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ABSTRACT

Post-orogenic extension in back-arc regions is classically associated with metamorphic core complexes (MCCs)
cored with exhumed metamorphic rocks and granitic intrusions interacting with low-angle detachments. When
additional heat is provided by the advected asthenosphere below the extending region, for instance above slab
tears, high-temperature migmatite-cored metamorphic domes and composite intrusions are emplaced whose
geometry and kinematics of emplacement are controlled by regional extension and by detachments. The Cyclades
Archipelago (Aegean Sea) hosts several such Miocene high-temperature MMCs intruded by Miocene granitoids,
offering windows open on the interactions of intrusions with the Livada and Mykonos detachments, two branches
of the North Cycladic Detachment System. Deformation associated with North Cycladic Detachment System has
been described detailed on Mykonos based on a structural study of the deformation of the Mykonos pluton, but
the high-temperature gneiss core of the MCC and the root zone of the intrusion have received little attention.
Based on field surveys of the neighboring islands of Rheneia and Delos, we propose in this paper a new geological
map and show that the locally migmatitic core of the MCC that extends from Rheneia to the Apollonia peninsula
on Mykonos, is topped by a 500 m-thick low-angle shear zone, the Rheneia Shear Zone, coeval with the intrusion
of a series of granitoids evolving from granodiorite to monzogranite. The Rheneia Shear Zone shows progressive
flattening and shearing, with a constrictional component, during the intrusion of numerous fine-grained felsic
dykes at various stages that are totally transposed to become parallel to the main regional foliation. The mig-
matitic core and the intrusion are intensely stretched with an E-W trending lineation and folds with axes parallel
to the lineation. Structural compatibility between the migmatites and the intrusion show that the rheological
parameters were not much different at the time of intrusion. The same deformation continued during cooling of
the dome while new batches of granitic material intruded the colder gneiss. The granites show syn-kinematic
stretching at the magmatic stage and after cooling, leading to full homoaxiality between the magmatic fabric
and the mylonites below the Livada and Mykonos Detachment. From the stage of lower crustal partial melting
and subsequent intrusion to mylonitization and formation of the brittle Mykonos detachment, deposition of the
supra-detachment Miocene sediments and the late intrusion of baryte-iron dykes, the same kinematics is
observed until a change in the stress regime some 9 Ma ago. The Mykonos-Delos-Rheneia MCC illustrates the
continuous interactions between a detachment system and a growing pluton and how a discrete magmatic event
can be influenced by long-term tectonics.
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L. Jolivet et al.
1. Introduction

The interelations between magma emplacement and crustal defor-
mation are governed by complex processes because of the overall large
viscosity difference between upper crustal rocks and magmas. Two types
of behavior are described: “active emplacement” when the magma
production rate is larger than opening of voids by tectonic processes,
whereas “passive” emplacement represents the opposite situation
(Hutton, 1988). In this context, the fertility of magma sources would be
the main driving parameter, especially when considering that the rate of
magma ascent is often much higher than most tectonic processes
(Paterson and Tobisch, 1992). de Saint Blanquat et al. (2011), based on a
review of a large number of natural situations reached a similar
conclusion whatever the scale of the pluton, pluton emplacement in the
upper crust is much shorter in duration (several hundred thousand years
or a few million years for the largest plutons) and occurs at much faster
rates than tectonic deformation. This can explain why some plutons
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emplaced during the course of an active tectonic deformation can share
many characteristics of post-kinematic intrusions (de Saint-Blanquat
et al., 2001).

The situation may however prove different in the case of plutons
forming and then emplacing within metamorphic core complexes
(MCCs). Syn-kinematic plutons have been described in different con-
texts, along strike-slip shear zones such as the South Armorican Shear
Zone (Berthé et al., 1979; Augier et al., 2015a), or along extensional
shear zones with the examples of the Basin and Range (Holm, 1995),
Southeast China (Charles et al., 2011; Lin et al., 2013; Ji et al., 2018), the
Variscan belt (Gapais et al., 1993; Augier et al., 2015a, 2015b), the
Aegean MCCs (Faure et al., 1991; Lee and Lister, 1992; Rabillard et al.,
2017) or the Paleozoic post-orogenic extension context of Calabria
(Caggianelli et al., 2000). Extension is a context where space is created
continuously and the plutons and their host rocks are largely exhumed
so that the interactions between the activity of extensional shear zones
and the coeval intrusions can be observed and described (Hutton et al.,
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Fig. 1. Tectonic map of the Aegean region showing the main exhumed metamorphic complexes and the situation of the Cyclades. CR. D.: Cretan Detachment, NCDS:
North Cycladic Detachment System, NPFS: Naxos-Paros Fault System, WCDS: West Cycladic Detachment System; SCD: South Cycladic Detachment System. The
distribution of the different units in the Cycladic Blueschists is after Grasemannn et al. (2017) and Roche et al. (2019). Arrows are representative kinematic indicators
(lineations and sense of shear) in the various metamorphic core complexes (Gautier et al., 1993; Gautier and Brun, 1994b; Hetzel et al., 1995a; Hetzel et al., 1995b;
Jolivet et al., 1996; Trotet et al., 2001a; 2001b; Grasemann and Petrakakis, 2007; Tschegg and Grasemann, 2009; Jolivet et al., 2010; Iglseder et al., 2011; Grasemann
et al., 2012; Rice et al., 2012; Augier et al., 2015a; Beaudoin et al., 2015; Laurent et al., 2015; Rabillard et al., 2015; Ducoux et al., 2016; Laurent et al., 2016; Roche
et al., 2016; Grasemann et al., 2017; Rabillard et al., 2017; Roche et al., 2018; Schneider et al., 2018; Roche et al., 2019). Inset: 3D diagram showing the geometry of

the slab after the tomographic model of Biryol et al. (2011).
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1990; Rabillard et al., 2017). Post-orogenic extension after a phase of
crustal thickening, and more specifically when it occurs in a back-arc
environment where the hot asthenosphere is advected upward below
the thick crust, is a favorable context to produce granitoids interacting
with detachments. The Aegean Sea or the Northern Tyrrhenian Sea

24°E
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provide several examples of plutons emplaced in the core of MCCs below
low-angle detachments during the Miocene (Faure and Bonneau, 1988;
Faure et al., 1991; Lee and Lister, 1992). Recent studies have shown a
common scheme in all these plutons and their associated detachments
(Beaudoin et al., 2015; Laurent et al., 2015; Rabillard et al., 2015;

26°E
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Fig. 2. Tectonic map of the Cyclades showing the main metamorphic core complexes, the high-temperature gneiss domes and associated intrusions, together with the
main extensional post-orogenic lineation and sense of shear (see Fig. 1 for reference). NCDS: North Cycladic Detachment System, WCDS: West Cycladic Detachment

System; SCD: South Cycladic Detachment System.
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Ducoux et al., 2016; Bessiere et al., 2017; Rabillard et al., 2017). The
Aegean granitoid plutons were emplaced during a rather short period
between 16 and 8 Ma coeval with the fast rotation of the Hellenides and
formation of a first-order tear in the subducting slab (Fig. 1 inset, de
Boorder et al., 1998; Biryol et al., 2011; Jolivet et al., 2015). The plutons
were exhumed below two main sets of detachments, the North Cycladic
Detachment System (NCDS) and the West Cycladic Detachment System
(WCDS) and several of them intruded the core of MCCs made of high
grade migmatitic gneiss below the NCDS (Ikaria,
Mykonos-Delos-Rheneia and Naxos-Paros) while other intruded higher
in the crust (e.g. Tinos, Serifos or Lavrio).

Oligo-Miocene extension in the Cyclades (Fig. 1, Fig. 2) follows an
episode of continental subduction and crustal thickening in HP-LT
conditions recorded in the Cycladic Blueschists Unit (CBU) during the
Eocene (Altherr et al., 1982; Wijbrans and McDougall, 1988; Shaked
et al., 2000; Trotet et al., 2001a; 2001b; Jolivet et al., 2004a, 2004b;
Ring et al., 2007; Brun and Faccenna, 2008; Jolivet and Brun, 2010; Ring
et al., 2010, 2011; Laurent et al., 2016, 2017). The heterogeneity of the
crust acquired during this early stage played an important role in
localizing the main extensional structures, especially the NCDS (Le
Pourhiet et al., 2004; Huet et al., 2011; Augier et al., 2015a, 2015b;
Labrousse et al., 2016). Compared to the underlying CBU, the Upper
Cycladic Unit (UCU), shows a contrasted lithologies. It is either made of
an ophiolitic nappe with its basal metamorphic sole, like on Tinos Island
(Katzir et al., 1996; Lamont et al., 2020) or orthogneiss or other conti-
nental basement units like on Syros (Maluski et al., 1987; Keiter et al.,
2004; Soukis and Stockli, 2013) or Anafi Islands (Reinecke et al., 1982;
Martha et al., 2016). Both the inverted mechanical stratigraphy due to
the overthrusting of an ophiolite nappe on top of the weaker CBU and
the presence of other nappe contacts were shown to favor strain local-
ization and formation of MCCs (Labrousse et al., 2016). The intrusion of
granitoids during the Miocene within these MCC induced a migration of
the detachments upward and in the direction of shearing (Rabillard
et al., 2017). The NCDS and the WCDS are thus made of a succession in
time and space of up to three detachments (Jolivet et al., 2010; Rabillard
et al., 2017). The lower detachments are mostly active in the ductile
regime and they are locally inactivated when the granitic pluton in-
trudes them, while the uppermost one is only brittle and controls the
deposition of a supra-detachment basin (Menant et al., 2013; Rabillard
et al., 2017).

The Aegean granitoids were emplaced within a short period between
~16 and 8 Ma V-(Skarpelis et al., 1992; Altherr and Siebel, 2002; Bri-
chauetal., 2007, 2008; Liati et al., 2009; Bolhar et al., 2010). They show
distinct geochemical features indicating either a mantle or crustal
origin, which has been debated (Altherr and Siebel, 2002; Pe-Piper et al.,
2002; Pe-Piper and Piper, 2006; Stouraiti et al., 2010; Bolhar et al.,
2012). The older plutons, such as the Karkinagrion and Xylosyrtis leu-
cogranitic plutons of Ikaria display a dominating crustal contribution
and they are associated with migmatite domes, while the younger ones,
such as the Tinos granodiorite have a larger mantle component. How-
ever, all plutons show a significant component of crustal melting.
Granitoid bodies intrude the migmatitic core of the MCCs and then
interact with the detachments (Bessiere et al., 2017) during a period
bracketed between 18 and 11 Ma (Ring et al., 2018). In the case of
Naxos, the intrusion of the granodiorite occurred when the external part
of the dome had already cooled down as shown by the occurrence of a
contact metamorphism envelope in the dome at the sharp contact with
the pluton (Buick and Holland, 1989; Urai et al., 1990), while on Ikaria
(Beaudoin et al., 2015; Laurent et al., 2015) and Mykonos the dome was
still hot and viscous as shown below. On Mykonos, most recent tectonic
studies concentrated on the granitoids and their deformation below the
NCDS (Faure and Bonneau, 1988; Lee and Lister, 1992; Brichau et al.,
2008; Lecomte et al., 2010; Denele et al., 2011; Menant et al., 2013).
Very few studies (Lucas, 1999; Pe-Piper et al., 2002; Denele et al., 2011)
were so far dedicated to field observations in the migmatitic core on
Mykonos and its extension in Delos and Rheneia because these latter
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islands are not normally accessible to geological survey as they are
within a perimeter reserved for archeological studies. Yet, only a small
part of the migmatitic core of the MCC crops out on Mykonos where field
work has been concentrated up to now. The opportunity to make a new
geological map including new data from these two islands was thus an
important opening.

This paper presents the results of our investigations in the field on
Delos and Rheneia and their integration in the framework of the
Mykonos-Delos-Rheneia (MDR) MCC, focusing on the geometry and
deformation within the migmatitic core of the MCC and interactions
with the main pluton. The MDR MCC completes the observations made
on lkaria where the migmatitic dome crops out only in a limited
perimeter and on Naxos where the deep interactions with the hot dome
are not displayed. This example shows the detailed interactions at depth
between the migmatitic dome and the rising pluton, observations that
cannot be easily made in the other Aegean plutons. Based on these new
field observations, we propose a conceptual model of the emplacement
of a pluton within a viscous migmatitic dome actively deforming and its
evolution during cooling and interaction with the detachments.

2. Geological setting

The Cyclades archipelago forms a wide submarine plateau in the
center of the Aegean Sea (Fig. 1) where a series of islands shows the apex
of several MCC formed during the Oligocene and Miocene (Fig. 2).
Extension is a consequence of slab retreat and coeval collapse of the
Hellenides-Taurides mountain belt formed earlier during the Eocene by
subduction and collision of a small partly oceanic basin, the Pindos
Basin, and its southern margin belonging to Apulia with the southern
margin of Eurasia (Le Pichon and Angelier, 1979, 1981b, a; Jolivet and
Brun, 2010), to the southwest of the Vardar Ocean suture zone (Dercourt
et al., 1986; Ricou et al., 1998; Schmid et al., 2008; Tremblay et al.,
2015; Menant et al., 2016). The Cycladic Blueschists (Blake et al., 1984),
mostly formed during this Eocene episode, were exhumed progressively.
First exhumation took place during the syn-orogenic stage with an
excellent preservation of blueschists-facies and eclogite-facies para-
geneses on Syros (Brocker and Enders, 1999; Keiter et al., 2004; Schu-
macher et al., 2008; Philippon et al., 2011; Laurent et al., 2016) and
Sifnos (Avigad et al., 1992; Lister and Raouzaios, 1996; Groppo et al.,
2009; Aravadinou et al., 2015; Roche et al., 2016). Then, exhumation
was completed during the Late Oligocene and Miocene during the
post-orogenic stage in the back-arc region of the retreating Hellenic
subduction (Jolivet et al., 1994a, b; Trotet et al., 2001a; Vanderhaeghe,
2009; Jolivet and Brun, 2010; Grasemann et al., 2012). In the latter case,
the HP-LT parageneses were more or less intensely overprinted in HT-LP
conditions, locally reaching those of partial melting as in Naxos (Jansen,
1977; Buick and Holland, 1989; Urai et al., 1990; Keay et al., 2001;
Vanderhaeghe, 2004; Duchene et al., 2006), Paros Papanikolaou, 1979;
Bargnesi et al, 2013), Ikaria (Beaudoin et al., 2015) and
Mykonos-Delos-Rheneia (Faure and Bonneau, 1988; Lucas, 1999;
Denele et al., 2011). Intermediate conditions and two-staged exhuma-
tion P-T paths are displayed in MCC that evolved progressively between
the syn-orogenic and the post-orogenic stages (Tinos, Andros) (Jolivet
and Brun, 2010). The late exhumation of these domes, partly coeval with
emplacement of intrusions, has been dated with thermochronology,
showing the progressive exhumation below the low-angle detachments
(Brichau et al., 2006, 2007; 2008; Soukis and Stockli, 2013).

Oligo-Miocene extension was distributed across the archipelago be-
tween two main detachments. The NCDS (Jolivet et al., 2010) dips
mostly toward the north or the northeast. It can be followed from Evia,
Andros, Tinos, Mykonos, Ikaria to Samos and extends within the Simav
Detachments bounding the Menderes MCC to the north (Jolivet et al.,
2013). The kinematics along the NCDS is top-to-the N/NE as observed
on Mykonos. Top-to-the north kinematics is also observed on the
Naxos-Paros Detachment (Urai et al., 1990; Buick, 1991; Gautier et al.,
1993; Gautier and Brun, 1994b, a; Jolivet et al., 1994a, 1994b; Gautier
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et al.,, 1999; Bargnesi et al., 2013; Bessiere et al., 2017) and in more
southern islands such as Ios (Huet et al., 2009) and Sikinos (Augier et al.,
2015a, 2015b; Poulaki et al., 2019). The WCDS (Grasemann and Pet-
rakakis, 2007; Iglseder et al., 2011; Grasemann et al., 2012) and its
extension within the South Aegean Detachment (Grasemann et al., 2017;
Grasemann et al., 2017; Schneider et al., 2018) dips toward the south or
southwest with an opposite top-to-the-S/SW kinematics. Ring et al.
(2011) reported the presence of a low-angle detachment with top-SW
kinematic indicators on Sifnos, which they attributed to the South
Cyclades Detachment. Roche et al. (2016) then showed that the same
low-angle fault is in fact associated with top-NE kinematic that devel-
oped under greenschists-facies conditions. On Sifnos, only some late
SW-dipping normal faults could be associated with the South Cycladic
Detachment. Similar observations can be made on Folegandros (Augier
et al., 2015a, 2015b). On Ios, top-S kinematic indicators in the southern
half of the island have been diversely interpreted. Lister et al. (1984)
used these to document the kinematics of the detachment observed
further north of Naxos, which proved later to be associated with a top-N
kinematics. Vandenberg and Lister (1996) described these kinematic
indicators in more details. Huet et al. (2009) after a detailed mapping of
kinematic indicators over the whole island have interpreted top-south
criteria as either related to the pre-extension HP-LT thrust-related
deformation for those associated with blueschists facies mineral pha-
ses or to conjugate to the top-N ones for the later ones for the later ones
that developed under greenschist-facies conditionse, giving a compo-
nent of co-axial strain during the Neogene extension. The northern part
of the island instead shows only top-N kinematic indicators along
discrete shear zones related to the Paros-Naxos detachment system.
More recently, Mizera and Behrmann (2015) interpreted these same
top-S kinematic indicators as related to a distinct top-south shear zone.
This issue is still debated. Nonetheless, the South Cycladic Detachment
and its extension in the West Cycladic Detachment, as described in
Grasemann et al. (2012) and Schneider et al. (2018) extends from Lav-
rion, Kea, Kythnos all the way to Serifos and Santorini. The South
Cycladic Detachment (SCD) has indeed been described on Santorini with
a top-to-the south kinematics (Schneider et al., 2018).

Two types of MCC are recognized. « Cold » b-type MCC preserve
rather well the HP-LT parageneses and they are elongated perpendicular
to the main direction of stretching (e.g. Andros, Tinos) while “hot” a-
type MCC, cored with HT-gneiss and migmatites, are elongated parallel
to the main stretching direction (e.g. Ikaria, Naxos, Mykonos-Delos-
Rheneia) (Jolivet et al., 2004a, 2004b). The hot MCCs and associated
intrusions developed above a first-order tear in the Hellenic slab formed
between 15 and 8 Ma (Jolivet et al., 2015), coeval with the fast clock-
wise rotation of the Hellenides (van Hinsbergen et al., 2005).

The core of Cycladic HT-domes of Ikaria, Mykonos-Delos-Rheneia
and Naxos-Paros is characterized by micaschists and gneiss, partly
migmatitic (Andriessen et al., 1987; Urai et al., 1990; Faure et al., 1991;
Gautier et al., 1993; Keay et al., 2001; Ducheéne et al., 2006; Beaudoin
et al., 2015; Lamont et al., 2018; Vanderhaeghe et al., 2018) and are
sometimes correlated with the continental basement of the Cycladic
Blueschists (Jolivet et al., 2004a, 2004b; Roche et al., 2019). This
basement can also be observed in the lower units of Ios and Sykinos
islands where no evidence of HT-LP metamorphism is observed (Van-
denberg and Lister, 1996; Augier et al., 2015a, 2015b). If a clear dif-
ference can be made on Naxos between the basement (migmatitic core)
and the overlying marble cover or probably early Mesozoic depositional
age, it is not so clear on Mykonos or Delos and Rheneia because most
lithologies are pelitic. The presence of thick marble layers in this region
is indicative of a Mesozoic depositional age but when these marbles are
absent, the attribution is difficult. On Ios and Sikinos, the basement unit
do not show any HT-LP metamorphism and a clear difference can be
made with the overlying Cycladic Blueschists. We thus consider that the
true basement can be found in the migmatitic core of Naxos and the
lower units of Ios and Sikinos. Other HT units can originally belong
either to the basement or to some more recent mostly pelitic
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stratigraphic sequence. The age of the migmatitization is not always
known with precision but recent studies in Naxos (Ring et al., 2018) and
Ikaria (Beaudoin et al., 2015) show that the main episode of partial
melting is early to middle Miocene in age (between 16 and 13 Ma). In
this study we consider that the migmatites observed on Delos and
Rheneia all date back to the same period of the Miocene as structural
correlations with granitic dikes and pluton show that migmatites and
granites recorded the same deformation history, that occurred during
the period of granitic intrusions (see below).

The Mykonos-Delos-Rheneia MCC (Fig. 3) was one of the first
described in the Aegean region (Faure and Bonneau, 1988; Faure et al.,
1991; Lee and Lister, 1992). The emplacement of the Mykonos granit-
oids below an extensional detachment was recognized and the
first-order geometry of the migmatitic dome described. Later studies
showed that the core of the dome and the roots of the intrusions are
located on Delos and Rheneia with rather steep magmatic and tectonic
foliations contrasting with the low-angle mylonites developed below the
detachment (Lucas, 1999; Denele et al., 2011). The co-magmatic
deformation within the Delos pluton and the distribution of different
magmatic facies all indicate a main, locally strong E-W elongation
(Lucas, 1999; Pe-Piper et al.,, 2002; Denele et al., 2011). The
Mykonos-Delos intrusion is a laccolith dipping shallowly toward the east
on Mykonos and rooting on Delos and Rheneia in a zone of steeper
foliation (Denele et al., 2011). On Mykonos, most of the intrusion is
affected by two low-angle branches of the NCDS, mapped in detail by
Menant et al. (2013). The extensional activity of the detachments and
the exhumation of the intrusion are documented by radiochronology
and low-T thermochronology (Brichau et al., 2008) and by the detailed
interactions between the pluton, the different branches of the de-
tachments and the late mineralization (Menant et al., 2013). The lower
Livada Detachment is a ductile shear zone affecting the intrusive contact
of the pluton within the UCU essentially made of greenschists-facies
metabasites (Jolivet et al., 2010; Lecomte et al., 2010). It is associated
with a thick shear zone deforming most of the intrusion on the island. A
large-scale gradient is observed from co-magmatic and late-magmatic
deformation in the west toward mylonites and ultra-mylonites in the
east in the vicinity of the detachment. The E-W to ENE-WSW direction
of stretching and the toP-To-the east sense of shear are consistent over
the whole island. Conversely, the upper Mykonos Detachment is a purely
brittle low-angle fault carrying a late Miocene supra-detachment basin
filled with coarse clastic sediments including conglomerates, sandstones
and minor shales with clear evidence of syn-extension deposition (Avi-
gad et al., 1998; Sanchez-Gomez et al., 2002; Menant et al., 2013).
Observations of the detachment plane and syn-sedimentary normal
faults show a NE- to NNE-trending direction of extension similar to that
observed on Tinos and Andros (Lecomte et al., 2010). A series of late
NNW-SSE trending dykes filled with barite and iron hydroxides cut the
mylonites, the cataclasites and the two detachments within the same
extensional regime (Lecomte et al., 2010; Menant et al., 2013; Tombros
etal., 2015). It was shown that these dykes formed during the cooling of
the granite once it had entered the brittle field during the latest exhu-
mation steps and that they were fed by fluids convecting between the hot
basement and the colder basin brines above (Menant et al., 2013).

The Mykonos laccolith formed through successive magma batches
intruding at short intervals and shows different magmatic facies from a
pyroxene monzo-granite in the SE to a biotite-monzogranite in the NW,
the latter predominating on the island (Lucas, 1999; Lecomte et al.,
2010; Denele et al., 2011). The Delos and Rheneia plutonic facies were
studied in detail by Lucas (1999). Mafic enclaves in the core zone testify
for a contribution of mantle partial melting during extension and crustal
thinning. Most of the intrusion is made of a granodiorite originating
from lower crustal partial melting but a component of mantle source is
present as well (Pe-Piper et al., 2002). On the Apollonia peninsula, Delos
and Rheneia, a planar-linear fabric in the pluton can either result from
the orientation of crystals within the flowing magma or by piezocris-
tallization during cooling. In both cases this planar-linear fabrics was
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Fig. 3. Tectonic map of the Mykonos-Delos-Rheneia metamorphic core complex. A: foliation trajectories, B: stretching lineations. Compiled after Lucas (1999);

Denele et al. (2011) and Menant et al. (2013).

formed early during the evolution of the pluton (Lucas, 1999). A later
study by Denele et al. (2011) shows that the base of the Mykonos
laccolith on the Apollonia peninsula at the contact with the migmatitic
dome is diffuse and generally parallel to the ductile fabric and the
layering of the migmatites (Fig. 4A). Alternating garnet-sillimanite
gneiss, migmatites and granite with large alkali-feldspar phenocrysts
mark the contact (Fig. S1), contrasting with the sharp contact associated
with contact metamorphism observed in the southern part of the
intrusion on Naxos. There, enclaves of paragneiss and marbles of various
sizes belonging to the HT dome are included in the granite. Denele et al.
(2011) distinguish four petrographic types within the intrusion: a sye-
nogranite in the northeast near Cape Evros intruding the UCU meta-
basites and then sheared along the Livada Detachment, a discontinuous
biotite monzogranite (or locally a leucogranite) along the basal contact
of the laccolith near Apollonia, a biotite hornblende porphyric mon-
zogranite covering most of the island and a pyroxene porphyric grano-
diorite with mafic enclaves. Lucas (1999) interpret this zonation and the

petrography of the pluton as an inverse zonation, consequence of the
drainage of a infra-crustal magma chamber from top to bottom. The
intimate link with the migmatite however shows that the plutonic and
migmatitic materials were still in the partial-melting field while the
granitic magma emplaced. This is in line with the observations of Altherr
and Siebel (2002); Altherr et al. (1988) and Stouraiti et al. (2010) that
the generation of the Cyclades plutons involves a large component of
crustal partial melting. The main source would resemble the biotite
paragneiss of Rheneia (Stouraiti et al., 2010).

Few geological maps are so far available for Delos and Rheneia. The
first mapping survey was done from 1906 to 1908 and the first map
published by Lucien Cayeux (Cayeux, 1911) in the framework of the
starting archeological exploration of the Delos sanctuary. It shows
mainly granitic rocks with some marble enclaves, amphibolites and
gneiss enclaves, covering most of Delos Island and the eastern part of
Rheneia, and a large body of “gneiss micacés”. A similar map of the two
islands was included in the Mykonos Island-Rinia Islands sheet
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Fig. 4. Photographs of representative outcrops of migmatites and migmatitic gneiss in the core of the Mykonos-Delos-Rheneia metamorphic core complex (see
precise location in the supplementary materials). A: diatectic migmatites on Mykonos. B: steep foliation of migmatitic gneiss on Rheneia. C: Steep foliation and
alternating migmatites and intrusive granitic dyke on Delos. D: steeply-dipping migmatitic gneiss on Delos. E: gneissic enclaves in the Delos granite. See locations in

Fig. SO.

published by IGME (Avdis, 2004). Pe-Piper et al. (2002) insist on the
importance of E-W striking shear zones associated with a steep foliation
and horizontal lineation in the center of Delos, which they relate to a
component of dextral shear. Denele et al. (2011) used the map of Delos
and eastern Rheneia proposed by Isabelle Lucas in her PhD (Lucas,
1999) showing the distribution of plutonic facies. The only detailed
work on the structure and kinematics of deformation is the work of
Denele et al. (2011). These authors show a pervasive E-W trending
stretching lineation carried by a low-angle foliation forming open domes
in the NW part of Rheneia and a steep E-W-striking foliation in the
southeastern part of Rheneia facing Delos where the foliation in the
granite is steep and E-W. Denele et al. (2011) interpret Delos and
Rheneia as the root zone of the Mykonos laccolith and put forward three
successive episodes of deformation, forceful intrusion in the root zone
leading to a prolate fabric, protomylonitization immediately following
cooling and finally mylonitization below the detachment.

3. A new geological map of Delos and Rheneia

In this part, we present the results of our field survey on Delos and
Rheneia with a new geological map (Figs. 5). Our study is the first one
integrating both Rheneia and Delos on single map with a complete
survey. Beside a new description of rock facies (Figs. 4 & 6 and sup-
plementary material), our survey leads to the discovery of a new large-

scale shear zone named here the Rheneia Shear Zone encompassing a
large part of the central island between Ataliotis Bay, the Lazaret and
Cape Glaros. The following rock facies are encountered on the map.

3.1. Metamorphic rocks

Migmatitic gneiss, either diatexites or metatexites, and non-
migmatitic gneiss (leucocratic or melanocratic) can be described on
Delos and Rheneia.

Migmatitic gneiss (Figs. 4, S2—S4) crop out in the northern part of
Delos in contact with the granitic rocks and in the eastern part of Rhe-
neia in the core of the dome. Migmatites are also observed as septas of
various size inside the main intrusion (Figs. 4E, S5, S6). Some of these
enclaves are of mappable size reaching up to 200 m in length
(Figs. 5,10). We use here the terminology for migmatites proposed by
Maxeiner et al. (2017), modified from Sawyer (2008) and Sawyer and
Brown (2008), see also Vanderhaeghe (2001). Both metatexites with a
low degree of melting and a preserved cohesion (Fig. S4) and diatexites
with a nebulitic texture (Figs. 4, S2) are observed. Diatexites are present
both in the core of the dome on Rheneia and within the granite on Delos
as large enclaves. In-situ concordant (Fig. S3) and foliation-discordant
leucosomes are often intensely sheared and transposed in the regional
foliation (Fig. 4D). If not associated with an indication of partial melting
gneiss are considered non-migmatitic.
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Biotite melanocratic gneiss with a typical grey patina crop out in the
northern part of Delos and in the southern half of Rheneia (Figs. 4B
-lower grey gneiss and lower biotite gneiss-, 10, 11, S7), overlying the
migmatites. They show a strong layering alternating dark and leuco-
cratic layers. They are often invaded by intrusive aplitic and pegmatitic
sills and dykes, more or less transposed by shearing in the Rheneia Shear
Zone described below. Variation in biotite modal proportion allows
distinguishing grey mica-rich layers from quarto-feldspathic layers
giving to the rock a typical banded facies. Quartz and feldspar form
compact centimetric layers. Within felsic layers, quartz is abundant and
shows undulose extinction and K-feldspars form elongated aggregates.
Orthoclase are from place to place infiltrated by worm-like quartz

myrmekite patches. Plagioclase is virtually absent. In more mafic layers
biotite forms millimeter unstrained millimetric pristine crystals lying
within the foliation without inclusion. Accessory mineral are apatite,
titanite, zircon and tourmaline.

Gneiss is also observed as enclaves within the massive granite
(Figs. 4E, 6 E, S3C, S5, S6, S15). Those brownish gneiss form either the
bulk of small metric lenses or are associated with interbedded marble
and amphibolite/pyroxenite layers within larger few hundred meters
long enclaves. These gneisses have a characteristic brown patina due to a
higher proportion of biotite compared to banded migmatitic gneiss.
Micaceous layers are thicker compared to felsic material forming
lenticular sheet giving the appearance of an augen-gneiss defined by



=~

Jolivet et al.

almond-shaped quartzo-feldspathic nodules. These rocks with more
than 50% biotite with a compositional layering are interpreted as
aluminous paragneisses.

Muscovite leucocratic gneiss covering most of the northern half of
Rheneia (Figs. 5 -upper muscovite gneiss-, S9). These gneiss are
described as migmatitic in Denele et al. (2011). They are made of an
alternation of beige fine-grained gneiss with white micas and whitish
layers with a more feldspar-rich composition. Our new observations
suggest instead that these white layers are not leucosomes but corre-
spond to the complete transposition of acidic dykes rich in quartz and
feldspar intruded within pelitic micaschists during the formation of the
Rheneia Shear Zone (Fig. S9). The interface of the two gneiss types is
observed on Rheneia along the narrow isthmus separating the northern
and southern halves of the island (Figs. 6C, S8). Within the contact zone
an intense layering results from shearing in the core of the Rheneia
Shear Zone.

Amphibolites are observed in enclaves highly variable in size, from a
few centimeters to several tens of meters, within the granitic rocks. The
largest one are found on Delos on Ghlastropi hill (Fig. 5) overlooking the
antique theater and in the southern part of the Delos pluton. At Ghlas-
tropi and on a cape southeast of Mount Kynthos, they are associated with
coarse-grained marbles (Fig. S10). Marbles crop out as large enclaves
within the pluton, either with amphibolites or alone. Their grain-size is
variable but usually coarse, reaching several cm southeast of Mount
Kynthos. The latter outcrop shows a close association of the coarsest-
grained marble with a large chunk of amphibolite. The contact of the
marble with the amphibolite is marked with skarn layers, a few tens of
cm thick, with garnets and pyroxene. The skarn garnet is made of
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Fig. 6. Photographs of representative outcrops
in the Mykonos-Delos-Rheneia metamorphic
core complex (see supplementary materials for
precise location). A: alternating facies with low-
angle foliation in the Delos granite. B: example
of a large synfolial fold with its axis parallel to
the regional stretching lineation. C: Muscovite-
bearing leucocratic gneiss and similar folds
with shallow-dipping axial planes and NW—SE
trending axes. D: Later dyke cutting the folia-
tion marked by the orientation of feldspar
megacrysts in the Delos granite. Extension
responsible for the dyke opening is parallel to
the stretching in the granitic magma. Note the
cracks in feldspar megacrysts filled with late
magmatic fluids, here tourmaline. E: folded
gneiss enclaved in the Delos granite. F:
Stretching lineation in the Rheneia biotite
melanocratic gneiss. See locations in Fig. SO.

xenomorphic andradite (Adr90-80Grs10-20) and the pyroxene layer of
hedenbergite (Hd20-40Dio80-60), with scattered massive crystals of
vesuvianite (Cayeux, 1911). Amphibolite and marbles show a common
strong foliation and a stretching lineation, and late veins formed in the
conditions of the greenschist-facies cut the amphibolite, indicating the
same direction of stretching, parallel to the regional extension. The long
axis of the lenses is generally NE—SW, which is the main stretching
direction in the island and the dip of bedding is variable.

Field relations show that the non-migmatitic gneiss are not the
deformed equivalent of the migmatites and that, instead, they corre-
spond to the partially molten core of a dome otherwise not molten. The
migmatite, either metatexites or diatexites show the classical duality
between leucosomes and restites, and the cohesion of the foliation is lost
in the diatexites. Surrounding gneiss, instead, do not show any trace of
partial melting and they are intruded by granitic dykes and sills not
produced locally. High shearing strain of these gneiss and intrusive
dykes leads to banded gneiss with acidic lithologies that do not corre-
spond to former leucosomes.

3.2. Plutonic rocks

The categories of granitoids indentified on the map are based on the
detail study of Lucas (1999). Two predominant facies are observed
(Figs. 6, S11). A first facies is composed of a monzogranite containing
biotite, hornblende and pyroxene, it often includes mafic enclaves. They
outcrop in the central part of the pluton in Delos and Rheneia and
marginally in Mykonos and form as a whole around 15% of the granitoid
outcrops. Pe-Piper et al. (2002) describe the same rock as granodiorite.
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The second facies is also a monzogranite with biotite and hornblende but
without pyroxene. It constitutes the main body (80%) of
Mykonos-Delos_Rheneia pluton. Numerous aplitic and subsidiary
pegmatitic dykes intrude the biotite gneiss in the vicinity of the contact
with the granite (Figs. 7, 8, S13). Several generations are observed, more
or less affected by the deformation showing their syn-kinematic char-
acter. The earlier dykes are folded and transposed parallel to the
regional foliation while others with similar composition intrude these
folded ones and are less deformed. Fig. 7D shows an acidic dyke cutting
the foliation of the host gneiss and itself stretched along the same di-
rection. Figs. 8A shows highly sheared dyke totally transposed parallel
to the regional foliation and then folded. Fig. 8B shows three generations
of acidic dykes. The oldest are strongly sheared and transposed. The
resulting gneiss is then cut by a new dyke, which is itself stretched (here
the YZ plane is shown so that the stretching is not visible). A third
pegmatitic dyke, less deformed cut through the two earlier generations.
These observations show that the various generations of dykes are
emplaced during the deformation process. Dykes are also observed
within the intrusion. Fig. S13B shows a dyke oriented E-W with fuzzy
boundaries and evidence for fluidality of the granitic magma in the
southern part of the intrusion on Delos where mafic enclaves are
observed in large numbers and the granite poorly oriented. It shows that
deformation was active while the pluton was partly consolidated and
injections continued.

The massive I-type granitic pluton that crops out over a large part of
Delos, from the center to the south has a phaneritic texture. The density
of mafic enclaves increases southward. The main body of the pluton
consists essentially of amphibole-biotite-bearing granite with large K-
feldspar megacrysts. It is the dominant facies in Mykonos (Fig. 6). The
tabular K-feldspar crystals vary in size (from few millimeters up to few
centimeter) and modal proportion within a coarse to medium grained
groundmass of plagioclase, quartz and mafic mineral such as amphibole
coexisting with variable amount of biotite. In Delos, amphibole granite
without biotite is observed south of Ghourna bay and Kato-Skardania
towards the northern contact with migmatitic gneiss. They are leuco-
cratic with a pink patina and are titanite-rich. Such a facies is also found
in Mykonos to the west of Appolonia peninsula and sporadically in
Rheneia in the eastern peninsula at the contact with the gneiss. Finally
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Fig. 8. Progressive deformation of dykes within the Rheneia Shear Zone on
Rheneia. A: Syn-folial folds affecting already transposed dykes. B: three gen-
erations of dykes with different grain size in the YZ plane. All three generations
show stretching in the perpendicular direction. Location on Fig. SO.

biotite granite without amphibole in Delos is observed as a discontin-
uous layer, tens meter thick, at the contact with the northern migmatitic
gneiss conformable with gneissic structure. Note that this ordinary
granite without amphibole forms also late intrusion found essentially
within the dyke complex intruding migmatitic gneiss in the northern

Fig. 7. Several generations of dykes intruding the biotite gneiss on Rheneia, within Rheneia Shear Zone. The older the dyke, the more deformed it is but the

stretching direction is constant. Location on Fig. SO. See locations in Fig. SO.
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part of the island. It is found as well as a particular facies within the
amphibole porphyry granitic pluton such as in the southeast contact of
the marble-amphibolite enclave southeast of Mont Kynthos. Orthoclase
varies between 25 and 30%, plagioclase 18-26% and biotite 20-22%.
Accessory phases are magnetite, ilmenite and titanite. Whatever the
respective abundance of amphibole and biotite, quartz never exceeds
30% and K-feldspar (orthoclase) dominates over or equals plagioclase
modal proportion. According to the IUGS nomenclature (Streckeisen,
1975) the rocks can be classified as low-silica high-K granite with some
variations close to the field of granodiorites. Accessory minerals are
zircon, titanite, apatite, red-brown pleochroic allanite, magnetite, and
ilmenite. Titanite with its typical high relief diamond-shaped cross--
sections may be abundant especially in amphibole granite without
biotite. Zircon is widespread and included both in felsic and mafic
minerals. K-feldspar (Or81-93Ab17-06An02-01) may include euhedral
plagioclase (An43-19Ab55-790r2-1) and mafic minerals. Amphibole is a
green/brown hornblende scattered throughout the section or forming
aggregates. Biotite is an Al-poor biotite (Xyg 46—39, 3.2-4.3% TiOo).

In more detail, close to the contact with the northern migmatitic
gneiss to the east, the granite shows locally abrupt textural variation
from isotropic texture to foliated gneissic texture. Such a gradual contact
is particularly striking along a fault located between Gamilla Hill in the
west and Patiniotis peninsula in the east (Fig. 5). From south to north,
the porphyritic amphibole-biotite granite passes to migmatitic gneiss
over approximately 20 m. First, the proportion of orthoclase megacrysts
increases drastically, forming more than 50% of the rocks volume with
alignment of elongated crystal along their c-axis in a plane parallel to the
gneiss foliation. Then, the granite forms residual lenses and disrupted
sills within massive feldspar-rich or micaceous gneiss. White aplite veins
within the northern gneiss show a saccharoid texture dominated by
deformed K-feldspar and quartz. Pegmatitic veins are dominated by
quartz. These veins, less than 1 m wide, are observed in the extreme
north of the northern gneiss. They contain centimeter-size crystals
including either muscovite or tourmaline.

Pyroxene monzogranite or granodiorite outcrop in the central part of
Delos pluton. They have a porphyritic texture but are distinguished from
the monzogranite described above by significantly lower proportion in
K-feldspar megacrysts. They also stand out for their mafic magmatic
enclaves showing variable size (metric to decametric), shape and
composition (gabbro, diorite, monzodiorite). Note that those mafic en-
claves, witnessing the presence at depth of a mafic magma, are largely
present almost everywhere but are more numerous in the southern part
of the Delos granite, in a region where the pluton is less oriented. These
pyroxene-bearing granitoides are leucocratic (with up to 70% quartz-
plagioclase-K-feldspar where plagioclase + feldspar dominates over
quartz) and contain biotite, amphibole and pyroxene. Accessory min-
erals are allanite, apatite and titanite. Quartz proportion varies between
16 and 27%. Feldspars with orthose composition range from 6.4-18%
while plagioclases (labrador to oligoclase) vary between 28-45.6%.
Biotites, up to 16% in modal proportion, dominate over amphibole and
shows variable Al/Mg contents especially in granodioritic facies while in
monzonitic one it has lower and rather constant alumina content. Am-
phiboles vary between 1.7 and 8% in modal proportion. They are ferro-
pargasite in the monzonitic facies and ferro-edenite in the granodioritic
one. Pyroxene shows variable proportions (from 0.5 a 12.5%) somewhat
complementary with amphibole one and has a ferro-diopside composi-
tion whatever the facies.

Leucogranite is observed exclusively in the south of the island
southwest from Kato-Vardia and are associated with pyroxene monzo-
nite/grandiorite described above. The medium to fine-grained rock
contains up to 45% quartz, up to 35% K-feldspar and less than 10%
plagioclase and biotite. Pegmatitic layers are exclusively formed by
coarse quartz and K-feldspar and include tourmaline in spherical
aggregates.

Ordinary granite (feldspar, quartz and biotite) without amphibole is
fine to coarse-grained and show an aphaneritic texture. It may be
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sometime porphyritic when orthoclase crystals are more than 1 cm long.
These are late granites found essentially within the dyke complex
intruding migmatitic gneiss in the northern part of the island. It is also
found as a particular facies within the amphibole porphyry granitic
pluton such as in the southeast contact of the marble-amphibolite
enclave southeast of Mont Kynthos. Orthoclase varies between 25 and
30%, plagioclase 18-26% and biotite 20-22%. Accessory phases are
magnetite, ilmenite and titanite.

The distribution of metamorphic enclaves within the pluton is
irregular. The largest enclaves (several hundred of meters long) made of
gneiss, migmatites, amphibolites or marbles are found in the center of
Delos and around the sanctuary (Fig. 5). It is not clear whether these
large enclaves in fact correspond to screens and shear zones between
different intrusions as proposed by Pe-Piper et al. (2002) because the
transitions between the different facies of the granite are often gradual.
We rather interpret them as septas of the surrounding gneiss and of the
CBU enclosed in the magma as it rose toward the surface and was
deformed (Fig. S14) but more detailed studies would help answering this
question. They show the same stretching direction as the granite and the
gneiss around it. Their deformation was likely acquired before they were
enclaved in the granite and continued afterward with the same general
E-W stretching as shown by the example of the metabasites associated
with the marble SE of Mount Kynthos. Mafic enclaves witnessing the
presence at depth of a mafic magma are largely present almost every-
where but more numerous in the southern part of the Delos granite, in a
region where the pluton is less oriented.

3.3. Sedimentary rocks

Outcrops of sedimentary rocks are very limited on Delos, Rheneia
and Mykonos and primarily correspond to recent deposits. Beach rocks
have been recognized along the western cost of Delos (Desruelles and
Fouache, 2007) and correlated with the ones of Rheneia and Mykonos
(Desruelles et al., 2009), they correspond to different level stands of the
middle Holocene and show a relative subsidence of 4 m of the western
central cost of Delos during the last 5000 years. Onshore, the deposits of
the three islands are more variable.

In Delos, only two clear outcrops exist, one (P1) between the sanc-
tuary and the gymnasium (Fig. S15 A) and one eastward of Fourni bay.
The initial extension of P1 may have been larger before exploitation and
extended to the western coast, alluvial deposits seems to extend south-
westward toward the Archégesion zone which is covered by about 1 m of
thick calcareous sandstone. The earthwork done while building the
temples caused the outcrops to disappear however remnants of these
deposits are visible on the underlying granite in some buildings. The
island morphology is compatible with a depot center in the valley that
flows westward but, today, the continuity cannot be established be-
tween P1 outcrops and the cost. The matrix is calcareous and detrital
clasts consist mainly in quartz and granite pebbles, poorly sorted and
angular.

In Rheneia, in addition to the beachrocks, larger outcrops of recent
sediments can be observed within the bed and mouths of small creeks.
They can extend up to a few hundred meters from the coast but are
restricted to the creek valleys. Facies are highly variable, from slope
breccia and coarse calcareous conglomeratic sandstones to fine grained
levels with cross-bedding (Fig. S15 B, S15 C) suggesting an alternation of
fluviatile and nearshore influences. Thin-section observations confirm
the marine setting of the fine grain levels where algae and foraminifera
are numerous, detrital clasts have very local origin (granite, quartz,
plagioclases). The presence of this kind of facies is rather common in the
Mediterranean since the drastic sea level drop during the Messinian
resulted in deep fluvial valleys later filled by fluviatile and/or marine
sediments during the Quaternary. It is worth keeping in mind that the
three islands, Mykonos, Delos and Rheneia were connected and parts of
a much larger island including Andros and Tinos during the last glacial
maximum 21 ka ago (Simaiakis et al., 2017). The rather fast sea level
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changes during the Quaternary glaciations favored such intercalations
fluviatile/paleosol and shallow marine.

4. A cross-section through Rheneia and Delos

Fig. 9 shows an E-W cross-section through the southern part of
Rheneia and the central part of Delos and two N-S cross-sections
through Delos and Rheneia (see location of Fig. 5). It highlights the
geometrical relations between the different lithologies described above.
The core of the gneissic structure is occupied by the migmatites as
illustrated on cross-sections BB’ and CC’. However, because of the folds
with E-W axial planes, the contact between the migmatites and the
granites can locally be vertical or even overturned, with the migmatites
on top of the gneiss, as shown in the northern part of Delos (section AA’).

The migmatites crop out on Rheneia thanks to antiforms with E-W
axes and steep axial planes (Figs. 5,9, S2). These migmatites also flank
the Delos monzogranite along its northern boundary between Skardhana
and Ghourna Bays (Figs. 5,9A, 13, S4) and they appear as large enclaves
within Delos granite (Figs. 5,9A, S5). The migmatites are overlain in the
core of the dome by the biotite-rich gneiss that crop out in the southern
part of Rheneia and the northernmost part of Delos. The contact between
these two lithologies is often fuzzy with a progressive transition and
some recurrences of one facies within the other (Fig. S8). On top of the
biotite-rich gneiss, the muscovite gneiss makes most of the northern half
of Rheneia and part of Cape Morou peninsula on Delos. The contact
between the two gneissic lithologies is made of regularly alternating
dark and leucocratic gneiss in a zone where all early contacts, including
dykes and sills are totally transposed in the regional foliation by the

Delos
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Gamila

Mt Kynthos
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activity of the Rheneia Shear Zone (see description below) (Fig. S8).

The granites intrude the gneissic dome as sills, in the migmatitic
gneiss and the biotite-rich gneiss, which are also observed as large en-
claves and the intrusive contact is folded by the folds with E-W axial
planes. The northern parts of Delos and of the southeastern peninsula of
Rheneia are invaded by acidic dykes around the limits of the pluton.
These aplitic and pegmatitic dykes are intensely deformed within the
Rheneia Shear Zone (Figs. 12,13) that was active during their
emplacement. The foliation within the granitic intrusion is parallel to
the foliation in the gneiss and the migmatites.

The overall geometry shows a series of antiforms and synforms with
E-W striking axes, almost horizontal on Delos and eastern Rheneia and
slightly west-dipping in the central and western part of Rheneia, topped
with the shallower-dipping gneiss of west Rheneia and northern Delos
forming a gentle dome. Folds are open in the upper part of the dome and
tighter in the deeper migmatitic gneiss. The axes of these tight folds seen
in the migmatites plunge westward underneath the gneiss with a shal-
lower west-dipping foliation of western Rheneia. The main foliation on
the map thus appears with an E-W strike in the core of the dome and
with a N-S strike in the western part.

5. Progressive deformation and syn-kinematic intrusions within
the Rheneia Shear Zone

The entire region of Rheneia and Delos Islands is affected by intense
deformation with evidences of strain gradient across major shear zones.
Both the gneiss and the intrusions show a progressive deformation
characterized by a single consistent E-W stretching direction (Fig. 6F) as
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Fig. 9. North-South cross-sections AA’ and BB’ through Delos and Rheneia, respectively, and E-W cross-section through Rheneia and Delos (location on Fig. 5). No
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Fig. 10. Map of stretching lineations on Rheneia and Delos and stereograms of foliation poles and lineations. Black lines: stretching lineations after Lucas (1999) and
Denele et al. (2011). Red lines: stretching lineations after our own observations.

shown by the lineation map and stereograms of Fig. 10. This stretching
lineation is carried by a foliation organized around folds with axes that
trend parallel to the direction of the stretching lineation (Figs. 6B, S7).
Poles of foliation are organized within a vertical plane striking ~160 °E
perpendicular to the average trend of the lineation, in all three main
facies, granitic rocks, gneiss and migmatites and with the same geometry
on Delos and Rheneia (Fig. 10). This geometry is due to folding with axes
parallel to the stretching direction. The foliation shows low dip in most
of the northern half of Rheneia and it becomes steeper in the south-
eastern part of the island facing Delos (Fig. S2). On Delos the foliation is
steep in the center of the island in the vicinity of the sanctuary (Fig. S4)
and further south and it becomes shallower toward the north and the
south. The steep foliation observed in the migmatites is due to folds with
steep E-W-striking axial planes observed along the eastern coast of
Rheneia and in the southeastern peninsula (Fig. S2). The homogeneity of
the granitic lithologies on Delos makes the observation of such folds
difficult because of the absence of alternating compositions and because
there is no original strong planar anisotropy in the non-deformed
granites, but, when present, the foliation and the lineation have a
similar attitude as in the gneiss. Smaller-scale folds are observed in the
gneissic basement and in the marble lenses, in the migmatites as well as
in the enclaves within the granite (Fig. S16). Most of these ductile
synfolial folds show axes parallel to the stretching lineation but locally
they display more N-S axes (Fig. 6C).

One thus observes three types of folds: the first folds to form are
synfolial folds seen at small scale in all lithologies with axial plane
parallel to the main foliation. The orientation of their axes is not easy to
measure but some of them are E-W and other, less frequent are oblique,
closer to N-S. The regional foliation is then folded by open folds with
E-W axial planes in the upper part of the edifice. These folds are visible
at map scale on Rheneia and Delos. They affect the gneiss, the
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migmatites and the foliated granites. In the core of the structure the
foliation is folded by folds with steep limbs and E-W-striking vertical
axial planes. These folds are most of the time not recumbent but in the
northern part of Delos, the migmatites of the core of the dome are seen
above the biotite melanocratic gneiss. All these folds have their axes
parallel to the stretching lineation and thus result from a high compo-
nent of shearing that has transposed all structure parallel to the main
shearing direction. All these folds, including the early synfolial ones,
could have formed in a single continuum of shearing, but accurate
dating would be necessary to be more conclusive on this matter. If we
assume that, indeed, the folds belong to a single continuum of defor-
mation, then the early synfolial folds should be seen on an -E-W cross-
section at large scale, as represented on Figs. 9C and 11 . The configu-
ration of the coastline is however not favorable for continuous obser-
vations along an E-W section.

The stretching lineation is pervasive and its direction consistent over
the whole studied region (Fig. 10). It is marked by the elongation of
enclaves in the granite and the alignment of K-feldspar phenocrysts in
the foliation (Figs. S3, S11, S12, S13, S14, S17). In the gneiss it is marked
by the alignment of micas aggregates and the stretching of feldspar
grains, the boudinage of aplitic dykes. A prolate fabric in the aplitic
dykes also marks this well-organized stretching with a strong lineation
visible in the XY foliation plane and the XZ plane, but no visible fabric in
the YZ plane (Fig. S18).

Clear kinematic indicators in the XZ plane are not frequent. Those we
could observe indicate a top-to-the east sense of shear shown by
sigmoidal foliation and asymmetrically boudinaged dykes in the
muscovite-gneiss of Rheneia (Fig. S17) or sheared dykes on Delos (Fig.
S12D & S12E), but at least one local observation shows the opposite
sense on Delos (Fig. S12 C).

The progressive deformation of the aplitic dykes shows intense
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folding and shearing in the gneiss above the granite and the migmatites
as well as along the contact between the biotite-gneiss and the muscovite
gneiss (Figs. 8,10,12,13). This thick shear zone is hereafter named the
Rheneia Shear Zone. Figs. 7 and S12 shows several generations of dykes
with variable grain-size progressively deformed within the shear zone in
the course of their intruding the gneissic basement. The direction of
stretching is the same in the host rock and in the dykes and the older
dykes are progressively transposed by shearing and folding within the
regional foliation. This suggests that the alternation of acidic and gneiss
layers in the muscovite gneiss and in the contact zone is a consequence
of the activity of the Rheneia Shear Zone. The shear zone can be fol-
lowed all along the northern coast of the southeastern peninsula of
Rheneia, from the isthmus, to Natalioti Bay and then to Cape Glaros
(Figs. 5,12). It can be followed also northward along the east coast of
Rheneia, at least to the latitude of the Lazaret (Fig. 5, Fig. 10) where the
small peninsula attached to main island with a tombolo displays
intensely deformed gneiss with spectacular synfolial folds. The Rheneia
Shear Zone can then be observed on Delos in the gneiss injected by dykes
from the coast of Skardhana Bay to Cape Morou and Patiniotis Peninsula
(Fig. 13). The continuity of the shear zone across the narrow strait be-
tween Rheneia and Delos is not ascertained, but the position of the shear
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zones with respect to the granite observed on either side is similar and
the distance is short compared to the magnitude of the shear zone. We
thus consider that we have the same shear zone on the two islands. The
intensity of folding and dyke transposition indicate a strong flattening
associated with the evolution of the Rheneia Shear Zone. Whether or not
this flattening was achieved within a regional non-coaxial flow is not
known with precision but kinematic indicators we observed suggest a
top-to-the east sense of shear (Fig. S17). The presence of synfolial folds
with axes parallel to the stretching lineation would however suggest a
strong component of simple shear within the shear zone (Fig. S7).
Most of the basement enclaves show a foliation and stretching line-
ation parallel to the regional ones and to those observed within the
intrusion suggesting a common weak rheology in both materials. Locally
however some more abrupt contacts are however observed. Figs. 6E and
S14B show a typical case where folded gneiss enclaves with sharp limits
are included in a fine-grained granite, itself intensely stretched. It shows
that this part of the intrusion was injected after an intense deformation
of the host gneiss that had already cooled to behave more rigidly. This
observation reinforces the notion of a continuum of deformation and
intrusion during a protracted period and not as a single intrusion.
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dykes. Right: Drone image of the same region (image Iconem-EFA).

6. The Mykonos-Delos-Rheneia MCC and the NCDS

The geometry and kinematic data presented above complete our
knowledge on the Mykonos-Delos-Rheneia MCC so far mostly limited to
the large intrusion that roofs the topmost parts of the migmatite dome on
Mykonos, except for the works of Lucas (1999) and Denele et al. (2011).
Fig. 11 shows a schematic cross-section through the whole MCC, from
the muscovite gneiss along the western coast of Rheneia to the Mykonos
Detachment and the Late Miocene supra-detachment basin cropping out
in the northeast of Mykonos. The migmatite dome crops out from the
east of Rheneia to the Apollonia peninsula in western Mykonos. As
discussed in Denele et al. (2011), the composite Mykonos laccolith roots
within the dome in Delos and Rheneia. On the cross-section, the
strike-slip faults inferred on the geological map along the Delos Strait
have been simplified for the sake of clarity but they indeed offset
laterally and vertically the gneiss-granite contact. Only one late fault is
shown between Mykonos and Delos. The core of the dome is not affected
by the brittle deformation associated with the detachment, but is has
recorded the ductile E-W stretching and folding before and during the
emplacement of the pluton. The N-S evolution of the attitude of foliation
on Delos shows large-scale undulations with axes parallel to the regional
stretching as well. These fold with their axes parallel to the stretching
direction relate to a component of N-S shortening (constriction).

The fabric associated with the E-W stretching is thus observed in all
lithologies, from the migmatites to the gneiss and the intrusive granites.
It is active at high temperature in the migmatites and in the intrusions at
the magmatic stage and continues in lower-temperature conditions in
the amphibolitic enclaves showing greenschist-facies stretching. It was
thus active during the exhumation of the core of the dome. As proposed
earlier by Faure et al. (1991), the direction of stretching is parallel to the
long axis of the dome, like on Naxos, thus making the MDR a a-type MCC
(Jolivet et al., 2004a, 2004b).

The enrichment of the intrusion in mafic enclaves toward the south,
and the loss of a strong fabric may suggest that the roots of the pluton are
in the southern part of Delos and Rheneia, a situation that can be
compared to the Serifos pluton (Rabillard et al., 2015). Previous studies
concluded after Lucas (1999) that the root zone was in the center of
Delos because the foliation is steeper there (Denele et al., 2011) but the
attitude of the foliation is for a great part due to late folding during
exhumation and the root zone is wide. The deformation recorded in the
migmatites continued during the emplacement of the pluton with the
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same direction of stretching and the same general geometry of folding.
Folds with E-W axes and steep axial planes are observed both in the
migmatites and in the granite itself where the foliation attitude varies
from vertical to horizontal with a very consistent E-W trending lineation
as shown on the map of Figs. 3 and 9. The geometry of folds however
evolves from deep to more superficial levels. The detachment itself and
the silicified breccia underneath are folded with axes parallel to the
stretching direction and the folds are broadly open, while the migma-
tites and the granite display tighter folds and steep foliations in the core
of the dome. This same observation can be made in the larger dome of
Naxos (Kruckenberg et al., 2011).

The Rheneia Shear Zone extends from Rheneia to Delos but is not
observed on Mykonos that is structurally higher. Its general dip is to-
ward the west. The sense of shear has been drawn top-to-the east on the
cross-section based on the kinematic indicators we could observe but
this remains to be ascertained. It has certainly accommodated an intense
flattening and an intense non-coaxial shearing as illustrated by the
presence of folds with axes parallel to stretching, but a component of
shear with the opposite sense would not be illogical given the general
attitude of the shear zone with its westward dip. The Rheneia Shear Zone
can thus be either a tilted top-to-the east shear zone accommodating a
part of the general shearing deformation associated with the detach-
ment, or a conjugate shear zone accommodating the rising of the dome
in the footwall of the detachment.

7. Discussion, evolution of the MCC

The complete cross-section from Rheneia to Mykonos thus shows the
progressive stretching of the crust from the formation of a lower crustal
migmatitic dome and its exhumation, to the syn-tectonic intrusion of a
granitic laccolith in ductile conditions in the core of the dome and the
progressive shearing of the upper part of the system, including the
laccolith by the NCDS, first in ductile conditions (Livada Detachment)
and then in brittle conditions (Mykonos Detachment), until the deposi-
tion of a supra-detachment basin in the Late Miocene and emplacement
of a system of baryte and iron hydroxide dykes during cooling and late
brittle deformation (Fig. 14). This continuum preserves the same
stretching direction all along the exhumation process (e.g. Lecomte
et al., 2010; Menant et al., 2013).

Fig. 15 shows a kinematic evolution in four stages along this cross-
section. The general situation is similar to most other Aegean plutons
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Fig. 14. Schematic 3-D diagram summarizing the observations on Delos and Rheneia.

as synthetized in Rabillard et al. (2017). A pluton rises within a ductile
dome where the crust is partially molten and invades the dome below
the NCDS (Figs. 9 & 11). The part of the pluton directly alimented locally
by partial melting of the gneiss is unknown but probably quite signifi-
cant when considering the gradual transition between the pluton and the
migmatitic gneiss observed on Mykonos (Fig. S1). The relative motion of
the rising dome with respect to the hanging-wall of the detachment in-
duces a top-to-the east shearing distributed within a large part of the
laccolith, from co-magmatic deformation to sub-solidus mylonitization
below the detachment. The opposite side of the dome is intensely
deformed in ductile conditions by the thick Rheneia Shear Zone but the
sense of shear is not ascertained, either synthetic of the top-to-the east
shearing of the detachment or top-to-the west, conjugate of the
detachment and accommodating the dome rise. The kinematic in-
dicators we have observed however suggest a top-to-the east sense of
shear and we shall consider this solution in the following. Whatever the
structural level, from the deep migmatitic dome to the
supra-detachment basin, the same direction of stretching and the same
direction of fold axes are preserved. A component of constriction
perpendicular to the stretching direction controls the formation of these
folds, which style evolves from top to base, from open to tight folds, like
in other MCC in the Aegean region, especially Naxos (e.g. Vander-
haeghe, 2004). These folds accommodate the same direction of short-
ening perpendicular to the main stretching direction all along the
extension stage and exhumation history of the dome. In Mykonos, the
contemporaneity of the formation of migmatites and the intrusion shows
that partial melting and coeval folding are both young, dating from the
Middle and Late Miocene, as shown by U-Pb ages on zircon and lower
temperature methods (13—9 Ma; Brichau et al., 2008).

In both cases, MDR and Naxos, folds with vertical axial planes are
tighter at depth than in the upper structures suggesting a more intense
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constriction in the deep parts of the MCC. This constrictional component
is expected in a-type domes formed with a component of strike-slip
motion at the boundary of the system (Le Pourhiet et al., 2012). To
explain the shorter wavelength of folds in the core of the MCC an
alternative solution might be proposed. The observed folding affects
alternating layers of variable competence and the rheological contrast is
probably very small in the partially molten domains as seen above. The
wavelength of folds depends upon the layers thickness and the viscosity
contrast between layers. If this contrast is small the wavelength should
be small and the folds thus tighter.

The observations made in this study in Rheneia and Delos show the
deep parts of the dome and the interactions in hot and ductile conditions
with the intrusion, conditions that are not met in other Aegean domes.
Most other examples show the ductile deformation associated with the
lower detachment and the co-magmatic deformation in the root zone of
the pluton, but not the hot interactions between the migmatites and the
intrusions. In all cases except Rheneia and Delos, the observations show
a sharp intrusive contact between the intrusion and the dome or with
upper crustal levels with evidence of contact metamorphism at the
contact, as in Naxos or Tinos, showing that the visible part of the
granitoid intruded a dome that had already cooled down (Jansen, 1977;
Brocker and Franz, 1994; Jolivet and Patriat, 1999). In Naxos, the
presence of large septas of ductilely deformed migmatitic gneiss within
the granodioritic pluton at short distance from the contact (Bessiere
et al., 2017) testifies for the same sort of interactions between the pluton
and the dome at depth, but they are not preserved as on Delos and
Rheneia. This same situation is observed on Mykonos with the intrusion
of the granite in the Upper Cycladic Unit metabasite in the vicinity of the
Livada Detachment (Jolivet et al., 2010; Lecomte et al., 2010). The only
other case where the hot contact between the migmatite dome and the
intrusion could be observed is Ikaria where the hot contact between the
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Karkinagrion leucogranite and the Miocene migmatite can be mapped
but only in a restricted area (Beaudoin et al., 2015; Laurent et al., 2015).
The case of Rheneia and Delos is thus a unique example in the Aegean to
study the hot interactions between a rising pluton and its root zone
within a migmatite dome because erosion reached much deeper levels of
the MCC.

The contact zone observed on Delos between the granite and the
migmatite shows a fuzzy transition with alternation of stromatic mig-
matites and granitic layers, both the migmatite and the granite being
deformed with the same foliation and lineation direction. The flow
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within the granite and the ductile deformation in the partially-molten
gneiss are parallel, suggesting a very weak behavior of the gneiss
when they are partially molten. In-situ melting of the gneiss is observed
in the core of folds. Gneiss and marble enclaves of various size from a
few cm to several hundred meters included within the granite show the
same direction of stretching and the same foliation as the surrounding
granite, also suggesting that the molten basement and the intrusion had
similar rheologies at the time of inclusion. This observation is however
not true everywhere as some sharp contacts between the gneiss with a
preserved ductile deformation and the stretched granite show that the
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interactions between the gneiss and the intrusion have lasted long
enough to record a succession of magma batches during the same
deformation event, the most recent ones arriving once the host rock was
already cooler and thus more rigid. This is confirmed by the sharp
contacts observed on Rheneia between the coarse granitic dykes near the
main pluton and the biotite-gneiss, the host-rock and the dykes being
intensely stretched along the regional X-direction. All these observations
show a continuum of intrusion and coeval deformation during exhu-
mation and cooling.

The Delos granite is intensely stretched and foliated in the central
part in the vicinity of the sanctuary and south of it. The orientation of the
feldspar megacrysts is parallel to the foliation in large migmatite en-
claves and the transition from fuzzy diatexites to oriented granite with
schlieren is progressive. This shows again that the rheologies of the
molten gneiss and the pluton were not much different at the time of
intrusion.

The significance of the biotite-gneiss and muscovite-gneiss must then
be discussed. We observe a transition from gneiss intensely injected by
dykes toward regularly laminated gneiss with alternation of leucocratic
layers within the gneissic host rock, both in biotite- and muscovite
gneiss. The most intense transposition is observed along the contact
between these two types of gneiss and we interpret the transition as a
thick shear zone, which we have named the Rheneia Shear Zone. One can
then wonder how much of the layering observed in general in these
gneiss, especially at a distance from the RSZ, is actually the result of the
activity of the shear zone or an inheritance from an older deformation
episode. Denele et al. (2011) have interpreted the muscovite-gneiss of
northern Rheneia as migmatitic. We do not follow this interpretation in
this paper but it remains possible that the regular layering of these gneiss
results from the recent shearing deformation of migmatitic gneiss, which
would indicate a considerably thicker shear zone. Further field obser-
vations and sampling for dating with a range of radiochronological
methods are required to answer this question.

The case-study of the MDR MCC thus shows a progressive transition
from a weak dome where the intrusive granite has a rheology not much
different from the partially molten host-rock to ultra-mylonites and
brittle deformation along the main detachment. A continuum of defor-
mation with E-W stretching and perpendicular shortening is observed
from the ductile to the brittle stage. The intrusion of the granite within
the dome is first associated with massive inclusion of ductile basement
septas in the magma and progressive transitions between the granite and
the migmatites are observed. While the whole system is exhumed and
cools down, the granitic magma is emplaced within dykes of various
scales while the same deformation continues. These dykes are observed
all around the migmatite dome and the pluton and they intrude even the
UCU at the top of the system. A thick shear zone forms above the dome,
transposing the dykes. This lasts until the deformation localizes along a
single detachment plane, the Mykonos Detachment and brittle forma-
tion of large Ba-Fe veins accompanies hydrothermal circulations during
syn-kinematic cooling.

The duration of this progressive deformation is likely to be short.
Observations show that the pluton and the migmatites are at least partly
coeval. The age of the pluton is dated at 13 Ma using U-Pb on zircons on
Mykonos and the brittle activity of the Mykonos Detachment between
13 and 9 Ma using mid- to low-temperature thermochronology (Brichau
et al., 2008). The activity of the detachment, the formation of the Late
Miocene Basin and the emplacement of the barite and iron-hydroxides
ore lasted until ~9 Ma (Menant et al., 2013). 4 Myrs only thus sepa-
rate the first intrusion from the end of extensional deformation along the
NCDS. The age of the first extension in the Aegean started at ~30 Ma
(Jolivet and Brun, 2010) or 21 Ma (Ring et al., 2010). Migmatites in the
nearby Naxos-Paros dome has yielded ages as old as 20 Ma (Keay et al.,
2001) but ages as young as 16 Ma have also been recovered on zircon
rims (Martin et al., 2006) and late dykes cutting across the dome yielded
even younger ages at ca. 13 Ma (Vanderhaeghe et al., 2018). More
recent work by Ring et al. (2018) suggest that ages older than 18 Ma are
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affected by some inheritance of older events and that the mean age for
partial melting is about 14 Ma. On Ikaria the age of partial melting has
been dated around 15-16 Ma (Beaudoin et al., 2015), similar to age of
the oldest granitic pluton there (Bolhar et al., 2010). Partial melting in
MDR thus probably started before the intrusion of the granite at 13 Ma
but was still active at that time.

The pattern of stretching lineations (Figs. 3 and 10) seen across the
MDR MCC shows a progressive rotation from E-W on Delos and Rheneia
to NE—SW in the eastern part of Mykonos. This rotation had already
been noticed by Denele et al. (2011) who advocated for differential
rotation during exhumation of the upper and lower portions of the crust.
Paleomagnetic investigations in the Cyclades have indeed shown rota-
tion about vertical axes of the plutonic bodies (Morris and Anderson,
1996; Avigad et al., 1998). The data suggest a clockwise rotation of the
Mykonos pluton by about 22°. Avigad et al. (1998) used these evidence
to suggest a decoupling between upper and lower crust during exten-
sion. The different orientation of stretching lineations in the northwest
Cyclades (Tinos, Andros) and in the central Cyclades led Walcott and
White (1998) to emphasize the importance of the so-called Mid-Cycladic
Lineament, a complex strike-slip system that would separate two rigid
blocks in the Cyclades. Le Pourhiet et al. (2012) show that a component
of strike-slip distributed in the crust above a slab tear can explain the
formation of a-type domes with their long axis parallel to the main di-
rection of stretching and Jolivet et al. (2021) show that in such models
the pattern of stretching lineations shows rotations in space compatible
with the sense of this strike-slip motion. This change in stretching di-
rection seen from Rheneia to eastern Mykonos should be reinterpreted in
the framework of the slab tear that occurred underneath the eastern
Aegean region between 15 and 8 Ma (Jolivet et al., 2015), including the
full lineation map at the scale of the Cyclades and Western Anatolia.

8. Conclusion

The Mykonos-Delos-Rheneia MCC shows a unique example in the
Aegean of the high-temperature interactions between a migmatitic
dome intruded by a set of syn-kinematic intrusions in the footwall of a
major low-angle detachment during a short period of a few Myrs.
Compared to other MCC in the Cyclades, the MDR MCC better shows the
deep parts of the dome where the intrusive rocks and the partially
molten rocks of the dome have similar rheological parameters. The
Naxos dome also shows a pluton intruding a migmatitic dome but the
granodiorite is not seen in contact with the migmatitic core. The
granodiorite intrusion instead pierces the outer parts of the dome. The
MDR MCC thus allows describing the full evolution from the first
intrusion of the pluton in the middle or lower crust to the extreme
localization of deformation along a single detachment plane in the upper
crust, all the way to the deposition of a supra-detachment basin invaded
by hydrothermal venues during the last cooling steps. The whole
extension process, from the ductile regime to the last brittle increment,
was achieved with the same E-W stretching direction associated with
E-W trending fold axes. The tightening of folds increase from the su-
perficial one affecting the detachment to the deep ductile ones in the
core of the migmatite dome. The intrusion starts at depth in hot condi-
tions within the partially molten crust and the contact shows parallel
flows in the granite and the migmatites indicating similar rheological
behaviors between the deep molten crust and the intrusion. Large pieces
of the molten gneiss and marbles are included in hot conditions within
the pluton and the transition between the granite and the migmatite is
often progressive. The exhumation of the dome was accompanied with
the formation of a newly described thick shear zone enveloping the
migmatitic core, the Rheneia Shear Zone. The presence of the shear zone
is shown by the intense deformation of acidic dykes issued from the
main granitic body and the core of the shear zone corresponds to the
contact between the lower biotite-gneiss and the upper muscovite
gneiss. The sense of shear is locally top-to-the east but additional ob-
servations are required to confirm this conclusion. The thickness of the
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shear zone is also questionable as a part of the upper Rheneia gneiss
could actually be part of the shear zone.
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