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The presence of external fluids in metamorphic rocks has been shown to have a profound impact on
rock rheology as high fluid pressure processes promote embrittlement and favor ductile deformation by
recrystallization. Moreover, it has been proposed that brittle deformation guides fluid circulation and
that intracrystalline deformation is responsible for fluid redistribution at the grain scale. Nevertheless,
the amount of fluid present in the metamorphic ductile crust is debated and the nature of the inter-
action between fluids and recrystallization processes are not clearly identified. The aim of this study is
to document the spatial distribution of fluid inclusions relative to microstructures in quartz grains and
aggregates from veins sampled in amphibolite facies metamorphic rocks, exposed in the island of Naxos
in the center of the Attic-Cycladic Metamorphic Complex in Greece. The veins, ranging from discordant
structures with sharp contacts to totally transposed structures into the metamorphic foliation, display
a large variety of microstructures and fluid evidences interpreted as recording exhumation processes
through the ductile/brittle transition: (i) remnants of primary quartz grains contain abundant CO,-H,0
fluid inclusions, decrepitated for the most part, distributed in clusters and in fluid inclusion trails, (ii) fluid
inclusions with a similar composition are less abundant in recrystallized zones and in subgrains but are
concentrated along grain boundaries indicating that grain boundary migration is responsible for redis-
tribution of CO,-H,O fluids, (iii) subgrains of the last generation are almost devoid of fluid inclusions
and are characterized by thick grain boundaries with abundant metamorphic fluids locally forming a
continuous film. CO,-H, O fluid inclusions aligned in parallel, regularly spaced intragranular trails, locally
rooted into grain boundaries, are interpreted as reflecting the spatial redistribution of these fluids in
quartz slip planes owing to the increase of fluid pressure in grain boundaries. This proposition is cor-
roborated by the parallelism between slip planes and fluid inclusion trails. Perpendicular sets of fluid
inclusion trails formed at the junctions of subgrains suggest that redistribution of fluids along quartz slip
planes contributes to the initiation of subgrain rotation recrystallization. Transgranular fluid inclusion
planes oriented perpendicular to the regional mineral and stretching lineations of the host metamorphic
rocks mark a transition from grain to rock scale brittle behavior associated with the infiltration of H,O
fluid, mixing to various degrees with the initial CO,-H,O fluid already present in the metamorphic rocks.
These features indicate that, in the ductile-metamorphic crust, fluid redistribution is intimately linked
to recrystallization mechanisms allowing fluids circulation under lithostatic pressure.

1. Introduction

The rheological behavior of the continental crust, which is sub-
divided into a brittle upper crust transitioning to a lower ductile
crust, is accompanied by profound modifications on fluid distribu-

_ tion and circulations (Etheridge et al., 1983; Reynolds and Lister,
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to fracturing (Sibson et al., 1975; Etheridge et al., 1983; McCaig,
1988; Sibson, 2000; Ingebritsen and Manning, 2002). Indeed, the
increase of fluid pressure causes a decrease in the strength of rocks
and may induce rupture (Terzaghi, 1925). At higher temperature,
although experimental work has shown that the presence of fluids
promotes ductile creep (Griggs, 1967; Hobbs, 1968; Blacic, 1975;
Tullis and Yund, 1989; Hirth and Tullis, 1992, 1994; Law, 2014),
the causal relationship between metamorphic fluids and recrystal-
lization has not been clearly identified. Moreover, the amount of
fluids in the deep crust remains uncertain: some authors, invoking
the small fluid/rock wetting angle at thermodynamic equilibrium
and the efficiency of fluid escape through brittle fractures opened
to the surface, propose that the amount of fluids in rocks under
lithostatic pressure is limited to small disconnected pores (Yardley,
1986; Watson and Brenan, 1987; McCaig, 1988; Yardley and Valley,
1994). Others, in contrast, argue that the physical-chemical char-
acteristics of fluids trapped in metamorphic rocks are consistent
with establishment, at least locally and sporadically, of a grain-
scale continuous fluid network (Jessell et al., 2003; Famin et al.,
2004; Ingebritsen and Manning, 2010). Moreover, the production
of internal fluids through metamorphic reactions or magma crys-
tallization might augment the fluid/rock ratio and then destabilize
the initial thermodynamic equilibrium between fluids and miner-
als, inducing crystallization of new metamorphic phases (Etheridge
etal., 1983; Connolly, 1997; Oliot et al., 2010, 2014; Goncalves et al.,
2012; Rossi and Rolland, 2014).

Studies on the distribution of fluid inclusions relative to
microstructures suggest that intracrystalline deformation and
microstructure development lead to the spatial redistribution of
fluids at the mineral scale (Kerrich, 1976; Wilkins and Barkas, 1978;
Bakker and Jansen, 1990; Drury and Urai, 1990; Boullier et al., 1991;
Bons and Urai, 1992; Bakker and Jansen, 1994; Jessell et al., 2003;
Schmatz and Urai, 2011). In particular, Wilkins and Barkas (1978)
have identified that fluid inclusion trails tend to be localized along
deformation lamellae and subgrain boundaries of quartz undergo-
ing dislocation glide and recovery. Based on these observations,
these authors propose that fluid at high-pressure in the cores of
subgrains might diffuse into slip planes in the grain interior and
assist dislocation propagation and climb. Similar results have been
obtained by experimental deformation of quartz (Carteretal., 1964;
Christie and Ardell, 1974; Fitz Gerald et al., 1991; Tarantola et al.,
2010, 2012).

In order to complement these studies, in this paper, we present
an analysis of fluid inclusions distribution relative to microstruc-
tures from quartz in veins enclosed in metamorphic rocks exhumed
during the development of the Naxos Metamorphic Core Complex
(MCC) in the Cyclades. This analysis allows us to investigate in nat-
ural examples (i) the relationship between the presence of fluids
and quartz recrystallization and (ii) the impact of intracrystalline
deformation on the spatial redistribution of fluids.

2. Geologic context: Naxos in the Attic-Cycladic
Metamorphic Complex

Naxos Island, located in the center of the Aegean domain
(Fig. 1a), is part of the Attic-Cycladic Metamorphic Complex (Diirr
et al., 1978; Jacobshagen et al., 1978) and exposes rocks that
have recorded burial and subsequent exhumation along the Africa-
Eurasia convergent plate boundary (Dewey and Sengor, 1979;
Dercourt et al.,, 1986; Jolivet et al., 2013; Scheffer et al., 2016).
Naxos exposes the most complete structural section of the Cycladic
Islands with a sequence of alternating schists and marbles jux-
taposed along a low-angle detachment to an upper crustal unit
comprising Miocene detrital sediments (Fig. 1b) (Jansen, 1973a,b;
Buick, 1991; Gautier etal., 1993; Vanderhaeghe et al.,2007). Eocene

relics of blueschist facies HP/LT metamorphism are preserved on
the southern tip of the Island (Wijbrans and McDougall, 1986;
Avigad and Garfunkel, 1991). They are overprinted by Miocene
greenschist to amphibolite facies MT/MP metamorphism (Jansen
and Schuiling, 1976; Buick and Holland, 1989; Duchéne et al., 2006).
This metamorphism reaches partial melting as attested by the pres-
ence of migmatites coring a 10 x 20 km dome in the central part
of the Island (Fig. 1b & c) (Keay et al., 2001; Martin et al., 2006,
2008; Vanderhaeghe, 2004; Kruckenberg et al., 2010, 2011). Meta-
morphic rocks are intruded by a syntectonic granodiorite pluton
exposed along the western coast of the Island and dated at 12
Ma (Keay et al., 2001). Low-temperature thermochronology con-
strains exhumation of the crystalline rocks in the footwall of the
detachment from 11 to 8 Ma (Brichau et al., 2006; Seward et al.,
2009).

Naxos has been a target for the study of fluid circulation in meta-
morphic rocks. In particular, the presence of ubiquitous CO,-H,0
fluid inclusions in the metamorphic rocks has animated a debate
regarding the source of CO,: some authors have invoked an ori-
gin of these fluids from a deep-seated mantle source (Rye et al.,
1976; Schuiling and Kreulen, 1979; Kreulen, 1980, 1988) while oth-
ers have favoured decarbonation of the nearby marbles together
with dehydration of the schists and infiltration of H,O-rich flu-
ids issued from partial melting (Buick and Holland, 1991; Baker
and Matthews, 1995). More recently, Siebenaller et al. (2013) have
reconstructed the fluid history of rocks exhumed through the duc-
tile/brittle transition with an initial trapping of CO,-H,0 fluids
associated with ductile deformation, followed by the infiltration of
H, O fluids associated with microscopic to macroscopic fracturing of
the rock. Mineral and stretching lineations are homogeneously ori-
ented N20° and kinematic criteria indicate a top-to-the-NNE sense
of shear (Lister et al., 1984; Gautier et al., 1990; Urai et al., 1990;
Buick, 1991; Vanderhaeghe, 2004).

3. Distribution of fluid inclusions relative to
microstructures

In this study, building on the analysis of Siebenaller et al. (2013)
that has documented the fluid record of rocks exhumed through
the ductile/brittle transition, we focus on the distribution of fluid
inclusions relative to microstructures. The studied samples con-
sist of (i) discordant quartz veins cross-cutting transposed veins
into the foliation of a leucogneiss layer affected by upper amphi-
bolite facies metamorphism to the south of the Naxos migmatite
dome, and (ii) a quartz vein transposed in a lower amphibolite facies
biotite-schist to the north-west of the migmatite dome (Fig. 1b).
These veins provide a microstructural and fluid record representa-
tive of deformation-retrogression from upper-amphibolite facies
to greenschist facies coeval with exhumation through the ductile-
brittle transition as evidenced by microstructures described in
Siebenaller et al. (2013). The typology of the various quartz veins,
their fluid inclusion and microstructural records as well as their for-
mation and deformation P-T conditions are summarized in Table 1.

3.1. Quartz veins hosted by upper amphibolite facies leucogneiss

The leucogneiss displays three distinct sets of veins that are
distinguished on the basis of their structural position. V-M2 veins
with diffuse boundaries, sometimes structurally related to leuco-
somes and pegmatites, are totally transposed into the foliation and
are interpreted to correspond to metamorphic veins affected by
ductile deformation. V-BD N-S striking veins are discordant but
partially transposed into the amphibolite-facies foliation and are
interpreted to reflect successive episodes of brittle deformation of
the leucogneiss during overall ductile deformation. V-B E-W strik-
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Fig. 1. (a) Geodynamic context of the Aegean region and localization of the Attic Cycladic Massif (ACM). (b) Geology of Naxos Island (modified after Jansen, 1973a;
Vanderhaeghe, 2004; Siebenaller et al., 2013). (c) N-S cross-section (same legend as for Fig. 1b).

ing subvertical veins cross-cut the foliation with sharp contacts
and are formed by brittle deformation. For field pictures, macro-
photographs, veins structural relationships and more detailed field
information, see Siebenaller et al. (2013).

3.2. Microstructures and fluid inclusions of transposed
metamorphic veins V-M2

Totally transposed veins V-M2 display the most complete
microstructural and fluid record (Figs. 2-4 and Fig. 3a & b from

Siebenaller et al., 2013). These veins display a heterogeneous
microstructure with remnants of primary centimeter-size grains,
designated as Qrem, Showing a weak shape-preferred orientation
and smaller subgrains, defined as Q.x¢, with variable sizes (Fig. 3a).
Locally, older Qrem quartz grains have preserved a core character-
ized by undulatory extinction, deformation bands, and chessboard
texture but more generally they are subdivided into subgrains Q.xt
with alower dislocation density indicative of dislocation glide asso-
ciated with recovery by dislocation climb (Urai et al., 1986a; Hirth
and Tullis, 1992) (Fig. 3a). The serrated Qrx: grain boundaries are



Table 1

Unfolding of the structural evolution with respect to quartz vein formation, quartz grain microstructures, fluid inclusion typology and respective P-T trapping conditions

(modified after Siebenaller et al., 2013).
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indicative of grain boundary migration (Fig. 3a). The presence of a
mantle of small grains around older cores is interpreted to reflect
recrystallization by subgrain rotation (SGR) (Guillopé and Poirier,
1979; Bons and Urai, 1992) (Fig. 3a & ¢).

The cores of older grains contain the most fluid inclusions in
number and volume (Fig. 2 & b). These inclusions show a vari-
ety of compositions and microthermometric characteristics (see
Siebenalleretal.,2013).They are dominated by mostly decrepitated
CO,, CO,-H;0, and H,0 highly saline fluids containing a variety of
solids such as halite, siderite, calcite or marcasite and are organized
as clusters or as curved intragranular fluid inclusion trails (FIT) with
respect to completely recrystallized zones, preferentially localized
along deformation bands. These fluid inclusion trails tend to have
an N-S to NW-SE trend. Recrystallized zones (Q.x¢) and subgrains
(SG) within older grains contain less fluid inclusions (Fig. 3a from
Siebenaller et al., 2013). Subgrains mantling Qrem, grains are almost
inclusion free and respective subgrain boundaries are rich in Fls
(Fig. 3¢, white arrows). Intragranular fluid inclusions in recrystal-
lized zones have a CO,-H,0 composition roughly similar to the one
of fluid inclusions in Qrem grains. Grain boundaries of Qe grains
and boundaries of subgrains mantling older grains are rich in fluids
and impurities, particularly at the intersection with intragranular
fluid inclusion planes (FIP) (Fig. 3¢c). Locally, intragranular CO,-H,0
FIT, trending at high-angle relative to each other, are rooted in grain
boundaries (Figs. 3d & e). Recrystallized quartz grains are cross-
cut by FIP with a steep dip of about 70° and a dominantly E-W
trend (Figs. 2, 3 b & f), perpendicular to the regional scale stretch-
ing and mineral lineation. Some of these transgranular FIP contain
CO5-H,0 fluids while others contain solely H, O. Intragranular CO,-
H, O FIP display irregular shapes and variable liquid/vapor ratios

(Fig.4b). Many of the fluid inclusion trails contain decrepitated fluid
inclusions that have collapsed in a plane perpendicular to the fluid
inclusion trail with a limited lateral extension on both sides of the
initial FIT (Fig. 4a). Such features have also been described in exper-
imentally deformed fluid inclusions (Tarantola et al., 2010; their
Fig. 7b &f). CO,-H, O transgranular FIP are geometrically connected
to decrepitated annular primary fluid inclusions (Fig. 4c). This type
of texture has been described by Pécher (1981) from experimental
work and by Boullier et al. (1991) from natural samples and are
interpreted to be related to rapid decompression. H,O transgran-
ular FIP are also spatially connected to decrepitated larger fluid
inclusions (Fig. 4d). Subhorizontal transgranular H,O FIP exhibit
striations (Fig. 4e & f). These striaes might correspond to the inter-
section between the plane of the inclusion and the transgranular
FIP containing decrepitated fluid inclusions described above and
illustrated in Fig. 4a.

3.3. Microstructures and fluid inclusions of partially transposed
veins V-BD

Partially transposed veins V-BD display a microstructure char-
acterized by millimeter-sized remnants of primary grains (Qrem)
that are smaller than the ones of V-M2 veins (Fig. 5). Qrem grains
have serrated grain boundaries, show undulatory extinction, defor-
mation bands and are locally subdivided into micrometer-scale
subgrains with a homogeneous extinction. Qrem grains are par-
tially recrystallized (Qx¢) and surrounded by a mantle of subgrains
(SG)(Fig. 5a & b).

In contrast to V-M2 totally transposed veins, V-BD partially
transposed veins do not contain primary highly saline fluids. Relict
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Fig. 2. Photomicrograph of thick section of V-M2 quartz vein (LS-04-115) and indication of fluid inclusion (FI) distribution in function of quartz microstructures. The regional
stretching direction is N20. Remnants of primary quartz grains are bluish and surrounded by white dashed lines and are marked by a high density of primary FIs and N-S to
NW-SE oriented fluid inclusion trails (FIT, black lines) of similar composition than primary Fls (c.f. Siebenaller et al., 2013; for a detailed description of the FI compositions).
Light grey zones indicate parts of primary quartz grains that were affected by partial recrystallization. They contain remnants of primary Fls as well as N-S to NW-SE oriented
FIT. The dark grey zones mostly located in the middle of the section are devoid of primary FIs and are marked by their poor FI content in general. They are organized along an
E-W oriented zone crosscut by transgranular fluid inclusion planes (FIP, blue and red dashed lines). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

primary grains contain abundant CO,-H,O fluid inclusions dis-
tributed as clusters and aligned in intragranular FIT (Fig. 5e).
Subgrains mantling remnants of primary grains are spatially cor-
related with zones with the most fluid inclusions. However, the
subgrains are almost inclusion free and fluid inclusions, impuri-
ties and oxides are found within or at the vicinity of recrystallized
grain boundaries and subgrain boundaries (Fig. 5¢ & d). In some
recrystallized grains, the former position of the Qrem grain bound-
ary is marked by a nearly continuous ring of fluid inclusions and
impurities that have probably been left behind after grain boundary

migration (Fig. 5e & f). Such textures are typical of grain boundary
migration recrystallization (Drury and Urai, 1990).

3.4. Microstructures and fluid inclusions of discordant veins V-B
with sharp cross-cutting contacts

Discordant veins V-B with sharp cross-cutting contacts show a
simpler microstructure compared to V-M2 and V2-BD veins (Fig. 6).
Remnants of centimeter sized primary quartz grains (Qrem) With
serrated grain boundaries are preferentially preserved in the cen-
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(cross-polarized light). Note the lobate and wavy grain boundaries and the presence of subgrains at the interface of larger grains. (b) Thick section with indication of FI
distribution (c.f. Siebenaller et al., 2013; for a detailed description of the FI compositions). Qrem are surrounded by a mantle of small-scale subgrains (SG) with inclusion
rich grain boundaries (dark grey zones mantling Qrem, of which a detail from a thin section is shown in c). Note that recrystallized zones are marked by a high amount of
transgranular FIP (red and blue dashed lines). (c) Boundary between Q;x: and Qe grains rich in fluid inclusion free subgrains (cross-polarized light). White arrows indicate
Fi-rich lobate and wavy Qxt-Qrem boundaries indicative grain boundary migration recrystallization. Recrystallized Q,x are devoid of intragranular FIP (green dashed line) and
only crosscut by late transgranular FIP (red dashed lines). (d) Set of two small grains at the interface of two larger grains. (e) Zoom on apex of uppermost small grain from (d).
Note a series of FIP perpendicular to each-other rooted into the nose of the grain boundary (dark part) that is marked by fluid inclusions that seem to propagate (indicated
by black arrows) into the larger grain starting from the FI-rich grain boundary. (f) Close-up view on FIP organization in cross-polarized light. Transgranular FIP (CO,-rich in
red and H,O-rich in blue) are closely spaced and all roughly E-W oriented. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

ter of the veins and tend to be recrystallized along the walls
(Fig. 7a). Wavy and lobate grain boundaries indicate grain bound-
ary migration recrystallization (Fig. 6). Large Qrem grains can also
include subgrains and Qx; that have recrystallized by grain bound-
ary migration (Fig. 7c, e & g). In these veins, all quartz grains display
undulatory extinction but are devoid of deformation bands and do
not present a shape preferred orientation (Siebenaller et al., 2013).

Veins V-B contain abundant fluid inclusions. Qe grains contain
the most fluid inclusions as CO,-H, 0 distributed in clusters and in
intragranular FIP (Fig. 7a & b). Fluid inclusions are less abundant
in recrystallized grains Q¢ and are distributed along intragranular
FIT (Fig. 7a, b, d, e & g) as well as transgranular FIP (Fig. 7a & b). The
intragranular FIT within recrystallized quartz Q.x; are curved but

have roughly the same orientation and fluid inclusions composition
as intragranular FIP from Qrem grains (Fig. 7e). They are in con-
trast to sharp fluid inclusion planes and contain decrepitated fluid
inclusions with heterogeneous compositions. At the intersection
between grain boundaries of recrystallized grains and intragranu-
lar FIP, the grain boundaries are particularly rich in fluid inclusions
of similar composition (Fig. 7f). Based on these features, that are
similar to the ones described in V-M2 veins (Fig. 3¢), fluid inclusion
trails are interpreted to represent former fluid inclusion planes that
have been perturbed and redistributed by grain boundary migra-
tion recrystallization. Ghosts of former grain boundaries of Qrem
grains are underlined by rings of fluid inclusions and impurities
(Fig. 7g & h). Some CO,-H;O0 fluid inclusion trails are rooted along
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grain boundaries and vanish at a few tens of microns away from
them (Fig. 7i & j). These grain boundaries are rather thick and
contain micrometer-size subgrains. Small subgrains within recrys-
tallized older grains and cross-cutting larger subgrains are almost
free of fluid inclusions but their grain boundaries are thick and char-
acterized by a high density of fluid inclusions (Fig. 7b, e, g & h).
Transgranular CO,-H;0 and H,O fluid inclusion planes cross-cut
Qrem as well as recrystallized Q.x¢ grains (Fig. 7a, b & h). Transgran-
ular CO,-H,O0 fluid inclusion planes cross-cut intragranular fluid
inclusion trails with decrepitated inclusions (Fig. 7b & d).

3.5. Quartz veins in lower amphibolite facies biotite schist

At higher structural level, biotite-schists also contain numerous
quartz veins that are totally to partially transposed in the meta-
morphic foliation (Fig. 8a). The studied sample was collected to the
NW of the Naxos dome in lower amphibolite facies mylonitic rocks
just beneath greenschist facies ultramylonite to cataclasite (Fig. 1).
The microstructure is dominated by a shape preferred orientation
of Qrem grains (Fig. 8c). These older grains display an undulatory

extinction, deformation bands, serrated and wavy grain bound-
aries were affected by recrystallization (Qrx¢). They are mantled by
smaller subgrains exhibiting a shape-preferred orientation delin-
eating the foliation (Fig. 8b, c & e). This microstructure is indicative
of stress-driven subgrain rotation recrystallization (SGR). In these
veins, SGR dominates but is associated with dislocation glide and
recovery by grain boundary migration recrystallization. Together
these microstructures reflect deformation at an intermediate tem-
perature (~350°C).

Qrem grains are rich in CO,-H,O0 fluid inclusions distributed as
clusters and fluid inclusion trails (Fig. 8d-i). Recrystallized grains
and subgrains contain less abundant CO,-H;O fluid inclusions
(Fig. 8b, d, f, g & i). Boundaries of subgrains are rich in disconnected
fluid inclusions (Fig. 8d, g & h). Clusters of fluid inclusions and fluid
inclusion trails in Qrem grains show decrepitation textures and are
connected to secondary fluid inclusion trails oriented perpendicu-
lar to the earlier ones (Fig. 8d & i) similar to those in Fig. 4a. Such
features have been observed in experimental work by Tarantola
etal, 2010 (c.f. Fig. 7b & f therein).
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Fig. 5. Photomicrographs in cross-polarized light (except for (c), simple polarized light) of V-BD quartz veins. (a) and (b) micron-scale subgrains aligned within larger older
grains (white arrows). (c) and (d) micron-scale subgrains (SG) mantling millimeter-size remnants of primary quartz grains (Qrem ). Note the high density of impurities (mostly
oxides) and Fls (black dots) within subgrain boundaries. (e) and (f) Relict Q;em grain boundary left over after recrystallization (Q.xt). Note the near continuous ring of Fls and

impurities (black dots) that mark the relict Qerm grain boundary.

3000pm

Fig. 6. Photomicrograph in cross-polarized light of V-B quartz vein (LS-06-33). Note
the sharp cross-cutting contact with respect to the host rock and the large millimeter
to centimeter-scale quartz grains showing lobate and wavy grain boundaries.

4. Discussion

The distribution of fluid inclusions relative to microstructure
provides a basis to discuss the impact of quartz recrystallization

on the redistribution of fluids and, in turn, on the impact of the
presence of fluids on microstructure development. A summary of
these features is given in Table 1.

4.1. Intracrystalline deformation and fluid redistribution

The fact that remnants of primary grains Qrem are richer in
fluid inclusions than recrystallized zones (grain boundary migra-
tion and subgrains formation) indicates that these processes induce
a redistribution of fluids. This conclusion has already been reached
via the analysis of naturally and experimentally deformed sam-
ples (Kerrich, 1976; Wilkins and Barkas, 1978; Drury and Urai,
1990; Bons and Urai, 1992; Jessell et al., 2003). The richness in
fluid inclusions along serrated grain boundaries and along subgrain
boundaries (e.g. Figs. 3 ¢, 5 ¢ & 8 h) suggest that part of the fluid
content of Qrem grains is swept out by grain boundary migration
and concentrated along the migrating grain boundaries (e.g. Urai
etal., 1986a,b). Along subgrains within Qrem grains, fluid inclusions
are typically isolated but they locally form a continuous film along
subgrains mantling recrystallized Qremy grains (e.g. Fig. 7h).

However, the presence of intragranular fluid inclusions with a
composition similar to the one of primary grains in zones affected
by grain boundary migration (Figs. 3 ¢, 7 d-f & 8 d) and in sub-
grain boundaries (Figs. 3 c-e & 7 h) is consistent with a local
redistribution of fluids associated with recrystallization. The anal-
ysis of experimentally-deformed natural and analogue materials



150pum

Intragranular FIP in Q_(CO,-H,0-salt-cal Fls)

Relict intragranular FIT in Q,, (CO.-H,0-salt-cal Fls)
Transgranular FIP (CO,-H.,O-salt Fls)

Transgranular FIP (H,O-salt Fls)

Fig. 7. Photomicrographs of thick (a, b, d, e, g-j) and thin (c, f) sections in cross-polarized light from V-B veins showing the distribution of FIs in function of microstructures.
(a) Contact zone with the host rock. Note that the recrystallized quartz grains (Q;x) are rich in transgranular FIP whereas remnants of primary quartz grains (Qrem) are rich
in intragranular FIP and primary mostly decrepitated FIs (high density of dark dots). (b) zoom on (a) Intragranular FIT within Q,x mirror the orientation and composition of
intragranular FIP within Qem. Note the very high density of primary decrepitated Fls clusters in Qem (right part). (c) high density of intragranular FIP (green lines) in large
Qrem- Qixe are devoid of intragranular. (d) zoom on (b) intragranular relict FIT do not show sharp planes as for FIP. (e) Zoom on similar texture as for (c) on thick section. Note
that here remnants of FIs (intragranular FIT, indicated by red arrows) can be observed in Qx following the same orientation as for intragranular FIP in Qem. Note also the
thick fluid inclusion rich grain boundary of Qx: (black arrows). (f) intragranular FIP intersected by grain boundary of Q,x. Note the presence of Fls within or at the vicinity
of the grain boundary (black arrows) at the locus where FI from FIP have been swept away by grain boundary migration recrystallization. (g) and (h) Recrystallized grain
Q:xt nearly devoid of FIs (black arrows), containing relict intragranular FIT similar to (f). Note the relict Q;em grain boundary (bottom) marked by remnants of impurities and
Fls. Transgranular FIP (red dashed lines) cross-cut Qrem and Qux grains. (i) et (j) Qrem grain boundary marked by an alignment of subgrains. Note the high density of parallel
intragranular FIP (white arrows) that are rooted into the Q,em and subgrain boundaries. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



100pm
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Fig. 8. Description of vein from lower amphibolite biotite-schist (LS-06-193). All figures except (a) correspond to photomicrographs in cross-polarized light. (a) Field
photograph of vein partially transposed into the foliation of biotite-schist. (b) Typical lobate and wavy quartz grain boundaries, and evidences for undulose extinction and
subgrain formation. (c) Large view on thin section showing quartz vein microstructures. The left and right edges of the figure are marked by large grains affected by undulatory
extinction whereas the central part is characterized by a core and mantle structure where older grains (Qrem) are partially recrystallized (Qrx) and mantled by subgrains
indicating a preferential orientation. (d) zoom on grain boundary from large grains from left part in figure (c). White arrows indicate fluid inclusion rich Quxt — Qrem grain
boundary. Note that Q. is devoid of Fls at the contact whereas Qyen, is rich in intragranular CO,-H;0-salt-cal FIP (dashed green lines). (e) Remnants of primary grains (Qrem)
mantled by subgrains (SG). Subgrains and recrystallized grains (Q:xt) show a preferential orientation and are devoid of fluid inclusions in contrast to Qe grains rich in fluid
inclusion trails (black arrows). (f) Q.x: are devoid of FIs at the contact whereas Qen, are rich in intragranular CO,-H;O-salt-cal FIP (dashed green lines). (g) zoom on (f). White
arrows indicate fluid inclusions along the Qix: — Qrem grain boundary. (h) FI-rich Qi — Qrem grain boundaries (white arrows). Note the high FI content in Qem grains. (i) Zoom
on intragranular FIT. Black dashed arrow in indicates fluid inclusion alignments centered on and perpendicular to the main fluid inclusion trail (green dashed line). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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has shown that grain boundary migration and subgrain formation
is more efficient at diminishing dislocation density than at redis-
tributing fluids (Drury and Urai, 1990; Schmatz and Urai, 2010,
2011).This is consistent with the presence of CO,-H,O fluids within
recrystallized grains Qx; (e.g. Fig. 7a, e & g). The interpretation of
these features in terms of redistribution of CO,-H,0 fluids asso-
ciated with quartz recrystallization is further strengthened by the
close spatial relationship between decrepitated primary CO2-H,0
inclusions with CO,-H,0 inclusions aligned in trails. Decrepitation
might be related to exhumation causing a decrease of the lithostatic
pressure below the internal pressure of the fluid inclusions (Pécher,
1981; Sterner and Bodnar, 1989; Boullier et al., 1991). Experimen-
tal work demonstrates that decompression-induced decrepitation
leads to the production of ring-type inclusions (Boullier et al., 1991;
Vitykand Bodnar, 1995; Tarantola et al., 2010). Decrepitation is also
accompanied by a selective loss of the aqueous phase (Bakker and
Jansen, 1990, 1994; Bakker and Diamond, 2006) which is consis-
tent with the composition of primary fluid inclusions richer in CO,
compared to intragranular fluid inclusion trails and the decrease in
CO, for successive fluid inclusion trails. Exhumation of the Naxos’
metamorphic rocks occurred during the Miocene as documented
by their structural, petrologic, geochronologic and fluid record
(Wijbrans and McDougall, 1986; Buick and Holland, 1989; Buick,
1991; Gautier et al., 1993; Duchéne et al., 2006; Brichau et al., 2006;
Seward et al., 2009; Siebenaller et al., 2013)

4.2. Fluid accumulation along grain boundaries, fluid pressure
and infiltration of fluids in weak crystallographic planes

Accumulation of fluids along grain and subgrain boundaries
leads to an increase in the fluid pressure if these fluids are not con-
nected to the surface (Etheridge et al., 1983). This fluid pressure
might overcome the strength of the rock and lead to embrittlement
(Sibson et al., 1975; Etheridge et al., 1983). The distribution of fluid
inclusions as intragranular fluid inclusion trails in recrystallized
zones is reflecting a redistribution by fracturing at the grain scale of
overpressured fluids accumulated along grain boundaries or within
quartz grains after decrepitation of large inclusions and successive
FI redistribution during grain boundary migration recrystalliza-
tion. The regular spacing and parallelism of most intragranular
fluid inclusion trails pleads for infiltration of fluids in a preferen-
tial weakness plane in the quartz grains that corresponds to the
plane perpendicular to the quartz c-axis as indicated by their posi-
tion perpendicular to intragranular FIP (Fig. 9). This interpretation
is consistent with the results of experimental deformation of fluid
inclusions enclosed in quartz grains (Tarantola et al., 2010, 2012),
with recent work from the Snake range quartzite detachment
(Carter et al., 2015) where similar features have been documented
and with the localization of fluid inclusion trails along deformation
bands (Wilkins and Barkas, 1978). According to this interpretation,
the curved geometry of most inclusion trails suggests that they have
been deformed after their formation. However, this interpretation
is at odds with the dominant N-S trend of intragranular fluid inclu-
sion trails which would require a strong crystallographic preferred
orientation within the quartz veins. In contrast to intragranular
fluid inclusion trails, the E-W orientation of transgranular FIP, per-
pendicular to the direction of extension (Fig. 9) and the fact that
they cross-cut quartz grains irrespective of their crystallographic
orientation (e.g. Figs. 2 & 3 b), indicates that they formed in response
to fracturing beyond the grain scale.

4.3. Subgrain development and grain growth in zones of
accumulated fluids

The spatial correlation between zones of fluid redistribution and
subgrains within or around remnants of primary grains is consis-
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Fig. 9. Equal-area, lower-hemisphere projection of poles to plane for intragran-
ular FIT and host quartz c-axes determined using a universal stage coupled to a
microscope from V-M2 vein sample.

tent with the idea that recrystallization is favoured by the presence
of fluids. The impact of fluids on dislocation creep has been shown
by experimental work (Griggs, 1967; Hobbs, 1968; Hirth and Tullis
1992, 1994; Diamond et al., 2010). Although hydrolysis of Si-O
bounds has been invoked (Griggs, 1967; Blacic, 1975), the nature
of the link between the presence of fluids and recrystallization has
not been clearly identified. Two situations are distinguished. First,
on the inner side of growing older grain, the zone swept by grain
boundary migration is characterized by the development of sub-
grains with fluid-rich grain boundaries (e.g. Figs. 3 ¢c,7 h,j &8 g, h)
suggesting a genetic link between these mechanisms. Second, on
the outer side of growing older grains, the accumulation of fluids
and impurities expelled from the migrating grain boundary is char-
acterized by subgrains mantling remnants of primary grains with
thick grain boundaries rich in fluid inclusions (e.g. Figs. 3 ¢, 7 h, j). In
both cases, perpendicular sets of intragranular FIT rooted into sub-
grains (Figs.4 a,5d-e&7i-j) where one of the fluid inclusion planes
is perpendicular to the quartz c-axis and the other one parallel to
the E-W oriented fractures (Fig. 9) suggest that the redistribution
and infiltration of fluids, potentially into slip planes, facilitates the
development of subgrains.

On the other hand, the spatial correlation between subgrains
and transgranular fluid inclusion planes suggests also a genetic link
between the infiltration of fluids in through-going fractures and
recrystallization. The E-W trend of transgranular inclusion planes,
perpendicular to the regional stretching and mineral lineation indi-
cates that they formed during regional extension of the Aegean
crust. These transgranular fluid inclusion planes are filled either by
C0O,-H,O0 fluid inclusions trapped at a temperature above 300°C
or by H,O fluid inclusions trapped lower than 250°C (Siebenaller
etal.,2013).Atemperature of more than about 350 °Cis required for
quartz recrystallization (Drury and Urai, 1990; Law, 2014), which
is slightly more than the trapping temperature of fluid inclusions in
transgranular fluid inclusion planes. The absence of intragranular
fluid inclusions in subgrains and the presence of decrepitated fluid
inclusions in older grains are consistent with pumping of the CO5-
H,O fluids, already present in the metamorphic rock, into these



transgranular fluid inclusions. The lower trapping temperature of
H,O fluid inclusions suggests that they did not equilibrate ther-
mally with the host minerals. Moreover, some H,O might have
mixed to various degrees with CO,-H,O fluid inclusions during
redistribution into transgranular E-W trending planes.

The microstructural analysis provided in this paper indicates
that recrystallization and fluid redistribution are intimately linked
at the grain scale through a cycle involving (1) redistribution of
fluids caused by recrystallization and grain boundary migration at
the scale of quartz veins, (2) accumulation of fluids and buildup of
fluid pressure along grain boundaries and within quartz grains as
testified by the decrepitation of large fluid inclusions (Fig. 4c & d),
(3) grain scale fracturing propagating from grain boundaries and
leading to infiltration of fluids preferentially along crystallographic
planes (Figs. 4 a, 5 d-e, 7 i—j & 9). This cycle of successive ductile
deformation associated with intracrystalline deformation and brit-
tle deformation caused by hydraulic fracturing is likely leading to
transient permeability. Such a process might insure circulation of
fluids under lithostatic pressure coeval with recrystallization and
ductile deformation (Siebenaller et al.,2013). This gives some credit
to the conceptual model of crustal-scale advective fluid transfer
proposed by Etheridge et al. (1983). Transgranular fractures mark
the transition from grain scale fracturing to at least vein scale brittle
behavior. The H,0 composition and the isotopic signature of part
of the fluids trapped in transgranular planes together with their
microthermometric characteristics are consistent with the infiltra-
tion of a meteoric fluid and trapping under hydrostatic pressure
suggesting that fractures were at least episodically connected to
the surface at the time of exhumation of these rocks through the
ductile/brittle transition (Siebenaller et al., 2013).

5. Conclusion

The relationships between microstructures and fluids inclu-
sions, investigated on veins hosted by metamorphic rocks exposed
in the Island of Naxos, indicate a link between recrystallization
and fluid redistribution. Primary CO,-H,O fluid inclusions are
preserved in the core of remnants of primary quartz grains. Recrys-
tallization driven by dislocation glide, resulting in recovery and
grain boundary migration, causes redistribution of fluids into fluid
inclusion trails and toward grain boundaries. Grain boundaries
of subgrains are locally characterized by a high density of fluid
inclusions. The accumulation of fluids along grain boundaries are
interpreted to be associated with an increase in fluid pressure
triggering microfracturing, fluid infiltration along preferred quartz
crystallographic planes and favouring subgrain rotation. These fluid
inclusions are typically decrepitated or show variable CO,-H,0
proportions suggesting fractionation during necking. Transgranu-
lar fracturing allows the infiltration of H,O meteoric fluids which
induces localized recrystallization, pumping of CO,-H, O fluids that
are mixed with H,O fluid and diluted.

Accordingly, the presence of fluids in high-grade metamorphic
rocks impacts their microstructural development and intracrys-
talline deformation is responsible for grain scale redistribution of
fluids that in turn control microfracturing along crystallographic
planes and the formation of subgrains. This mechanism is likely to
ensure fluid circulation under lithostatic pressure in the ductile-
metamorphic crust.
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