical modeling techniques and further model setup description).
A total plate convergence velocity of 3 cm/yr is achieved by prescribing constant normal
inflow velocities of |Vin|=1.5 cm/yr along the upper 140 km of the two model sides. Mass
conservation is satisfied by gradually increasing outflow below 140 km (Figure 5.2a). A
convergence velocity test was performed to explore the role of this parameter (Supplementary
Note 5.2, Supplementary Figure 5.1). The top boundary of the model is a true free surface
(Duretz et al., 2016b). The initial model geometry is inspired by reconstructions of preobduction geodynamic settings where intra-oceanic subduction is initiated relatively close (<
400 km) to the continental passive margin, which arrives to the subduction zone after ~10
Myr of oceanic subduction (Maffione and van Hinsbergen, 2018; Maffione et al., 2017;
Searle and Cox, 1999). Subduction is designed to initiate along an inclined weak zone
(equivalent to an oceanic detachment) close to the mid-ocean ridge to achieve a right-dipping
subduction zone and a thermally young ophiolite front, in agreement with natural ophiolite
belts (Maffione et al., 2015). A simplified continental passive margin geometry is
implemented by linearly decreasing crustal thickness over the distance of 200 km (Figure
5.2a). The continental basement is divided in two parts (upper and lower crust) constituted
of different materials (Tables 5.1, 5.2), which introduces a decoupling level at the base of the
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upper crust (Figure 5.2a). A resolution test was performed to verify the robustness of the
model results (Supplementary Figure 5.2).

Figure 5.2. Model setup and evolution of the reference model. The compositional evolution
and associated P-T paths are presented in Figures b-e on the left and right side, respectively.
Colored circles are the positions of selected particles for recording P-T conditions and correspond
to the colored lines on the left-side P-T diagrams. (a) Model setup showing the initial distribution
of compositional domains, the velocity boundary condition, and the strength profile (second stress
invariant vs depth, assuming a transcurrent setting) for the continental domain. For thermal and
rheological parameters of the model compositions see Table 5.1. Layering in the continental upper
crust corresponds to passive strain markers. White lines are isotherms from 200 to 1200 °C. (b)
Early-stage continental subduction at 13.9 Myr after the subduction of the left-side ocean between
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0 and 10 Myr. (c) Late-stage continental subduction after the initiation of upper crustal decoupling.
(d) Breaking of the oceanic upper plate and accelerated extrusion of the subducted upper crust.
(e) Emplacement of the far-travelled ophiolite sheet further leftwards on top of the continent,
dictated by crustal extrusion.

5.2.2 General evolution of the reference model
Intra-oceanic subduction initiation is followed by the subduction of oceanic lithosphere
until 10 Myr. The passive margin of the continent then starts to subduct below the oceanic
upper plate (i.e. obduction; Figure 5.2b), and experiences HP-LT metamorphism up to
eclogite facies P-T conditions (Figure 5.2c). The 3 km thick sedimentary cover of the passive
margin partially subducts with the rest of the continental lithosphere, but is largely stacked
and accreted to the front of the oceanic upper plate (Figure 5.2). After reaching eclogite facies
conditions, the burial velocity of the upper crust decreases from ~3 cm/yr at 18 Myr to near
zero at 23 Myr. This is the moment when the upper crust starts to decouple from the lower
crust and the lithospheric mantle. Decoupling results in the localization of a major reversesense shear zone along which the subducted upper crust is extruded upwards and leftwards
(Figure 5.2d). The oceanic upper plate undergoes gravity-driven extension when being
pushed up by the extruding thrust sheet. Extension leads to the breaking of the oceanic upper
plate, which enables the continental upper crust to be rapidly extruded to the surface,
separating a 50 km wide and maximum 13 km thick far-travelled ophiolite sheet from the
rest of the oceanic lithosphere (Figures 5.2d, e).
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Figure 5.3. Kinematic and dynamic evolution of continental upper crust extrusion and upper
plate necking. Top panels show the compositional domains with the interpreted main structures
(shear bands in the brittle domain are interpreted as faults), the middle panels provide information
of the strain rate with velocity arrows, while the bottom panels on the second stress invariant with
the orientation of the most compressive principal stress (σ1). The color fill of the middle and
bottom panels are based on scientific colormaps (Crameri, 2018). The orientations of σ1 on bottom
panels are shown by black lines, horizontal for compression, vertical for extension. The
boundaries of different compositional domains presented on the top panels are highlighted with
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white contour lines on the lower right panels. (a) Decoupling of the upper crust and initiation of
upper plate extension. (b) Further localization of main thrust and extensional accommodation
structures that break the upper plate. (c) Emplacement of far-travelled ophiolite sheet by further
crustal extrusion.

5.2.3 Ductile nappe formation: the onset of exhumation
Burial of continental crust below a denser oceanic plate leads to a progressive increase
of the buoyancy force that resists subduction despite the continuously imposed plate
convergence. From ~21 Myr (i.e. after 11 Myr of continental subduction) the velocity of the
subducting continental upper crust becomes near zero, while the lower crust and the
lithospheric mantle still subduct at ~1.5 cm/yr (Figure 5.3a). This kinematic setting leads to
an increase of deviatoric stress within the lower crust, which meets the conditions for strain
localization by thermal softening (Kiss et al., 2019). As a result, a major reverse-sense shear
zone develops and exhibits strain rates of > 10-13 s-1 (Figure 5.3a). The shear zone is initially
low-angle, and propagates along the base of the upper crust, which is the weakest horizon in
the continental crust (Figures 5.2a, 5.3a). The shear zone thus facilitates decoupling between
the crustal layers, which is further accommodated by distributed deformation (folding) at a
strain rate of ~ 10-14 s-1 in the entire subducted upper crust.
5.2.4 Interplay between crustal extrusion and upper plate necking
Upper crustal decoupling and nappe formation results in uplift, which triggers extension
of the oceanic upper plate over a 50 km wide zone (Figure 5.3a). Extension leads to the
formation of normal faults and to the normal-sense reactivation of the original plate boundary
thrust (Figure 5.3a).
Further strain localization results in the connection of the two flat reverse-sense shear
zone segments by a steeper ramp segment. This structure separates very-low-grade to nonmetamorphic upper crust from the low-grade to eclogite-facies upper crust (Figure 5.3b). The
localization of the main shear zone facilitates the acceleration of upper crustal extrusion
(from 0.5-1 cm/yr until 24.5 Myr to 1.5-3 cm/yr from 25 Myr), which is accommodated by
increasing displacement along the right-and left-dipping extensional shear zones and leads to
the necking of the oceanic upper plate (Figures 5.3b, c). Through this process a sheet of
oceanic lithosphere (the future far-travelled ophiolite) gets disconnected from the oceanic
plate along the left-dipping normal fault, which joins the upper flat segment of the main thrust
in depth (Figure 5.3b). Subsequently, the far-travelled ophiolite sheet is emplaced on top of
the continent and transported to the left along the upper flat thrust segment (Figure 5.3c).
This process is driven by the progressive extrusion of the continental crust.
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Figure 5.4. Effects of changing key parameters compared to the reference model setup. (a)
Model compositions at 29 Myr with stronger upper crust rheology (Maryland diabase instead of
Westerly granite) (Carter and Tsenn, 1987; Hansen and Carter, 1983). For the initial strength
profile of the continental domain see Figure 5.2a. (b) Model compositions at 29 Myr with weaker
lower crust rheology (Maryland diabase instead of mafic granulite) (Carter and Tsenn, 1987;
Ranalli, 1995). For the initial strength profile of the continental domain see Figure 5.2a. (c) Model
compositional domains at 29 Myr with shear heating switched off.

5.2.5 Key parameters controlling crustal extrusion and far-travelled ophiolite
emplacement
Extensive tests have been performed on the reference model to determine key
parameters that control the extrusion of the upper crustal thrust sheet, which is instrumental
for the necking of the upper plate and the emplacement of far-travelled ophiolite sheets
(Figure 5.4). In particular, we evaluated the impact of the crustal rheology of the subducting
plate and shear heating on the process of nappe formation.
In the reference model, a decoupled crustal rheology is achieved by using the Westerly
granite flow law (Hansen and Carter, 1983) for the continental upper crust, and a mafic
granulite flow law (Ranalli, 1995) for the lower crust (Figure 5.2a). Using a stronger
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Maryland diabase flow law (Carter and Tsenn, 1987) for the upper crust results in a more
coupled, stronger crustal rheology (Figure 5.2a). This prevents upper crustal decoupling after
reaching eclogite-facies conditions and inhibits subsequent nappe formation and extrusion
(Figure 5.4a). Instead, the upper crust is subducted to greater depth and enhanced
underplating occurs compared to the reference model.
A more coupled, but relatively weak crustal rheology can be achieved by decreasing the
strength of the continental lower crust (Figures 5.2a, 5.4b). Such a rheology results in the
decoupling of the entire continental crust from the lithospheric mantle rather than the
decoupling of the upper crust from the lower crust (Figure 5.4b). This leads to distributed
folding and thrusting in the lower plate rather than localized nappe formation and extrusion
of the subducted upper crust. Our results thus indicate that both strong (Figure 5.4a) and weak
(Figure 5.4b) coupled crustal rheologies inhibit upper crustal extrusion and associated the
emplacement of far-travelled ophiolites. We further tested different types of decoupled
crustal rheological models to determine the effect of smaller compositional or thermal
differences. The results show that slight variations in the thermal and material properties lead
to different timing and thus position of crustal decoupling, which is reflected in different
amounts of underplated continental upper crust below the oceanic upper plate
(Supplementary Figure 5.3). Rheology and coupling of the continental crust hence are key
factors that control nappe formation, upper crust extrusion and upper plate necking.

Figure 5.5. The effect of shear heating. (a) Plot of visco-plastic dissipation of mechanical energy
in the form of heat (Qs) (left panel) and effective viscosity (ηeff, right panel) at the 21.6 Myr
snapshot of the reference model, prior to nappe formation in the subducting continental crust. (b)
Plots of visco-plastic dissipation of mechanical energy in the form of heat (left panel) and effective
viscosity (right panel) at the 23.7 Myr snapshot of the reference model, after nappe formation at
in the subducted continental crust. Color fills of the plots are based on scientific
colormaps(Crameri, 2018).

The degree of coupling in the subducting continental crust is also affected by shear
heating, a process that dissipates mechanical energy in the form of heat, facilitating shear
zone formation in the lithosphere (Duretz et al., 2015; Kiss et al., 2019). In our reference
model shear heating results in heat production that can be up to two orders of magnitude
larger than the average radiogenic heat production in the continental crust (Figure 5.5b, see
Table 5.1 for radiogenic heat production (Qr) values). This effect is transient and has limited
spatial extent, but it induces thermal softening of the ductile material and may trigger the
formation of a shear zone. This is documented by a reduction of the effective viscosity at the
base of the incipient nappe at the boundary of the lower and upper continental crust and
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further along the steeper ramp section (Figure 5.5). This allows an upper crustal nappe to
decouple from the rest of the subducting lithosphere and extrude upwards and leftwards along
the shear zone (Figures 5.3b, 5.5). The model which does not include shear heating (Figure
5.4c) shows that strain localization and nappe formation fails to initiate, or is significantly
delayed compared to the reference model (Figure 5.3). Without shear heating, the coupling
between the upper crust and the subducting lithosphere is too high to allow for nappe
formation and its subsequent extrusion. Instead, buoyancy force leads to the underplating of
the subducted upper crust. This demonstrates that shear heating is essential for strain
localization and nappe formation in our reference model.

Figure 5.6. Near-surface composition and structure of final model snapshots. The peak
metamorphic zonation of the exhumed continental upper crust is plotted for (a) the reference
model and (b) the Mod 1 model variant (for model parameters see Table 5.2, for initial strength
profile see Supplementary Fig. 3).The panels are a combination of calculated metamorphic
domains for the continental upper crust, compositional domains for the sedimentary cover and the
oceanic lithosphere, and line interpretations of the main shear zones. The peak metamorphic zones
are defined based on the recorded maximum pressure (P) and temperature (T) values of the upper
crustal particles throughout the entire model evolution, and hence represent the theoretical
maximum metamorphic grade reached by the given crustal domains. In both cases, a transition
from non-metamorphic to eclogite-grade metamorphic rocks are observed within the upper crustal
tectonic window. The reference model (Figure 5.6a) has a higher initial continental geothermal
gradient (TMOHO=510 °C), therefore it shows higher peak metamorphic grades compared to the
model (Mod 1) with colder Moho temperature (TMOHO=375 °C) (Figure 5.6b).
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5.3 Comparison to natural ophiolite belts
Our models display many first-order features of natural ophiolite belts that are related
to continental subduction below an oceanic upper plate (Figure 5.6). It produces a fartravelled ophiolite sheet as the structurally highest unit, separated from its root by buried and
then exhumed HP-LT continental rocks, and underlain by accreted non-metamorphic to lowgrade sedimentary cover units (Figures 5.1a, 5.1b and 5.6). The tectonic window of exhumed
continental crust shows a gradual decrease in metamorphic grade from blueschist-eclogite
facies to non-metamorphic towards the far-travelled ophiolite sheet (Figure 5.6). The
reference model has a relatively warm initial continental geotherm (TMOHO=510 °C), and
therefore shows higher peak metamorphic grades than the Mod 1 variant, which has an
initially colder continent (TMOHO=375 °C) (Figures 5.6a and b, respectively). As such, the
reference model closer resembles natural sites where the tectonic window largely consists of
metamorphosed crust. Such a case is observed in New Caledonia or Western-Central
Anatolia, where the majority of the exposed continental crust reached P > 1 GPa and T
between 300 and 600 °C (Brovarone and Agard, 2013; Okay, 2002; Potel et al., 2006;
Pourteau et al., 2013). On the other hand, Mod 1 fits better to natural examples where large
fractions of the tectonic window exhibit no or very low-grade metamorphic overprint, with
relatively minor volumes of high-T blueschist and eclogite facies rocks (e.g. the Oman or
Lesser Caucasus ophiolite belts (Hässig et al., 2016; Searle et al., 2004)). In both cases, the
highest-grade continental rocks are separated from the oceanic lithosphere to the right by a
major normal-sense shear zone that accommodated the extrusion of the subducted continental
crust (Figure 5.6). The ophiolite sheet and the underlying accreted sedimentary units are
resting on the upper flat thrust segment of the main shear zone system that further transported
the upper plate units (far-travelled ophiolite sheet and accreted sediments) leftwards during
the extrusion of the continental crust. The normal-sense shear zone that separated the fartravelled ophiolite sheet from its root during the extrusion joins this upper flat thrust segment.
The prograde P-T ratio and peak P-T conditions recorded by the deeper parts of the subducted
upper crust in our reference model (4 MPa/°C and ~2 GPa at 500-600 °C, respectively) are
average values compared to those of natural cases (Figures 5.1c, 5.2d, Supplementary Table
5.1). The duration of the continental subduction-exhumation cycle (15-20 Myr) is in
agreement with the well-constrained ophiolite belts like Oman or New Caledonia, and
appears to be slightly shorter than the sites where subduction and/or exhumation of the
continental formations is poorly dated or debated (e.g. Brooks Range, Hellenides-Dinarides,
Southern Ural; see Figure 5.1e, Supplementary Note 1, Supplementary Table 5.2).
Observations such as post-subduction ductile to brittle extensional deformation (Rawling and
Lister, 2002; Searle, 2007), or the coexistence of opposite shear sense directions in the former
passive margin units (Porkoláb et al., 2019b; van Hinsbergen et al., 2016) fit well with the
structural evolution of our model, which involves top-left shearing (thrusting) during burial
and both top-left and top-right shearing during exhumation (normal faulting) (Figures 5.3,
5.6). The width of the far-travelled ophiolite sheet (50 km) predicted by the model(s) agrees
very well with the average width (53 km) of natural ophiolite belts (Figure 5.1e,
Supplementary Note 1).
Hence, the structure, dimensions, composition, and P-T-t conditions of our model
closely resemble those of natural ophiolite belts. The geometry and time evolution of our
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model also allows comparison with the currently active continental subduction of the
Australian continental margin below the oceanic Banda arc. The Australian continental
margin has been subducting for ~10 Myr (Keep and Haig, 2010), which roughly equals the
duration of upper crustal subduction in our reference model. Reconstruction of the stacked
and accreted sedimentary cover shows that 215-230 km of continental lithosphere has been
subducted, but only the uppermost 2 km of sedimentary cover was accreted to the upper plate
(Tate et al., 2015). Hence the present-day structure and dimensions of the Australian
continental subduction are very similar to those of our reference model in the 20-23 Myr
snapshots (Figure 5.2c).

5.4 Discussion
Our results have important implications for the dynamics of ophiolite emplacement in
oceanic upper plate-continental lower plate subduction systems, and thus may be widely
applied to understand geological observations in natural ophiolite belts. While plate
kinematic changes may play an important role in initiating intra-oceanic subduction (Agard
et al., 2007), or in the cessation of contraction at continental subduction zones (Duretz et al.,
2016a), we show that the emplacement of far-travelled ophiolite sheets can result from synconvergence, buoyancy-driven decoupling and upward extrusion of the subducted
continental upper crust accommodated by the necking of the oceanic upper plate. Crustal
extrusion and the resulting necking of the upper plate in our model are consistent with cases
studies from Oman (Chemenda et al., 1996) and New Caledonia (Lagabrielle et al., 2013).
Extrusion of the subducted upper crust requires nappe formation. In agreement with previous
studies (Duretz et al., 2015; Kiss et al., 2019), the results show that shear heating is an
important mechanism that facilitates strain localization and nappe formation. The precise
reproduction of smaller scale nappes (nappe thickness of several kilometers) which is often
observed in case of continental subduction (Kilias et al., 2010; Searle, 2007) would require
very high-resolution numerical modeling and built-in heterogeneities inside the upper crust
to localize shear zones at multiple horizons (Duretz et al., 2016c; Kiss et al., 2020; Reuber et
al., 2016). Our results also indicate that crustal decoupling and exhumation may take place
with different timing and position in the subducted continent depending on the rheology of
the continental crust (Vogt et al., 2017; Willingshofer et al., 2013). Variations in thermal or
compositional properties thus might control the surface preservation (exhumation) or the
subduction and recycling of different types of continental passive margins (e.g. magmatic or
magma-poor passive margins) (Franke, 2013; Tugend et al., 2020; Yamato et al., 2008).
Numerous natural ophiolites show evidence for supra-subduction zone magmatism in
the upper plate following intra-oceanic subduction initiation, which results in thermally
younger, thus thinner upper plates (Meffre et al., 1996; Pearce et al., 1984; Tamura and Arai,
2006; van Hinsbergen et al., 2015). Our model does not account for such effects and hence
may overestimate upper-plate thickness. Thinner upper plates would result in flatter
continental subduction, which may lead to crustal decoupling and upper plate necking further
away from the ophiolite front. If so, the size of the resulting far-travelled ophiolite sheets
would be comparable to the widest far-travelled ophiolite sheets in Oman and Anatolia (80150 km) (see Supplementary Note 1).
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The current subduction of the Australian plate below the oceanic Banda arc provides an
exciting example for a prospective future ophiolite belt. As more than 200 km of continental
crust has already subducted below the oceanic plate (Tate et al., 2015), it most likely has
reached eclogite facies conditions. Based on our model, decoupling of the Australian upper
crust has already begun, or will begin in the geological near future. If decoupling is followed
by nappe formation, the extrusion of the upper crust and simultaneous necking of the oceanic
upper plate may lead to the emplacement of far-travelled ophiolites.

5.5 Methods
5.5.1 Numerical modelling
The above-presented modeling results were obtained by solving the coupled set of nonlinear thermo-mechanical equations. The steady state momentum equation, the heat transfer
equation and the incompressible mass conservation equations are formulated as:
𝜕𝛕𝑖𝑗

𝜌𝑐𝑝

𝐷𝑇
𝐷𝑡

=
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𝜕𝑥𝑖
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𝜕𝑥𝑖
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=0

(2)

(3)

where 𝐯 is the velocity vector, T is the temperature, k is the thermal conductivity, ρ is the
density, cp is the heat capacity at constant pressure, Qr is the radiogenic heat production, τ is
the deviatoric stress tensor, 𝜀̇ is the deviatoric strain rate tensor, P is the pressure and g is the
gravity acceleration vector. The visco-plastic dissipation or shear heating, 𝑄𝑠 , is expressed
as:
𝑄𝑠 = 𝛕𝑖𝑗 (𝛆̇ 𝑖𝑗 − 𝛆̇ e𝑖𝑗 ) (4)
where 𝛆̇ e𝑖𝑗 the elastic portion of the deviatoric strain rate.
The density field evolves according the following equation of state:
𝜌 = 𝜌0 (1 − 𝛼(𝑇 − 𝑇0 ))(1 + 𝛽(𝑃 − 𝑃0 ))

(5)

where 𝜌0 is the reference density, 𝛼 is the thermal expansivity, 𝛽 is the compressibility, 𝑇0
and 𝑃0 are the reference temperature and pressure which were respectively set to 0 °C and
105 Pa. We use the Boussinesq approximation; hence both density changes in the mass
conservation equation and adiabatic heating are neglected.
The effective viscosity ( ) relates to the deviator stress and strain rate tensor:
𝛕𝑖𝑗 = 2𝜂𝛜̇ 𝑖𝑗 = (

1
𝜂𝑣

+

1
𝜂𝑒

+

1
𝜂𝑝

)

−1

𝛜̇ 𝑖𝑗

(6)

using a visco-elasto-plastic rheological model:
p

Peierls
𝛆̇ 𝑖𝑗 = 𝛆̇ v𝑖𝑗 + 𝛆̇ e𝑖𝑗 + 𝛆̇ 𝑖𝑗 where 𝛆̇ v𝑖𝑗 = 𝛆̇ dis
𝑖𝑗 + 𝛆̇ 𝑖𝑗
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where the v, e, and p superscripts stand for viscous, elastic and plastic and the superscripts
dis and Peierls correspond to dislocation and Peierls creep mechanisms.
The viscous strain rate account for contributions of both Peierls and dislocation creep. The
contribution of dislocation creep is expressed as:
dis
𝛆̇ dis
𝑖𝑗 = 𝛆̇ II

𝛕𝑖𝑗
𝜏II

−1

𝑄

−𝑛

= (2𝐴 𝑛 𝑓 𝑒 𝑛𝑅𝑇 )

𝜏II𝑛

𝛕𝑖𝑗

(8)

𝜏II

where A is a pre-factor, Q is the activation energy, n is the stress exponent R is the universal
gas constant and f is a correction factor (Schmalholz and Fletcher, 2011). The subscripts II
stand for the square root of the second tensor invariant. The Peierls mechanism is taken into
account in the mantle using the regularized formulation (Kameyama et al., 1999). The Peierls
strain rate is expressed as:
𝛆̇ Peierls
= 𝜀̇IIPeierls
𝑖𝑗

𝛕𝑖𝑗

(9)

𝜏II

where the second invariant strain rate is spelled as:
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where s is an effective temperature-dependent stress exponent, 𝑄Peierls is the activation
energy (= 540 kJ/mol), 𝜎 Peierls is the Peierls stress (= 8.5 109 Pa), 𝐸 Peierls (= 5.7 1011 s −1 ),
q (= 2.0), and 𝛾 (= 0.1) (Evans and Goetze, 1979).
The elastic strain rate is written as:
𝛆̇ e𝑖𝑗 =

𝜏̌𝑖𝑗 𝛕𝑖𝑗

(11)

2𝐺 𝜏II

where 𝜏̌𝑖𝑗 is the corotational time derivative of the stress tensor (Jaumann rate) and G is the
shear modulus (= 1010 Pa).
The plastic strain rate takes the form of:
𝐹
p
p 𝜏𝑖𝑗
p
𝛆̇ 𝑖𝑗 = 𝛆̇ II
with 𝛆̇ II = ve and is defined only if 𝐹 = 𝜏II − 𝐶 cos 𝜑 −
𝜏II

2𝜂

𝑃 sin 𝜑 > 0

(12)

where 𝜑 is the friction angle and 𝐶 is the cohesion (see Table 5.1 for reference model values).
The coefficient 𝜂 ve is a visco-elastic coefficient dependent on both viscous and elastic moduli
and on the time discretization (Moresi et al., 2003). No plastic strain softening was applied
in the presented simulations.
The temperature is fixed at both the surface of the model (0 °C) and the lower boundary (1330
°C). No heat flows through the right and left boundaries. A plate convergence rate of 3
cm/year is achieved by prescribing constant normal inflow velocities of |Vin|=1.5 cm/year
along the upper 140 km of the two model sides, while mass conservation is satisfied by
gradually increasing outflow below 140 km. The shear stress is set to zero along the left, right
and lower boundaries. The upper boundary is a true free surface (Duretz et al., 2016b), thus
its position evolves in response to tectonic loading. The initial topography is set to 0 km. The
initial temperature field is computed by solving the heat transfer equation assuming steady
state and neglecting visco-plastic dissipation using the reference thermal parameters (Table
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5.1). During this initialization step, quasi-adiabatic mantle conditions are reached by
assuming an artificially high conductivity within the asthenosphere.
The thermo-mechanical equations are solved using the finite difference/marker-in-cell
technique (Gerya and Yuen, 2003). The global linearized system of mechanical equations is
solved with a direct-iterative scheme that combines both Powell-Hestenes iterations and
Cholesky factorization (Räss et al., 2017). Due to the non-linear nature of the considered
rheological model, non-linear iterations are required at both local and global levels. At the
local level, an exact partitioning of the strain rate tensor is obtained via successive Newton
iterations(Popov and Sobolev, 2008; Schmalholz and Duretz, 2017). At the global level,
Picard iterations are used to best-satisfy mechanical equilibrium equations (to an absolute
tolerance of 10-6 and within a maximum of 20 iterations).
ρ
(kg.m−3)

k
(W.m−1.K−1)

Qr
(W.m−3)

α (K−1)

C (MPa)

ϕ
(o)

A
(Pa-n.s-1)

n

2700

2.55

2.9e-6

3.0e-5

10

15

1.0e-138

18

2750

2.8

1.65e-6

3.0e-4

10

30

3.1623e26

3.3

2900

2.8

1.65e-6

3.0e-4

10

30

8.8334e22

4.2

2900

3.0

1.0e-10

3.0e-5

10

30

3.2e-20

3.0

3300

3.0

1.0e-10

3.0e-5

10

30

1.1e-16

3.5

Asthenosphere
(dry olivine)

3300

3.0

1.0e-10

3.0e-5

10

30

1.1e-16

3.5

Weak zone
(serpentinite)

2900

3.0

1.0e-10

3.0e-5

0

30

4.4738e38

3.8

Sedimentary
cover (mica)
Continental upper
crust (Westerly
granite)
Continental lower
crust (mafic
granulite)
Oceanic crust
(Maryland
diabase)
Lithospheric
mantle (dry
olivine)

Q
(J.mol−1)
51.0e3

186.5e3

445.0e3

276.0e3

530.0e3

530.0e3

8.9e3

Table 5.1. Thermal and rheological parameters used for different compositions in the
reference model. The heat capacity (Cp) and the compressibility (β), were set to 1,050 J kg−1
K−1 and 10−11 Pa−1 for all compositions, respectively. Rheological parameters (preexponential factor (A), stress exponent (n), and creep activation energy (Q)) are set according
to flow laws of mica (Kronenberg et al., 1990), Westerly granite (Hansen and Carter, 1983),
mafic granulite (Ranalli, 1995), Maryland diabase (Carter and Tsenn, 1987), dry olivine
(Hirth and Kohlstedf, 2003), and serpentinite (Hilairet et al., 2007), from top to bottom in the
table. Other material properties are ρ : density, k : thermal conductivity, Qr : radiogenic heat
production, α : coefficient of thermal expansion, C : cohesion, ϕ :friction angle.
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Sedimentary cover
(mica)
Continental upper
crust (wet quartzite)
Continental lower
crust (felsic
granulite)
Oceanic crust
(Maryland diabase)
Lithospheric mantle
(dry olivine)
Asthenosphere (dry
olivine)
Weak zone
(serpentinite)

ρ
(kg.m−3)

k
(W.m−1.K−1)

Qr
(W.m−3)

2700

2.55

2.9e-6

2750

2.8

0.5e-6

2900

2.8

0.5e-6

2900

3.0

1.0e-10

3300

3.0

1.0e-10

3300

3.0

1.0e-10

2900

3.0

1.0e-10

α
(K−1)
3.0e5
3.0e4
3.0e4
3.0e5
3.0e5
3.0e5
3.0e5

Q
(J.mol−1
)

C
(MPa)

ϕ
(o)

A
(Pa-n.s-1)

n

10

15

1.0e-138

18

51.0e3

10

30

5.0717e18

2.3

154.5e3

10

30

2.0095e21

4.2

243.0e3

10

30

3.2e-20

3.0

276.0e3

10

30

1.1e-16

3.5

530.0e3

10

30

1.1e-16

3.5

530.0e3

30

4.4738e38

3.8

8.9e3

0

Table 5.2. Thermal and rheological parameters used for different compositions in the Mod
1 model variant. The heat capacity (Cp) and the compressibility (β), were set to 1,050 J kg−1 K−1
and 10−11 Pa−1 for all compositions, respectively. Rheological parameters (pre-exponential factor
(A), stress exponent (n), and creep activation energy (Q)) are set according to flow laws of mica
(Kronenberg et al., 1990), wet quartzite(Ranalli, 1995), felsic granulite (Ranalli, 1995), Maryland
diabase (Carter and Tsenn, 1987), dry olivine (Hirth and Kohlstedf, 2003), and serpentinite
(Hilairet et al., 2007), from top to bottom in the table. Other material properties are ρ : density, k
: thermal conductivity, Qr : radiogenic heat production, α : coefficient of thermal expansion, C :
cohesion, ϕ :friction angle.

5.5.2 Model geometry
The computational domain is a cross section of 1330 x 410 km. The model resolution
is 1 km in both directions. The initial compositional geometry is inspired by reconstructions
of pre-obduction geodynamic settings. It contains an oceanic domain (660 km wide) with a
spreading ridge and a tilted weak zone in the center that ensures left-dipping intra-oceanic
subduction initiation. The thermal structure of the oceanic lithosphere is calculated by
applying a half-space cooling age model from 1.5 Myr at the center to 50 Myr at the edges
of the ocean. The oceanic crust is 6 km thick and is overlain by a layer of uppermost
sedimentary cover that linearly thickens from the ridge (0 km) towards the right edge of the
continental domain (3 km). The transition from the continent to the ocean is defined by a
passive margin geometry where the continental upper and lower crust linearly thin from 30
km to 5 km over the distance of 200km. The uppermost sedimentary cover layer has a
constant 3 km thickness over the continental domain.
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5.6 Supplementary Note 1: Explanation for the datasets collected from
natural ophiolite belts (Figure 5.1)
Datasets of 1) peak pressure-temperature (P-T) conditions, 2) duration of continental
subduction-exhumation cycle, and 3) width of ophiolite sheets were collected from ophiolite
belts worldwide in order to show key characteristics and provide a robust base for comparison
with our numerical simulations.
Peak P-T conditions of the lower plate units in obduction systems were collected from
8 ophiolite belts, from multiple structural levels, when possible (Supplementary Table 5.1).
The dataset shows the dominance of HP-LT metamorphism that is typical for subduction
zones. Two outliers of high temperature-medium pressure (HT-MP) peak conditions have
been reported from Cuba (García‐Casco et al., 2001) and Eastern Anatolia (Lefebvre et al.,
2015). These exceptions might be explained by oblique subduction below the oceanic upper
plates and/or active rifting in the upper plate still ongoing during the initial stages of
continental subduction (Plunder et al., 2018; van Hinsbergen et al., 2016).
The duration of continental subduction-exhumation cycle was assessed at each natural
example based on a broad literature review focusing on 1) the timing of continental
subduction initiation (following the subduction of the oceanic lower plate), that is in most
cases constrained by the age of the youngest passive margin sediments accreted to the front
of (or overridden by) the oceanic upper plate; 2) geochronological data that constrains the
timing of prograde, peak, and retrograde metamorphism and/or cooling of the continental
lower plate; 3) timing indications for the surface exposure of the previously subducted
continental units (timing of erosion and/or deposition of unconformably overlying
sediments). Both the initiation of continental subduction and the exhumation to surface/near
surface conditions are loaded with timing uncertainties. For plotting, we used the best
estimation of the time that passed from the initiation of continental subduction to surface/near
surface exhumation of the continental lower plate units (colored circles on Figure 5.1d). Error
bars correspond to timing uncertainties that express the possible deviation from our best
estimation allowed by available data. Sites where the uncertainty is well-constrained (enough
data is available to bracket the uncertainty with confidence, and the interpretation of the data
is not ambiguous), we used solid arrow lines for the plot (Figure 5.1d). There are sites with
very limited information available regarding the timing of exhumation (e.g. Hellenides,
Brooks Range), or the interpretation of geochronological data that aims to constrain
exhumation (retrograde metamorphism) is debatable (e.g. Southern Ural, Cuba, Brooks
Range). In these cases, we used dashed arrow lines for plotting. For the data used for plotting
and main references see Supplementary Table 5.2.
We further measured the width of far-travelled ophiolite sheets that are separated from
their oceanic roots (open ocean or suture zone of former ocean) by the subducted and
exhumed continental units (Figure 5.1e). We measured the width in each cases along multiple
sections (3-8 sections depending on the length of the ophiolite belt). The colored circle on
the plot is the average of the measurements, while the error bars correspond to the maximum
deviation from the average to show along-strike variation of the width. In cases where postemplacement deformation disrupted the previously coherent far-travelled sheet, we took the
sum of the smaller detached sheets along the sections. A special case of far-travelled ophiolite
sheets is Anatolia, where unusually large amount of ophiolite is distributed over a 400 km
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wide area. Reconstructions imply, that all the ophiolites currently lying on top of the
continent originated from a single ocean, and were later disrupted and distributed due to postemplacement roof thrusting and extensional deformation (van Hinsbergen et al., 2016; van
Hinsbergen et al., 2020). Roof-thrusting of the ophiolites occurred during the subduction and
exhumation of not only one, but three major continental units below the upper plate (Kırşehir/
Tavşanlı, Afyon, and Taurides thrust sheets) that subducted one-by-one, while the previously
subducted continental unit(s) was already being exhumed as part of the upper plate (van
Hinsbergen et al., 2016). We therefore took the sum of the disrupted smaller ophiolite sheets
along several sections as the width of the far-travelled ophiolite sheet, which can reach 150
km, making the Anatolian sheet by far the largest (Figure 5.1e). In case of New Caledonia,
our far-travelled ophiolite sheet measurements took into account the offshore extrapolation
of the sheet and the exhumed HP-LT units (Patriat et al., 2018).

5.7 Supplementary Note 2: Convergence velocity test
Convergence velocity plays an important role in any geodynamic setting as it dictates
the rate of tectonic movements and thus influences all the forces acting on the tectonic plates.
Most notably, convergence velocity dictates strain rate, which has a major influence on stress
distribution of the ductile lithospheric layers. Differential stress magnitudes in the ductile
layers determine the degree of coupling between the brittle and ductile layers, thus strain rate
(and so convergence velocity) is a key parameter in strain localization (Brun, 2002; Brun,
1999). The continental crust in our model consists of an upper and a lower crust, both
constituted by brittle and ductile layers (Figure 5.2a). The coupling between these layers is
substantially influenced by the strain rate (higher strain rate results in higher differential
stress levels in the ductile layers, which results in higher degree of coupling). Our velocity
test shows, that decreasing the convergence velocity leads to the extrusion of all the
subducted continental upper crust (Supplementary Figure 5.1a), while in our reference model
some of the subducted upper crust remains underplated (Figure 5.2e). This can be explained
by the decreased coupling between brittle and ductile layers of the subducted crust due to the
decrease in strain rate (Brun, 2002). In contrast, increasing the convergence velocity results
in increased strain rates and increased coupling in the subducted crust, and hence leads to
delayed extrusion (Supplementary Figure 5.1b), or no extrusion (Supplementary Figure 5.1c)
of the upper crust. It has to be noted, that higher convergence velocities (>= 5 cm/yr) could
also produce extrusion of the upper crust similar to our reference model, if the crustal flow
laws would be adjusted to the faster velocities (i.e. higher strain rates compensated by using
weaker upper crustal material).
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Supplementary Figure 5.1. Convergence velocity test of the reference model (Convergence
velocity of the reference model is 3cm/yr). (a) Model compositions at 29 Myr for the model variant
with 2 cm/yr convergence velocity. (b) Model compositions at 29 Myr for the model variant with
4 cm/yr convergence velocity. (c) Model compositions at 29 Myr for the model variant with 5
cm/yr convergence velocity.
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Supplementary Figure 5.2. Resolution test of the reference model. (a) Reference model
compositions at two snapshots. (b) Increased resolution model reproduces the reference model
results with minimal differences confirming the accuracy of the results. (c) Decreased resolution
model fails to reproduce reference model results as strain localization and nappe formation is
prevented by the coarse resolution.
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Supplementary Figure 5.3. Timing and localization of upper crustal extrusion as the function of
thermal and compositional changes in a decoupled continental lithosphere. (a) Reference model
compositions at 25.1 My showing moderate amount of upper crustal underplating (~180 km long
upper crust basement of the thinned passive margin), while the majority of the subducted upper
crust is extruded upwards. For model parameters see Table 5.1. (b) Mod 1 variant of the reference
model at 22.7 My where the heat production (Qr) of the continental crust was set to 0.5 e-6 W.m−3,
and wet quartzite/felsic granulite flow laws (Ranalli, 1995) were used for the continental upper
crust/lower crust. Almost the entire subducted upper crust is being extruded with minimal
underplating. (c) Mod 2 variant of the reference model at 29.9 My where the heat production (Qr)
of the continental crust was set to 1.5 e-6 W.m−3, and westerly granite/Maryland diabase flow laws
(Carter and Tsenn, 1987; Hansen and Carter, 1983) were used for the continental upper crust/lower
crust. A significant portion of the subducted upper crust (~300 km) is not involved in extrusion
and thus remains underplated below the oceanic upper plate. (d) Continental strength profiles
(second stress invariant (Sii) vs depth (z)) of the three models (a, b, c), plotted for the initial
conditions (t=0).
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Location

T [°C]

P [GPa]

Terror [°C]

Perror [GPa]

Oman

525

2.3

25

0.1

Oman

300

1.05

5

0.05

New Caledonia

450

1.625

20

0.125

New Caledonia

535

2.4

15

0.15

New Caledonia

390

1.3

35

0.1

Cuba (Escambray)

570

2

40

0.3

Cuba (Pinos)

750

1.15

25

0.05

Kırşehir

700

0.8

20

0.05

Tavşanlı

430

2.4

30

0.3

Tavşanlı

275

1.2

25

0.1

Brooks range

475

1.1

25

0.2

Brooks range

400

1.05

30

0.15

Hellenides

500

2.35

50

0.15

Hellenides

460

1.22

30

0.1

Southern Ural

575

2.1

25

0.4

Reference
(Agard et al.,
2010)
(Agard et al.,
2010)
(Brovarone and
Agard, 2013)
(Brovarone and
Agard, 2013)
(Potel et al.,
2006)
(Stanek et al.,
2006)
(García‐Casco et
al., 2001)
(Lefebvre et al.,
2015)
(Okay, 2002)
(Plunder et al.,
2015)
(Gottschalk and
Oldow, 1988)
(Patrick, 1995)
(Mposkos and
Perraki, 2001)
(Kilias et al.,
2010)
(Dobretsov,
1991)

Supplementary Table 5.1. Pressure (P) and Temperature (T) data collected from the lower plate
of natural ophiolite belts.
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Location

t [My]

t + [My]

t - [My]

Brooks range

20

20

5

Caribbean (Pinos and Escambray)

15

5

5

Kırşehir

17.5

10

5

Lesser Caucasus

12.5

5

5

New Caledonia

16

5

5

Oman

15

5

5

Hellenides-Dinarides

25

15

5

Quebec

10

5

2.5

Southern Ural

25

10

10

Tavşanlı

25

10

7.5

Reference
(Harris, 1992; Hoiland
et al., 2018; Wirth et al.,
1993)
(García-Casco et al.,
2008) and references therein
(van Hinsbergen et al.,
2016) and references therein
(Hässig et al., 2016;
Hässig et al., 2013; Rolland
et al., 2010)
(Lagabrielle et al.,
2013; Patriat et al., 2018)
and references therein
(Agard et al., 2010;
Searle and Cox, 1999;
Searle, 2007) and references
therein
(Kilias et al., 2010;
Schmid et al., 2019) and
references therein
(Schroetter et al.,
2006; Schroetter et al., 2005;
Whitehead et al., 1995)
(Chemenda et al.,
1997; Glodny et al., 2002)
and references therein
(Pourteau et al., 2013;
van Hinsbergen et al., 2016)
and references therein

Supplementary Table 5.2. Best estimation of the continental subduction-exhumation cycle (t)
based on available data, and timing uncertainties (t + and t -).
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The research objective of the presented thesis was to constrain the tectonic evolution of
buried and subsequently exhumed units of continental crust and hence to improve the
understanding of convergent plate boundary zones. In order to explore a wide range of
processes involved, field studies were conducted in two regions of the Mediterranean
orogenic system that exhibit different characteristics in terms of structure and metamorphic
history: the Northern Sporades islands in Greece (Chapters 2, 3) and the Sierra de los Filábres
within the Betics mountain range in SE-Spain (Chapter 4). The rocks outcropping on the
Northern Sporades are characterized by low metamorphic grade (greenschist and lowtemperature blueschist facies) attesting to relatively shallow accretion of the rock units to the
upper plate of the subduction system (Chapters 2, 3, Matarangas, 1992; Mposkos and Liati,
1991b). In contrast, the Sierra de los Filábres displays the high-grade metamorphic (eclogite
facies) Nevado-Filábride complex attesting to the deep rock burial during subduction. The
eclogite facies rocks are separated from the low-grade (low-temperature blueschist facies)
Alpujárride complex by a major extensional detachment, implying significant tectonic
omission along the contact (e.g. Martínez‐Martínez et al., 2002; Platt et al., 1984). Therefore,
these two field areas allow addressing processes associated with relatively shallow (Northern
Sporades) and deep (Sierra de los Filábres) burial and subsequent exhumation of continental
crust. Both areas were affected by obduction of oceanic lithosphere that were coeval with a
phase of burial of continental crust. Therefore, we have supplemented our field studies by a
numerical thermo-mechanical modelling study focused on understanding the process of
upper crustal burial and extrusion in an obduction setting (Chapter 5). In this chapter, we
compare and combine the results of the different thesis chapters in order to gain further
insights regarding the evolution of continental burial-exhumation cycles.

6.1 The tectono-metamorphic interpretation of Ar/Ar ages
Chapters 2, 3, and 4 provide new examples that the 40Ar/39Ar dating of white micas
remains a powerful tool in constraining tectonic processes, especially when combined with
strategic sampling with respect to tectonic contacts and further microstructural/petrological
information. The general complexity of interpreting argon data in metamorphic rocks is
related to the slow and inefficient thermal diffusion under low to moderate metamorphic
temperatures (< ca. 500 °C, i.e. greenschist-blueschist facies conditions), which preclude the
appropriate definition of ‘cooling ages’ related to the exhumation of the rocks (Harrison et
al., 2009; Warren et al., 2012a). Hence, under metamorphic conditions that are typical for
large volumes of buried and exhumed crust on Earth, the cooling age concept is not
applicable. In these cases, the Ar-system is reset by deformation and/or fluid-induced
crystallization processes (Villa, 1998). Consequently, the most likely events to reset the Arsystem in these rocks are fabric forming events (the formation of new tectonic foliations),
which are typically related to regional deformation events during subduction and
exhumation. In this sense, strategic sampling within or across shear zones (Chapters 3, 4), or
the application of grain size-dependent dating corresponding to different foliations (Chapter
2) provide useful data when constraining tectonic processes. The application of multiple
single grain fusion dating (Chapter 2, 4) is especially advantageous as the individually
calculated grain ages provide substantially more information on the overall tectonic evolution
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of the metamorphic rocks compared to conventional multi-grain methods, where the endmembers of the age mixture are unknown (e.g. Uunk et al., 2018). This thesis provides further
evidence for the applicability of Ar-data in metamorphic terrains and shows that the detailed
structural understanding of the dated rocks and the study area are crucial for the meaningful
application of the method.

6.2 Kinematic characteristics of continental burial-exhumation cycles
The formations of the Northern Sporades experienced top-SW shearing during tectonic
burial, and opposite-sense, top-NE shearing during exhumation (Chapters 2, 3). Top-SW
shearing was related to thrusting in an accretionary wedge, while the opposite-sense, top-NE
shearing during exhumation was related to the extensional reactivation of inherited thrusts
and stratigraphic contacts (Chapter 3). These results fit in the regional deformation pattern of
the Aegean system, as the syn-to-post-nappe stacking extensional kinematics (generally topNE, or top-SW in case of the Southern Rhodope core complex, Brun et al., 2016; Brun and
Sokoutis, 2007) was (sub)parallel with the top-SW nappe stacking, and hence perpendicular
to the subduction trench or the trend of the Hellenides orogen. Such a case of orogenperpendicular extension implies, that the original nappe contacts are in a favorable orientation
for extensional reactivation. In the Aegean, the N-NE dipping, top-S-SW thrusts were
reactivated with the opposite, top-N-NE kinematics, as observed in the area of the Northern
Sporades (Chapters 2, 3), or in case of the North Cycladic extensional detachment system
(Brun and Faccenna, 2008; Jolivet et al., 2010). The orogen-perpendicular direction of synto-post-orogenic extension in the Aegean region was driven by the southward direction of
slab rollback (SSW in the west while SSE in the east, e.g. van Hinsbergen and Schmid, 2012),
a process that created space for the extension and allowed the buried and accreted continental
units to be exhumed back to the surface (Brun et al., 2016; Jolivet and Brun, 2010).
The Betics mountain range exhibit a strikingly different case regarding the relative
kinematics of nappe stacking and extension. In present day orientation, the nappe contacts in
the Sierra de los Filábres recorded a top-NNW sense of shear, which is at a high angle of 60°
to 90° to the subsequent, top-W to SW displacement along the main extensional detachment
system (Chapter 4, Behr and Platt, 2012). Therefore, the internal Betics document a case of
orogen-parallel extension, similar to the Eastern Alps (Frisch et al., 2000), or the Southern
Carpathians (Schmid et al., 1998). In such cases, contraction in one direction (ca. NW-SE in
the Betics) is accommodated by perpendicular extension. In the Sierra de los Filábres, the
detachment system, which accommodated the major part of syn-to-post orogenic extension,
truncated the inherited, perpendicular thrusts, and localized along the brittle-ductile transition
zone (Chapter 4, Martínez‐Martínez and Azañón, 1997; Martínez‐Martínez et al., 2002; Platt
and Vissers, 1980). The opposite-sense reactivation of nappe contacts (as in case of the
Aegean) was likely prohibited by the difference in the relative directions of nappe stacking
and extension. The orogen-parallel extensional direction in the Betics was facilitated by the
highly curved and confined slab, which retreated westward, creating space in an E-W
direction (Chapter 4, e.g. van Hinsbergen et al., 2014).
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6.3 Exhumation mechanisms of buried continental crust
The studied field regions allowed to analyze both shallow (Northern Sporades) and deep
(Sierra de los Filábres) burial and subsequent exhumation of continental crustal units. The
formations of the Northern Sporades recorded ductile top-SW shearing during their latest
Cretaceous-Paleogene burial, in the footwall of the Europe-derived units and the Vardar
suture zone. The formations did not subduct to large depth but were accreted to the base of
an accretionary wedge at low-grade (generally greenschist, locally blueschist facies)
metamorphic conditions by top-S to SW thrusts. The top-SW shear fabrics are overprinted
by top-NE shear fabrics, which show a gradual transition from ductile to brittle deformation
mechanisms, attesting to cooling during progressive exhumation of the rocks. Top-NE
shearing shows a transition to normal faulting, suggesting that the rocks were exhumed under
extension (Chapters 2, 3, Figure 6.1). Prevailing extension in the accretionary wedge
following the accretion of the formations suggests continuous and substantial basal accretion
to the wedge, inducing uplift (Platt, 1986), and/or the retreat of subduction trench, creating
space for the rocks to exhume (Brun and Faccenna, 2008).

Figure 6.1. Schematic drawing of a continental subduction system highlighting the processes
discussed in Chapter 6.2. Substantial crustal accretion to the accretionary wedge may result in
extension at the top of the wedge, contributing to the exhumation of low-grade metamorphic rocks.
The subducted part of the continental crust resists further sinking into the mantle due to its
buoyancy and starts to extrude along deep thrusts. The initial extrusion of the subducted crust
leads to uplift and extension in the upper plate of the subduction system and may trigger the
formation of an extensional detachment along the brittle-ductile transition zone. In addition, the
retreat of the subducting slab provides space for the rock exhumation.

In the Betics mountain range, the Nevado-Filábride complex experienced deep burial
(subduction) below the Alboran continental domain. The main thrusts of the NevadoFilábride complex show a gradual decrease from high to low-grade metamorphic conditions
during their activity, implying that nappe stacking was associated with significant
exhumation. This exhumation via thrusting was coevally accommodated by the localization
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of a major extensional detachment at the brittle-ductile transition zone, above the exhuming
rocks. Hence, exhumation was driven by contraction in the deeper part of the subduction zone
and simultaneous extension in the upper and middle crust of the orogen (Chapter 4, Behr and
Platt, 2012; Booth-Rea et al., 2015). Contractional exhumation (extrusion) of subducted
continental material is typically driven by the buoyancy of the subducted continental material
(Chapter 5, e.g. Chemenda et al., 1996), possibly with the additional effect of slab steepening
and roll-back (Brun and Faccenna, 2008), and asthenospheric upwelling (e.g. Booth‐Rea et
al., 2005; Brun and Faccenna, 2008). The thermo-mechanical models in Chapter 5 show that
nappe formation in the subducted upper crust also triggers uplift and local extension of the
upper plate in an obduction setting. There, the extensional shear zones accommodate the
extrusion of the upper crust and break the oceanic upper plate, eventually leading to fartravelled ophiolite emplacement. A similar causal relationship between crustal extrusion and
detachment formation could be envisaged for the exhumation of the Nevado-Filábride
complex in the Betics orogen (Figure 6.1). In the Betics, the main extensional detachment
that cut through the former nappe contacts might have formed as a response to the uplift
induced by the initial extrusion of the subducted Nevado-Filábride complex, as supported by
timing, petrological, and structural data (Chapter 4, Behr and Platt, 2012; Booth-Rea et al.,
2015). While acknowledging the importance of buoyancy forces, the generic model of Brun
and Faccenna (2008) invokes slab steepening and retreat as the main drivers for the
exhumation of subducted rocks. This model includes asthenospheric inflow during the
exhumation of high-pressure rocks, allowed by the delamination of the lithospheric mantle.
This and similar interpretations invoking asthenospheric upwelling have been widely
considered to explain the re-heating of the high pressure-low temperature rocks during their
exhumation, including the Nevado-Filábride complex (Behr and Platt, 2012; Booth‐Rea et
al., 2005) and the Cycladic high pressure-low temperature rocks in the Aegean region (Brun
et al., 2016; Jolivet and Brun, 2010), suggesting that besides crustal buoyancy, the interplay
between slab rollback, lithospheric mantle delamination, and asthenospheric upwelling is key
in the exhumation of subducted continental crust and the formation of extensional orogenic
domes.
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Summary
Continental burial-exhumation cycles play a major role in the evolution of subduction
zones, one of the main drivers behind our dynamic planet. Constraining the structural and
temporal evolution of continental subduction systems is hence crucial for understanding the
geodynamic evolution of Earth and the architecture of mountain belts. The investigation of
continental burial-exhumation processes requires the application of multiple research
methods, to constrain the structure (structural geology), timing (geochronology), pressuretemperature conditions (metamorphic petrology), and the overall physical evolution
(geodynamic modelling).
The thesis aims to improve the understanding of continental burial-exhumation cycles
by using structural analysis, 40Ar/39Ar dating of white micas, petrological observations, and
numerical thermo-mechanical modelling. The studies furthermore build on the large amount
of previously published data – mostly in the Mediterranean region but also elsewhere - that
serve as a basis for comparison and combination with the presented new data. The thesis
contains field studies of continental burial-exhumation cycles from the Eastern
Mediterranean (Hellenides, Chapters 2 and 3) and the Western Mediterranean (Betics,
Chapter 4), and a numerical modelling study validated against a global geological dataset,
investigating the dynamics of obduction systems (Chapter 5).
Chapter 2 presents a field study from the island of Skopelos (Northern Sporades,
Greece) that integrates structural and petrological analyses with white mica 40Ar/39Ar dating
in order to delineate phases of tectonic burial and exhumation and to determine their timing,
kinematics, and metamorphic conditions. Two major progressive phases of ductile
deformation are documented, which are related to distinct episodes of tectonic burial and
exhumation of the Pelagonian continental margin. The first phase of tectonic burial and
exhumation is defined by Early Cretaceous (~105‐135 Ma) 40Ar/39Ar white mica single grain
fusion ages, correlated with the initial closure of the Neotethys/Vardar ocean by ophiolite
obduction and the underthrusting of the Pelagonian margin below the oceanic upper plate.
Underthrusting was followed by exhumation and the deposition of Late Cretaceous‐
Paleogene sediments. The second phase of burial and exhumation is characterized by NE‐
SW tectonic transport, greenschist to blueschist facies metamorphism, and latest Cretaceous‐
Early Eocene 40Ar/39Ar white mica fabric ages. Burial of the Pelagonian crust below the
Eurasian continent (Rhodopia) resulted in top-SW shearing, followed by opposite-sense topNE shearing during extensional exhumation. The defined tectono-metamorphic events are
further correlated within the broad Dinarides-Hellenides orogenic system based on literature
data.
The geological record of the second, latest Cretaceous-Paleogene burial-exhumation
cycle is well-preserved in the upper crustal metasedimentary rocks that constitute the
Northern Sporades islands. Hence, the islands provide an excellent opportunity to study strain
localization processes during the burial and exhumation of the continental upper crust, which
is the focus of Chapter 3. In particular, we studied the role of structural inheritance in the
evolution of extensional shear zones as well as the role of mechanical stratigraphy in strain
localization during burial and exhumation. We applied detailed structural analysis
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supplemented by the 40Ar/39Ar dating of key shear zones on the islands of Skiathos and
Skopelos. The results show that the presence of shallow decoupling levels in the upper crust
due to mechanical stratigraphy resulted in the formation of thin (several 100 m thick) thrust
sheets that are defined for the first time on Skiathos. Subsequently, extension was
accommodated by opposite-sense, generally top-NE, ductile to brittle shearing, which
localized at inherited heterogeneities such as reverse-sense shear zones and stratigraphic
contacts. The dense network of northerly-dipping, inherited weakness zones resulted in a
highly distributed pattern of extensional deformation dominated by layer-parallel shearing.
The mechanics of superposed nappe-stacking and extensional exhumation, and their
implications for the geodynamics of mountain belts and paleo-geographic reconstructions,
also remain key problems in the Western Mediterranean region. Chapter 4 presents a field
study applying structural analysis and 40Ar/39Ar dating in the Sierra de los Filábres (Betics
mountain range, SE-Spain) in order to constrain the timing of subduction, the definition of
tectonic units including the significance of ocean-derived rocks, and the kinematic evolution
of main shear zones in the core of the orogen (Nevado-Filábride Complex). Benefiting from
the large available dataset of previous studies, the new results demonstrate a novel separation
of continental- and oceanic- derived tectonic units that were stacked during a two-stage
tectonic evolution. Our 40Ar/39Ar ages display two age populations (38-27 Ma and 22-12 Ma),
interpreted as the record of Ar-loss due to deformation-or fluid-induced recrystallization
during two distinct fabric-forming periods, related to successive burial-exhumation cycles.
We interpret the Paleogene burial of the NFC to be the result of the obduction of an oceanic
lithosphere, formed in the Alpine Tethys adjacent to the Iberian margin. Obduction was
followed by the Miocene subduction of the Nevado-Filábride Complex together with the
obducted ophiolites, below the Alboran continental crust. Subsequent exhumation of the
rocks was controlled by a major extensional detachment, which obliquely cut through the
inherited nappe stack, possibly resulting in the juxtaposition of the same original lithologies
metamorphosed in contrasting grades.
The interplay between continental subduction-exhumation dynamics and the obduction
of ophiolite sheets remains an enigmatic chapter in plate tectonics. Here we combine data
collected from ophiolite belts worldwide with thermo-mechanical simulations of continental
subduction dynamics to show the causal link between the extrusion of subducted continental
crust and the emplacement of far-travelled ophiolite sheets. Our results reveal that buoyancydriven extrusion of subducted crust triggers necking and breaking of the overriding oceanic
upper plate. The broken-off piece of oceanic lithosphere is then transported on top of the
continent along a flat thrust segment and becomes a far-travelled ophiolite sheet separated
from its root by the extruded continental crust. Our model carries implications for the tectonic
evolution of ophiolite belts worldwide as well as for continental subduction-exhumation
processes in general.
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Samenvatting
Cycli van continentale begraving-en-exhumatie spelen een grote rol in de ontwikkeling
van subductiezones, die een van de belangrijkste geodynamische processen zijn van onze
planeet. Het onderzoeken en karakteriseren van de ontwikkeling van subductiezones is dan
ook van cruciaal belang om de geodynamische evolutie van de aarde te begrijpen, en daarmee
ook de opbouw van gebergteketens. Een combinatie van onderzoeksmethodieken is nodig
om de structuur (structurele geologie), duur (geochronologie), druk- en temperatuurcondities
(metamorfe petrologie) en de grootschalige fysieke evolutie (geodynamisch modelleren) van
continentale begravings-en-exhumatieprocessen te kunnen bestuderen.
Dit promotieonderzoek richtte zich op een beter begrip van continentale begravings- en
exhumatiecycli door een gecombineerde studie van structurele analyse, 40Ar/39Ar datering
van witte mica’s, petrologische gegevens en numeriek thermo-mechanisch modelleren. Deze
onderzoeken zijn mede gebaseerd op een groot aantal eerder gepubliceerde gegevens (meest
afkomstig uit het Mediterrane gebied, maar ook van elders), die gebruikt worden als
vergelijkingsmateriaal en gecombineerd met nieuwe gegevens. De dissertatie beschrijft de
resultaten van veldstudies van continentale begravings- en exhumatiecycli in de oostelijke
Mediterranee (de Helliniden, hoofdstukken 2 en 3) en de westelijke Mediterranee (Betics,
hoofdstuk 4), en van een numerieke modelleerstudie van de dynamica van obductiesystemen,
gevalideerd met wereldwijde geologische gegevens (hoofdstuk 5).
In Hoofdstuk 2 worden de resultaten gepresenteerd van een veldstudie van het Griekse
eiland Skopelos (noordelijke Sporaden). Hierin worden structureel geologische en
petrologische analyses gecombineerd met 40Ar/39Ar ouderdomsdatering van witte mica’s
voor het identificeren van fases, timing, en kinematische en metamorfe condities van
tektonische begraving en opheffing. Er blijken twee grote, progressieve fasen van ductiele
deformatie te zijn , beide gerelateerd aan concrete perioden van tektonische begraving en
exhumatie van de Pelagonische continentale marge. De eerste fase wordt gekarakteriseerd
door Vroeg Krijt (~105‐135 Ma) 40Ar/39Ar ouderdommen van witte mica korrelversmelting,
die gecorreleerd kan worden met initiële sluiting van de Neotethys/Vardar oceaan door
ofioliet-obductie en met het onderschuiven van de Pelagonische marge onder de oceanische
plaat. Dit onderschuiven werd gevolgd door exhumatie en depositie van Laat Krijt-Paleogene
sedimenten. De tweede fase wordt gekarakteriseerd door NE-SW tektonisch transport,
groenschist tot blauwschist metamorfisme, en Laat Krijt/Vroeg Eocene 40Ar/39Ar
ouderdommen van witte mica’s. De begraving van de Pelagonische korst onder het
Euraziatische continent (Rhodopia) leidde eerst tot top-SW verschuiving, daarna gevolgd
door tegengesteld gerichte top-NE verschuiving tijdens rek-gerelateerde exhumatie.
De geologische geschiedenis van de tweede, Laat Krijt-Paleogene begraving-exhumatie
cyclus is goed bewaard gebleven in de meta-sedimentaire bovenkorstgesteenten waaruit de
noordelijke Sporaden bestaan. Deze eilanden bieden dan ook een ideale gelegenheid voor het
bestuderen van lokalisatie van deformatie tijdens het begraven en exhumeren van
continentale bovenkorst, wat het onderwerp is van Hoofdstuk 3. Daarbij is met name gekeken
naar de invloed van al bestaande structuren op de ontwikkeling van extensie gerelateerde
verschuivingszones, en naar de rol van mechanische stratificatie op lokalisatie van deformatie
tijdens begraving en exhumatie. Er is, in combinatie met 40Ar/39Ar ouderdomsdatering, een
gedetailleerde structureel geologische analyse uitgevoerd van de belangrijkste
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verschuivingszones op de eilanden Skiathos en Skopelos. In dit onderzoek wordt voor het
eerst aangetoond dat er op Skiathos door mechanische stratificatie in de bovenkorst, ondiepe
ontkoppelingsniveaus aanwezig zijn die verantwoordelijk zijn voor de vorming van dunne
(enkele 100m dikke) overschuivingslagen. Daaropvolgende rek werd geaccommodeerd door
ductiel-brosse verschuiving in tegengestelde, meest NE richting, die zich lokaliseerde op al
bestaande heterogeniteiten, zoals tegengesteld-gerichte verschuivingszones en stratigrafische
contacten. Het dichte netwerk van de al bestaande noord-hellende zwaktezones resulteerde
in een wijdverbreid patroon van extensiedeformatie, gedomineerd door laag-parallelle
verschuiving.
De mechanica van de opeenvolging van nappe-stapeling en extensie-exhumatie, en de
implicaties daarvan voor de geodynamica van gebergteketens en paleo-geografische
reconstructies, blijven een belangrijk probleem in de westelijke Mediterranee. Hoofdstuk 4
presenteert de resultaten van een veldstudie in de Sierra de los Filábres (Betics gebergte, ZOSpanje), waar een structureel geologische analyse en 40Ar/39Ar ouderdomsdatering zijn
uitgevoerd voor het bepalen van de timing van subductie, het definiëren van tektonische
eenheden inclusief het belang van oceanische gesteenten, en de kinematische ontwikkeling
van grote verschuivingszones in de kern van het orogeen (Nevado-Filábride Complex, NFC).
De nieuwe resultaten demonstreren, mede dankzij de grote hoeveelheid beschikbare
gegevens afkomstig van eerdere studies, een nieuw mechanisme van scheiding van
continentale en oceanische tektonische eenheden, die gestapeld worden in een tweetraps
tektonische evolutie. De bepaalde 40Ar/39Ar ouderdommen zijn verdeeld in twee groepen (3827 Ma en 22-12 Ma). Dit is het gevolg van Ar-verlies veroorzaakt door deformatie- of
vloeistof-geïnduceerde rekristallisatie tijdens twee discrete perioden van (her)vorming van
gesteentestructuur, gerelateerd aan opeenvolgende begravings- en-exhumatie cycli. De
Paleogene begraving van het NFC wordt geïnterpreteerd als zijnde het resultaat van obductie
van oceanische lithosfeer, gevormd in de Alpiene Tethys naast de Iberische marge. De
obductie werd in het Mioceen gevolgd door subductie van het NFC en de geöbduceerde
ofiolieten onder de Alboran continentale korst. Daaropvolgende exhumatie was het gevolg
van een grote extensie ontkoppeling die schuin door de geërfde nappe-stapeling sneed, en die
mogelijk resulteerde in een juxtapositie van eenheden van dezelfde lithologie, maar met
verschillende gradaties van metamorfose.
De wisselwerking tussen het dynamisch continentale subductie-exhumatie proces en de
obductie van ofiolietbladen blijft een raadsel in plaattektoniek. In dit onderzoek zijn
wereldwijde gegevens van ofiolietgordels gecombineerd met thermo-mechanische
computersimulaties van dynamische continentale subductieprocessen om het causale
verband aan te tonen tussen extrusie van gesubduceerde continentale korst en de plaatsing
van over grote afstand verschoven ofiolietbladen. De resultaten van het onderzoek laten zien
dat de, door het drijfvermogen geinduceerde, extrusie van gesubduceerde korst leidt tot het
plaatselijk verdunnen en uiteindelijk opbreken van de bovenliggende oceanische plaat. Het
afgebroken stuk oceanische plaat schuift daarbij op het continent langs een platte
overschuivingsbreuk, en wordt op die manier een ofioliet die door de geëxtrudeerde
continentale korst ver verwijderd is van zijn oorsprong. Het gepresenteerde nieuwe model
heeft implicaties voor zowel de tektonische ontwikkeling van ofiolietgordels overal op de
aarde, alsmede meer in het algemeen voor continentale subductie-exhumatie processen.
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