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ABSTRACT

The goal of this paper is to use the structural, metamorphic and geochronological record from the migmatitic
core of the Naxos dome (Greece) and its associated subdomes to address the internal dynamics of a partially
molten orogenic root. U-Pb ages from ca. 24 to 16 Ma and textures of zircon in the migmatites suggest successive
dissolution and precipitation cycles with a period of 1 to 2 Ma, interpreted as the timescale of convective in-
stabilities in a ca. 20 km thick partially molten layer. Dimensional analysis indicates that convection of this root
requires a viscosity lower than 10 Pass, consistent with viscosity values expected for partially molten felsic
rocks. Structural analysis and U-Pb geochronology of deformed granitic dikes rooting in the migmatites record
the subsequent development of the Naxos dome by diapirism from ca. 16 to 13 Ma. The size of the first order
migmatite dome on Naxos (5 x 12 km) requires that the unstable layer at the onset of diapirism was 5 to 10 km
thick and presented a moderate viscosity contrast with its envelope. From this analysis we propose that the
Naxos migmatite dome documents a two stage dynamic evolution for the partially molten root of the Aegean belt
characterized by (1) crustal scale convection for at least 8 Ma and (2) diapirism for about 3 Ma during pro-

gressive thinning of the collapsing orogenic crust.

1. Introduction

Gneiss domes are ubiquitous features of the deep crust (Eskola,
1948; Whitney et al., 2004; Yin, 2004). They have been variously in
terpreted as reflecting (i) interference patterns related to polyphase
folding (Myers and Watkins, 1985; Ramsay, 1967; Steck et al., 1998),
(i) flow of a low viscosity layer into dilation sites created by hetero
geneous deformation (Brun et al., 1981; Davis and Lister, 1988; Rey
et al., 2011), and (iii) buoyant flow of low density and low viscosity
partially molten rocks (Brun et al., 1981; Ramberg, 1980; Schwerdtner,
1982). These different models are not mutually exclusive and a variety
of processes might be at play during the development of gneiss domes
(Burg et al., 2004; Kruckenberg et al., 2011; Vanderhaeghe, 2009).
Some of these domes are cored by diatexite migmatite (i.e. former
magmas) and mantled by metatexite migmatite (i.e. former partially
molten rocks) generated as a consequence of thermal relaxation fol
lowing the thickening of orogenic crust (Thompson and Connolly, 1995;
Vanderhaeghe et al., 2003; Vanderhaeghe, 2012). A key feature of
many migmatite domes is the presence of second order domes desig
nated as subdomes (Ledru et al., 2001; Kruckenberg et al., 2011;
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Vanderhaeghe, 2004; Whitney et al., 2004). We argue here that the
Naxos dome (Cyclades, Greece) and its associated subdomes witness
gravitational instabilities within a partially molten orogenic crust, in
agreement with pioneering investigations (Bittner and Schmeling,
1995; den Tex, 1975; Talbot, 1979; Weinberg and Schmeling, 1992;
Weinberg and Podladchikov, 1995) and more recent thermal mechan
ical models (Burg et al., 2004; Gerbault et al., 2016; Gerya et al., 2004;
Ganne et al., 2014). The originality of our study is to use (i) the
structural and metamorphic record to constrain the tectonic thermal
history of the Naxos dome, (ii) the size of the first order dome and its
internal subdomes to provide a proxy for the characteristic scales of the
gravitational instabilities, and (iii) U Pb geochronology depicting
zircon dissolution and recrystallization to provide a sensitive indicator
of the timescales related to these instabilities.

2. The Naxos dome in the Attic-Cycladic metamorphic complex
The Hellenides Aegean beltformed as a result of Mesozoic Cenozoic

convergence between Gondwana and Eurasia (Dewey and Sengor,
1979; Dercourt et al., 1986) marked by slab retreat since at least
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Fig. 1. Geologic map of the Naxos migmatite dome and its associated subdomes. A. Location map of Naxos Island within the Attic-Cycladic Metamorphic Complex,
part of the Hellenides. B. Geological map of Naxos modified from Vanderhaeghe et al. (2007), Kruckenberg et al. (2011), and Siebenaller et al. (2013). C. East-West
cross section of the Naxos dome, corresponding to the map location shown in Fig. 1B. E. Simplified geological map from Kruckenberg et al. (2011) showingsubdomes
delineated by synmigmatitic foliation and entrained metasedimentary septa within the migmatitic core of the Naxos dome.

Miocene times (Fytikas et al., 1984; Spakman, 1986; Wortel and
Spakman, 2000). Tectonic reconstructions indicate that the orogenic
crust was approximately 50 km thick, such as in the Alps, and was
subsequently affected by gravitational collapse (Gautier et al., 1999;
Jolivet and Brun, 2010; Ring et al., 2010; Vanderhaeghe and Teyssier,
2001) to reach the current day crustal thickness of 20 25km (Tirel
et al., 2004).

Naxos Island, in the central part of the Cyclades (Fig. 1), exposes a
unique structural section into the deep orogenicroot of the Aegean belt,
exhumed in the core of the Attic Cycladic Metamorphic Complex (Diirr
et al., 1978; Jacobshagen, 1986; Vanderhaeghe et al., 2007). It displays
a dome structure cored by migmatites and mantled by a metasedi
mentary sequence comprised of alternating schist and marble layers
(Jansen, 1973). Relics of blueschist facies metamorphism, preserved at
the southern tip of the island (Avigad, 1998), have been dated at ca.
50 Ma by argon thermochronology (Wijbrans and McDougall, 1988)
and attest for Eocene exhumnation of previously subducted continental
and oceanic units. These HP/LT metamorphic rocks have been over
printed by high temperature metamorphism grading from greenschist
facies to amphibolite facies conditions (Buick and Holland, 1989;
Duchéne et al., 2006; Jansen and Schuiling, 1976). This retrogression is
attributed to post thickening thermal relaxation of the orogenic crust

associated with some exhumation (Duchéne et al., 2006). High tem
perature metamorphism reached partial melting conditions, as shown
by the presence of migmatites in the core of the Naxos dome (Jansen
and Schuiling, 1976).

Kyanite bearing paragneisses at the consact with the migmatites
record temperatures clustering around 650°C at a pressure of
0.7 0.8GPa (Buick and Holland, 1989; Duchéne et al., 2006), equiva
lent to a depth of about 27 km (considering an average density of 2.7 for
crustal rocks). Given the metapelitic composition of the paragneiss,
these conditions are very close to the granitic wet solidus for rocks
currently just above the contact with the migmatites and are inter
preted to reflect the geotherm after crustal thickening and before dome
formation (Duchéne et al., 2006). Adding to these 27 km, the current
day crustal thickness of 20 25 km beneath the Aegean domain leads to
a minimum initial crussal thickness of 47 to 52 km thick at the climax of
tectonic accretion. Migmatites within the core of the dome record a
temperature of ca. 600 °C for a pressure of 0.4 0.6 GPa, corresponding
to a depth of about 18 k. This pressure contrast of 0.25 GPa between
the pressure peak recorded by the Ky bearing paragneisses and by the
migmatites that are now at the same exposure level has been inter
preted to reflect the development of the migmatite dome after regional
exhumation by ca. 9km of unroofing (Duchéne et al, 2006).



Considering the current day thickness of 20 25km beneath the Cy
clades, we infer a thickness of about 20 km for the partially molten
layer before exhumation of the migmatites to the surface.

Partial melting and crystallization of the migmatites has been
bracketed to the Miocene between ca. 24 Ma and ca 12Ma by U Pb
geochronology on zircon from the migmatites and crustal derived S
type granitic dikes intrusive in the mantling metasedimentary se
quence, respectively (Keay et al., 2001; Martin et al., 2006, 2008). Low
temperature thermochronology in the migmatites and mantling schists
units indicates that they cooled from ~300 °C to ~80 °C between 12
and 9 Ma (Brichau et al., 2006; Seward et al., 2009). The migmatitic
core and the mantling metasedimentary rocks are juxtaposed to upper
crustal low grade rocks and Miocene detrital sediments along a low
angle detachment (Gautier et al., 1993). The activity of the detachment
is marked by the syntectonic intrusion of an I type granodiorite pluton,
exposed along the western coast of the island and dated at ca. 12 Ma
(Keay et al., 2001). The calc alkaline nature of the granodiorite and the
presence of entrained mafic xenoliths point to the contribution of
mantle melts in relation to lithospheric thinning and asthenospheric
upwelling owing to slab retreat at this time (Altherr and Siebel, 2002;
Pe Piper and Piper, 2007).

As for many migmatite domes worldwide, the tectonic significance
of the Naxos dome has been debated. Jansen and Schuiling (1976) re
cognized the importance of partial melting and first suggested that the
dome results from a diapiric rise of the migmatites. Gautier et al. (1993)
refined this model proposing that the dome corresponds to upwelling of
the low viscosity migmatites during regional extension accommodated
by a low angle detachment. More recently, Rey et al. (2011) advocated
that flow of the low viscosity migmatites into the dilatant jog resulting
from localized extension was mainly isostasy driven leading to the
formation of double domes. Alternatively, several authors considered
that the Naxos dome results from fold interferences owing to the
combined effects of EW shortening and regional top to the NNE
shearing based on a detailed structural analysis of folds (Avigad et al.,
2001; Buick, 1991). In the following section, we propose a model that
builds on these studies and on a synthesis of more recently acquired
structural data advocating for the predominance of gravitational in
stabilities in the formation of the dome and subdomes (Kruckenberg
et al., 2010, 2011; Vanderhaeghe, 2004).

3. Naxos dome structure

The core of the Naxos dome is dominated by diatexites (i.e. former
heterogeneous granitic magmas containing abundant metasedimentary
septa of predominantly marble and schist) surrounded by metatexites
(i.e. former partially molten rocks) with a dominantly paragneissic
protolith (Vanderhaeghe, 2004) (Figs. 1 & 2). Structures within the
migmatites of the dome preserve abundant evidence for melt present
deformation that is only locally overprinted by high temperature sub
solidus intracrystalline deformation (Kruckenberg et al., 2010, 2011).
The contact of the migmatite dome is typically delineated by sharp
transitions between granite dominated diatexite and enveloping marble
units. In particular, the southern edge of the dome is delineated by a
km thick zone of leucogneiss showing pervasive solid state deforma
tion. Locally, the contact between the envelope and the core of the
dome is nevertheless expressed by a diffuse contact between diatexite,
metatexite and schist layers interpreted as a gradational partial melting
front (Fig. 2A). Detailed structural analysis of the migmatitic core of the
Naxos dome has revealed a complex pattern of migmatitic foliation and
layers of metasedimentary septa dominated by marble that delineate
five km scale contiguous subdomes, separated by pinched synforms and
high strain zones (Kruckenberg et al., 2011) (Fig. 1). In the central and
northern region of the migmatite core, the subdomes have a vertical
axis of symmetry and a distributed mineral lineation of variable plunge.
Trends of synmigmatitic foliation are highly variable within the sub
domes, and are commonly steeply dipping to overturn resulting in a

mushroom shaped three dimensional geometry (Fig. 3). The north
eastern subdome is overturned along its western edge, whereas the
central subdome (Fig. 1) is overturned toward the north, in accordance
with the regional scale bottom south sense of shear (Kruckenberg et al.,
2011; Vanderhaeghe, 2004). To the south, the subdomes are elongated
and transposed along a N S trending high strain zone marked by high
temperature intracrystalline deformation and a shallow dipping
stretching lineation (Kruckenberg et al., 2011). The development of the
Naxos dome is further recorded by transposition of granitic dikes
structurally rooted in the migmatitic core (Vanderhaeghe, 2004).

These structural features are characteristic of the dome's core and
are not consistent with structural trends in the mantling metasedi
mentary sequence, which is marked by superimposed folds with shal
lowly dipping axes deflected and cross cut by the migmatites coring the
dome (Urai et al., 1990; Buick, 1991; Vanderhaeghe, 2004). This in
dicates mechanical decoupling between the mantling metasdimentary
sequence and the migmatite coring the dome, thus ruling out a fold
interference model (Kruckenberg et al., 2011). The subdome structures
might then be interpreted as resulting either from gravitational in
stabilities in the low density partially molten to magmatic crust, or as
isostatic driven flow of the low viscosity migmatitic layer. Isostatic
driven flow should lead to the formation of double domes (Rey et al.,
2011) a scenario that is not consistent with the complex subdome
geometries identified by the detailed structural analysis in Naxos, nor
by the multiple vertical shear zones and variably oriented pinched
synforms that separate them. This structure is thus more in line with the
development of adjacent diapirs or imbricated polydiapirs developing
simultaneously in the core of a larger rising dome and even with the
development of convection within the partially molten layer
(Kruckenberg et al., 2011; Vanderhaeghe, 2004; Weinberg and
Schmeling, 1992).

Nevertheless it is difficult to choose among these models from the
structural analysis alone. In the following, we integrate the U Pb geo
chronological record of zircon grains found in migmatites and granitic
dikes rooted in the dome's core, and present a first order mechanical
analysis of the Naxos dome and its subdomes, in order to revisit their
possible genetic significance.

4. Geochronological record of Naxos dome development

In order to constrain the timing of the development of the Naxos
dome and its subdomes, we (i) further explored the U Pb geochrono
logical record of zircon grains from diatexite of the dome's core pre
viously published by Keay et al. (2001) and Martin et al. (2006, 2008),
and (ii) obtained new U Pb geochronological dating on monazite and
zircon from granitic dikes rooted in the diatexites and intrusive into the
mantling metasedimentary sequence. The analytical method of the new
data is indicated in Supplementary file S1.

The diatexites from the dome's core contain two distinct types of
zircon grains, which have in common the presence of inherited mag
matic cores yielding pre Alpine Carboniferous ages (Fig. 4 and Sup
plementary file S2). Some of these cores have a porous texture whereas
others are pristine. Zircon grains with a porous core containing nu
merous inclusions of U and Th rich minerals, displaying convoluted
zoning and corrosion gulfs (Fig. 4A), and having intermediate Th/U
ratio (0.02 0.47), are interpreted as being formed by dissolution pre
cipitation of the inherited zircon grains (Corfu et al., 2003; Martin et al.,
2008; Tomaschek et al., 2003). These cores are locally surrounded by a
finely crystallized rim characterized by oscillatory zoning (Fig. 4A). U
Pb ages obtained on the porous core of these grains define a discordia
line ranging from the age of the inherited cores to a younger intercept,
pointing to various degrees of resetting of the U Pb isotopic system
owing to a Cenozoic event (see Martin et al., 2008 for a detailed de
scription and analysis of these data). Ages from the finely crystallized
rim range from ca. 24 to 16 Ma and are attributed to growth of the
zircon in a magma. Zircons with a pristine core are surrounded by a



Pig. 2. Representative structures of migmatites. A. Metatexitic paragneiss (right) grading into leucocratic diatexite with metatexitic enclaves (left) illustrating
characteristic gradational contacts associated with the partial melting front. B. Crossed polarized light photomicrograph of a typical migmatite leucosome showing
magmatic texture characterized by interlocking plagioclase, potassium feldspar, biotite and interstitial quartz. C. Crossed polarized light photomicrograph of a
diatexite illustrating deforration bands in quartz indicative of weak recrystallization at high-temperature. D. Metatexite with a syn-migmatitic foliation defined by
alternations of concordant leucosome and mesosome layers. E. Heterogeneous, granitic diatexite with metatexite enclaves. F. Heterogeneous granite typically coring

the Naxos dome and its associated subdomes.

low luminescence finely crystallized rim with a convoluted texture and
are associated with a euhedral external shape (Fig. 4B). These rims have
characteristically low Th/U ratios (< 0.03) owing to high U contents
(3000 4000 ppm) and are interpreted to have formed by high tem

perature dissolution precipitation of zircon in the presence of a silicate
melt and/or a magmatic fluid (Geisler et al, 2007; Hoskin and
Schaltegger, 2003; Martin et al., 2008; Rubatto, 2002; Vavra et al.,
1996). These rims also have ages ranging from 24 to 16 Ma. Never

theless, as mentioned by White and Ireland (2012), some caution
should be used when interpreting ages obtained on high U metamict
zircons, as they might yield older apparent ages due to differential Pb
and U sputtering during SIMS analysis. However, in the case of Naxos,
U Pb ages are not correlated to U content (Supplementary data S2),
discarding a possible analytical artefact. A detailed transect across one
of these rims evidences a spectacular age gradient from 21 * 1Main
the innerside of the rim, to 16.4 +* 0.2 Ma in the outer side of the rim
(Fig. 4B). The mean age obtained from these rims is 18.7 + 2.4 Ma
(Fig. 4C). Yet, the mean squared weighted deviation is very high
(MSWD > 1) and individual analytical points do not all overlap within
error. This indicates an excess scatter relative to the estimated analy

tical error, and suggests that this dataset corresponds to significantly
different ages. This is the case, in particular, for the three analytical

points obtained across the finely crystallized rim with convoluted
zoning shown on Fig. 4B. Accordingly, the finely crystallized rims are
interpreted as representing successive dissolution precipitation of
zircon around inherited cores, and potentially as growth of new zircon
for rims with oscillatory zoning. Overall, four age subgroups are dis

tinguished based on zircon U Pb dating of this migmatite sample from
the core of the dome (Fig. 4C): 24.2 + 0.7Ma, 22.1 + 0.7 Ma,
18.5 * 0.6Ma and 16.6 * 0.3Ma, defining a recurrence interval of
ca. 1 to 2 Ma for dissolution precipitation. It should be mentioned that
Keay et al. (2001) presented U Pb ages on zircon from the Naxos
migmatites with similar age ranges (20.7 to 16.8 Ma) obtained on low

luminescent rims truncating inherited cores or infilling dissolution
embayments. This type of texture is consistent with a succession of
dissolution/precipitation of zircon and is not in favor of progressive
crystallization during cooling.

In order to complement geochronologic data obtained on the mig
matites, two granitic dikes that are intrusive into the mantling meta
sedimentary sequence have been sampled (Fig. 5 and Supplementary
files S3 and S4). One granitic dike, partially transposed in the foliation
of the host metasediments and marked by intracrystalline deformation,
is considered to represent an early stage of granitic magma intrusion
(see Vanderhaeghe, 2004, for a more detailed analysis of the



View to the NNE

Fig. 3. Panoramic views highlighting geometric aspects of subdomes within the core of the Naxos migmatite dome. A. view to the north-northeast from near the town
of Kinidharos into the migmatitic core of Naxos dome south of Mount Koronos. Here, the synmigmatitic foliation and entrained metasedimentary septa of marble
delineate three subdomes: two northern subdomes, the easternmost of which is overturned on its western edge, and a central subdome whose northern edge is
overturned and pinched into a tight E-W trending synform. The overtuming of the marble unit is visible in this image as it transitions from vertical dipping and N-S
striking in the lower left of the image, to E-W striking and S-dipping on the slope of Mount Koronos. B. View to the south-southwest of the north-facing slope of Mount
Koronos showing the same overturmned western side of the northemn subdome shown in part A, which can be traced by a well-developed synmigmatitic foliation. C.
View from within the southern subdome to the northeast of the N-S oriented synform as it trends into the N-S striking high strain zone preserved in the southern half
of the dome. N.b. See Kruckenberg et al., 2011 for a detailed structural map and associated cross-sections that delineates subdomes within the core of the Naxos

dome.

relationships between dome formation and dike transposition). Un

fortunately the sampled dikes contain either zircon or monazite, but not
both. The partially transposed dike yields a mean 2°Pb/?*®U age on
monazite of 16.1 * 0.3 Ma (Fig. 5 and Supplementary data S3). The
other sampled dike, displaying a magmatic fabric, being discordant to
the foliation and cross cutting the partially transposed dike, represents
a younger intrusive dike. This magmatic dike contains zircon crystals
that yield a mean 2°°Pb/238U age of 13.3 + 0.1 Ma confirming the
relative chronology established by field relationships (Fig. 5 and Sup

plementary data S4). The mean squared weighted deviation (MSWD)
applied to these two datasets is close to 1 indicating that individual ages
do not significantly depart from the mean estimated age for each of
these dikes and that the data fit a univariate normal distribution. Si

milar to ages obtained within the diatexites, some inherited zircon
grains yield pre Alpine ages. On the other hand, two analyses obtained
on zircon crystals showing cores with convoluted zones attributed to
dissolution/precipitation have slightly older concordant ages of ca.
15Ma. These two zircon crystals, with ages and textures equivalent to
the ones of the migmatites, might represent xenocrysts entrained from
the partially molten source with the segregated magma, and emplaced
at a higher structural level to form the dikes.

Altogether, these data on migmatites and on granitic dikes point to a
protracted U Pb geochronological record for zircon dissolution pre
cipitation from ca. 24 to ca. 16 Ma in the Naxos migmatitic core, fol
lowed by successive pulses of granitic intrusions from ca. 16 to ca.

13 Ma. Note that Keay et al. (2001) presented U Pb ages ranging from
15.4 to 12.2 Ma on zircon from similar S type granitic dikes. This 3 to
4 Ma age spread obtained on syntectonic dikes provides a first order
estimate to bracket the timing of dome formation, which occurred
during the development and crystallization of the partially molten to
magmatic core of the dome. Indeed doming could have occurred
sometime before crystallization of the intrusive partially transposed
dikes dated at ca. 16 Ma, and might have ended before the intrusion of
the cross cutting dikes with a magmatic fabric dated at ca 13 Ma. Fol

lowing this line of reasoning, we argue that the 8 Ma age spread of the
diatexites (24 16 Ma) coring the dome represents the minimum time
period between (i) partial melting during prograde metamorphism
caused by heating of the thickened orogenic crust, and (ii) cryssal

lization as a consequence of cooling during gravitational collapse and
exhumation of the orogenic root. The duration of the presence of melt
in the root of the Aegean orogenic crust might be extended to 11 Ma
considering the bracket between the oldest zircon age in the diatexite
(ca. 24Ma) and the youngest age obtained on intrusive dikes (ca.
13 Ma).

The remaining question now is what is the significance of the age
gradient from 24 to 16 Ma obtained on finely crystallized zircon rims?
Keay et al. (2001) interpreted a similar age range (20.7 to 16.8 Ma),
obtained on zircon grains with low luminescent rims truncating in
herited cores or infilling dissolution embaymens, as reflecting dis
solution crystallization of zircon during partial melting. The convoluted
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Fig. 4. U-Pb analyses of zircon from migmatite sample Na 03-01, taken within the core the Naxos dome. Numbered locations on the zircon images correspond to
individual spot analyses reported in Supplementary file S2. A. Corroded zircon grain with a porous core surrounded locally by a finely crystallized rim (FC rim). U-Pb
ages obtained on the porous core are partially reset and thus have no interpretable geological meaning. B. Zircon with inherited Variscan age core surrounded by a
finely oscillatory zoned rim preserving an age gradient from 21 to 16 Ma (24 Ma age straddles the boundary between core and rim). C. 208ph/238U ages obtained on
zircon's finely crystallized rims with error margins at 2 sigma. Ages obtained on zircon 4B are indicated with a thicker black contour. The mean age of 18.7 + 2.4is
indicated by a dark green line with error range corresponding to the light green stripe. The MSWD is much > 1 indicating an excess scatter relative to the predicted
analytical uncertainties. Four subgroups with distinct mean ages (indicated by a green dark line) are distinguished with their error range (indicated by a lighter thick
green stripe). These ages are significantly different and point to pulses of zircon dissolution/precipitation of 1 to 2 Ma. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

zoning of the finely crystalized rim illustrated in Fig. 4B, and the in
filling of dissolution embayments described by Keay et al. (2001), are
not in favor of a progressive cooling. In order to account for the distinct
age peaks obtained on these grains, Keay et al. (2001) tentatively in
voked the impact of discrete thermal pulses associated with repeated
partial melting/crystallization cycles, locally causing the growth of new
zircon. Alternatively, successive dissolution/crystallization of zircon
may be due to chemical disequilibria following successive input of new
zircon undersaturated magma through melt percolation (Corfu et al.,
2003). Here, we explore a third possibility, that the succession of dis
solution and crystallization cycles over 8 Ma reflects the entrainment of
the zircon grains within a convecting partially molten crust, recurrently
above and below zircon saturation conditions in terms of temperature
and, potentially, chemistry. The difference in ages obtained on zircon
rims is consistent with cycles of 1 to 2 Ma (Fig. 4). Note that relative to
the zircon's reference frame, all of these propositions are equivalent, as
they all result in varying the temperature and chemical environment of
zircon grains (Fig. 6). Accordingly, U Pb geochronology on zircon on its
own is not capable to discriminate between these propositions. Never
theless, our preference for the convection model over the proposition of
a succession of thermal pulses associated with the sporadic and loca
lized circulation of fluids in the migmatites is motivated by the absence
of features indicative of localized high temperature hydrothermal al
teration in the rocks hosting the dated zircon grains.

5. Mechanical analysis of the Naxos dome system

In order to test the pertinence of the model invoked above, we
present first order analyses of the Naxos dome system that assesses its
potential to develop convective and diapiric instabilities. We evaluate
(i) the viscosity of the Aegean partially molten crust required to exceed
the critical Rayleigh number and enable convection, (ii) the Stokes
velocity of the secondary domes (i.e. subdomes), modeled as buoyant
spheres rising through a viscous matrix, and (iii) the viscosity contrast
that controls the growth rate and wavelength of diapirism according to
the formulation proposed by Burg et al. (2004).

The characteristic length and time scales of the system are given by
the present day structure of the Naxos domes and its geochronological

record. The P T conditions recorded by the metamorphic rocks, syn
thesized above, indicate that the thickness of the partially molten crust
(H) would have been approximately 20km, considering that the
granitic solidus was located at about 20km depth (PT conditions of
kyanite bearing paragneisses), and that the orogenic Moho attained at
least 40 km depth (given the present day Moho depth of 20 25km
throughout the Aegean domain, which is located beneath rocks that
exhumed from 20 km depth).

The Rayleigh number is estimated assuming two distinct thermal
sources, namely basal heating and internal heating (e.g. McKenzie
etal.,, 1974; Fig. 7). Basal heating might adequately model an increased
mantle heat flux caused by thinning of the lithospheric mantle and
asthenospheric upwelling in a context of slab retreat, which applies to
the Aegean domain (Vanderhaeghe and Duchéne, 2010). In this case
the Rayleigh number is expressed by:

_ pgaATH?

Rap = —=——,
nx

where p is the density, g is the gravitational acceleration, a is the
thermal expansivity, AT is the difference in temperature between the
top and the bottom of the crustal layer, H is the thickness of the crustal
layer, y is the viscosity and x is the thermal diffusivity. The condition
for convection is estimated by considering typical values for these
parameters for partially molten rocks (see Table 1) and assuming (i) a
temperature of about 600 °C at 20 km depth at the boundary between
the top of the partially molten root and the overlying solid metasedi
mentary sequence, and (ii) a basal Moho temperature of 900 °C, a rather
conservative choice considering a standard temperature of the asthe
nosphere of 1300 °C.

The alternative thermal source results from internal heating of the
orogenic crust by the decay of radioactive isotopes. In this case the
Rayleigh number is expressed by:

Ra, = ngAf{s.
nxk

The radioactive heat production A of paragneisses and migmatites
exposed on Naxos, estimated on the basis of their U, Th and K contents,
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(thick grey dashed line). Rayleigh numbers are calculated for a crust heated
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parameters values).

ranges from 2.5-101° W/kg to 9107 '° W/kg (Table 1). The thermal
conductivity of granitic rocks (k) is typically 2.5 W/m/K (Mottaghy
et al., 2008).

For both basal and internal heat sources, the critical Rayleigh
number (~103, McKenzie et al., 1974) is reached if the average visc
osity (1) is lower than about 2.10'® Pas for a crustal layer 20 km thick,
and lower than 5.10' Pa's for a crustal layer 10 km thick (Fig. 6). Such
a viscosity range stands within the spectrum of experimentally de
termined viscosity of partially molten rocks (see review in Rosenberg
and Handy, 2005) and is higher by several orders of magnitude than the
viscosity of felsic magmas (Scaillet et al., 1998; Spera et al., 1988),
thereby suggesting that convection is a plausible mechanism within
partially molten orogenic roos.

The relevance of this scenario of convective instability is further
evaluated by calculating the velocity at which a zircon grain could
revolve around an elongated convective cell of height r; = 10 20 km,
width r, = 2 3 km (the typical size of the subdomes), and a revolution
time of t =1 2Ma, as constrained by the estimated thickness of the
partially molten crust, the typical size of the subdomes, and the re
currence period of dissolution precipiwtion cycles in zircon grains re
spectively. This yields a velocity of V, = 2(r1 + r2)/t =1 5cm/yr.

In parallel, we also approximate the convection cells as rising
buoyant spheres in a medium of homogeneous average bulk viscosity
(e.g. Weinberg and Podladchikov, 1995). Spherical bodies of
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migmatites of radius r, = 2 3 kin with a density contrast §p = 100 kg/
m® are assumed to rise through a host matrix of constant viscosity
1 = 10'®Pas. The corresponding predicted Stokes velocity V, = 1/
3.8p.g.R?/n = 4cm/yr, which is consistent with the revolution velocity
obtained above (V,). Accordingly, these first order estimates indicate
that convection with a revolving cycle of the order of the 1 2mil
lion years is a viable process for the geochronologic record of zircon
grains within the Naxos subdomes.

Thirdly, we follow the approach presented in Burg et al. (2004) to
identify the conditions favorable to develop either a folding or a dia
piric instability taking into account the strain rate, the relative thick
ness of the crustal layers, and their viscosity and density contrasts. Even
though Burg et al.'s model assumed linear constant viscosities and a
compressional tectonic regime, their theoretical results may still apply
at first order to the Naxos dome. With details given in Supplementary
file S5, we evaluated the parameters B and By, defined in Burg et al.
(2004) for a strain rate ranging between 10~ !2 and 107!%s™1, thick
nesses of crustal layers from 5 to 20km, viscosities between 107

and102°Pas, and a density contrast between 100 and 200 kg/m?3. The
resulting growth rate of the density driven diapiric instability is nearly
in all cases > 2 orders of magnitude faster than that of the tectonically
driven folding instability. However, in order to produce a dome spacing
on the order of 15 km or less as observed in Naxos (A\/H ~ 1), the
viscosity contrast between the buoyant lower crust and the overlying
crust has to be rather close to 2, and certainly < 10 (more details in
Supplementary file S5). This information, together with the other es

timates presented above, point to an average viscosity of 5-10'7 to
10"® Pas for the partially molten orogenic root of Naxos. Naturally, the
consideration of non linear viscosities, tensile boundary conditions and
the three dimensionality of the system shall improve the evaluation of
the thermomechanical properties that controlled the exhumation of the
partially molten crust of Naxos, calling for a more elaborated numerical
approach (in preparation).



Table 1
Physical parameters used to evaluate the crustal Rayleigh number.

Parameters for Rayleigh numbers

Density p (kg/m%) 2500

Thermal expansivity a ('K 1) 3.10 °

Temperature contrast (°K) 300

Thermal diffusivity (m?s 1) 10 ©

Thermal conductivity k (Wm 'K 1) 2,5

Viscosity n (Pa.s ') 10'° 10"
Thickness of low-viscosity layer H (km) 5 25
U, Th, K contents and heat production of Naxos rocks

Rock types Schist Schist Paragneiss Paragneiss Calcicgneiss Metabasite Metabasite Metabasite Metabasite Granite Migmatite
U (in ppm) 1071 2459 2989 2,7557 1,99 0,17 0,39 1,85 3,85 3,13 3,34

Th (in ppm) 3489 10,37 15,23 15,6923 10,3 0,1 1,42 5,59 13,5 2,8 12,3

K>0 (in %) 2,1 2,74 3,57 4,39 4,49 0,45 2,45 0,62 0,11 4,19 7,16
A(10 wkg ) 258 5,94 7,98 8,11 5,97 0,32 1,46 3,47 7,37 5,02 8,59
A@EWm 3) 0,70 1,6 2,15 2,19 1,61 0,09 0,39 0,94 1,91 1,36 2,32

Radioactive heat release rates were calculated using values in W/kg of U =9.81 10 5; Th = 2.64 10 5;K = 3.4810 9 and a density of 2700 kg/m°.

6. Discussion: the dynamics of the Naxos migmatite dome

The Naxos dome, in the central part of the Attic Cycladic
Metamorphic Complex, is a crustal scale structure cored by migmatites
and heterogeneous granites exhumed beneath an extensional crustal
detachment system. While the development of the Naxos dome has
been variably attributed to a number of mechanisms (e.g., diapirism:
Jansen and Schuiling, 1976 and Vanderhaeghe, 2004; exhumation
during regional extension: Gautier et al., 1993; Rey et al., 2011; Le
Pourhiet et al., 2012; and superposed folding resulting from E W re
gional shortening followed by top to the NNE shearing: Avigad et al.,
2001; Buick, 1991; Urai et al., 1990) a number of structural features
inherent to the migmatitic core attest to the predominance of gravita
tional instabilities (cf. Kruckenberg et al., 2011): (i) syn migmatitic (i.e.
magmatic) foliation and entrained metasedimentary septa within high
melt fraction migmatites delineate numerous internal subdomes within
the 5 X 12km first order dome; (ii) structures such as synforms, cas
cading folds, and triple points commonly associated with the devel
opment of diapirs and convective instabilities (e.g., Ramberg, 1980)
occur between subdomes, likely attesting to the downward flow of
denser material in intervening regions between subdomes; and (iii) the
strain pattern in the migmatite core is, in part, discontinuous with
structures in mantling metasedimentary sequence (e.g., folds of the
wavelength and amplitude of the subdomes and synforms do not project
into equivalent structures in the enveloping units), suggesting that
models invoking fold interference as the primary mechanism of dome
formation are incapable of explaining the heterogeneous strain pattern
and discordant structural fabrics recorded within the dome migmatites.
Rather, these features are consistent with a scenario of convection of
the partially molten to magmatic root of the Aegean orogenic crust,
followed by diapirism and diking during orogenic gravitational collapse
(Fig. 8). This model is corroborated by the quantitative assessment of
the mechanical properties of the Naxos dome presented in this paper.
We estimate a mean viscosity of the order of 10'®Pa.s or less for the
partially molten to magmatic orogenic root, which, although rather
conservative for partially molten felsic rocks, is conceivable when
averaging the whole 10 20 km thickness of partially molten crust. The
roughly axial symmetric shape of the first order dome and subdomes
further attests to the key role of buoyancy driven forces in triggering
gravitational instabilities in the partially molten orogenic root. Never
theless, the aspect ratio (~1:2) of the first order dome indicates that
regional extension of the upper crust also played a role and likely al
lowed for a component of isostasy driven flow of low viscosity material
(Kruckenberg et al., 2011; Rey et al., 2011).

This interpretation opens a new perspective on the interpretation of
complexly zoned zircon grains with a protracted geochronological re
cord typical of high grade terranes. Such zoning had been previously
interpreted to be caused by repeated chemical and/or thermal mod
ifications of the zircon environment causing dissolution/precipitation
cycles at high temperature, in static contexts (e.g. Corfu et al., 2003;
Keay et al., 2001). We propose to interpret the textural evidence of
recurrent dissolution and growth of the zircon grains in the core of the
Naxos dome as a chronological record of cyclic zircon entrainment in
the convecting partially molten orogenic crust. Although further in
vestigation of the zircon U Pb record is required to strengthen this
model of the Naxos dome and the origin of its subdomes, we advocate
that this interpretation is also consistent with the structural record of
migmatitic deformation (Kruckenberg et al., 2011), other currently
available data in Naxos, and with the first order mechanical analysis
presented here.

Convection has already been proposed to account for zoning of
magmatic minerals in plutons and layered intrusions (e.g. Ginibre et al.,
2007) but only seldom at the crustal scale (Riel et al., 2015; Weinberg
and Schmeling, 1992). According to this scenario, textural character
istics and U Pb ages of zircon grains provide a proxy to estimate (i) the
duration of metamorphism leading to the generation and crystallization
of a melt fraction and (ii) the dynamics of convecting partially molten
to magmatic layers. The duration of high temperature metamorphism
associated with the presence of melt, in the case of the Naxos dome in
the middle of the Aegean domain, is estimated to have lasted at least
11 Ma, when considering the difference between the oldest U Pb age
obtained on a zircon grain marked by dissolution/precipitation (24 Ma)
and the youngest age obtained on an intrusive granitic dike (13 Ma). An
8 Ma duration for the convective instability is bracketed by U Pb ages
ranging from 24 to 16 Ma obtained on finely crystallized zircon rims
within dome migmatites. The diapiric rise of the first order dome for
mation is recorded by U Pb geochronology on zircon and monazite from
partially transposed to cross cutting granitic veins rooting into the core
of the Naxos migmatite dome, and intruding the metasedimentary
mantle of the dome from ca. 16 to 13 Ma (~3 Ma). Interestingly, (i)
convection of the partially molten rocks over a crustal column 10 to
20 km thick, followed by (ii) doming associated with magma extraction
from the partially molten zone and intrusion in the host rocks over a
relatively thinner 5 10km crustal column could correspond to two
distinct dynamic regimes that were relayed in time and accompanied
the progressive thinning (collapse) of the Aegean orogenic belt.
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7. Conclusion

The structural, metamorphic, and geochronological record of the
Naxos dome and its constituent subdomes cored by migmatites are used
as proxies to define the thermal tectonic history of the exhumed root of
the Aegean orogenic belt and to assess its internal dynamics while it
was partially molten. A thickness of ~20 km is estimated for the former
partially molten crust based on the present day crustal thickness be
neath the exhumed migmatites. This thickness was reached at the
climax of crustal thickening (up to about 50km) as attested by P T
conditions recorded in Ky bearing paragneisses marking the contact
with the migmatites coring the dome. U Pb ages from ca. 24 Ma to ca.
16 Ma and textures of zircon in the migmatites suggest successive dis
solution and precipitation cycles with a period of 1 to 2 Ma. These cy
cles are probably controlled by temperature and/or chemical mod
ification of the zircon's environment and we interpret them as the
timescale of convective instabilities in a ca. 20km thick partially
molten layer. Dimensional analysis indicates that convection of a 20 km
thick root requires a viscosity lower than 10 Pa's, which is consistent
with the estimated viscosity of partially molten felsic rocks. Structural
analysis and U Pb geochronology of deformed granitic dikes rooting in
the migmatites record the subsequent development of the Naxos dome
by diapirism from ca. 16 to 13 Ma. The size of the first order dome
(5 x 12km) requires that the unstable layer at the onset of diapirism
was 5 to 10km thick and presented a viscosity contrast with its en
velope limited to about one order of magnitude.

These features, together with the structural record of deformation
preserved in the dome migmatites, serve as a basis to elaborate a two
stage model for the dynamic evolution of the partially molten root of
the Aegean belt. After crustal thickening, thermal relaxation of the
orogenic crust led to partial melting of a 20km thick layer allowing for
crustal scale convection for at least 8 Ma from ca. 24 to ca. 16 Ma. The
formation of the 5 X 12km Naxos dome occurred over approximately
3 Ma from ca. 16 to ca. 13 Ma, marking the transition from a convective
instability to a diapiric instability during progressive thinning of the
crust and gravitational collapse accompanied by progressive crystal
lization of the molten orogenic root.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2018.03.007.
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