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Abstract Although fundamental to the understanding of crustal dynamics in extensional setting, the
relationships between the emplacement of granitic intrusions and activity of detachments still remain
very elusive. Through a multiscale approach, we here document a continuous deformation history
between the monzogranitic intrusion of Naxos and the Naxos-Paros Detachment System (Cyclades,
Greece). Field observations first show an early magmatic deformation followed by solid-state, ductile, and
then brittle deformation when approaching the detachment zone, as evidenced by the overprinting of
mylonites by cataclastes and pseudotachylites. From these observations, we define six strain facies that
characterize a positive strain gradient from core to rim of the Naxos monzogranite. Based on field pictures,
X-ray tomography, and electron backscatter diffraction (EBSD) analyses along the strain gradient, we then
quantify the intensity of mineralogical fabrics in 2-D and 3-D and better characterize the deformation
mechanisms. Our measured shape variations of the strain ellipsoid corroborate the large-scale strain
gradient, showing a good correlation between qualitative and quantitative studies. In addition, EBSD data
indicate that dislocation creep was predominant during cooling from more than 500°C to temperature
conditions of the ductile-to-brittle transition. However, (1) a weakening of quartz lattice preferred
orientation with increasing strain and (2) evidence of numerous four-grain junctions in high-strain shear
bands also indicate that grain boundary sliding significantly contributed to the deformation. Although the
source of grain boundary sliding remains to be constrained, it provides a consistent approach to account
for strain localization in Naxos.

1. Introduction

During the last 30 years, several studies have been devoted to the strain localization problematic linked with
the interactions between plutonic activity and shear zones development in extensional (e.g., Baldwin et al.,
1993), transtensional (e.g., Hutton, 1982), or transpressional tectonic settings (e.g., McCaffrey, 1992). In exten-
sional continental regions, especially where “Metamorphic Core Complexes” (MCCs) form, the nucleation and
ensuing development of shear zones within the continental crust are often coeval with the crystallization of
granitoid intrusions. MCCs are crustal-scale structures that develop during the thinning of a previously
thickened crust in an extensional postorogenic context (Coney & Harms, 1984; Lister & Davis, 1989). MCCs
are inherently characterized by a low-angle normal fault or detachment fault, separating a slightly or
nonmetamorphosed upper unit, from a lower unit with a higher metamorphic grade, frequently but not
systematically associated with partial melting (see recent review of Platt et al., 2015). Field and
thermochronological studies have identified close spatiotemporal relationships between plutonic activity
and MCCs development, as in the Basin and Range (Crittenden et al., 1980; Davis et al., 1993; Gans et al.,
1989; Wernicke et al., 1987), the Mediterranean region (Acocella & Rossetti, 2002; Daniel & Jolivet, 1995;
Jolivet et al., 1998; Smith et al., 2011), and more recently in East Asia (Charles et al., 2011, 2013). These
correlations have been especially documented in the Cyclades (Aegean Sea, Greece) (Brichau et al., 2007;
Denèle et al., 2011; Faure et al., 1991; Kokkalas & Aydin, 2013; Koukouvelas & Kokkalas, 2003; Kumerics
et al., 2005; Laurent et al., 2015; Lee & Lister, 1992; Rabillard et al., 2015; Tschegg & Grasemann, 2009).

Two opposing models were used to explain these spatiotemporal interactions. On the one hand, it was often
suggested that active or preexisting shear zones serve as upward drains for magma transfer as well as
mechanical boundaries for magma storage (Brown, 1994; D’Lemos et al. 1992; Tikoff & Teyssier, 1992;
Vigneresse, 1995a, 1995b). On the other hand, partially crystallized magmatic bodies constitute weak
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rheological heterogeneities, localizing shear zones that propagate in the host rocks (Davidson et al., 1994;
Lister & Baldwin, 1993; Tommasi et al., 1994).

To better constrain interrelations between strain localization processes and plutonic activity during MCCs
development, detailed structural field studies are required. The Cyclades appears as an ideal natural labora-
tory as major extensional shear zones (i.e., the detachments), metamorphic domes, and plutonic intrusions
were described as contemporaneous. Recent surveys have been already conducted in this area, in Serifos,
Mykonos, and Ikaria Islands (Denèle et al., 2011; Laurent et al., 2015; Rabillard et al., 2015). Study of syntec-
tonic granitoids have thus shown progressive ductile-then-brittle strain localization starting with shear zones
nucleation during their cooling and followed by the development of a large-scale strain gradient after
complete crystallization toward the upper tectonic contact between the intrusion and enclosing rocks.
These observations combined with the overall asymmetrical architecture of the intrusions thus suggest that
their emplacement was entirely controlled by active detachments. In recent studies, it has been also demon-
strated a control of the intrusions on the detachments activity, gradually inactivating preexisting detach-
ments and forcing their migration structurally upward in the crust (Laurent et al., 2015; Rabillard et al., 2015).

Although the Naxos metamorphic dome was the first MCC described in the Cyclades (Lister et al., 1984), there
is no detailed study on the strain localization within the intrusion associated and lately emplaced within this
MCC. To achieve this goal, this paper presents two approaches, one qualitative, with field observations over
the whole intrusion together with a mapping of the intensity of the shearing deformation, and one involving
quantification of strain with a 3-D study of the rock shape fabrics based on image analysis, X-ray tomography,
and electron backscatter diffraction (EBSD) measurements.

2. Geological and Geodynamic Setting
2.1. Geological Evolution of the Aegean Region

The present-day architecture of the Aegean region (Figure 1a), corresponding to the collapsed central part of
the Hellenides-Tauride chain, results from a complex tectonic history that can be summarized as a two-
stepped evolution: (1) an episode of crustal thickening resulting from the successive subduction of the
Tethyan oceanic and Apulian continental lithospheres beneath the Eurasian plate during the Eocene
(Bonneau & Kienast, 1982; Van Hinsbergen et al., 2005), followed by (2) a postorogenic collapse of the chain,
forming a back-arc basin as a result of the retreat of the African slab operating since the end of the Eocene
with an acceleration after 35 Ma (Jolivet & Brun, 2010; Jolivet & Faccenna, 2000) or later (23–19 Ma) according
to Ring et al. (2010).

Located in the central part of the Aegean domain, the Cyclades consists in series of MCCs where the deepest
parts of the Hellenides-Taurides chain were exhumed owing to postorogenic extension. Classically, three
main units are distinguished in the Cyclades (Bonneau, 1984; Jolivet et al., 2004; Van Hinsbergen et al., 2005).

1. The Cycladic Continental Basement (CCB) composed of orthogneisses, paragneisses, and micaschists of
Paleozoic age (Andriessen et al., 1987; Henjes-Kunst & Kreuzer, 1982; Keay & Lister, 2002). It crops out
on Naxos, Paros, Ios, Serifos, or Sikinos Islands (Andriessen et al., 1987; Augier et al., 2015; Grasemann &
Petrakakis, 2007; Huet et al., 2009).

2. The Cycladic Blueschists Unit (CBU) is characterized by a sequence of metapelites, marbles, quartzites, and
mafic rocks (meta-gabbro and meta-basalts) and equilibrated in the eclogites or blueschists facies condi-
tions during subduction (Blake et al., 1981a, 1981b; Bonneau & Kienast, 1982).

3. The Upper Cycladic Unit (UCU) is a complex assemblage of low-metamorphic grade tectonic units resting
at the top of the nappe stack from the northern Cyclades all the way to Crete (Asteroussia Nappe). This
unit contains pieces of the Pelagonian basement and its nonmetamorphic cover, ophiolitic units related
either to a Jurassic or a Cretaceous obduction event, Late Jurassic blueschists, and Miocene sediments
deposited during the activity of the Aegean detachments (Bonneau, 1984; Jolivet et al., 2004; Katzir
et al., 1996; Maluski et al., 1987; Sanchez-Gomez et al., 2002).

The tectonic history of the Cyclades spans the whole Cenozoic. Age of the high pressure-low temperature
(HP-LT) metamorphism is well documented in the CBU, and radiometric ages associated with the HP-LTmeta-
morphism range between 70 and 35 Ma with the majority of ages grouped in the middle Eocene (50–40 Ma)
(Altherr et al., 1979; Bröcker & Enders, 1999; Maluski et al., 1987; Wijbrans et al., 1990). This HP-LT episode
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corresponds to the burial and the syn-orogenic exhumation of the CBU and CCB within the Hellenic
subduction channel (Brun & Faccenna, 2008; Jolivet et al., 2003; Jolivet & Brun, 2010; Ring et al., 2010). A
second episode is associated with medium pressure-medium to high-temperature (MP-MT/HT)
metamorphism in the conditions of the greenschist and more locally of the amphibolite facies, affecting
the two lowest units of the Cyclades in the Oligo-Miocene (Altherr et al., 1982). During the lithospheric
thinning of the Aegean area, postorogenic extension led to the reworking of the nappe stack by
low-angle normal faults and the exhumation of MCCs under crustal-scale detachment systems (Buick,
1991a, 1991ab; Faure et al., 1991; Gautier, Brun, & Jolivet, 1993; Gautier & Brun, 1994a, 1994b; Lister et al.,
1984; Urai et al., 1990) including the North Cycladic Detachment System (NCDS) (Jolivet et al., 2010;
Lecomte et al., 2010; Menant et al., 2013), the Naxos-Paros Detachment System (Bargnesi et al., 2013;
Brichau et al., 2006; Gautier et al., 1993), and the West Cycladic Detachment System (WCDS) (Grasemann
et al., 2012; Grasemann & Petrakakis, 2007; Iglseder et al., 2011) (Figures 1a and 1b). Coevally with the
activity of these detachments systems, S- and I-type granitoids were intruded in the Aegean crust between
15 and 9 Ma (Brichau et al., 2007, 2008; Bolhar et al., 2010; Iglseder et al., 2009; Keay et al., 2001), such as on
the islands of Tinos, Mykonos-Delos-Rhenia, Serifos, Ikaria, and Naxos. These magmatic bodies are temporally
and spatially emplaced in close interaction with Miocene MCCs and their associated detachments (Brichau
et al., 2007, 2008, 2010; Denèle et al., 2011; Faure et al., 1991; Grasemann & Petrakakis, 2007; Koukouvelas
& Kokkalas, 2003; Laurent et al., 2015; Lister & Baldwin, 1993; Rabillard et al., 2015).

2.2. Geology of Naxos

Naxos is the largest island of the Cyclades, located in the center of the archipelago (Figure 1b). The main part
of the island is a N-S elongated gneiss dome cored with migmatites (Figure 1c) (Buick, 1991a; Jansen, 1973;
Urai et al., 1990; Vanderhaeghe, 2004). Numerous studies have been devoted to the structure of the meta-
morphic dome (Andriessen et al., 1979; Duchêne et al., 2006; Gautier et al., 1993; Keay et al., 2001;

Figure 1. Tectonic and geological maps and location of the studied area. (a) Simplified tectonic map of the Aegean region showing the main structures: The North
Cycladic Detachment System (NCDS), the West Cycladic Detachment System (WCDS), and the location of Cyclades archipelago. (b) Tectonic map of the Cyclades
archipelago showing the main structures, the main metamorphic core complexes and intrusions, and kinematic indicators with the location of Naxos-Paros Islands,
modified after Jolivet et al. (2015). (c) Geological map of Naxos and Paros islands, modified after Gautier et al. (1993) and Siebenaller (2008).
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Koukouvelas & Kokkalas, 2003; Kruckenberg et al., 2011; Kuhlemann et al., 2004; Seward et al., 2009; Urai et al.,
1990; Wijbrans & McDougall, 1988) and the overlying UCU that consists in Miocene sandstones, conglomer-
ates, and remnants of ophiolitic rocks (Böger, 1983; Kuhlemann et al., 2004; Seward et al., 2009). Metamorphic
units in the dome of Naxos Island are classically attributed to either the CBU or the CCB. They consist in an
alternation of metapelitic rocks, metavolcanics, and abundant marbles locally associated with metabauxites
(e.g., Feenstra, 1985). The metasediments making the cover of the migmatites contain very little metabasites,
and they resemble the cover of the Menderes massif rather than the CBU consisting in an alternation of meta-
basites, marbles, and metapelites. We thus consider the core of the Naxos metamorphic dome as part of the
CCB as in Jolivet et al. (2004) or the Basal Unit of Ring and Layer (2003). Local remnants of blueschist paragen-
eses from the earlier Eocene subduction-related HP-LT episode (Wijbrans &McDougall, 1988) are preserved in
the southern part of the dome (Avigad, 1998; Jansen, 1977) despite the overprint of the high-temperature
Oligo-Miocene event. Later, during the formation of the Aegean Sea in back-arc context, the dome under-
went a MP-MT/HT event, dated between 20.7 and 16.8 Ma by sensitive high-resolution ion microprobe
U-Pb on zircons (Keay et al., 2001), resulting in a retrograde metamorphism under greenschist facies to
amphibolite facies conditions with a gradient of peak temperature toward the core of the domewhere partial
melting has been described (Jansen, 1977; Duchêne et al., 2006; Vanderhaeghe, 2004). Final exhumation of all
of these units was achieved by the activity of the crustal-scale Naxos-Paros Detachment System (Figure 1c)
(Buick, 1991a, 1991b; Gautier et al., 1993; Siebenaller, 2008).

Intrusive bodies cropping out on Naxos can be compositionally separated into S- and I-type granitoids. S-type
granitoids are typified by numerous yet small peraluminous leucogranite intrusions with a variable composi-
tion in terms of chemistry and mineralogy, involving different protoliths (Pe-Piper et al., 1997).

The western I-type granitoid consists in a voluminous composite intrusion characterized by a hornblende-
biotite monzogranite (two feldspars, quartz, biotite, amphibole, titanite, and oxides) in the inner part and a
subordinate peripheral granodiorite (Altherr et al., 1982; Altherr & Siebel, 2002; Jansen, 1973; Keay et al.,
2001; Pe-Piper, 2000; Pe-Piper et al., 1997; Wijbrans & McDougall, 1988). Al-in-hornblende barometer
indicates crystallization pressures ranging from 200 to 300 MPa (Cao et al., 2016; Jansen & Schuiling, 1976).
The emplacement of this monzogranitic intrusion was dated at circa 15–14 Ma by U/Pb analyses on zircon.
Subsequent cooling occurred quite fast between ~13.6 and ~11Ma as constrained by K-Ar and Ar-Ar on horn-
blende (Altherr & Siebel, 2002; Henjes-Kunst et al., 1988; Keay et al., 2001; Wijbrans & McDougall, 1988).

These results are consistent with those obtained for the MP-HT retrograde metamorphism (Gautier et al.,
1993), and trace elements content, especially Y, Nb, Rb, and Ba, fit a gneissic source for this monzogranite
(Pe-Piper et al., 1997). All these data indicate a postorogenic intrusion with a dominant crustal contribution
emplaced in an extensional context (Pe-Piper et al., 1997). Themonzogranite is intersected by a late leucogra-
nite that is a late differentiation of the same hornblende-biotite-bearing magma (Pe-Piper et al., 1997).

These observations support a syn-extensional emplacement of the intrusion associated to the Naxos-Paros
Detachment System characterized by three major structures according to Siebenaller (2008): (1) a
“décollement” operating at the boundary between the amphibolite facies and greenschist facies meta-
morphic rocks, (2) a “décollement” operating within the greenschist facies metamorphic rocks, and (3) an
upper brittle detachment separating the greenschist facies rocks and the UCU.

3. Large-Scale Geometry and Internal Architecture of the Intrusion
3.1. Finite Strain Markers

Only few field studies focused on the geometry of the monzogranite intrusion of Naxos (Gautier et al., 1993).
To document the overall geometry of the intrusion and then to study the internal distribution of strain, we
first complemented the geological map of Naxos (Jansen, 1973; Siebenaller, 2008) and described finite strain
markers over the whole intrusion. The resulting new structural map of the intrusion is proposed in Figure 2.
Results from the measurements of finite strain markers are presented in two synthetic maps showing either
the foliation or the lineation and associated sense of shear (Figures 2a and 2b).

Foliation is heterogeneously developed within the Naxos intrusion. The dip of the foliation displays a large
range of variation from 0° to 90° while most dips are comprised between ~ 25° and 50°. Subvertical and stee-
ply dipping foliation planes appear restricted to the center of the intrusion, near Aghios Nikolaos (Figure 2). At
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first glance, the foliation planes commonly dip away from the center of the intrusion and the attitude of folia-
tion traces shows a dome-shaped pattern marked by a NNE long axis (Figure 2a). This curved pattern is best
expressed in the northern part of the intrusion where the foliation planes rapidly turn from a N60° preferred
orientation along the NW coast to more N90° to N120° along the NE contact.

Stretching lineation is a common feature of the intrusion. It is mostly outlined by the elongation of primary
minerals (K-feldspar) and by the orientation of phyllosilicate aggregates. Orientation of the stretching linea-
tion shows very little dispersion. Trends are comprised between N010° and N340°, with an average value
close to N00° (Figure 2b), while plunges are consistently oriented toward the north. When the sense of shear
(top-to-the-north) can be deduced, the stretching lineation is overall plunging to the north, with variations
from top to the NNW to top to the NNE (Figure 2b). Rocks in the vicinity of the UCU and locally the Naxos
MCC exhibit an intense top-to-the-N shearing deformation (Figure 2b). There, kinematic indicators (asym-
metric boudinage, rotations, large-scale sigmoïds, or micafishes into the X-Z plane) are restricted to a dense
array of top-to-the-N shear bands. Conversely, less deformed areas present a less noncoaxial deformation,
and numerous outcrops only display a clear N-S stretching or mineral lineation (Figure 2b).

3.2. Description of the First-Order Geometry

From south to north, different types of contact of the monzogranitic intrusion with the host rocks can be
observed with a high variability in terms of deformation intensity.

At Cape Kouroupia, in the southern part of the intrusion, field observations show a folded intrusive contact
between themonzogranite intrusion and enclosing gneisses andmarbles (Figures 3a and 3b). Numerous gneis-
sic septa are present into the intrusive body, and the metamorphic host rocks are injected by an important dike
array (Figures 3c and 3d). A gradual transition from the metamorphic host rocks to the monzogranite is
observed with the appearance of granodioritic veins in gneisses, and then gneissic fragments embedded in
themonzogranite, endingwith the complete disappearance of themetamorphic rocks (Figure 3b). Finally, folia-
tions measured in the monzogranite near the intrusive contact are generally steeply dipping (average value of
orientations N147° with a dip of 60° to the NE), while they are moderately dipping in the gneiss (orientation
mean N154° and a dip of 40° to the NE) (Figure 3a). In addition, tension gashes filled with tourmaline are
observed in the intrusive veins, mostly oriented NW-SE, and compatible with a dextral component of defor-
mation (Figure 3d). In parallel, numerous elongated mafic enclaves are present, with sharp or diffuse margins,
sometimes cut by late leucocratic dikes (aplite). More or less extensive schlierens zones, sometimes folded,
are also noticed (Figure 3e), as well as the occurrence of folded injection veins (Figure 3f). Late-magmatic
deformation is highlighted by N45°E trending fractures filled with tourmaline, in the K-feldspar phenocrysts.
Similarly, these K-feldspars can be affected by N40°E oriented fractures with quartz filling. Locally, skarns are
observed either in marble or along the contact between the monzogranite and the gneisses (Figure 3g).
Finally, the marbles are affected by significant fracturing linked to strike-slip faulting (Figure 3a).

In the northern part of the intrusion, Cape Achapsi area is characterized by a well-marked tectonic contact
between the monzogranite and Miocene conglomerates (Figure 4). This contact is marked by a clear-cut
detachment plane dipping 20° to the north on top of a massive 50 m thick cataclasite consisting in a fine-
grained greenish matrix with clasts smaller than 1 cm and numerous inframillimetric pyrites, along joints
(Figure 4b). The detachment plane is marked by large-scale corrugations oriented N10°E. Conglomerates in
the hanging wall are affected by brittle deformation, marked by fracturing of pebbles indicating a NW-SE
extension. Below this major tectonic contact, a strain gradient both in the ductile and brittle regimes is
observed in the monzogranite in all the area of Cape Achapsi, not yet described precisely.

3.3. Mapping the Strain Gradient Within the Intrusion

In order to map the strain distribution within the Naxos intrusion, a deformation scale was constructed based
on macrostructural criteria observed in the field (e.g., Agard et al., 2011), consistent with microstructural
observations. This approach is similar, on the principle, to that conducted in recent studies (Charles et al.,
2011; Huet et al., 2009; Laurent et al., 2015).

3.3.1. Scale of Deformation Intensity
The gradual evolution of deformation intensity from magmatic to subsolidus conditions has been separated
in six strain grades based on structural and textural field observations. This scale starts from the magmatic
stage with grade 0 and ends in the ductile-then-brittle conditions with grade 5 as follows:
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Grade 0 corresponds to an isotropic magmatic fabric (Figure 5a). The term “magmatic fabric” is used in the
mechanical sense, when there is no direct interaction (contact) in the magma between crystals (Vernon,
2000). A magmatic preferred orientation, mainly corresponding to the alignment of K-feldspar phenocrystals,
starts to develop with a low shape fabric intensity. In the field, the monzogranite shows neither clear planar
nor linear shape fabrics, and minerals are not deformed. This grade generally preserves mafic enclaves, even
schlierens or phenocrysts of feldspar.

Grade 1 corresponds to a clear anisotropic magmatic fabric (Figure 5b). Minerals are not deformed but
an incipient foliation and/or lineation can be observed, especially with the preferred alignment of biotite
and amphibole. Phenocrysts of feldspar are still visible and mafic enclaves display a profiled and oriented
shape.

Grade 2 can no longer be considered as a pure magmatic fabric (Figure 5c). Feldspar megacrysts start to be
deformed, suggesting contact interactions between crystals in a solid network within the magma. Some feld-
spar phenocrysts are not deformed while others are stretched, boudinaged, and sheared. Additionally, mafic
enclaves are now clearly deformed with slender shapes and smaller dimensions. Elongated clusters of biotite
mark the stretching lineation.

Grade 3 is marked by the appearance of a weak tectonic foliation, a clear stretching lineation, a few pene-
trative shear bands that affect large volume of rocks, grain-size reduction, and clear quartz ribbons (Figure 5d).
This shape fabric can be qualified as protomylonitic.

Grade 4 is characterized by a strong foliation and lineation with increasing number and thickness of shear
bands associated with stretched biotite and quartz ribbons (Figure 5e). This shape fabric can be qualified as
mylonitic.

Grade 5 shows both a thickening and an interconnection of the mylonite shear bands that can evolve in
dark ultramylonite bands (Figure 5f). Ultramylonite bands are defined by an intense grain size reduction

Figure 4. Overview of the Cape Achapsi contact in the northern part of the Naxos intrusion. (a) Panorama view of the Cape Achapsi from the Naxos port. The tectonic
contact, with top-to-the-north kinematic, between Miocene sediments and the Naxos monzogranite is segmented by late normal faults. (b) Detailed picture of the
detachment plane showing the Miocene sediments overlying the monzogranite. Corrugations oriented N10° are accompanied by a top-to-the-north kinematics.
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Figure 5. Presentation of the deformation intensity scale with field pictures. (a) Grade 0, isotropic magmatic fabric. (b) Grade 1, anisotropic magmatic fabric. (c) Grade
2, rocks showing first evidences of ductile deformation (feldspar megacrysts are stretched, buodinaged and/or sheared mafic enclaves are deformed, and
elongated clusters of biotite mark the stretching lineation). (d) Grade 3, appearance of the first shear bands. (e) Grade 4, first utramylonitic bands. (f) Grade 5,
intensification and development of ultramylonitic bands. (g) Cataclasites. (h) Pseudotachylite veins.
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resulting in phase mixing and the full loss of the magmatic character of the rocks. Mainly no visible grains are
observed or only few small feldspar remnant clasts. Individual thickness of these bands does not straightfor-
wardly evolve while their spacing drastically decreases.

In addition to this scale of ductile deformation intensity, brittle/cataclastic features were recognized and
mapped separately. Two different brittle features were described.

1. Cataclasites that usually overprint the upper ~ 50 to 150 m of grade 5 mylonites. Cataclasites are strongly
chloritized and are characterized by various grain sizes (Figure 5g). Intensity of the former ductile defor-
mation is often difficult to recognize.

2. Pseudotachylite veins that are mainly localized in grade 5 and more precisely inside ultramylonitic bands.
Layers are 1 mm to 5 mm thick, often anostomosed and are accompanied by stretching-perpendicular
injection veins (Figure 5h).

3.3.2. Strain Distribution at the Scale of the Naxos Intrusion
This scale of finite deformation was used to map the strain distribution within the Naxos intrusion. Two-
hundred forty-five outcrops were visited (colored points in Figure 6). Results show a gradual increase in strain
intensity from the internal parts of the intrusion to the contact with the surrounding wall rocks (Figure 6). The
least deformed rocks are found from the southwest coast between the Aghios Nikolaos and Mikri Vighlia
villages (Figure 6). Strain grades arranged as concentric zones draw quite continuous strain gradients
approaching the contact zone with the upper unit where strongly deformed rocks occur. Internal architecture
of this strain gradient that is spectacularly exposed along the coast at the Aghios Prokopios can be studied as
a representative example (see location in Figure 6).

There, deformation intensity increases significantly from south to north over an approximately 1 km thick
strain gradient, from the first evidence of strain localization (grade 2) to ultramylonitic facies (grade 5)
(Figures 7a and 7b). Three-dimensional sketches illustrate the different key outcrops as well as the evolution
of deformation intensity of the peninsula (Figures 7c to 7f). To the south, the Aghios Nikolaos area is only
characterized by a weak magmatic fabric or even isotropic magmatic facies (Figure 6).

First evidence of strain localization (grade 2) occur ~ 1000 m below the contact. Deformation incipiently loca-
lizes around K-feldspar phenocrysts with the alignment of biotite flakes. Mineral orientation is then increas-
ingly pronounced, particularly for biotite grains (Figure 7c). Then, K-feldspar phenocrysts are boudinaged,
associated with the appearance of sigmoidal foliation, shear bands, and mica fish. Foliation shows a regular
dip of 35° to the NW, with a northwest trending stretching lineation (Figure 7a). The associated sense of shear
is also consistent, always top-to-the-NNW. This is accompanied by a significant reduction of grain size (quartz
and feldspars) and the disappearance of feldspar phenocrysts (Figure 7d). From 600m below the contact, the
number and thickness of shear bands gradually increase with locally small ultramylonite bands. K-feldspars
are often affected by antithetic shears. It is also worth to note the pronounced shape fabric of quartz grains
in the sigmoidal foliation between shear bands (Figure 7e). From ~ 150–250 m below the contact, ultramy-
lonite bands appear, displaying an overall strike N50° with a dip of N50° to the northwest, while shear planes
show strikes around N72° and a dip of 38° to the northwest. The sense of shear remains top to the NNW.
Toward the contact, ultramylonite bands anastomose. However, the ductile fabric is locally strongly over-
printed by brittle features such as a 60–100 m thick cataclasite body and localized pseudotachylite veins.
Pseudotachylite veins that occur as a locally dense array are either parallel to the ultramylonitic bands or per-
pendicular to them, filling extensional veins perpendicular to the stretching direction (Figure 7f). Cataclasites
occur as a massive and chloritized cataclastic body characterized by a heterogeneous grain size with ele-
ments reaching centimeter scale wrapped into a fine-grained matrix. The upper contact of the intrusion is
characterized by a thick fault gouge that marks the contact with diabase belonging to the UCU, itself uncon-
formably overlaid by Miocene sandstones.

4. Microscopic Observations

Grades 0 and 1, representative of an isotropic and anisotropic magmatic fabric, are characterized by very
few deformed minerals and also by monzonitic textures defined by the growth of large euhedral K-
feldspars including smaller ones (Figure 8a). In addition, observations at microscopic scale show fractures
mainly affecting K-feldspars (Figure 8b). Moreover, it is interesting to note that these microfractures tend
to disappear gradually as the ductile deformation takes place and becomes more intense.
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Grade 2 is characterized by an incipient preferential orientation of minerals, especially quartz with a grain
size reduction resulting from dynamic recrystallization. Biotites present the first traces of strain, marking pla-
nar or linear alignment and wrap around K-feldspars (Figure 8c).

Grade 3 is marked by the appearance and development of shear bands, with a clear alignment of biotite
and the appearance of mica fish. However, only slightly deformed biotite clusters are still widely observed.
In addition, the boudinage of K-feldspars and hornblendes is now clearly visible and they are affected by
the localization of shear bands (Figure 8d).

Grade 4 is characterized by an intensification of finite deformation, especially in K-feldspars that underwent
a partial or even a total recrystallization. Boudinage is also more intense, as well as shearing. It is interesting to

Figure 6. Characterization of the strain gradient within the Naxos intrusion. Qualitative map of deformation showing the
heterogeneous distribution and the evolution of both magmatic and ductile deformation in the intrusion. Dotted lines
represent the progressive transition between grades and not a fixed limit.
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Figure 8. Microscopic observations for each grade of deformation in the XZ plane. Amp, Amphibole; Bt, Biotite; Fk, K-feldspar; and Qz, Quartz. (a) Grade 0, monzonitic
texture. (b) Grade 1, syn-magmatic fracture inside a feldspar crystal with a QZ-Bt-Amp filling. (c) Grade 2, first step of biotite deformation. (d) Grade 3, boudinaged
and sheared amphibole. (e) Grade 4, first anastomosed microshear bands and antithetic shearing. (f) Grade 5, intense deformation with reoriented and very
fine-grained quartz stretched biotites and anastomosed shear bands.
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note that the shear bands affecting feldspars are antithetic, as observed in the field. In the most deformed
bands wrapping around the K-feldspar boundins, quartz shows a significant grain size reduction (Figure 8e).

Grade 5 is characterized by a strong increase of K-feldspar boudinage (Figure 8f). In addition, the texture of
quartz aggregates shows two successive stages of strain accommodation. The first stage shows grain size
reduction associated with a shape-preferred orientation of grains parallel to newly formed quartz ribbon
planes. The second stage, locally overprinting the primary texture, is characterized by an additional strong
grain size reduction of quartz located in shear bands. The transition between the two quartz textures is clearly
visible in shear band boundaries (Figure 8f). Other shear bands initiate along biotite grains that show mica
fish morphology. Lengthwise propagation of these bands and their connection with shear bands mainly
composed of small new quartz aggregates allow the development of a connected anastomosed network
(Figure 8f). Ultimately, an ultramylonitic texture, possibly with some cataclastic flow, is locally evidenced in
some shear bands thanks to the presence of K-feldspar angular clasts included in a very fine matrix whose
composition remains undeterminable at the scale of observation.

5. Strain Quantification

In order to put quantitative constraints on the qualitative distribution of strain deduced from the field
approach, a quantitative study of the intensity of the shape fabric is performed, by determining the shape-
preferred orientation (SPO) of magmatic minerals. The SPO of minerals can be induced by syn-magmatic
and/or subsequent later tectonic deformation. Syn-magmatic deformation is linked with magma dynamics
during emplacement of the intrusion and has mainly an impact on the orientation of crystals. Conversely,
tectonic deformation appears at any deformation stage and has consequences on both the SPO and the
mineral deformation. Determining these parameters allows evaluating and precisely quantifying the defor-
mation history and its intensity.

For each grade of the deformation scale obtained, we thus collect oriented samples from the same cross
section (see location in Figure 6), from the south (Aghios Nikolaos) to the north (Aghios Prokopios). We then
perform strain quantification by analyzing pictures of the three orthogonal planes: (1) the XZ plane, perpen-
dicular to foliation plane and parallel to lineation, (2) the YZ plane, perpendicular to lineation, and (3) the XY
plane, parallel to foliation pla2ne.

Several methods were used: (i) X-ray computed tomography was helpful to image cores and produces 3-D
views and orthogonal planes, then (ii) analyses of these orthogonal pictures were performed with softwares
SPO2003 and Intercept 2003, and finally, (iii) we completed this analysis by an EBSD study.

5.1. Imaging and Analytical Methods
5.1.1. X-Ray Tomography
X-ray computed tomography is a nondestructive technique that allows the discrimination in a solid volume,
mineral on the basis of their bulk densities (Baker et al., 2012; Gualda & Rivers, 2006; Ketcham, 2005; Ketcham
& Carlson, 2001; Mees et al., 2003). Data were obtained following three steps. 1. Acquisition of many views by
turning the sample from 0° to 360°, the distance between the X-ray source and the sample determines the
final resolution.

2. Reconstruction that consists in determining the attenuation coefficients for each line of pixels in each view
using Beer’s law (Baker et al., 2012; Ketcham & Carlson, 2001). This stage also includes artifact correction that
comprise beam hardening, ring artifacts, and misalignments (Ketcham & Carlson, 2001).

3. The stack of slices consists in assembling all 2-D sections of the sample to form the 3-D image of the cores.
Data are acquired with a Phoenix Nanotom system with a resolution smaller than 5 μm per unit of volume
(voxels), while the segmentation ofmineral phases was realized by using ImageJ and VG-Studio Max softwares.

5.1.2. Estimation of the Shape Preferred Orientation
A 2.5 cm diameter core from each strain grade was analyzed by X-ray tomography. Cores were virtually cut
according to XZ, YZ, and XY planes. Due to the poor differentiation between K-feldspars and quartz on
pictures, and a good discrimination between biotite/amphibole and feldspar/quartz groups, we choose a
simple segmentation of dark minerals/clear minerals. Images treatment and phase segmentation were done
by using both Photoshop and GIMP2 softwares. The filtering and segmentation protocol being identical for
all samples, only the grey level values chosen during the final segmentation procedure were different,
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depending to the grey level histogram specific to each picture. More than 30 pictures (2-D images) were
extracted for each plane of each sample, giving a total of 570 pictures treated and then analyzed.

First, the SPO analysis of the dark phase composed of biotite and amphibole grains was performed with two
different softwares: SPO2003 and Intercepts2003 (Launeau et al., 2010; Launeau & Robin, 1996; Launeau &
Robin, 2005). SPO2003 software allows determining the eccentricity R and the long axis orientation α of
the inertia tensor calculated for each element of the black phase. An element corresponds generally to an
individual mineral grain but may also correspond to an aggregate of mineral grains. The average shape fabric
of the black phase corresponds to the tensorial mean of the tensors calculated for each element. This method
is used when each element is isolated and allows the statistical analysis of the SPO of the whole population.
When clusters of elements cannot be separated, Intercepts2003 software was used. The principle of this
software is based on the intercepts method, which analyzes the boundaries of the black phase over the entire
image as a population of lines. The method involves a Fourier series decomposition of the polar plot of inter-
cepts and yields a rose of directions (Launeau & Robin, 1996; Saltikov, 1958). As for the inertia tensor method,
an eccentricity R and a long axis orientation α can then be calculated for the whole population.

Second, the 3-D fabric ellipsoid was calculated by using the 2-D analyses performed on the three orthogonal
faces of our samples (Launeau et al., 2010). The reconstruction of this ellipsoid allowed calculating the degree
of anisotropy (P0) and the shape parameter (T) of the biotite/amphibole fabric for each association of images
(eight associations for each grade) (Jelinek, 1981; Launeau & Robin, 2005). P0 refers to the eccentricity of the
3-D fabric ellipsoid and can be correlated with the intensity of the biotite/amphibole preferred orientation. T
refers to the symmetry of the 3-D fabric ellipsoid. Three cases were considered: (1) if the value of T is lower
than �0.2, lineation is dominant and the form of the ellipsoid is oblate, (2) if the value of T is comprised
between �0.2 and 0.2, the lineation and foliation intensities are equivalent or similar, and (3) if the value
of T is superior to 0.2, the foliation is dominant and the form of the ellipsoid is prolate (see equations in
Borradaile & Werner, 1994).

5.1.3. Quartz Lattice Preferred Orientation
During ductile flow, rock-forming minerals are subjected to plastic deformation that may give rise to some
lattice preferred orientation (LPO) depending on the dominant deformation mechanism, like grain size-
insentive dislocation creep or grain size-sensitive creep (Kilian et al., 2011; Otani & Wallis, 2006). For crustal
rocks, the pattern of quartz LPO also provides crucial information on temperature conditions, finite strain,
and kinematics during deformation (Heilbronner & Tullis, 2006; Stipp et al., 2002). To better characterize
the deformation conditions involved during strain localization within the Naxosmonzogranite, we thus docu-
mented the quartz LPO through electron backscatter diffraction (EBSD) analyses. EBSD data were collected
using a scanning electron microscope coupled with an EDAX Pegasus system at ISTO/BRGM (Orléans,
France). Analytical conditions involved a working distance of 15 mm, an acceleration voltage of 20 kV, and
a probe current of ~6 nA on polished thin sections (diamond paste of 0.25 μm followed by colloidal silica).
In order to avoid indexing errors, equal-area lower hemisphere pole figures have been constructed using
one measurement per grain collected manually through a whole thin section. For EBSD maps, we considered
the mean orientations of each grain that compose the whole map or a selected area. The isocontours and
grey shadings on pole figures were plotted using the UNICEF careware software package (Mainprice; www.
gm.univ-montp2.fr/PERSO/mainprice/W_data/CareWare_Unicef_Programs). To plot EBSDmaps and to calcu-
late the texture (J) and misorientation (M) indices, which both give the degree of mineral alignment between
J = 1/M = 0 for a random orientation and J = ∞/M = 1 for a crystal-like alignment, we used the OIM software
(EDAX) and the open-source matlab-based MTEX toolbox (Bachmann et al., 2010; Mainprice et al., 2015). Each
map has been cleaned considering aminimum of five neighbor-based pixels on several raws. Using MTEX, we
also merged dauphine-type twin boundaries with parent grains and we chose to define the size of recrystal-
lized grains by selecting grains with a maximum intragranular misorientation angle of 10° (the misorientation
is calculated for each grain with respect to their respective mean orientation). Both poles, figures and Jindex,
were calculated using a Gaussian half-width angle of 10°.

5.2. Results
5.2.1. X-Ray Tomography
X-ray tomography imaging allows us visualizing the sample in 3-D. It is also possible to make segregation of
the phases based on their response to radiation and thus access to a 3-D view of mineral shape fabric inside
the core. We can thus visualize in 3-D the main stages of our deformation intensity scale by evidencing an
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evolution of the internal structure of the sample according to the deformation intensity that is very similar to
the previous macroscopic and microscopic descriptions (Figure 9). Indeed, grade 0 is characterized by an iso-
tropic magmatic fabric (Figure 9a) that evolves toward a localization of deformation with a preferred orienta-
tion of the dark minerals (biotite and amphibole; Figure 9b), finally reaching grade 5 where deformation is
marked by pervasive structures and the development of ultramylonite shear bands (Figure 9c).
5.2.2. Shape Preferred Orientation
The P0 and T fabric parameters for the six grades are shown in Figure 10. The P0 = f(T) diagram clearly shows an
evolution of the shape parameter (T) and the degree of anisotropy (P0). Results highlight a good correlation
between P0 and the qualitative scale based on field observations. Indeed, the first grade (grade 0) is charac-
terized by the lowest anisotropy degree, with P0 ~1.11, while grade 5 presents the highest values with P0

~1.58. In the same way, an evolution of T (shape parameter) is observed with the degree of anisotropy P0.
Thus, the ellipsoid in the lowest grade is characterized by a prolate shape and evolves progressively toward
a nearly perfect oblate shape with respect to the increasing anisotropy degree.
5.2.3. Quartz Lattice Preferred Orientation
In Figure 11, we show the quartz LPO for each grade of the monzogranite intrusion. LPOs are shown with
respect to the foliation and lineation, such as observed in the field or defined by tomographic images (for
grades 0 and 1, Figure 11a). From grades 0 to 5, that is, with increasing strain and decreasing grain size,
we document a similar pattern of quartz LPO, which involves the [c] ([0001]) axes normal to the lineation
within the foliation plane. Accordingly, the<a> (<11–20>) axes distribute within a solid angle of 90° around
the [c] axis maximumwith six maxima located at 60° from each other, such as expected for the crystal system
of quartz (trigonal 32). This type of LPO is typical of prism <a> slip LPO (Muto et al., 2011; Stipp et al., 2002),
but the [c] axis also tends to form a girdle around the X axis in high-strain grades (3–5), suggesting a weak
activation of other slip systems. Furthermore, the strength of quartz LPO first increases from grade 0
(J = 4.35;M = 0.07) to grade 2 (J = 7.55;M = 0.36) and then decreases up to grade 4 (J = 3.36;M = 0.19), before
slightly increasing again to grade 5 (J = 3.57; M = 0.24) (Figure 11b). The strength drop is correlated with
weakening of the [c] axis around Y and smearing out of the<a> axes maxima in the X-Z plane. These features
are further supported by the distribution of uncorrelated misorientation angles (Figure 11c), which starts
from a close to random distribution (dotted line in Figure 11b) in grade 0, progressively shifts toward low
values up to grade 2, and then shift back to higher values for grades 4 and 5. At a first order, we therefore
document a moderate mineral alignment strength that first strengthens and then weakens with increasing
strain and decreasing grain size.

To better document the quartz-preferred orientation of high-strain samples, we perform high-resolution
(< 1 μm step size) EBSD maps within quartz-rich shear bands (Figure 12). We chose to focus on grade 4
where shear bands are easy to isolate from each other. These maps document monomineralic quartz
aggregates with a mean grain size of ~30 μm and a unimodal lognormal distribution, suggesting a high
degree of dynamic recrystallization (Figures 12a and 12b). No change occurs in the LPO pattern (prism
<a> slip LPO), and we document a moderate mineral alignment strength with J = 3.86 and M = 0.29,
such as revealed by the c[0001] axis pole figure (Figure 12d) and inverse pole figure combined with the
EBSD map (Figure 12a). Despite large finite strain, the mineral alignment strength in shear bands thus
remains very similar to the overall shape fabric of grade 4 (Figure 11). However, while some areas show
quartz grains that have a strong alignment strength—the stronger one documented so far (J = 7.47;
M = 0.42; Figure 12 E1)—some others show a weak alignment, weaker than ever documented across
the whole shear zone (J = 2.7; M = 0.18; Figure 12 E2). The mean grain size slightly decreases between
the high-strength area (31.5 μm) and low-strength area (29.6 μm). Accordingly, the distribution of
uncorrelatedmisorientation angles significantly shifts toward low values for the high-strength area and tends
to the uniform distribution for the low-strength area (Figures 12 E1 and E2). The mineral alignement strength
therefore does not distribute homogeneously across the high-strain shear bands.

In addition, we used EBSD maps to document the distribution of subgrain boundaries (i.e., correlated misor-
ientation angles between 2 and 10°) in quartz-rich shear bands and tails of recrystallized grains (Figure 13). In
shear bands, we highlight numerous four-grain junctions and a significant amount of subgrain boundaries
with rotation angles that distribute around the c[0001] axis (Figure 13a), which is consistent with dominant
tilt boundaries induced by dislocation glide on the {m}<a> slip system, in aggreement with prism <a> slip
LPO (Lloyd, 2004) (Figures 13a and 13b). We also identify a significant amount of recrystallized grains
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Figure 9. Three-dimensional views of imaged cores by X-ray tomography method and the associated 2-D pictures (XZ plane) extracted from the 3-D views. (a) Grade
0. (b) Grade 2. (c) Grade 5.
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between 10 and 100 μm with a mean grain size and mode (following a lognormal distribution) of 26.2 μm
and ~19 μm, respectively (Figure 13c). In contrast, we document large grains with lobate boundaries and a
few subgrain boundaries in recrystallized tails of quartz porphyroclasts, most of these latter standing by
the fine-grained shear band (Figure 13d). Yet, we document a clear c[0001] axis maxima that stands
parallel to Y, such as observed in the whole intrusion (Figure 13e). Quartz porphyroclasts also contain
plenty of healed cracks with fluid inclusions (Figure 13d).

6. Discussion
6.1. Evolution of Shape Fabrics Along Strain Gradient

A schematic evolution of the P0-T parameters characterizing the shape fabric ellipsoid with increasing defor-
mation is represented in Figure 14 by using the means and associated standard deviation of each grade.
Based on our field observations and the shape fabric analyses, we propose to divide the evolution of the
shape fabric in four successive stages (colored arrows, Figure 14).

Stage 1 corresponds to the progressive evolution from a prolate magmatic fabric with low eccentricity
(P0~1.11) toward a clear oblate fabric with a moderate eccentricity in grade 1. The prolate fabric in grade 0
is due to the shape-preferred orientation of amphiboles, while biotite flakes do not show any clear preferred
orientation (Figure 8a). Grade 1 already shows a clear evolution of the degree of anisotropy, from 11% to
about 25%, together with a flattening of the ellipsoid, which becomes strongly oblate (T = 0.47). This evolu-
tion is correlated with the marked organization of biotites developing a flatten shape preferred orientation.
This transition from a prolate to an oblate magmatic fabric can be viewed as an evolution from a purely
constrictional magmatic flow to a syn-magmatic deformation (weakly oblate fabric), tectonically driven by
the north directed regional extension.

Stage 2 corresponds to an evolution from an oblate to a plano-linear shape fabric associated with a
decrease in eccentricity between the grades 1 and 2. Grade 2 shows scattered T values (�0.15 to 0.41) show-
ing the progressive strain localization by the localized reorientation of biotite grains (Figure 8c). This evolu-
tion in shape fabric properties of the ferromagnesian phases exemplifies a local superimposition of the

Figure 10. Shape parameter (T) versus anisotropic degree (P0) diagram characterizing the shape preferred orientation (SPO) of magmatic minerals (biotites and
amphiboles) with increasing strain, that is, from grade 0 to 5. P0 and T describe and quantify a 3-D ellipsoid calculated by using the 2-D images from the three
orthogonal faces of our samples. Each point represents the obtained result from the 2-D image association.
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Figure 11. Quartz lattice preferred orientation (LPO) across the Naxos intrusion. (a) Equal-area lower hemisphere pole figures of the c[0001] and a<11–20> axes for
trigonal quartz with increasing strain, that is, from grades 0 to 5. Pole figures are shown with respect to the foliation (horizontal line) and lineation (white dot) in the
XZ structural plane. The EBSD data have been collected through a whole thin section considering one measurement per grain. The isocontours are multiples of
uniform distribution (MUD) using a linear distribution with a kernel Gaussian half-width angle of 10°. N = number of grains, J = texture index (Bunge, 1982), and
M = misorientation index (Skemer et al., 2005). (b) Distribution of uncorrelated misorientation angles of the respective quartz LPO shown in Figure 11a. TheMindex is
calculated from this distribution with respect to the theoretical distribution of a random LPO (dotted line; Skemer et al., 2005). (c) Distribution of the J (solid bars) and
M (empty bars) indices across the strain gradient, that is, from grade 0 to grade 5.
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stage 1 syn-magmatic pervasive shape fabric by an incipient localized shearing marked by proto-shear bands
and beginning of ferromagnesian mineral concentrations.

Stage 3 is marked by an increasing anisotropy, from a P0~1.13 to P0~1.25, while the shape parameter (T)
remains plano-linear. This is correlated with a generalized nucleation of shear bands associated with the
mineral reorientation of amphibole and biotite and quartz ribbons development wrapping around feldspar
clasts with rare cataclasites (Figure 8d).

Stage 4 is characterized by a shape fabric eccentricity P0 that evolves from 1.25 (stage 3) to 1.58 and a T
parameter that expresses a strong oblate shape. This final stage is characterized by the densification of

Figure 12. Quartz-related microstructures in high-strain shear bands. (a) Thin section (polarized light) of a shear band in the XZ plane (in grade 4). Fd, Feldspar, Qz,
quartz, and Bt, Biotite. (b) EBSD map combined with inverse pole figure (IPF map) with respect to the Y axis (top right inset), that is, the deformation axis normal to the
lineation in the foliation plane (location in Figure 12a). The color coding refers to the angle of one given axis with respect to Y. While the grey areas correspond to
feldspar grains, the black areas give areas of nonindexed points. (c) Bar graph of the grain size distribution for quartz, highlighting a lognormal distribution with a mean
grain size of 30 μm. N = number of grains. (d) LPO of the quartz [c] axis considering one point per grain (mean orientation). The isocontours and color coding are
multiples of a uniform distribution (MUD). J, texture index and M, misorientation index. (e) Bar graphs of uncorrelated misorientation angle distribution for two
specific areas located in Figure 12b. While the grain size slightly decreases from area E1 (31.5 μm) to area E2 (29.6 μm), the mineral alignment strength (J and M
indices) significantly drops and the angle distribution gets close to the uniform distribution (dotted red line). N = number of grains.
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shear bands that often become tickers compared to those observed in stage 3. In those bands, the
mylonitic fabric is generalized with local cataclasis of quartz ribbons (Figures 8e and 8f). At this stage,
there is no evidence of locally preserved initial, magmatic to late-magmatic fabrics developed during the
two first stages.

To summarize this analysis, stage 1 corresponds to a syn-magmatic fabric development while stage 2 can be
assimilated to a first step of strain localization under very late magmatic to solid-state ductile conditions.
Stage 3 corresponds to the development of a more pervasive network of centimeter scale anastomosed
shear bands in ductile conditions. Stage 4 represents the generalization of a pervasive mylonitic shearing
with local ultramylonitic to cataclasite, therefore brittle, textures.

A similar gradient was observed by Laurent et al. (2015) by using similar field and analytical approaches in the
Ikaria syntectonic intrusion. The authors showed the same evolution from a linear magmatic fabric with a very
low degree of anisotropy, about 10%, toward mylonitic facies characterized by a very high degree
of anisotropy.

Figure 13. Grain boundaries and tilt boundaries of quartz aggregates in shear bands and recrystallized tails. (a) Phase map of the high-strain shear band shown in
Figure 12, including quartz porphyroclasts (red) and recrystallized grains (orange). While grain boundaries (black lines) are defined by correlated misorientation
angles higher than 10°, the tilt boundaries (white lines) refer to correlated misorientation angles between 2 and 10°. The blue empty squares highlight four-grain
junctions (121). Black areas correspond to other phases and nonindexed points. (b) Inverse pole figure showing the distribution of rotation axes related to tilt
boundaries in quartz aggregates. The concentration of misorientation axes around the c[0001] axis indicates that subgrain boundaries are tilt boundaries that result
from dislocation glide on the {m}<a> slip system (Lloyd, 2004), coherent with prism <a> slip LPO. (c) Grain size distribution of recrystallized grains. While the
mean grain size (26.6 μm) is calculated using the bar graph distribution, we applied a lognormal distribution to calculate the mode (18.9 μm). (d) Thin section
(polarized light) and EBSD map (IPF map) of quartz grains and tilt boundaries through a recrystallized tail by a high-strain shear band. Unlike to quartz-rich shear
bands, we document lobate boundaries and a few tilt boundaries (see text). (e) Quartz c[0001] axis pole figure for the map in Figure 13d. The isocontours and color
coding are multiples of uniform distribution (MUD). N, number of grains, J = texture index, and M, misorientation index.
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6.2. A Continuum of Deformation

The four stages previously proposed to describe the evolution of the mineral fabrics and the development of
discrete structures is based on local analyses and sampling along the gradient zone. Field observations realized
on the Naxos intrusion of the deformation from syn-magmatic conditions to solid-state ductile, locally brittle
reveal a continuum through the strain gradient zone (Figures 6 and 7). The Naxos intrusion recorded a strong
gradient of deformation progressively localizing along the north dipping detachment, preserving a magmatic
fabric in the southern part of the intrusion body. This succession of events, consistent with kinematics recorded
within the metamorphic dome, shows that the MCC, together with the intrusion and associated detachments,
developed coevally and represents different sequential events in the same extensional event.

The magmatic foliations preserved in the center areas of the intrusion are subvertical (Figure 2a). They evolve
toward a horizontal orientation in zones that correspond to grade 2. The map of stretching lineations
(Figure 2b) shows a progressive rotation from the N10° oriented lineation to the N340° trending one in the
northern part of the intrusion, suggesting that the stretching lineation in the south is, at least partly, due
to shearing related to regional extension.

An evolution from a linear to a planar shape fabric characterizes grade 1 of deformation (Figures 10 and 14)
and is interpreted as the switch between a more pronounced SPO of amphibole and biotite grains. Grade 1 is
also marked by the presence of fractures in stretched K-feldspars (Figure 8b). This type of structures is a
response to a deformation at subsolidus state and requires a sufficiently high shearing stress applied on a
cooling magma comprising 10 to 30% of residual liquid (Bouchez et al., 1992; Paterson et al., 1989). Quartz,
biotite, and hornblende that crystalized in the fractures affecting the feldspar megacrysts are the expression
of this residual liquid. Bouchez et al. (1992) set prerequisites to consider such structures as late-magmatic
microfractures. First, each microfracture should affect only one crystal and never overlap more. Then, mineral
phases filling the fracture are crystallographically continuous and do not appear to change in their chemical
composition. Finally, we observe that the filling phases are quartz, biotite, and hornblende (Figure 8b), which
correspond to the magmatic paragenesis of the intrusion. Moreover, they tend to gradually disappear as the
later solid-state deformation becomes more intense and overprints this submagmatic deformation. All of
these elements show that the Naxos monzogranite is a syntectonic intrusion.

Then, the intensity of finite deformation drastically increases approaching the northern contact and the
detachment (Figures 6 and 7). Indeed, at Aghios Prokopios peninsula, the transition from proto-mylonitic

Figure 14. Interpreted shape parameter (T) versus anisotropic degree (P0) diagram of the strain pattern evolution in the Naxos monzogranite. Colored dots corre-
spond to the arithmetic average and associated standard deviation for each grade. Colored arrows correspond to the different stages of the deformation path
discussed in the text.
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to mylonitic and even ultramylonitic fabric is achieved within only 500 m with a clear evolution of the degree
of anisotropy and also a change from a plano-linear to a strongly planar fabric (Figures 7, 10, and 14).
Furthermore, measured orientation of the shear planes appear to be parallel to the main detachment
plane. Stretching lineations always oriented north-south and the overall top-to-the-north sense of shear
are comparable with those measured in the dome.

The last increments of deformation in the Naxos intrusion comprise brittle deformation with ultracataclasites,
pseudotachylites, or late steeply dipping normal faults. Cataclasites are positioned structurally within the
highest grade of ductile deformation with an unclear transition as shown above (Figures 6 and 7), and they
are topped by the detachment. They are characterized by a large thickness around several tens of meters, up
to 50 m at Cape Achapsi where they are strongly chloritized and where two facies can be distinguished, a
coarse-grained and fine-grained one. Finally, pseudotachylites veins develop along small-scale ultramylonitic
shear planes near the detachment, reflecting a sudden and rapid acceleration of the local strain rate. The
development of pseudotachylites is the logical continuation of the same deformation in the brittle, but it
could also be part of a more recent deformation episode.

All of these deformation stages show a progressive evolution from magmatic to submagmatic, ductile, and
then brittle deformation. This evolution demonstrates that the Naxos intrusion emplaced during top-to-the
north shearing and started to be deformed while it remained about 10 to 30% of residual magmatic liquids
in the crystallizing magma below a top-to-the north shallow-dipping shear zone.

6.3. Deformation Mechanisms and Strain Localization

The development of shear zone typically arises from strain localization during ductile deformation. In this
regime, strain is accommodated by plastic processes that involve several competing deformation mechan-
isms, which dominant conditions depend on temperature, strain rate, stress, and grain size (Figure 15). For

Figure 15. (a) Deformationmechanismmap for wet quartz at 500°C and 250 MPa. The flow laws for dislocation creep and diffusion creep are from Gleason and Tullis
(1995) and Rutter and Brodie (2004), respectively. Based on the quartz piezometer (Stipp & Tullis, 2003 corrected by Holyoke & Kronenberg, 2010) and using the
size of recrystallized grains in high-strain shear bands (10–100 μm), we predict predominant dislocation creep for high-strain shear bands of grade 4. (b) Predicted
strain rates (black thick lines) of quartz aggregates as a function of temperature considering either dislocation creep (including the flow law from Hirth et al., 2001)
or diffusion creep. For calculations, we used the mode of recrystallized grains (~19 μm) and a stress of 46 MPa, such as predicted by the piezometer. For the flow law
of Hirth et al. (2001), we applied a water fugacity of 87 MPa using the equation of state from Pitzer and Sterner (1994) at 500°C and 250 MPa. Considering
temperatures between 450 and 550°C, as deduced from quartz mineral alignment in high-strain shear bands, we only predict realistic strain rates
(4.10�14–7.10�12 s�1) for dislocation creep, excluding diffusion creep as a source for grain boundary sliding (see text).
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quartz in fully plastic conditions, two deformation mechanisms have been mainly considered so far:
dislocation creep and diffusion creep (Bürgmann & Dresen, 2008; Gleason & Tullis, 1995; Hirth et al., 2001).
While dislocation creep refers to plastic flow achieved by lattice-controlled migration of intragranular line
defects (dislocations), diffusion creep involves the diffusion of vacancies through the crystal lattice. These
two mechanisms may also combine with grain boundary sliding depending on the deformation conditions
(Boullier & Gueguen, 1975; Kilian et al., 2011; Kruse & Stünitz, 1999; Mehl & Hirth, 2008; Rahl & Skemer,
2016; Stünitz & Fitzgerald, 1993). Unlike dislocation creep, both diffusion creep and grain boundary sliding
are dependent on grain size, which may promote a drop of viscosity during grain size reduction, giving rise
to a rheological weakening and possibly strain localization (De Bresser et al., 2001; Platt & Behr, 2011).

When diffusion creep is dominant, it commonly relates to a weak or absent LPO. In contrast, a dominant
dislocation creep produces a strong LPO (Baker &Wenk, 1972), a strong SPO (Stipp et al., 2002), and new recrys-
tallized grains, which size mostly depends on stress conditions (Austin & Evans, 2007; Stipp & Tullis, 2003).
Natural observations and experimental investigations have also shown that both the process of dynamic
recrystallization and the pattern of recrystallized quartz LPO directly depend on strain rate, finite strain, and
temperature during dislocation creep (Hirth & Tullis, 1992; Stipp et al., 2002). With increasing temperature
(or decreasing strain rate), the type of recrystallization changes from bulging recrystallization to subgrain rota-
tion and then to a combination of both mechanisms due to efficient grain boundary migration, which
becomes dominant above 500°C (Hirth & Tullis, 1992). In relation to this, the pattern of recrystallized quartz
LPO switches from dominant basal<a> slip LPO at low temperature—in combination with other slip systems
(basal, rhomb, and prism)—to dominant prism<a> slip LPO at high temperature. The transition has been esti-
mated around 500°C, but this valuemay also change depending on the finite strain involved (Stipp et al., 2002).

In Naxos, the presence of an SPO and a moderate to strong prism <a> slip LPO combined with microstruc-
tural evidence of subgrain boundaries and recrystallized tails of quartz supports dominant dislocation creep
through the whole studied intrusion. It further indicates high-temperature deformation above 500°C, but the
evolution toward multiple slip systems with increasing strain, as shown by girdle development, and the
occurrence of brittle deformation in grade 5 suggest that deformation also occurred down to ~350°C in
high-strain grades. The occurrence of lobate grain boundaries is also indicative of significant grain boundary
migration during deformation (Heilbronner & Tullis, 2006; Hirth & Tullis, 1992), and probably in presence of
fluids, such as deduced from the presence of strain-related fluid inclusions. However, although quartz LPO
never fully randomizes, we document a drop of overall mineral alignment strength with increasing strain
(Figure 11). This feature contradicts lab-based experiments that always documented an increasing LPO with
increasing strain when dislocation creep is dominant (Hansen et al., 2014; Heilbronner & Tullis, 2006;
Mainprice et al., 2015). As one possibility, such a drop could be an effect of dynamic recrystallization (Hirth
& Tullis, 1992), but recent deformation experiments of polycrystal quartzite have shown that quartz LPO
significantly strengthens with increasing degree of dynamic recrystallization (Heilbronner & Tullis, 2006).
Another possibility implies the overprinting of a previous mineral alignment by a new one, such as high-
lighted by our SPO data set. In this case, grade 0 may have been affected by grades 1 and 2 during a
former stage of deformation, and then grades 3 to 5 may result from latter stages of strain localization, but
with different orientations of the deformation axes. Nonetheless, although we do not exclude this effect,
our data set does not show any combined patterns of quartz LPO, and it does not account for the drop of
mineral alignment strength between grades 3 and 4.

Alternatively, the large amount of four-grain junctions indicates that grain boundary sliding has significantly
contributed to the deformation (Ree, 1994). Previous documentations of quartz-rich mylonite have shown
indeed that grain size-sensitive creep, including grain boundary sliding, may occur during dynamic recrystal-
lization in presence of fluids (Halfpenny et al., 2006; Rahl & Skemer, 2016). This would account for the progres-
sive drop of overall mineral alignment strength with increasing strain, that is, with increasing degree of
recrystallization and related grain size reduction. The quartz LPO might also locally weaken depending on
the degree of dynamic recrystallization or local amount of fluid at grain boundaries, such as expected in
high-strain shear bands. We would finally expect a strengthening of quartz LPO in grade 5 if we consider that
most of the rock has achieved 100% of recrystallization. Our LPO features indicate therefore that grain bound-
ary sliding probably occurred in combination with dislocation creep during deformation of the Naxos shear
zone. Together with grain size reduction, this provides a consistent approach to account for the occurrence of
weakening and subsequent strain localization across the intrusion.
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Nevertheless, the source of grain boundary sliding in Naxos remains a fundamental issue. Based on available
flow laws (Gleason & Tullis, 1995; Hirth et al., 2001; Rutter & Brodie, 2004) and using the mode of recrystallized
grain size (~19 μm) to estimate the differential stress (Stipp & Tullis, 2003 corrected by Holyoke & Kronenberg,
2010), we predict dislocation creep as dominating the rheology of the high-strain shear bands, and, by
deduction, the rheology of the host rock, which necessarily stands above the piezometer (Figure 15a). We
used the mode rather than the mean grain size to minimize the effect of porphyroclasts. Furthermore, while
dominant dislocation creep implies realistic strain rates between 4.10�14 and 7.10�12 s�1 for a temperature
ranging from 450 to 550°C, dominant diffusion creep involves much slower and unrealistic strain rates
(5.10�18–5.10�16 s�1) in the same temperature conditions (Figure 15b). This definitely excludes diffusion
creep as a source for grain boundary sliding, requiring an alternative mechanism.

On this base, we may envisage two possibilities that imply either dislocation-accommodated grain boundary
sliding (disGBS) or pressure-solution creep (Hirth & Kohlstedt, 2003; Gratier et al., 2013). These two
mechanisms are indeed grain size dependent, and they involve, or combine with, grain boundary sliding.
However, although disGBS has been only highlighted and quantified for olivine aggregates (Hirth &
Kohlstedt, 2003), (1) it never arises in the presence of fluids, (2) it results in a strong crystal preferred orientation,
the strength of which increases with increasing strain (Hansen, Zimmerman, & Kohlstedt, 2012), and (3) its
grain size dependency is not sufficient to promote strain localization (Gueydan & Précigout, 2014). DisGBS
does not seem therefore to be the best candidate to account for the microstructural features and strain
localization in Naxos. In contrast, the highly grain-size-sensitive pressure-solution creep, which is conditional
upon the presence of fluids, would represent an appropriate candidate. But here more data and evidence of
dissolution-precipitation are needed to go further in the discussion.

7. Conclusion

This study gives information on the emplacement mechanisms and subsequent exhumation deformation
about the Naxos intrusion. Using field structural data associated with EBSD, 2-D, and 3-D textural and struc-
tural analyses, we document a rapid evolution of the deformation gradient approaching the major detach-
ment along the northern border of the intrusion. At both macroscopic and microscopic scales, stress
related to the emplacement of the intrusion first guides the development of a magmatic shape fabric of
amphibole and biotite grains. During the activity of the detachment, the preexisting localization of the
deformation linked with the intrusion emplacement played also an important role in the localization of the
deformation and the development of the shearing structures.

The continuum of deformation from magmatic to solid-state ductile-then-brittle conditions is characterized
by a persistent stretching direction and the development of an anastomosed network of discrete shear bands
that evolves to a penetrative mylonitic texture approaching the detachment fault. All together, these features
indicate that the Naxos intrusion recorded a strong gradient of deformation that progressively localized along
the north dipping detachment during its emplacement. This accounts for the preservation of a magmatic fab-
ric in the core of the intrusion. This succession of events is also consistent with the top-to-the-N kinematics
within the neighboring Naxos metamorphic dome. This clearly demonstrates that the MCC together with
the intrusion and associated detachments developed coevally, recording different sequential steps within a
single crustal-scale extensional event. Furthermore, microstructural features indicate that plastic flow of the
whole intrusion has been dominated by dislocation creep from more than 500°C to ~350°C (ductile-to-brittle
transition). However, numerous four-grain junctions also indicate a significant contribution of grain boundary
sliding, in combination with dislocation creep. Together with grain size reduction induced by dynamic recrys-
tallization, this grain size sensitive mechanism provides a good candidate to account for strain localization in
Naxos. Nevertheless, the source of grain boundary sliding remains to be better constrained.
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