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Abstract

Most of the circum-Mediterranean orogenic belts of southern Europe have
accommodated dominantly extensional tectonic deformation since the early Miocene. The
Aegean Sea, situated in the eastern Mediterranean Sea between Greece and Turkey, is an
example of a back-arc basin formed by consequence of that extension. Trench retreat due to slab
rollback starting in the Eocene subjected the Aegean region to tensional forces, resulting in the
exhumation of high pressure, low temperature (HP-LT) metamorphic rocks characteristic of
subduction zone metamorphism. The exhumed crustal fragments, composing the Cycladic
islands, represent remnants of oceanic and continental crust situated oftboard of the African
margin. Those rocks were subducted beneath the southern margin of the European craton during
convergence sustained between the two continents since the late Mesozoic. This thesis
contributes a new island-scale study of Aegean exhumation by examining the record of
unroofing on southern Evia island. Structural and petrological analyses and diverse radiometric
dating techniques reveal a hitherto unrecognized major deformation corridor, whose strain
geometry and geochronological record demonstrates its relevance to the extensional architecture
governing exhumation of HP-LT rock units in the Aegean Sea. This structure, herein named the
Evia Shear Zone, operated in tandem with the more regionally extensive North Cycladic

Detachment System to exhume lowermost parts of the structural pile on southern Evia.

The constituent chapters presented herein illustrate challenges involved in discriminating
among structural and petrological features developed during convergent stages of mountain
building, as opposed to those related to extensional post-orogenic collapse. The combined work
highlights analytical techniques that can overcome those ambiguities. Among them, the use of
exploratory geochronology to inform subsequent targeted higher-resolution dating was effective
at highlighting inconsistences in prior assumptions present in both the literature and first-order
empirical inferences made over the course of this thesis. Overall, the data presented here
demonstrate: (1) the potential morphological diversity among structures responsible for
facilitating exhumation in deeply exhumed orogens; (2) the tenuous nature of some common
petrological inferences as applied to subduction zone geodynamics; (3) the power of multiple
geochronometers applied to tectonic problems in concert. The ultimate conclusions of this work
should inform best practices for future refinement of orogenic models for the evolution and

unroofing histories of HP-LT metamorphic complexes.
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CHAPTER 1

INTRODUCTION



High-pressure, low-temperature (HP-LT) metamorphic rocks represent the material record
of processes operating at depth within subduction zones. Exposures of HP-LT rocks are
consequently an invaluable source of insight into the large-scale geodynamic processes that
operate at destructive convergent margins (Behr and Burgmann, 2021). More than 250 such
occurrences are known worldwide (Maruyama et al., 1996), and the unique pressure and
temperature (PT) conditions generated within the cold down-going slab produce the distinctive
and often visually striking minerals characteristic of the blueschist and eclogite metamorphic
facies (Evans, 1990). The presence of certain minerals, particularly lawsonite, glaucophane, or
omphacite, serve as markers that the rocks possessing these phases attained a particular
corresponding depth along one of several characteristic geothermal gradients expected in
subduction zones (Clarke et al., 2006; Tsujimori et al., 2006). This a priori constraint on
metamorphic environment makes the coexisting structural records of HP-LT rocks exceptionally
useful proxies for studying the mechanisms by which crustal rocks deform during subduction, and
in turn implicates those mechanisms as drivers of potentially hazardous seismic activity at modern-
day convergent margins. As the equivalent modern structures are inaccessible, the ancient rock
record is one of very few ways to study subduction zone processes and seismogenic deformation
(Behr and Burgmann, 2021).

However, the protracted and sometimes non-linear pathway from near-surface conditions
to deep subduction and back again complicates the otherwise elegant use of HP-LT rocks described
above. Both subduction and exhumation require immense forces to displace not only the rock
volume of interest but also those situated above and below them. The subducting slab consequently
undergoes considerable deformation, producing the penetrative metamorphic foliations and

intricate folding visible in many exhumed subduction complexes (Cawood, 1982; Stockhert, 2002;



Beaudoin et al., 2017). Identifying the stage of orogenesis at which a given structural feature
developed is critical to reconstructing the paleotectonic history of an orogen, as well as for
understanding the ability of different tectonic mechanisms to deform and reconfigure the affected
crust. Correctly assigning structures to specific tectonic events becomes increasingly non-trivial
with each successive episode of deformation, and later intervals of strain may obscure, or even
outright erase, the structural record of earlier deformation. Even where there is a complete record
of strain preserved in particularly well-studied HP-LT complexes, disentangling the relative
timing, geometry, and tectonic significance of the structures often remains a major source of
controversy (Huet et al., 2009; Jolivet and Brun, 2010; Ring et al., 2010; Beaudoin et al., 2017).
Resultant uncertainties concerning the longevity, structural style, and overall geometry associated
with the active subduction phase of orogenesis may significantly compromise the validity of
models reliant on those underlying structural data.

By consequence, the study of exhumation mechanisms and their associated deformation
styles is an integral part of understanding orogenic cycles and their products newly exposed again
at the surface (Platt, 1993; Ring et al., 1999; Agard et al., 2009; Warren, 2013). As effectively all
consolidated rock has at some point experienced appreciable burial, knowledge of exhumation
processes has considerable interdisciplinary value. Foremost, exhumation typically produces strain
geometries that readily preserve deformation generated during its earliest stages. Since exhuming
rock progresses broadly from hotter to cooler temperatures, earlier-formed structural information
is not lost to ductile overprint as is common during prograde burial (Reynolds and Lister, 1987;
Lister and Davis, 1989; Jolivet et al., 2010; Grasemann et al., 2012). Exhumation-related structures
are thus exceptional references for investigating fundamental questions regarding the strength of

the crust, as associated deformation may evolve or migrate depending on the bulk rheology of the



affected crustal section. Accordingly, rocks that have localized deformation related to exhumation
represent a unique, time-integrated record of strength variability for many abundant crustal rock
types, representing deformation under a range of geologically common PT conditions.

For rock exhumed from deep or moderate depths, knowledge of the common geometries
assumed by structures governing exhumation can help to predict the modern positioning of older
features such as major crustal-scale shear zones or basal décollements (Doglioni, 1995; Reddy et
al., 2002; Jolivet et al., 2004). Such geometric reconstructions also facilitate mineral exploration
activities for mesozonal ore bodies, whose mineralization frequently exploits structures that may
be related to exhumation or else has been dissected by them (Marchiev et al., 2005; Chambefort
and Moritz, 2006; Menant et al., 2013; Liotta et al., 2015; Creus et al., 2023). At and above the
brittle-ductile transition zone, the rates and geometries of exhumation inform models of basin
evolution and coeval thermal regimes, factors critical to hydrocarbon exploration (Corcoran and
Dor¢, 2005; Underdown and Redfern, 2007). The potential for complexity is of particular
significance here, as the confluence of multiple generations of structures may serve as ideal traps
for mineralizing fluids or hydrocarbons, and thus these resources may be controlled directly by
relationships between contractional and tensional structures (e.g., Harding and Lowell, 1979;
Forde and Bell, 1994; Pirajno, 2009; Edmundson et al., 2020; Zhou et al., 2021).

Fortunately, numerous analytical techniques have developed to circumvent the inherent
structural complexity encountered in exhumed subduction complexes. Radiometric dating
techniques are now refined such that diverse geological information may be ascertained by careful
selection of geochronometer and analytical method (e.g., Cliff, 1985; Larson et al., 2023; Gyomlai
et al., 2023). Numerical estimates for the timing of crystallization, cooling, and deformation are

accessible from several rock-forming minerals that are often readily available in rocks formed



during HP-LT metamorphism. Among the most historically important include zircon U-Pb
geochronology to date crystallization of igneous protoliths, timing of metamorphic rim growth,
and determine sources of detrital populations (e.g., Rubatto et al., 1999; Trotet et al., 2001; Horton
et al., 2010; Schneider et al., 2011; Seman et al., 2017); mica and amphibole “°Ar/*Ar
geochronology to determine the timing of cooling below certain moderate temperatures (~400-
600°C) or, for deformed specimens, the timing of shearing (Cossette et al., 2015; Dunlap et al.,
1991; Laurent et al., 2021; Barnes et al., 2023); multi-mineral Rb-Sr geochronology, serving
similar purposes to the “°Ar/*°Ar system but with contrasting sensitivity to isotopic resetting and
without the inconvenient potential addition of excess daughter isotope (Larson et al., 2023;
Gyomlai et al., 2023); and low-temperature zircon and apatite (U-Th)/He and fission track
thermochronometry, which date cooling of those minerals below a range of tectonically important
temperatures of ~300°C. Still greater geochronological information is accessible using in situ
techniques, allowing the spatial and microstructural contexts of the analyzed material to be fully
retained (Laurent et al., 2021; Barnes et al., 2023). Consequently, the apparent age of specific
(micro-)structures can now be defined, although natural samples do not always delineate the
desired dates in a straightforward manner (Laurent et al., 2021; Di Vincenzo et al., 2022).
Historically, estimates of metamorphic pressure and temperature (PT) conditions to
complement the timing constraints were obtained by empirical calculation using mineral equilibria
for sets of two or more minerals (Evans, 1990). A critical volume of mineralogical thermodynamic
data accrued over the last three decades now allows for precise estimation of the metamorphic PT
conditions represented by a given mineral assemblage (Holland and Powell, 1998; White et al.,
2014). If multiple samples with similar presumed tectonometamorphic histories are used, or relict

phases or incipient reactions are observed within a sample, then a PT path can also be inferred



from the relative placement of individual estimates in PT space (e.g., Willner et al., 2004; Gasco
et al., 2011; Massonne, 2014; Huet et al., 2015; Scheffer et al., 2016; Peillod et al., 2021). The
combination of these methods with geochronology — for which several petrologically relevant
mineral phases may serve as geochronometers — provides a powerful tool that, given appropriate
interpretive scrutiny, can link a numerical age to a given point along the PT evolution within a
region (e.g., Huet et al., 2015; Cruz-Uribe et al., 2015). Supporting data, in the form of stable
isotopes, or simple mineral chemical geo-thermometers and -barometers can confirm or refine
estimates for the same or different parts of the PT history to acquire a greater breadth of constraints
at relatively low opportunity cost.

This thesis integrates many of the approaches outlined above to interrogate the exhumation
history of the island of Evia, situated in the Aegean Sea. Evia occupies a critical position at the
margin of the Cyclades, a world-class exposure of HP-LT metamorphic rocks, particularly Syros,
the type locality of the blueschist facies index mineral glaucophane (Hausmann, 1845). The
Cyclades have been the source of several fundamental concepts pertaining to both subduction and
exhumation, and an excellent natural laboratory furthering their development since. The islands of
Ios and Naxos have acted as the foundational model for metamorphic core complexes and an
exemplar of its modern conception, respectively (Lister et al., 1984; Keay et al., 2001), whereas
numerous Cycladic islands expose classical examples of exhumation-related low-angle
detachments (Jolivet et al., 2010; Grasemann et al., 2012). Evia marks the northwesternmost limit
for continuous exposure of the HP-LT unit. It should therefore be expected that the structural
architecture facilitating exhumation terminates or otherwise changes on Evia, as recently
demonstrated for the exposures to the southwest (Coleman et al., 2020). Nevertheless, prior to this

thesis, Evia had been targeted mainly to understand the convergent stages of orogenesis in the



Cyclades, due in large part to the major nappe contact exposed there as the boundary to a tectonic
window (Dubois and Bignot, 1979; Katsikatsos et al., 1982; Shaked et al., 2000). Both the footwall
and hanging wall of the tectonic window, however, should have experienced exhumation
comparable to that documented in the remainder of the Aegean region, and relevant structures and

PTt data should be accessible in the records of strain and metamorphism in the rock record of Evia.

1.1. Exhumation mechanisms

The opening section of this chapter alluded to the diversity of mechanisms which may
return deeply subducted rocks to the surface. Although certain mechanisms are responsible for an
outsized proportion of the exhumation represented in the rock record, the potential for
simultaneous operation of different mechanisms renders contributions from the less common
processes non-trivial (Ring et al., 1999; Froitzheim et al., 2003). Each of the mechanisms functions
to effectively remove overlying rock from atop the exhuming package (Figure 1.1). In most cases,
unroofing is accomplished by displacing overlying rock, but the part of the crustal section that is
attenuated and the driving mechanism, as well as the types of structures associated with the
different exhumation styles, vary considerably.

Erosion is, at least from a purely geodynamic perspective, the simplest exhumation
mechanism, requiring only passive removal of overburden via the ubiquitous processes of physical
and chemical weathering and lateral transport as sediment. In active orogens however, erosion is
frequently enhanced by tectonism, as regions of higher elevation are typically subject to higher
rates of erosion (Burbank, 2002). Rates of erosion may also be enhanced by glacial action, and
thus prolonged glaciations may drive periods of comparatively rapid exhumation (Zeitler et al.,

2001; Fox etal., 2015). Intense erosion of overburden conveniently produces a conspicuous record
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Figure 1.1. Cartoon diagrams depicting exhumation mechanisms discussed in the
text. Black star indicates the exhuming rock; black arrows show displacement of
material. (A) erosion; (B) low-angle normal faulting; (C) slab extraction; (D)
ductile thinning; (E) wedge extrusion.



in the form of thick sedimentary successions of a similar age to the cooling experienced by the
exhumed rock (e.g., Sanchez-Gomez et al., 2002). Despite its capacity for periodic tectonic or
climatic enhancement, erosion in many cases operates at slower rates than its tectonic counterparts,
and is most important for instances of particularly prolonged exhumation where more rapid
tectonic processes were not co-active (Ring et al., 1999; Warren, 2013).

Perhaps the most famous among the tectonic drivers of exhumation are low-angle normal
faults, also commonly known as detachments (Figure 1.1B). Detachment faults operate within
tensional tectonic stress regimes (i.e., ov = o1). Their fault planes dip shallower than 30°, and
displacement along them removes overburden (i.e., the hanging wall) from atop a large area
because of these low dip angles (Lister and Davis, 1989; Axen, 2004; Collettini, 2014). Although
sustained slip along such shallow faults was initially considered mechanically untenable, abundant
field evidence now supports that detachment faults both initiated and operated at shallow dips
(Lister and Davis, 1989; Axen, 2004; Jolivet et al., 2010; Grasemann et al., 2012; Biemiller et al.,
2022). Most detachments originate in the ductile crust, and are mechanically linked to high-angle
normal faults positioned structurally above them. Isostatic uplift of the footwall in response to the
removal of the hangingwall results in upwarping (or 'doming') of the original low-angle plane,
producing one side of the fault trace that displays an apparent reverse sense of displacement. Once
the initial fault surface is no longer sufficiently planar to accommodate further strain, detachment
faults characteristically initiate a new, structurally higher fault plane rooted in the original
structure. Consequently, detachment faults also exhume themselves, and thus strain along them
frequently exhibits a progression from ductile to brittle-ductile and finally brittle behaviour (i.e.,
'ductile-then-brittle"). Exposed detachment planes commonly present this progression across a

gradually narrowing zone of footwall deformation, featuring a wide zone of ductile mylonites



overprinted toward the hangingwall by cataclasites and terminated in one or more brittle, knife-
sharp fault planes. Where detachment faulting has exhumed particularly deep structural levels,
decompression melting may yield a footwall core dominated by migmatites and crustally-derived
granitoids. Along with the diagnostic structural configuration here described, the deeply exhumed
hot crust forms the titular 'core' of a metamorphic core complex. Although high-angle normal faults
may also contribute to exhumation, their steeper dips mean they remove their hanging walls less
efficiently per unit of fault-parallel displacement. High-angle faults therefore typically contribute
modest magnitudes of upper crustal exhumation, late in the unroofing history of a given orogen.
In contrast to the types of exhumation discussed previously, ductile thinning (Figure 1.1D)
typically drives unroofing at depth in a crustal section because rock accomplishing this style of
exhumation must behave plastically (Ring and Brandon, 2008). A horizon undergoing ductile
thinning exhumes subjacent rock by reducing the total thickness of the crustal section via a lateral
redistribution of material (i.e., ductile strain). The amount of exhumation facilitated by thinning is
proportional to the magnitude of thinning imposed on the deforming package of rock, and the
requisite strain may be accommodated with or without an attendant volume change (Feehan and
Brandon, 1999; Ring and Kumerics, 2008). In the former case, it is typically envisioned that
thinning is accommodated by material transport in fluids, and there are fewer associated geometric
constraints. An isovolumetric thinning, however, requires that strain compatibility be satisfied:
material from the thinned horizon must extrude laterally in one or both other dimensions (Fossen
and Cavalcante, 2017). Ductile thinning is associated with pure shear or flattening strains, and is
essentially a horizontal form of transpression (Fossen and Cavalcante, 2017). Sufficient
magnitudes of ductile thinning imposed upon an orogenic section may produce considerable lateral

variation in preserved structural piles, with severe thinning resulting in the seemingly paradoxical
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omission of parts of the tectonostratigraphy (e.g., Handy and Zingg, 1991). Ductile thinning is
classically associated with convergent stages of orogeny, as overthickened crust may induce lateral
ductile flow in the underlying lower crust (Rosenbaum et al., 2002; Long and Kohn, 2020);
however, any tectonic process imposing pure shear or flattening strains onto a (sub-)horizontal
plane may in principle result in ductile thinning.

Slab extraction (Figure 1.1C) also operates at depth by detaching a significant portion of
a downgoing slab, leaving the underlying and overlying packages of rock to meet along an
'extraction fault' (Froitzheim et al., 2003, 2006). Extraction is most often implicated in the
exhumation of ultrahigh pressure (UHP) metamorphic rocks. The mechanism was first described
from the Alps, but has also been proposed in some other young orogens recording UHP
metamorphism (e.g., Warren, 2013; Sandmann et al.,, 2015). A large missing section of
metamorphic grade is a hallmark of this style of exhumation.

Finally, an extrusion wedge (Figure 1.1E) is the only mechanism currently documented
where the exhuming body is displaced relative to the surrounding rock (Grujic et al., 1996). The
'wedge' generally comprises one or more slices detached from the subducting lower plate that have
become attached to (underplated) the overriding lithosphere (Ring et al., 2007a; Peillod et al.,
2023). Subduction continues uninterrupted, but the underplated material may begin to travel
(extrude) back along the roof of the subduction channel in response to ongoing compression. The
structural geometry of such an extruding wedge, where its base is in contact with the still-
downgoing slab and its upper boundary touches the comparatively static upper plate lithosphere,
is diagnostic of extrusion wedges: the wedge is a fault-bounded horse with a basal thrust and a
roof fault showing apparent normal-sense displacement (Ring et al., 2007a). The scale of these

structures, particularly after extensional deformation, is still somewhat contentious. Entire
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extrusion wedges have been interpreted at times to be preserved across only several kilometers of
stratigraphic thickness (e.g., Ring et al., 2007b), and at others to span much larger regional-scale
(>100 km) intervals. Extrusion wedges are capable of effecting considerable magnitudes of
exhumation, and at relatively fast rates. Rock within the wedge may survive relatively unmodified,
with strain partitioning predominantly into the boundary shear zones, or else may undergo intense
strain comparable to the earlier subduction phase (Allemand and Lardeaux, 1997; Jessup et al.,
2006).

The preceding summaries provide only a short overview of some fundamental
characteristics of each exhumation mechanism. Decades of integrated field study, numerical
modelling, and theoretical treatment have demonstrated that each style of exhumation may vary in
its presentation dependent on the rheological composition of the exhuming rock, the coexisting
thermal regime, variability of far-field geodynamic parameters, and concurrent or sequential
exhumation by one or more other unroofing mechanisms. For instance, an extruding wedge that
undergoes transport-parallel elongation may have simultaneously exhumed its lower parts via
ductile thinning, and record structural evidence consistent with both mechanisms (Vannay and
Grasemann, 2001; Xypolias et al. 2010); or, a low-angle normal fault may experience multiple
cycles of ductile-then-brittle behaviour if magmas intrude along the fault (Jolivet et al., 2010;
Lecomte et al., 2010). As emphasized in the preceding section, the potential for complexity grows
exponentially without careful and meticulous documentation of structures, their temporal

relationships, and their geometric compatibility with the broader orogenic architecture.
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1.2. Overview of Cycladic geology

The Cyclades are an archipelago located in the Aegean Sea, between mainland Greece and
the island of Crete. The dominant lithological constituents of the Cycladic isles are known
collectively as the Cycladic Blueschist Unit (CBU), which comprises both oceanic metavolcanic-
and carbonate-dominated passive margin sequences (Jacobshagen, 1986; Figure 1.2). The CBU
underwent blueschist to eclogite facies metamorphism that peaked in the early Eocene, though
recent evidence suggests multiple protracted pulses are recorded between c. 50-40 Ma (Laurent et
al., 2021; Uunk et al., 2022). The CBU is thought to represent subducted and metamorphosed
equivalents of similar, oceanic-passive margin rocks belonging to the Pindos Unit exposed on
continental Greece and the Peloponnese (Bonneau, 1984). Units less abundantly represented
within the Cyclades include 1) a continental basement of disputed affinity (‘Cycladic Basement')
and 2) a second passive margin carbonate succession ('‘Basal Unit'), both structurally below the
CBU; 3) klippen of the structurally higher Pelagonian Unit preserved in tectonic contact with the
CBU; 4) early Miocene clastic sequences; 5) late Miocene granitoids intruding the various units;
and 6) Pleistocene to recent volcanic successions (Jacobshagen, 1986; Ring et al., 2010). All pre-
Miocene units, including the CBU, represent parts of the Hellenides segment of the broader Alpine
orogen, and are composed of crystalline rock derived from rifted portions of Gondwana and their
Triassic-Cretaceous depositional cover (Bonneau, 1984). The Hellenic orogen is essentially
constructed of several discrete continental strands representing parts of the micro-continent Apulia,
divided at different times in its history by arms of the Neotethys ocean, and accreted in a north-to-
south direction along the southern margin of continental Europe (Papanikolaou, 2021).

The modern Aegean Sea is a back-arc environment that formed as a result of slab rollback

since the early Miocene, as evinced by clastic sequences of similar age deposited in extensional
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basins and radiometric dates from associated mylonites (Jolivet and Brun, 2010; Ring et al., 2010;
Figure 1.3). Extension of Aegean crust drove the formation of regional-scale low-angle normal
faults, which controlled the final stages of exhumation of the HP-LT rocks occupying their
footwalls (Jolivet et al., 2010; Grasemann et al., 2012). Rocks in the footwall had likely already
experienced considerable unroofing via syn-orogenic processes beginning in the late Eocene (e.g.,
Brichau et al., 2007). However, detachment faulting produced considerable segmentation of the
Aegean crust and exerted a dominant control on the modern distribution of its major lithotectonic
units (Jolivet et al., 2004, 2010). Whereas the island of los served as an important model for the
conceptualization of detachment faulting, detachments are exposed on numerous other Cycladic
islands, and the importance of this mechanism to exhumation in the region has been known for
four decades (Lister et al., 1984; Gautier and Brun, 1994; Jolivet et al., 2004). Nevertheless,
regional syntheses have only recently recognized the interconnectivity of two major groups: one
spanning from Evia to at least as far as Ikaria, defining the North Cycladic Detachment System
(NCDS; Jolivet et al., 2010); and another from Attica to Serifos, defining the West Cycladic
Detachment System (WCDS; Grasemann et al., 2012). These two major structures, alongside
several other less extensive fault systems, have accommodated extension of the Aegean with
bivergent kinematics since the early Miocene. Consequent crustal thinning (to ~24 km; Cossette
et al., 2016) has induced decompression melting, generating both the widespread Miocene
intrusions and migmatites documented in the central Cyclades, where the deepest structural levels

are exhumed.
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1.3. Geology of Evia island

The geology of Evia will be described in greater detail in the relevant sections of Chapters
2, 3, and 4. This section intends mainly to provide a brief overview of the state of the geological
literature on Evia at the time work on the thesis began.

Bedrock exposed on the southern parts of Evia has been correlated with the CBU at least
since the late 1960s (Katsikatsos et al., 1969). However, the Almyropotamos tectonic window
(Figure 1.1) that occupies half of the study area went unrecognized until a Lower Eocene
nummulitic hard ground was documented at the top of the structurally lower marble sequence
(Dubois and Bignot, 1979; Katsikatsos et al., 1987). Correlations between the lower marbles of
Evia and their overlying flyschoid sediments were made with units exhibiting a similar
tectonostratigraphic configuration, including those to the northwest on Mt. Olympos and Mt. Ossa
(Schermer et al., 1990; Katsikatsos et al., 1991), as well as smaller local exposures on Tinos and
Samos (Avigad and Garfunkel, 1989; Ring and Layer, 2003). These rocks together constitute the
Basal Unit, a HP-LT unit structurally below the CBU recording an ostensibly younger peak of
metamorphism (Shaked et al., 2000; Ring et al., 2007b; Figure 1.3). Due to its structural position,
the Basal Unit is inferred to be the metamorphosed equivalent of the Gavrovo-Tripolitza Unit, a
major lithotectonic unit that accreted outboard of the Pindos Unit and that also comprises a thick
neritic carbonate succession (Papanikolaou, 2021). By direct extension, the inferred relationship
implies the existence of a major nappe-bounding thrust fault, locally termed the 'Evia Thrust' but
regionally designated the 'Basal Thrust.' The age of displacement along this structure, as well as
the age of the HP-LT metamorphism recorded by the Basal Unit, is contentious (Shaked et al.,
2000; Ring and Layer, 2003; Ring et al., 2007b; Tirel et al., 2009); Chapters 2 and 3 present new

data that may resolve the disagreement.
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The CBU exposed on Evia is subdivided into metavolcanic (Ochi Unit) and metacarbonate
(Styra Unit) components. The two successions represent common subunits encountered throughout
the CBU; however, the Ochi Unit has, in some interpretations, been correlated to the lithologically
similar Makrotantalon Unit exposed nearby on NW Andros, which is of probable Pelagonian
affinity (Huet et al., 2015; Brocker, 2023). Some investigators also assign schists occupying an
intermediate position between the Styra Unit and the Basal Unit to the base of the CBU. The most
important implication of this disagreement is the resultant differences in placement of the tectonic
contact — apparently representing a major subduction thrust situated at the roof of the subduction
channel during underthrusting of the Basal Unit beneath the CBU — within the structural pile of
southern Evia. Addressing the positioning of the tectonic contact is a central piece of the discussion
in both Chapters 2 and 3.

Geochronology for the bedrock units of southern Evia has been performed primarily via
the *°Ar/*°Ar and ¥’Rb/4"Sr methods (Maluski et al., 1981; Ring et al., 2001; Ring and Layer, 2003;
Ring et al., 2007b). Limited supplemental zircon and apatite fission track thermochronology has
also been conducted (Ring et al., 2007b). Despite the volume of available analytical data, dates
have remained equivocal with respect to their tectonometamorphic significance, and apparently
record a wide dispersal of dates with concentrations of dates in the late Eocene to early Miocene.

The southern boundary of the tectonic window lies immediately north of the broader,
mountainous southernmost region of Evia. Here, the bedrock is composed almost entirely of the
CBU (and, possibly, the Makrotantalon Unit; Katzir et al., 2000; Xypolias et al., 2012). This part
of the island has been the subject of mainly structural study of both its ductile and brittle
deformation (Niichter and Stéckhert, 2007; Xypolias et al., 2012; Xypolias and Alsop, 2014). The

unique glaucophane-bearing veins examined in Chapter 4 are located there, on southernmost Evia,
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hosted in mafic metavolcanic rocks of the Ochi Unit. Irrespective of its affiliation to the CBU or
Makrotantalon Unit, the Ochi Unit should retain an essentially identical tectonometamorphic

history since the Eocene (Huet et al., 2015; Brocker, 2023).

1.4. Thesis motivation and structure

This thesis intends to address the aforementioned gaps in the Cycladic literature pertaining
to the exhumation of its HP-LT massif on Evia, while simultaneously investigating one of the few
major reverse-sense tectonic contacts recognized in the region. Research in the Cyclades between
the late 1990s and 2000s produced numerous island-scale syntheses of the local exhumation
histories recorded by the HP-LT rocks there (Forster and Lister, 1999; Trotet et al., 2001; Ring et
al., 2003; Mehl et al., 2005, 2007; Iglseder et al., 2006; Brichau et al., 2008; Huet et al., 2009;
Thomson et al., 2009; Lecomte et al., 2010), following the initial identification of the major
detachments controlling their exhumation (e.g., Lister et al., 1984; Gautier and Brun, 1994).
Despite certain structures on southern Evia having been recognized prior to now as likely to be
related to Cycladic exhumation (Jolivet et al., 2004; Ring et al., 2007b), Evia had not been the
subject of a similar concerted study of its exhumation history. Because southern Evia exposes not
only the CBU but also deeper structural levels, a more pronounced exhumation-related structural
or geochronological signature may reasonably be expected on the island. From a different
perspective, the recent recognition of the Trans-Cycladic Thrust (TCT; Grasemann et al., 2018),
whose lateral extent was delineated by available thermodynamic data to at least Andros, also draws
an enticing analogue to the tectonic relationship described on Evia astride the Basal Thrust
(Katsikatsos et al., 1982; Shaked et al., 2000). Evidence sufficient to re-interpret the Basal Thrust

as a continuation of the TCT would modify our understanding of the crustal structure and tectonic
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relationships in the Cyclades to a significant degree. The products of the thesis would ultimately
prove more fruitful with respect to the exhumation history of the Cyclades than to the convergent
stages of its orogenesis.

Chapter 2 evaluates the premises of the above hypotheses using campaign-style
geochronology alongside thermodynamic modelling and field-based structural documentation
spanning the hanging wall and footwall of the Almyropotamos tectonic window. Chapter 2
improves the sampling density and spatial resolution of the geochronology to reassess the timing
of crystallization, cooling, and deformation recorded by the white mica *’Ar/*’Ar geochronometer
in both the CBU and Basal Unit, and contributes an additional zircon (U-Th)/He (ZHe) dataset to
the existing low-temperature thermochronology available for the Cyclades. The chapter
complements the geochronology with a comprehensive assessment of the architecture of the
structural pile defining the Almyropotamos window, contextualizing Evia among the significant
advances in Aegean tectonics in the preceding decade and a half. A consistent, late Oligocene
YOAr/¥Ar signature was obtained from white mica defining the dominant sub-horizontal
metamorphic foliations near the contact between the Tsakei schists and the Basal Unit marble.
Structures developed there require a component of ductile stretching parallel to the intermediate
axis of the strain ellipsoid, as defined by the orientation of the stretching lineation and corroborated
by the orthogonal orientation of co-occurring monoclinic kinematic indicators. Cooler brittle-
ductile structures also implying Y-direction stretching suggest that flattening persisted during
exhumation through the brittle-ductile transition, in which the ZHe data indicate occurred
somewhat earlier than typical elsewhere in the Aegean. Thermodynamic modelling of the
metamorphic assemblage coexisting in textural equilibrium with the micaceous foliation attests

that the flattening structures formed under prehnite-pumpellyite to lower greenschist facies
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conditions at moderately elevated pressures, whereas parts of the hanging wall retain assemblages
consistent with peak HP-LT metamorphism. Chapter 2 concludes that the Basal Unit flysch
succession, between two marble units belonging to the Basal Unit (footwall) and CBU (hanging
wall), partitioned tensional strain in the late Oligocene — defining the Evia Shear Zone (ESZ) —
that facilitated the exhumation of the underlying Basal Unit marbles. The oblate strain ellipsoid
implied by the documented structures suggests that part of the flysch was attenuated by vertical
thinning and lateral extrusion, providing insight into the tectonic mechanisms controlling the
infrequent exposure of structural levels deeper than the CBU throughout the Aegean. Project
conceptualization, field work, funding, and interpretation of the data were greatly assisted by
David Schneider and Bernhard Grasemann, and Iwona Klonowska conducted sample processing
and data acquisition to facilitate and perform thermodynamic modelling in PERPLE X. Chapter
2 was published in Tectonics in December 2022, and was also fortunate to be awarded the Canadian
Tectonics Group 2023 David Elliott Best Paper prize.

Chapter 3 serves as a direct continuation of the second chapter and further interrogates its
central model. The Basal Unit flysch is compositionally heterogeneous, and comprises numerous
blocks of locally or exotically derived lithotypes set within a schistose pelitic matrix. Its
compositional heterogeneity should also produce rheological contrasts that influence the
mechanical behavior of the flysch during partitioning of strain related to the ESZ. Among the
heterogeneities encountered, boudinaged quartz veins serve as important strain markers recording
flattening in the ESZ. Because, as shown in Chapter 2, the structural context of the veins attests to
their deformation proceeding during the critical interval of exhumation, quartz within them has
likely partitioned some of this strain. An automated fabric analyzer was used to measure quartz c-

axis distributions from select veins showing microstructures typical of quartz that has undergone

21



dynamic recrystallization (i.e., bulging/serrated grain boundaries and subgrain development), with
the goal of testing whether exhumation occurred within the flattening field of strain.
Complementary in situ white mica geochronology (**Ar/*’Ar and ¥’Rb/*’Sr) was used to further
investigate sample-scale disparities observed in the single-grain fusion “°Ar/*Ar data at
contrasting structural levels within the newly proposed ESZ. Although both the vein quartz c-axis
and in situ geochronology datasets proved more complex than that relatively simple hypothesis,
the results highlight the preservation of two distinct deformation phases within the Basal Unit: one
that likely captures the timing and conditions related to early Oligocene burial and HP-LT
metamorphism, and the second capturing late Oligocene-early Miocene exhumation and (sub-
)greenschist facies overprint. Chapter 3 provides the first robust geochronological evidence
consigning HP-LT metamorphism of the Basal Unit to the Oligocene, and simultaneously
strengthens arguments in Chapter 2 regarding the role of flattening, and commensurate lateral
extrusion and thinning, in exhuming the Basal Unit on southern Evia. Chapter 3 features
contributions from David Schneider, who facilitated fieldwork, provided funding, aided in study
conceptualization, and in data interpretation and developing the tectonic model; Bernhard
Grasemann, who guided the structural and c-axis texture interpretations; Alfredo Camacho, who
assisted in sample preparation, data acquisition, and interpretation of in situ **Ar/*’Ar data; Kyle
Larson, who processed the quartz petrofabric and in situ S’Rb/*’Sr analyses and assisted in their
interpretation; Victoria Scoging, who processed the petrofabric data as part of her Honours thesis;
and Christina Bakowsky, who assisted with key structural observations and formulation of the
tectonic model. Chapter 3 is currently under review, also in Zectonics.

The preceding two projects consider complications introduced to the orogenic record

arising from partial overprint by later tectonic structures. Chapter 4 instead examines a
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mineralogical variation on the overarching questions considered by this thesis, fostered by atypical
P-T-X conditions that may nonetheless confuse the tectonic significance of a metamorphic mineral
assemblage. Southernmost Evia exposes structural levels that have been correlated only with the
CBU. On the southwestern slopes of Mt. Ochi, the highest point on southern Evia (1398 m),
metabasaltic and quartzitic rocks assigned to the Ochi Unit preserve four variably-oriented quartz
vein sets with dense selvages composed of glaucophane and phengitic white mica. Despite
superficially resembling mineral assemblages anticipated to develop at peak HP-LT
metamorphism, an aggregate of structural, geochronological, and geochemical data contradict such
a straightforward — yet very common — a priori assumption. The data instead strongly favour an
interpretation wherein the veins, along with their mineral infill, formed in the early Miocene when
the region was already transitioning to back-arc extension. A wide and robust body of
thermodynamic and geochronologic data from the region have established that the CBU had
undergone significant unroofing and was likely at greenschist facies conditions at that time.
Therefore, the glaucophane-bearing veins represent anomalous growth of minerals that are widely
considered index minerals for peak HP-LT metamorphic conditions. Microstructural evidence
suggests that fluid chemistry played a major role in permitting the apparent deviation in PT
conditions. Critically, if similar fluid compositions are not uncommonly encountered during
exhumation of HP-LT units, it would imply that some of the nominally blueschist facies rock may
instead have equilibrated during exhumation. Such a conclusion would violate any connection
made between those rocks and subduction zone processes on the basis of their ostensibly
diagnostic mineral assemblages. David Schneider facilitated project conceptualization, data
acquisition, funding, and interpretation; Bernhard Grasemann aided in the interpretation of the

structural context and paragenetic model; Michat Bukata assisted with petrological interpretations;
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Alfredo Camacho facilitated acquisition of the “°Ar/*’Ar data and aided in their interpretation; and
Kyle Larson provided in situ ’Rb/*’Sr analyses and aided in their interpretation. As of March

2024, Chapter 4 is published in Contributions to Mineralogy and Petrology.
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CHAPTER 2

STRETCHED THIN: OLIGOCENE EXTRUSION AND DUCTILE
THINNING OF THE BASAL UNIT ALONG THE EVIA SHEAR ZONE,
NW CYCLADES, GREECE
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2.1. Abstract

We present field-based structural, geochronological, and petrological evidence for a major
new Oligocene extensional shear zone, the Evia Shear Zone (ESZ), on the island of Evia in the
NW Aegean Sea. Strain related to this structure occurs in a diffuse zone structurally underlying
the nappe contact between the Cycladic Blueschist Unit and Basal Unit, within rock previously
attributed to the Tsakei Unit or Basal Unit metaflysch. Structures within the ESZ record stretching
in both the X and Y directions under ductile and brittle-ductile conditions, indicative of a
component of oblate coaxial strain during overall top-to-E general shear. New white mica
“Ar/?Ar geochronology from the ESZ shows that the structure was accommodating ductile
deformation in the late Oligocene. Thermodynamic modelling shows that rock within the ESZ
records greenschist facies retrogressive conditions of 310+ 15°C and 7 + 1 kbar. Zircon (U-Th)/He
thermochronology demonstrates that both the CBU and Basal Unit had exhumed into the brittle
crust by the middle Miocene, slightly earlier than indicated by low-temperature thermochronology
for the HP-LT units throughout the Aegean. We interpret these data as evidence that the Basal Unit
underwent rapid exhumation via syn-orogenic processes persisting until at least the early Miocene,
facilitated in part by normal-sense displacement along the ESZ. The occurrence of structures
representative of coaxial deformation in the shear zone alludes to a major role for ductile thinning
in controlling exhumation of HP rocks in the Cyclades, perhaps influencing the relative rates of

exhumation observed across the region.

2.2. Introduction
Exhumation of high-pressure, low-temperature (HP-LT) metamorphic rocks may be
accomplished by a number of complementary or independent tectonic phenomena (e.g., Platt,

1993; Ring et al., 1999a; Agard et al., 2009). These processes may include erosion, eduction,
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ductile thinning, low-angle detachment faulting, and high-angle normal faulting (Ring et al.,
1999a; Froitzheim et al., 2003). Syn-orogenic processes may also accomplish considerable
magnitudes of exhumation in the form of, for example, an extrusion wedge (e.g., Grujic et al.,
1996; Ring et al., 2007a). Deconvolving the contribution from any one mechanism toward net
exhumation is frequently complicated by structural interferences resulting from multiple such
processes operating over the entire interval of burial and exhumation. Moreover, the scale and
prominence of each process in the rock record is widely variable. Detachment faulting and erosion,
for instance, produce spectacular and distinctive knife-sharp fault planes and thick basin-fill
sequences (e.g., Lister and Davis, 1989; Avouac and Burov, 2009). Meanwhile, ductile thinning
may be comparatively inconspicuous and require large quantities of structural data to resolve its
nevertheless considerable modification of the crustal architecture in extended orogens (e.g.,
Feehan and Brandon, 1999; Ring et al., 1999a; Ring and Kassem, 2007; Long and Kohn, 2020).
The Cycladic Islands in Greece are the exhumed fragments of previously subducted crust,
returned to the surface as a result of extension imposed on the Hellenic orogen (Lister et al., 1984;
Jolivet and Brun, 2010). A large volume of research has sought to establish the tectonic
mechanisms responsible for exhuming the HP-LT Attic-Cycladic Crystalline Massif , with
particular focus on the Cycladic Blueschist Unit (CBU;Jacobshagen, 1986). Numerous island- and
regional-scale studies have established a two-step exhumation history for the CBU, marked first
by Eocene syn-orogenic wedge extrusion (e.g., Ring and Layer, 2003; Brichau et al., 2008) and
then by Oligo-Miocene bivergent low-angle detachment faulting (Gautier and Brun, 1994; Jolivet
and Patriat, 1999; Lecomte et al., 2010; Jolivet et al., 2010a; Grasemann et al., 2012). Despite
being reported from a few localities in the Cyclades (e.g., Kumerics et al., 2005; Ring and

Kumerics, 2008), ductile thinning remains poorly integrated into geodynamic models for
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exhumation in the region, but may be an important mechanism governing the exhumation of units
structurally below the CBU (e.g., Mizera and Behrmann, 2016) and perhaps even in determining
the ultimate geometry of the major detachment systems (e.g., Ring and Glodny, 2021).

We present new pressure-temperature (PT) modelling results, structural observations, and
white mica *“’Ar/°Ar and zircon (U-Th)/He geochronology for the island of Evia in the
northwestern Aegean Sea. Along with Ios and Sikinos, southern Evia is one of a select few
localities where structural levels below the CBU are exposed (e.g., Avigad et al., 1997).
Accordingly, Evia has frequently been targeted to understand the convergent phases of orogenesis
related to nappe stacking (e.g., Ring et al., 2007b; Gerogiannis et al., 2021). The record of Oligo-
Miocene exhumation on Evia has received comparatively little attention, despite the island
occupying the footwall to the North Cycladic Detachment System (NCDS; Jolivet et al., 2010a;
Figure 2.1). Our data show that mixed coaxial and non-coaxial extensional strain was
accommodated within a wide zone immediately below the major nappe-bounding thrust at the base
of the CBU. Shearing along this structure facilitated late Oligocene unroofing of the lower unit
from its maximum burial depths, before ultimately assisting in exhuming its footwall into the

brittle crust by the middle Miocene.

2.3. Tectonic Setting

The Hellenides in Greece comprise thickened crust resulting from Alpine convergence
between the African and European plates during Mesozoic to early Cenozoic times (Papanikolaou,
1984; Doutsos et al., 1993; Papanikolaou, 2009). The geology of the Hellenides reflects the closure
of multiple branches of the Neotethys and consequent accretion of exotic continental blocks

(Jolivet and Brun, 2010). Extension and thinning of the orogen due to slab rollback of the African
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plate since c¢. 30 Ma has exhumed subducted fragments of these accreted terranes to form HP-LT
metamorphic core complexes (e.g., Lister et al., 1984; Jolivet and Brun, 2010).

The Attic-Cycladic Crystalline Massif is the most extensively studied of these core
complexes and is best exposed in the Cycladic archipelago in the central Aegean Sea (Figure 2.1).
The HP-LT rocks of the CBU constitute the bulk of the HP rocks exposed in the Cyclades,
alongside the crystalline rocks situated structurally beneath them (Jacobshagen, 1986). The CBU
comprises a thick Triassic-Jurassic carbonate succession intercalated with metaigneous and
ophiolitic material recording early Eocene HP metamorphism (Tomaschek et al., 2003; Laurent et
al., 2017), and is proposed to be the metamorphosed equivalent of the Pindos Unit (Bonneau,
1984). In the Aegean, the CBU tectonically overlies a pre-Alpine continental basement ("Cycladic
Basement;" e.g., los, Huet et al., 2009; Sikinos, Augier et al., 2015) or the parautochthonous "Basal
Unit" (e.g., Tinos, Avigad and Garfunkel, 1989; Evia, Avigad et al., 1997). The Basal Unit
represents a Triassic-Upper Eocene carbonate platform capped by flysch, proposed to be a
subducted fragment of the Gavrovo-Tripolitza Unit of the External Hellenides (e.g., Ring et al.,
2001).

Exhumation of the CBU was likely initially facilitated by extrusion within the subduction
channel, succeeded by systems of ductile-then-brittle low-angle detachment systems operating
since the late Oligocene (Lister et al., 1984; Ring et al., 2007a; Jolivet et al., 2010a; Grasemann et
al., 2012). At least three distinct phases of ductile deformation may therefore be discriminated
within the CBU, relating respectively to subduction, syn-orogenic exhumation, and post-orogenic
extension. The first two are represented largely by distributed ductile strain yielding complex
isoclinal folds and mylonites, as well as subduction-related structures like the intra-CBU Trans-

Cycladic Thrust (Figure 2.1; Grasemann et al.,, 2018; Wind et al., 2020) or the Basal
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Figure 2.1. Simplified tectonic map of the Greek Cyclades with traces of major regional
structures. Box shows location of the study area (Figure 2). Inset: Geographic map of the
Aegean Sea. Box shows area of main map. Abbreviations: NCDS: North Cycladic
Detachment System (Jolivet, Lecomte, et al., 2010); NPDS: Naxos-Paros Detachment
System (Gautier et al., 1993); SDS: Santorini Detachment System (Schneider et al., 2018);
TCT: Trans-Cycladic Thrust (Grasemann et al., 2018); VD: Vari Detachment (Trotet et al.,
2001); WCDS: West Cycladic Detachment System (Grasemann et al., 2012). Modified after
Grasemann et al. (2018) and Coleman et al. (2020).
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Thrust/Cyclades-Menderes Thrust dividing the CBU and Basal Unit (Gessner et al., 2001;
Gerogiannis et al., 2021). Although some central segments of the detachment systems record
distributed deformation in the footwall (Jolivet et al., 2010a; Grasemann et al., 2012), deformation
associated with post-orogenic extension was comparatively localized, controlled by low-angle
detachments exposed on many Cycladic islands (e.g., Gautier and Brun, 1994; Jolivet et al., 2004).
These low-angle structures place the CBU structurally below a hanging wall of Pelagonian Zone
klippen (Diirr et al., 1978), which are affected by Cenozoic brittle deformation and fluid
infiltration. The major detachment systems in the Cyclades accommodated bivergent extension
characterized by ductile-then-brittle, top-to-N to -NE sense of shear along the North Cycladic
Detachment System (NCDS; Jolivet et al., 2010a), and top-to-the-SW sense of shear along the
West Cycladic Detachment System (Grasemann et al., 2012; Figure 2.1). Comparable
detachments may also be found accommodating top-to-N extension on Naxos and Paros (Gautier
et al., 1993), and top-to-S extension on Santorini and Folegandros (Schneider et al., 2018). The
lifespan and structural position of these "Cycladic-style" detachments is locally related to late
Miocene plutonism, which is observed to have arrested active detachments and promoted the
formation of branches at higher structural levels (e.g., Lecomte et al., 2010; Den¢le et al., 2011;
Laurent et al., 2015).

The geodynamic history of the Basal Unit is comparatively poorly understood. Subduction
of the paleogeographic precursor to the Basal Unit, the Gavrovo-Tripolitza Unit, is proposed to
have initiated between 35-30 Ma (Sotiropoulos et al., 2003). The Basal Unit occupies tectonic
windows in interior parts of the orogen, such as on Mt. Olympos, Evia, and Samos, and contains
evidence for overprinted HP-LT metamorphic assemblages of alleged Oligocene to early Miocene

age (Schermer, 1989; Shaked et al., 2000; Ring et al., 2001; Ring et al., 2007b; Gerogiannis et al.,
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2021). Thrusting of the CBU atop the Basal Unit is inferred from paleogeographic correlations and
the consistent tectonostratigraphic relationship between the units (e.g., Katsikatsos et al., 1982;
Xypolias et al., 2003; Gerogiannis et al., 2021). Little is known directly of the conditions and
timing of underthrusting and subsequent exhumation of the Basal Unit. Most studies consider the
upper contact of the Basal Unit with the CBU to represent the original thrust, with or without later

extensional reactivation (Schermer, 1989; Ring et al., 2007b).

2.3.1 Geological framework of Evia

Evia island is situated in the footwall of the NCDS, at the northwestern termination of this
crustal-scale structure (Jolivet et al., 2010a; Figure 2.1). Southern Evia consists almost entirely of
the CBU and underlying Basal Unit (Figure 2.2). In local nomenclature, the HP units of Evia are
divided into the metacarbonate-dominated Styra Unit, and the primarily mafic metavolcanic Ochi
Unit (Avigad et al., 1997). The Styra Unit is by consensus correlated with the CBU, though
controversy exists as to whether the Ochi Unit shares this affiliation or is an extension of the
Makrotantalon Unit of Andros (e.g., Papanikolaou, 1987; Xypolias and Alsop, 2014). The Basal
Unit is situated structurally below these units in the Almyropotamos tectonic window (Katsikatsos,
1991a; Shaked et al., 2000). A purported nummulitic hard ground of Ypresian-Lutetian (Lower-
Middle Eocene) age at the top of the Basal Unit marble sequence on Evia is the basis of the middle
Eocene maximum depositional age imposed on the overlying metaflysch package (Dubois and
Bignot, 1979).

A third unit, the Tsakei Unit, has been defined as occupying the intermediate structural levels
between the CBU and Basal Unit, and its exposure is limited to the southern half of the tectonic
window (Katsikatsos et al., 1991a; Shaked et al., 2000). The Tsakei Unit comprises predominantly

pelitic schist interspersed with meter- to hundred meter-scale blocks of marble, metabasite, and
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Figure 2.2. Geological map of southern Evia, Greece. Sampling locations for
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serpentinite (Katsikatsos et al., 1991a). It has been variably interpreted as representing the base of
the CBU (e.g., Ring et al., 2007b) or the top of the Basal Unit (e.g., Shaked et al., 2000). The
former interpretation consequently places the Basal Thrust at the base of the Tsakei Unit toward
t