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Abstract Retrogressed eclogites are hosted within the Variscan Low- to Medium-Grade
Metamorphic Complex near Giuncana, north-central Sardinia. These rocks are medium- to fine-
grained with garnet and amphibole as the most abundant mineral phases along with clinopyroxene,
plagioclase, quartz, biotite, chlorite, epidote, ilmenite, rutile and titanite. Four stages of
mineralogical re-equilibration have been distinguished. The stage I is characterized by the
occurrence of omphacite, epidote, quartz, amphibole, rutile and ilmenite in garnet poikiloblasts. The
stage II is characterized by two types of symplectitic microstructures: (i) amphibole + quartz
symplectite, and (ii) clinopyroxene + plagioclase + amphibole symplectite. The first symplectite
type replaces omphacite included in garnet, whereas the second one is widespread in the matrix.
Biotite droplets and/or lamellae intimately growing with fine-grained plagioclase resemble biotite +
plagioclase symplectite after phengite. The stage III is characterized by the widespread formation of
amphibole: (i) as zoned porphyroblasts in the matrix, (ii) as corona-type microstructure replacing
garnet. Subordinate plagioclase (oligoclase) is also present in the amphibole corona. The stage IV is
characterized by the local formation of biotite replacing garnet, actinolite, chlorite, albite and
titanite. P-T pseudosections calculated with Perple X give P-T conditions 580<T<640°C,
1.3<P<1.8 GPa for the stage I. After the stage I, pressure decrease and temperature increase led to
the breakdown of omphacite with the formation of clinopyroxene + plagioclase + amphibole
symplectite at ~1.30-1.45 GPa and 660-730°C (stage II). P-T conditions of the amphibolite-facies
stage III have been defined at 600-670°C, P=0.65-0.95 GPa. P-T conditions of the latest stage IV
are in the range of greenschist-facies. The P-T path of the retrogressed eclogite hosted in the
medium-grade micaschist and paragneiss of Giuncana recalls the P-T trajectory of retrogressed
eclogite hosted in the migmatite Complex of northern Sardinia. The eclogites from Giuncana do not
preserve the prograde segment of the P-T path but, similarly to the other Sardinian eclogites, they
record a slight increase in temperature during exhumation. This suggest that the thermal flow

responsible for the amphibolitic-granulitic event post-dating the eclogitic stage recorded in the
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Giuncana eclogite may be tentatively referred to the slab break-off also responsible for the

production of Mg-K suite in Corsica.

Keywords: retrogressed eclogite; Nappe Zone; mineralogical re-equilibration; P-T path; northern

Sardinia; Variscan Orogeny

Introduction

The southern Variscan branch shows a complex collisional frame, characterized by changes in
kinematics, which during the late collisional stage assumed a broad transpressive character (Carosi
and Oggiano 2002; Denele et al. 2007; Gebelin et al. 2009; Martinez Catalan 2011). From the
Central Iberia Massif through the French Massif Central and Western Alps to Bohemian Massif, the
Variscides host many alloctonous units characterized by Siluro-Devonian HP and/or UHP
assemblages, which is expected in connection with oceanic sutures. These should be related to the
closure of oceanic seaways between Gondwana and the ribbon of terranes interposed between this
supercontinent and Laurussia. However the association of the crustal nappes hosting HP ophiolites
with oceanic sutures inside the Variscides is still debated (Iberian- Czech Belt: Keppie et al. 2010),
and also the existence of oceanic domains between Gondwana and Armorica (or ATA, or Hun
superterrane) has been questioned on palacogeographic base (e.g. Robardet 2003).

The geological features of the Sardinia Variscides partially match those of different sectors of the
Southern Variscan Realm for the presence of: (i) a foreland of Gondwanan affinity; (ii) a stack of
low grade tectonic units, bearing Cambro-Ordovician volcanic and sedimentary successions
transported on the foreland, and (iii) an inner zone, located to the north of the island and in Corsica
(Carmignani et al. 1994; Rossi et al. 2009).

The inner zone contains a high grade (High Grade Metamorphic Complex: HGMC) and a low-
medium grade metamorphic unit (Low- to Medium-Grade Metamorphic Complex: L-MGMC),

which are juxtaposed to the low grade nappe stack. The inner zone shares meaningful features with
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the allochtonous units with ophiolites and HP rocks of the Massif Central (Lardeaux et al. 2001), as
well as with the Gfohl Unit and Monotonous and Varied units of the Moldanubian Zone (Faryad et
al. 2013 and bibliography therein)

In this paper we present new data on the Sardinian retrogressed eclogites embedded in the L-
MGMC and we compare these eclogites with those of the HGMC, with the aim of improving the
knowledge of the petrogenesis and P-T paths of Sardinian eclogites. The metabasite with eclogite
facies relics enclosed in the HGMC experienced a P-T evolution characterized by a temperature
increase during exhumation from the eclogitic stage to the granulitic stage (Cruciani et al. 2011,
2012; Franceschelli et al. 2005, 2007): this P-T evolution is slightly different from the P-T history
recorded by other Variscan eclogites (e.g. in central Europe), prevalently characterized by
isothermal decompression (O’Brien 2000). Confirming whether or not such heating during
decompression is recorded also by the L-MGMC metabasite with eclogite facies relics is therefore
important for a better understanding of the early stages of Variscan orogenesis in Sardinia. The
results are discussed in the general framework of the Variscan Europe, and contribute to the

reconstruction of the Variscan puzzle in the northern Gondwana margin.

Geological framework of the study area

In the Variscan segment of the Corsica-Sardinia microplate, the metamorphic grade increases from
anchimetamorphism (Eltrudis et al. 1995) in southern Sardinia, to the garnet-zone (Franceschelli et
al. 1990) and to the sillimanite + K-feldspar zone (Ricci et al. 2004) with migmatite (Cruciani et al.
2008a,b) and granulite (Franceschelli et al. 2002; Giacomini et al. 2008) in the Inner Zone of
northern Sardinia and its extension on Corsica.

The inner zone is characterized by a high grade metamorphic complex (HGMC) juxtaposed on a
medium grade metamorphic unit (L-MGMC). These two complexes are believed to be deeply
rooted in a suture zone (Capelli et al. 1992, Rossi et al. 2009), based on the occurrence of more or

less retrogressed eclogite. The HGMC mostly consists of anatectic orthogneisses and metapelites
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and hosts metabasite bodies, kilometer to meter sized, which experienced an early eclogitic stage
overprinted by an intermediate-HP granulitic event with temperature exceeding 800 °C and
pressure in the range of 1.3 GPa (Cortesogno et al. 2004; Cruciani et al. 2012; Franceschelli et al.
2007; Giacomini et al. 2005a). The L-MGMC largely outcropping adjacent to the southern side of
the Posada-Asinara Line, consists of both igneous and sedimentary sequences (orthogneiss,
micaschist, paragneiss and rare marble and amphibolite lenses). The contact between the L-MGMC
and the HGMC locally consists (e.g. Asinara island: Cappelli et al. 1992) of a top-to-the-southwest
thrust; elsewhere it results in a retrogressive dextral strike-slip shear zone (e.g. Posada valley: Elter
et al. 1990) and it is known as Posada-Asinara Line (PAL).

The study area in north Sardinia is located in the L-MGMC, close to the contact with the HGMC.
Here the contact between the L-MGMC and the HGMC is represented by a ductile dextral strike-
slip shear zone with reverse component (Carosi et al. 2012; Casini et al. 2010). This shear zone
results in a 200 m thick phyllonite belt sandwiched between Grt + St + Ky- bearing micaschists and
paragneisses, and mylonitic migmatites derived from the HGMC. P-T estimates in the micaschists
are in the range 580-635 °C and 0.7-0.9 GPa; the retrogressive shear zone equilibrated under upper
greenschist-facies conditions (Casini et al. 2010). Up to now there is no geochronological evidence
for the age of high-pressure metamorphism of Giuncana eclogite; only the age of protolith (454 + 6
Ma) is known (Cruciani et al. 2013b). The age of the Barrovian metamorphism is dated at 350 Ma
(Carosi et al. 2012; Del Moro et al. 1991). The shear zone exhibits evidence of a complex
deformative history; according to Frassi et al. (2009), relict kinematic indicators could suggest a
pristine sinistral motion that switched into dextral during the retrogressive evolution. The
deformative history of the L-MGMC that hosts the eclogite, can be described in terms of three
folding phases (Frassi et al. 2009). The D; phase is barely testified by inclusion trails of S; relic
foliation in garnet and oligoclase. D, is coeval with respect to the growth of garnet, oligoclase,
staurolite and kyanite porphyroblasts. In fact the inclusion trails in these blastic phases are at high

angle, but continuous, with the external foliation S,. D, hinges are hardly preserved and generally
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show steeply plunging axis; moving toward the phyllonite they tend to be decrenulated and S,
merges with the mylonitic foliation, here named S4. A late folding phase generates open folds with
steep axial planes. These folds have sub-horizontal axis trending N130, that is at an angle of 20-30°
with the shear zone. No meaningful blastesis and only a spaced crenulation cleavage are associated
to this late folding phase.

The eclogitic bodies are embedded within micaschists and paragneisses which recorded pervasive
non coaxial deformation linked to the development of S, foliation. Some meter-sized blocks result
completely equilibrated under amphibolite-facies conditions. The larger eclogite body is
hectometric in size, has sub-rounded shape and crops out one km SW of the phyllonite belt (Fig. 1).
The greenschist-facies retrogressive imprint on the hosting paragneisses is weak and the Grt + Olig
+ St + Ky assemblage is well preserved. The relics of the eclogitic assemblage and texture are still
evident in the core of the wider eclogite body, whereas the re-equilibration into amphibolite-facies
assemblage is restricted to the contact with the host micaschists. The inner part of the eclogite body
is poorly deformed; only the amphiboles of the outer part, close to the contact with the host
micaschists, exhibit a weak shape preferred orientation consistent with the D, deformative phase.
This suggests that D, controlled the uplift and emplacement of the eclogite at a depth compatible

with the host intermediate-pressure micaschists.

Petrography

Two main types of metabasite occur in the Giuncana area: amphibolites and retrogressed eclogites.
The amphibolite represents the dominant lithology and derives from a pervasive re-equilibration of
the eclogite. The amphibolite consists of plagioclase and amphibole, + garnet and epidote. No
relics of omphacite or symplectitic microstructures were found. The retrogressed eclogite is a
massive, medium- to fine-grained rock with abundant reddish garnet and green amphibole (Fig. 2a).
They also contain variable amounts of clinopyroxene, plagioclase, quartz, biotite, chlorite, epidote,

ilmenite, rutile, and titanite (Figs. 2b,c,d). Accessory minerals are apatite and zircon.
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Millimetric garnet may be divided in two domains (Fig. 2b,c): a core domain with small inclusions
of omphacite (Cpx;), amphibole (Am;), epidote (Ep;), quartz, rutile, ilmenite and minor plagioclase
(P1;), sometimes defining an internal faint foliation, and a rim domain which is free of inclusions or
contains only few inclusions among those encountered in the core domain. Omphacite inclusions in
garnet (Fig. 2c,d) are usually few tens to several tens of um in size and have a rounded to irregular
shape. They are often partially replaced at their rim by a amphibole (Amy,) + quartz symplectite
(Fig. 2d) or by a clinopyroxene + plagioclase = amphibole (Amy,) symplectitic assemblage (Fig.
3a). Although omphacite is widely preserved as armoured relics in garnet, it has never been
observed in the rock matrix. Epidote (Ep;) inclusions in garnet are often associated to plagioclase
(P1y) (Fig. 2¢). In few cases, epidote included in garnet is idioblastic. Two main types of epidote,
similar for the microstructural position but different in composition, have been observed in garnet
crystals: Fe-poor and Fe-rich epidote. Garnet also includes euhedral to subhedral amphibole crystals
(Am;) up to 50-70 pm in size, and anhedral quartz inclusions (Fig. 2c¢) with variable dimensions
ranging from a few um to a few tens of pm in size. Plagioclase (Pl;) has never been observed as
isolated inclusion, being always associated to epidote (Ep;) in polymineralic inclusions.

Garnet poikiloblasts are set in a matrix mainly consisting of fine-grained clinopyroxene (Cpx;) +
plagioclase (Pl,,) = amphibole (Amyp) symplectite (Fig. 2b). This symplectite (Cpx, + Ploy = Amoy)
is the most common in the studied rocks, and also replaces omphacite inclusions in garnet (Fig. 3a).
It forms patches up to a few millimeters in size (Fig. 2b) and consists of vermicular lamellae of
clinopyroxene (Cpxz) and plagioclase (Ply,), locally associated to subordinate (less than 10 vol.%)
amphibole (Amyy). The size, shape and orientation of the symplectite lamellae vary from one micro-
domain to the other. Worth of note is the occurrence in the rock matrix of brownish biotite droplets
(Bt;) and/or lamellae intimately growing with fine-grained plagioclase (Ply,) (Fig. 3b). These
microstructures resemble the biotite + plagioclase symplectites after phengite described by Groppo
et al. (2007a) in the granulitized eclogites from the Ama Drime range of Eastern Himalayas.

However, no relict phengite has been found in the investigated samples.
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Garnet poikiloblasts are usually surrounded by a green amphibole rim (Fig. 3¢) and, more rarely, by
a poorly-developed, discontinuous corona of amphibole with subordinate plagioclase (Pl3). The
thickness of the amphibole coronas ranges from a few tens of um up to a maximum of about 100
um. These corona-type microstructures are less developed than those observed in other retrogressed
eclogites from Sardinia (e.g. Cruciani et al. 2012; Franceschelli et al. 2007). Amphibole also occurs
as zoned crystals (Am;) growing pervasively in the rock matrix at the expense of the Cpx; + Ply, £
Amy, symplectites (Fig. 3e). Matrix amphibole often shows a pale-green core rich in rutile needles
oriented parallel to the amphibole cleavages (Fig. 3f). Rutile needles are most probably exsolved
from an original Ti-rich amphibole. The rutile-rich core is mantled by a rutile-free green rim (Fig.
3f). Retrograde biotite (Bt,) growing as small flakes in the matrix or replacing garnet and amphibole
crystals has also been observed. In turn, biotite is partially replaced by chlorite and titanite.
Anhedral and elongated epidote crystals (Ep,) have also been observed in the rock matrix. Ilmenite

is locally rimmed by titanite.

Mineral Chemistry

The chemical composition of minerals in the retrogressed eclogites was determined with a fully
automated JEOL 8200 Super Probe at the Dipartimento di Scienze della Terra, University of
Milano. Operating conditions were 15 kV accelerating voltage, beam current of 15 nA and 5-10 um
variable spot size. Natural and synthetic wollastonite, olivine, corundum, magnetite, rutile,
orthoclase, jadeite, pure Mn, pure Cr, fluoro-phlogopite and barite were used as standards.
Microstructural study, BSE imaging and additional EDS analyses were performed with a FEI
Quanta 200 SEM equipped with an EDAX-EDS detector at the Centro Grandi Strumenti of Cagliari
University. Selected microprobe analyses of garnet, amphibole, plagioclase, pyroxene, and biotite
are reported in Table 1. Structural formulae have been calculated on the basis of 12, 8, and 6

oxygen for garnet, plagioclase and pyroxene, respectively. Amphibole structural formula has been
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calculated using the Amph-IMA Program (Mogessie et al. 2004) with 23 oxygens and
normalization scheme.

Garnet - Garnet is almandine-rich (57-61 mol%) and spessartine-poor (1-3 mol%) with intermediate
grossularite and pyrope contents ranging from 24 to 30 mol% and 10 to 16 mol%, respectively.
Compositional traverses and X-ray maps show that garnet poikiloblasts are chemically
homogeneous or poorly zoned. In a poorly zoned garnet crystal from sample FC9 (Fig. 4a,b), X-
Ray mapping reveals a slight decrease in grossularite component counterbalanced by an increase in
pyrope from core to rim. However, the pyrope-rich and grossularite-poor rim domain is restricted to

the very outermost rim of garnet (< 10 um). Almandine and spessartine contents are almost constant

from core to rim.

Pyroxenes - Na-Ca clinopyroxene inclusions in garnet (Cpx;) are omphacite (Fig. 5a) with Xy, in
the range 0.4-0.5 and Xy in the range 0.60-0.76 [Xna. = Na/(Na+Ca); Xme= Mg/(Mg+Fez+)]. No
compositional differences have been observed between omphacite partially replaced by the
amphibole + quartz symplectite and omphacite partially replaced by the clinopyroxene +
plagioclase + amphibole symplectite. Clinopyroxene from the symplectite (Cpx,) is diopside (Fig.
5b) with Xya = 0.05-0.14, and X, = 0.67-0.80.

Amphiboles - Amphiboles in different microstructural positions have different mineral chemistries
(Fig. 6a,b). All textural varieties are calcic amphiboles according to the classification of Leake et al.
(1997). Amphibole inclusions in garnet (Am,) are Fe- pargasite/Al-Fe pargasite with Xy;g~0.46,
TiO, =0.7-1.2 wt% and Na,O ~ 2 wt% or Mg-hornblende with higher Xy, (0.64-0.68), lower TiO,
(0.3-0.6 wt%) and lower NaO (1.1-1.5wt%).

Amphibole (Am,,) from the Am + Qtz symplectite is Mg-hornblende to tschermakite with low TiO,
(0.2-0.8 wt%) and Na,O (~1 wt%) and Xy ~0.6. Sometimes amphibole from the Am + Qtz
symplectite shows a higher Al content (Al,Os; up to 15 wt%: ferropargasite to tschermakite).
Amphibole (Amy,) from the Cpx + Pl £ Am symplectite is Mg-hornblende with low Na,O (< 1.2

wt%) and Xy, = 0.58-0.75.
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Amphibole from the matrix shows a wide variability in composition depending on the specific
microstructural site (Fig. 6). Amphibole from the matrix is generally zoned with a Mg-hornblende
(or pargasite) core surrounded by a Al-poorer Mg-hornblende or actinolite thin rim. The Mg-
hornblende core locally shows a relatively high concentration of titanium as compared to the rim.
When matrix amphibole occurs near to the garnet crystals (Amsy), the amphibole develops a thin
rim, similar to a halo, which is strongly enriched in AlLO; (ALLOs up to 14-15 wt%) (Mg-
hornblende, pargasite, to Fe-pargasite with Xy =0.44- 0.52, Na,O up to 2.5 wt% and TiO, < 1.2
wt%). The matrix amphibole is locally overgrown by a later, thin rim of actinolite (Amy). Finally,
semiquantitative analyses on amphibole filling garnet fractures revealed moderately high Al,O;
content (13-14 wt%), low TiO, (~0.3 wt%), and significant amount of Na,O (~2 wt%). Amphibole
in the fractures of garnet has Xy, ratio near to 0.3.

Plagioclase - Plagioclase in the Pl; + Ep; inclusions in garnet are difficult to analyze due to their
very small size. Pl; from a few samples have shown a very wide range of compositions from
andesine to bytwonite (Xy, from 0.13 to 0.68). Plagioclase (Pl,,) associated to clinopyroxene and
amphibole in the symplectite is Na-rich (Xna. = 0.80), with compositions between oligoclase and
albite. Plagioclase (Plyy) associated to biotite, growing at the expense of former phengite, has a
composition between andesine and oligoclase, with Xy, = 0.63-0.79. Plagioclase (Pl;) from the
coronitic microstructures is oligoclase with Xy, = 0.70-0.77. A plagioclase which is almost pure
albite (Ply), 1s also frequently found in the rock matrix.

Biotite - Biotite droplets and lamellae (Bt;) growing with fine-grained plagioclase (Ply,) has an
intermediate composition between phlogopite and annite with TiO, ~2 wt% and Xy, in the 0.52-
0.58 range. Biotite from the matrix (Bt;) growing on garnet in sample FC9 shows a similar
composition, with comparable TiO, content and Xy, ratio.

Epidote - Epidote belongs to the clinozoisite—epidote series. Two main compositional types (Fe-
poor and Fe-rich) have been observed enclosed in garnet crystals. Fe-poor epidote (Epi,), with

Fe;O; content in the 1-3 wt% range and Xp. ~ 0.05 [Xge= Fe/(Fet+Al)], is a clinozoisite. Fe-rich
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epidote (Ep;,) with a Fe;O; content of 6.8-7.5 wt% and Xg. ~ 0.15 is much more common. Epidote
inclusions in garnet associated to P1; belong to the Fe-rich epidote type.

Other minerals: ilmenite often contains significant amount of manganese. Chlorite replacing biotite
reveals an intermediate composition between clinochlore and chamosite with TiO, below the

detection limit, low MnO (0.2 wt%) and Xy, ratio near to 0.67.

Results

Metamorphic evolution and reaction history

Based on mineral assemblages and microstructures the following metamorphic stages can be
identified (Fig. 7).

Stage I: A HP, eclogite-facies, stage is revealed by the widespread occurrence of armoured relics of
Na-rich clinopyroxene (omphacite, Cpx;) enclosed in garnet. Garnet porphyroblasts also contains
several inclusions of amphibole (Am;), epidote (Ep,), rutile and ilmenite, which can be considered
in equilibrium with garnet being often idioblastic. The occurrence of plagioclase (Pl,),
systematically associated to epidote in polymineralic inclusions within garnet, may be interpreted as
related to dehydration reactions which occurred in a confined chemical domain, as already
suggested by Cortesogno et al. (2004) for similar microstructures. A plausible reaction might be
such as: clinozoisite/zoisite + quartz = anorthite + garnet + fluid (Holdaway 1966; Nitsch and
Winkler 1965).

Although phengite was not observed in the studied rocks, the occurrence of phengite in the HP
assemblage is inferred from the biotite + plagioclase symplectites, likely derived from the
breakdown of former phengite (e.g. Groppo et al. 2007a,b; Vrabec et al. 2012). The slightly
preserved garnet zoning (i.e. progressive increase in pyrope and decrease in grossularite

components from the core to the rim) suggests that garnet growth occurred during increasing
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pressure and temperature, as previously documented for other Variscan granulitized eclogites (e.g.
Cruciani et al. 2012; O’Brien 1997).

Stage Il: This stage is characterized by the breakdown of omphacite with the formation of two
different symplectite types: (i) amphibole (Am,,: pargasite/Mg-hornblende) + quartz symplectite,
and (ii) clinopyroxene (Cpx,) + plagioclase (Ply,: oligoclase/albite) £ amphibole (Amy,: Mg-
hornblende) symplectite.

The Amy, + Qtz symplectite always replaces omphacite included in garnet. This symplectite type,
already described in the literature, probably derives from Hbl + Qtz exsolved from non-
stoichiometric pyroxene (e.g. Anderson and Moecher 2007). The precursor pyroxene is interpreted
as supersilicic; it apparently exsolved SiO, (and amphibole) and left a stoichiometric pyroxene
behind.

The Cpx; + Ply, £ Amy, symplectite, by far the most abundant in the studied rocks, is widespread in
the rock matrix where omphacite is completely consumed, and very common also inside the garnet,
where omphacite relics are still preserved. The following balanced reaction describes the omphacite
breakdown into the Cpx + Pl £ Am symplectite (matrix of residuals is given in the Supplementary
material):

(1) 0.85 Cpx; + 0.002 H,O = 0.31 Ply, + 0.41 Cpx; + 0.002 Amyyp

Due to the late pervasive growth of amphibole at the expenses of the symplectite, the modal
proportion of symplectitic minerals is difficult to estimate. The modal amount of amphibole in the
symplectite is strongly variable depending on the specific microdomain, but it is < 10 vol%. We
also attribute to the symplectite stage the formation of the biotite (Bt;) + plagioclase (Plyy)
symplectites (Fig. 3b) which have been observed only in the rock matrix, and that likely derived
from the breakdown of former phengite. The chronological relationships among the Amp, + Qtz,
the Cpx, + Ply, = Amy, and the Bt; + Ply, symplectites are difficult to ascertain, mainly because

each symplectite type develops in a specific reacting microdomain. However, we suggest that the
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three symplectite types should be almost coeval, being likely derived from synchronous breakdown
of omphacite and phengite, respectively.

Stage Il1: This stage is characterized by the widespread formation of amphibole that represents by
far the most abundant mineral in the studied rocks. The growth of amphibole implies that H,O was
available in the system at this metamorphic stage. This hydration stage led to the development of
zoned amphibole porphyroblasts in the rock matrix and to the formation of a thin green amphibole
layer around garnet (Ams,, Mg-hornblende/pargasite/tschermakite, strongly enriched in Al,O3 as
compared to other amphibole types). The amphibole layer at the interface between garnet and the
surrounding matrix locally assumes the aspect of a discontinuous corona consisting of amphibole
and subordinate coronitic plagioclase (Pls).

The matrix amphibole most likely developed, together with coronitic plagioclase, through a reaction
involving symplectitic minerals and garnet as reactants (matrix of residuals is given in the
Supplementary material):

(2a) 0.69 Ply, + 0.14 Cpxs + 0.07 Grtyim + 0.07 H,O = 0.66 Pl3 + 0.07 Am3mairix) T 0.19 Qtz

On its turn, the Al-rich amphibole layer in contact with garnet probably formed from a reaction that
involved garnet and some of the coronitic plagioclase formed by reaction (2a):

(2b) 0.32 Grtyip + 0.30 P13+ 0.84 H,O = 0.29 Amsy,.

Stage IV: This stage is documented by the development of actinolite rim around amphibole
porphyroblasts, and by the growth of albite, chlorite, and epidote in garnet and in the matrix. We
attribute to this stage also the growth of late biotite flakes at the expense of garnet or along the
cleavages of matrix amphibole, the growth of chlorite at the expense of biotite, and the titanite

partially replacing ilmenite.

P-T pseudosection modeling
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The metamorphic evolution of the amphibolitized eclogites has been reconstructed using the
petrologic approach of isochemical phase diagrams. Five samples were investigated for P-T
pseudosection modelling but the results for sample FC9 are discussed in detail. P-T pseudosections
were calculated using PerpleX 6.6.7 (Connolly 1990, 2009) and the internally consistent
thermodynamic data set and the equation of state for H,O by Holland and Powell (1998, revised
2004). The phases considered in the calculation are amphibole, biotite, K-white mica,
clinopyroxene, orthopyroxene, garnet, plagioclase, epidote, ilmenite, rutile, quartz, lawsonite,
chlorite and titanite. Solid solution models are those of Holland and Powell (1998) for garnet, white
mica and epidote, Holland and Powell (1996) for orthopyroxene, Green et al. (2007) for
clinopyroxene, Holland et al. (1998) for chlorite, Dale et al. (2005) for amphibole and Newton et al.
(1981) for plagioclase. Since garnet contains very low and homogeneous spessartine component
(MnO < 3 mol.%), MnO was neglected in the model system. All the pseudosections have been
calculated at aH,O = 1.0. However, the effects on the pseudosection topology of a lower aH,O have
been also investigated.

Each metamorphic stage was modeled by using a P-T pseudosection calculated for a specific bulk
composition. The HP stage (stage I) was modeled using the whole-rock bulk composition of a
selected sample, obtained by XRF (Table 2): chemical fractionation effects due to the growth of
garnet porphyroblasts have been considered negligible because garnet is almost unzoned. Stages II
and III were modeled using the composition of the effective reacting microdomains (Table 2)
according to the method described in Cruciani et al. (2008c). The method is based on the calculation
of the balanced reactions involved in the formation of the symplectitic / coronitic microstructures
using the measured compositions of both reactants and products (see the previous ‘“Metamorphic
evolution and reaction history “section). The modeled balanced reactions are successful if they are
consistent with the observed microstructures (i.e. inferred reactants and products should appear on
opposite sides of the model reactions), and if the stoichiometric coefficients of the reactions are in

agreement with the observed amounts of mineral products. The accuracy of the result is given by
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the absolute value of residuals, which should be as low as possible. The input bulk composition to
be used for the pseudosection calculation is obtained by combining the stoichiometric coefficients
of the products with their measured chemical compositions.

Stage | (HP stage): The HP stage has been modeled in the NCKFMASTHO model system by a P-T
pseudosection calculated in the P-T range 500-950°C, 0.1-2.5 GPa. CaO was reduced according to
P,Os content in the rock, on the likelihood assumption that phosphorus binds exclusively to calcium
in ideally-composed apatite. Owing to the abundance of epidote inclusions in garnet core, a Fe,03 =
10% of FeO has been considered in the calculation. This value has been set arbitrarily, basing on
the modal abundance of Fe™-bearing minerals: however, calculations with all iron as Fe*" do not
substantially change the P-T pseudosection topology, a part from the stabilization of
zoisite/clinozoisite instead of epidote.

The calculated P-T pseudosection (Fig. 8a) is dominated by tri-, quadri- and penta-variant fields,
with a large hexa-variant field confined at HP conditions. K-white mica (Wmca) is stable at
pressures above 1.1 GPa, whereas garnet appears at pressure as low as 0.9 GPa for intermediate
temperature values. Orthopyroxene is stable at low-P and high-T conditions. Multivariant fields at
high-P/low-T conditions are characterized by the coexistence of clinopyroxene and lawsonite.
Epidote is stable in most of the multivariant fields within the pressure range 0.6 GPa <P< 1.8 GPa
at T <650°C.

The observed HP assemblage (Cpx;+Grt+Qtz+Am;+Wmca+Ep;+Rt+Ilm) matches the modeled
quadri-variant fields Cpx+Wmca+Grt+Ep+Qtz+Ilm and Cpx+Wmca+Grt+Ep+Qtz+Rt, and the tri-
variant  field  which  separates the  aforementioned  quadri-variant fields (i.e.
Cpx+Wmca+Grt+Ep+Qtz+Rt+Ilm), stable at 1.3 <P < 1.8 GPa and 580 < T < 640°C (red area in
Fig. 8). Plagioclase, locally found as polymineralic Ep;+Pl; inclusions in garnet poikiloblasts, is not
compatible with these P-T conditions, suggesting that it probably represents the product of
dehydration reactions in a confined domain (see before). These P-T conditions are further

constrained by the garnet and clinopyroxene compositional isopleths (Figs. 8b,c,d). The modeled
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compositional isopleths (Xm, and Xc, in Grt: Fig. 8b,c; Xna in Cpx: Fig. 8d) show, in fact, a good
correspondence with the mineral compositions actually measured in sample FC9 (Grt: X¢,=0.26-
0.30; Xmg=0.10-0.16; Cpx;: Xna=0.43-0.47; Table 1) (red area in Fig. 8). Although the very slight
compositional zoning of garnet does not allow to distinguish between P-T conditions of the garnet
core and those of the garnet rim, the progressive increase in pyrope and decrease in grossularite
components from core to rim, suggest that garnet grew in response to a temperature increase.
Application of the Grt-Cpx geothermometer (Krogh Ravna 2000 and Powell 1985 calibrations)
applied to the composition of garnet core and omphacite from sample FC9 (after normalization for
Fe’" content in garnet and omphacite) yielded temperature of ~670°C at P around 1.5GPa (Fig. 8).
For the same pressure, the calibration by Pattison and Newton (1989) gave temperature ~600°C
which fit very well with the results of the P-T pseudosection modeling (Fig. 8).

Stage Il (Symplectite stage): The Cpx, + Ply, + Amy, symplectites resulted from metamorphic
reactions occurring at the scale of small domains, not represented by the whole-rock bulk
composition. To model the P-T conditions at which these symplectites formed, the method of
Groppo et al. (2007a,b) was applied (see also Cruciani et al. 2008c, 2011). In the calculation, all
iron was assumed to be divalent; K and Ti were neglected because K- and Ti-bearing phases do not
occur in the symplectites. The correspondent P-T pseudosection calculated in the P-T range 550-
850°C, 0.6-1.9 GPa is shown in Fig. 9. The pseudosection is dominated by quadri- and tri-variant
fields, with some minor divariant fields at intermediate P-T conditions and pentavariant fields at
low P conditions. Clinopyroxene is stable in all the multivariant fields of the P-T pseudosection.
Very small amounts of garnet (< 5 vol%) and quartz (< 5 vol%) are stable in the P-T region of
interest. The plagioclase-in curve has a positive slope, being the temperature of appearance for this
mineral strongly dependent on pressure values. The maximum temperature of amphibole stability
field is strongly dependent on pressure; anyway, amphibole is not stable, for the composition of

interest, at T > 800°C (Fig. 9).
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The symplectite assemblage (Cpx,+Pl,Amy,) matches the quadri- and penta-variant fields
characterized by the occurrence of amphibole + clinopyroxene + plagioclase £ minor amounts of
quartz (< 3 vol%) (this last is probably an artifact due to a slightly high SiO, content in the input
bulk-composition, but does not limit the validity of the results). The P-T conditions at which the
symplectite assemblage grew are constrained at ~1.25-1.40 GPa and 650-710°C (area in Fig. 9) by
the Pl, and Cpx, compositions (Ply,: Xna = 0.80-0.82, Cpxa: Xmg = 0.67-0.69), coupled with the
measured Si content of amphibole (Si ~6.9-7.0 a.p.f.u) (Fig. 9). The modeled isomodes predict that,
at these P-T conditions, amphibole (Fig. 9) could be as low as 1 vol.% with a maximum possible
content of 10 vol.% .

Stage Ill: The corona-type microstructures consisting of amphibole and plagioclase have been
modeled following the method of Groppo et al. (2007a) and Cruciani et al. (2012) (see also Adjerid
et al., 2013). In the calculation, all iron was assumed to be divalent; K and Ti were neglected
because K- and Ti-bearing phases do not occur in the corona-type microstructures. The
correspondent P-T pseudosection calculated in the P-T range 550-850°C, 0.6-1.9 GPa is shown in
Fig. 10. The pseudosection is dominated by di-, tri-, and quadri-variant fields. Clinopyroxene is
stable in most of the multivariant fields except those at low-P and low-T conditions. Orthopyroxene
is stable at high-T, low-P, whereas garnet is stable in most of the P-T fields, except those at low P.
The amphibole—out curve has an irregular shape, with amphibole stable in almost all the
multivariant fields occurring at P < 1.5 GPa.

The stage III mineral assemblage (Am; + Pl; + Qtz) matches different modeled multivariant fields
characterized by the occurrence of amphibole + plagioclase + minor amounts of the reactants
(garnet and clinopyroxene). The P-T conditions at which this assemblage formed are constrained at
600-670°C, P=0.65-0.95 GPa (area in Fig. 10) based on the comparison of the measured Pl; and
Amj; compositions in sample FC9 (Pl3: Xy, = 0.70-0.71, Amj: Si~6.8-6.9 a.p.f.u.) with the modeled
compositional isopleths (Fig.10). The modeled isomodes predict that quartz and garnet occur in

very small modal amounts (< 6 vol.% and < 3 vol.%, respectively) at the constrained P-T conditions
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(Fig. A4 supplementary material). These P-T conditions have been further confirmed by applying
the Hbl-Pl geothermometer of Holland and Blundy (1994) to the same assemblage (Fig. 10).
Lowering the aH,O to 0.5 resulted in a shift of ~ 60°C and ~ 1 kbar for all the field boundaries and

compositional isopleths toward lower temperature and pressure.

Discussion

The P-T path of the Giuncana eclogite

The P-T path of the retrogressed eclogite from Giuncana, and the P-T paths of the other Sardinian
eclogites, are reported in Fig. 11. The first portion of the calculated P-T path reflects an increase in
temperature accompanied by a decrease in pressure from the HP stage under eclogite-facies
conditions (570-670 °C, 1.4-1.9 GPa at aH,O=1.0) to the symplectite stage under upper
amphibolite/granulite-facies conditions (660-730°C; ~ 1.30-1.45 GPa at aH,0=1.0). The same
stages, recalculated at aH,0=0.5, are shifted of ~30-60 °C toward lower T with respect to the
estimates obtained with aH,O=1 (Fig. 11). After the peak of metamorphism, corresponding to the
symplectite formation, the sample experienced a significant re-equilibration at the transition
between granulite- and upper amphibolite-facies conditions (~660-750°C, ~1.0-1.35 GPa at
aH,0=1.0) with formation of the corona-type microstructures. This stage, recalculated at
aH,0=0.5, is located at ~ 60 °C and ~1 kbar lower that the estimates obtained with aH,O=1 (Fig.
11).

Comparing the P-T trajectory obtained for the Giuncana eclogites with the P-T paths of the
eclogites from different localities in NE Sardinia (Punta Orvili: Cruciani et al. 2011; Punta de Li
Tulchi: Cruciani et al. 2012; Golfo Aranci: Giacomini et al. 2005a; Fig. 11), it appears that the
eclogites from Giuncana do not preserve the prograde segment of the P-T path. Except for the
prograde part, the P-T path of the eclogites from Giuncana is similar to the P-T path deduced for the

Punta Orvili metabasite (Cruciani et al. 2011), which also belongs to the L-MGMC and crops out
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very close to the Posada-Asinara shear zone. Furthermore, peak temperatures obtained for the
Giuncana eclogites are lower than those obtained for the eclogites embedded in the HGMC (Punta
de 1i Tulchi eclogite, Cruciani et al. 2012: peak temperature in excess of 800°C; retrogressed

eclogite of Golfo Aranci, Giacomini et al. 2005a: peak metamorphism ~700-800°C).

The Giuncana eclogite within the Variscan geology

The metabasites with relics of eclogite-facies assemblages in north Sardinia have a good deal of
features in common with other sectors of the southern Variscan Realm. The protolith age of
Sardinian eclogites seems to be Middle Ordovician, as suggested by four U-Pb zircon ages of Punta
de Li Tulchi (453 £ 14 Ma), Golfo Aranci (460 = 5 Ma), and Giuncana (454 + 6 Ma) eclogites,
obtained by Palmeri et al. (2004), Giacomini et al. (2005a) and Cruciani et al. (2013b), respectively.
As concerning the age of HP metamorphism, it is not well constrained neither in the Giuncana
eclogite nor in the other eclogite localities in Sardinia. Palmeri et al. (2004), on the basis of
SHRIMP zircon U-Pb data on the Punta de Li Tulchi eclogite (HGMC), put forward the hypothesis
that 400 + 10 Ma might be the age of the eclogite formation in NE Sardinia. However, according to
these Authors, this age could also represent the result of Pb loss during the Variscan event.In the
Golfo Aranci eclogites (HGMC), Giacomini et al. (2005a) obtained a U-Pb zircon age of 352+3Ma.
According to these Authors, it is difficult to assess whether this age is related to the eclogitic or to
the post-eclogitic metamorphic equilibration. Later, Giacomini et al. (2005b) interpreted Early
Visean zircon ages of retrogressed eclogites embedded in HGMC as related to HP, eclogite-facies,
metamorphic overprint.

The geochemical signature of the different mafic bodies points to MORB and N-MORB protoliths
(Cappelli et al. 1992; Cortesogno et al. 2004) and in one case alkaline within-plate alkali basalts

(Cruciani et al. 2010).
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Cruciani et al. (2010) interpreted the metabasite with eclogite relics with a MORB-type affinity as
the product of rifting and opening of a small extensional basin within the northern Gondwana
margin. These metabasites are enclosed within two tectono-metamorphic complexes, which reflect
different tectono-thermal evolutions:

(i) The HGMC consists of anatexites hosting several hectometric bodies of metabasites, including
layered mafic complexes with ultramafic cumulates, metabasalts and leptyno-amphibolite. The HP
metabasites (e.g. Punta de li Tulchi), before the retrogression into low-P amphibolite-facies
conditions, experienced an eclogite-facies stage at 1.6-2.1 GPa, 660-700 °C, followed by a
granulite-facies equilibration with temperature in excess of 800 °C, and pressure in the range 1.0-
1.3 GPa (Cruciani et al. 2012). The highest P-T conditions determined in the migmatite from the
HGMC are those obtained in amphibole-bearing migmatites by Massonne et al. (2013), i.e. 700°C
and 1.3 GPa, interpreted as the P-T conditions of partial melting.

(i1) A different, cooler evolution predating the Barrovian stage, characterizes the L-MGMC, where
LT/HP metamorphic conditions, have been documented based on the occurrence of phengite in
metapelite (Cruciani et al. 2013); moreover, close to the Giuncana eclogite, kyanite-bearing
selvages, possibly eclogitic remnant, are preserved in quartz veins within the staurolite-bearing
micaschists. Even though the thermal peak of the Giuncana eclogite occurred at temperatures lower
than that recorded by the eclogites embedded in HGMC (Fig. 11) an increase in temperature is
required for the formation of the symplectite in the Giuncana eclogite, which was previously
exhumed at middle crustal level. The heat transfer responsible for the temperature increase could be
associated to the extrusion of heated orogenic lower crust over the middle crust of the L-MGMC.
The P-T conditions experienced by the mafic bodies of the axial zone of the Sardinia Variscides,
their chemical signature and their structural location within two complexes with different tectono-
thermal evolution, have much in common with other sectors of the southern Variscides, such as the
Central Iberia Zone, the French Massif Central, the Bohemian Massif and western Tatra. In these

Variscan sectors, partially molten orogenic lower crust is extruded over mid-crustal levels
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generating a reversal metamorphic gradient (Moussallam et al. 2012; Pitra et al. 2010; Stipska et al.
2008). Whether the occurrence of MORB-derived eclogites within granulitic continental complexes
could mark or not an oceanic suture in the south Variscan branch is a matter of debate (Arenas et
al. 2007; Burg et al. 2004; Lexa et al. 2011; Stipska et al. 2004, 2006). Several authors claimed the
subduction of oceanized basins (Palaeothethys, South Armorican Ocean, Medio-Europen Ocean)
beneath the group of small continental plates interposed between Gondwana and Laurussia, from
Silurian to early Carboniferous (Matte 2001; Pin 1990; Tait et al. 1997; von Raumer et al. 2009,
2012; von Raumer and Stampfli 2008) prior to their collision and amalgamation into the incoming
Pangaea. These basins are interpreted as back-arc basins (Fig. 12a) resulted from the retreat of the
Rheic slab below Gondwana (Gaggero et al. 2012; Ribeiro et al. 2007; Rossi et al. 2009). However
the existence of these basins, their width and their eventual north directed subduction ending in the
collision with Armorica and/or other intervening terranes between Gondwana and Laurussia are still
debated; as a consequence, the interpretation of the MORB-type eclogites in the HP units
transported toward the north Gondawana margin as remnants of such basins is still not definitively
proved. Actually the provenance of the HP metabasites in the southern Variscan branch is a
puzzling issue. For instance, Schulmann et al. (2005, 2009) and Lexa et al. (2011) consider the HP
metabasite in the Moldanubian Zone as derived from the Rheic oceanic lithosphere of the
Saxothuringian Zone by underplating beneath the Tepla—Barrandian terrane. In such a picture the
Giuncana eclogite and its host micaschists can only tentatively placed within a geodynamic frame,
which implies the subduction of a small back-arc basin, formed in the upper Ordovician-early
Silurian, beneath “Armorica”, coherently with the southern vergence of the Sardinia Variscan
orogenic wedge (Fig. 12b). The Giuncana eclogite, hence, could be referred to an accretionary
prism (Fig.12b) exhumed at mid-crustal levels during the D; deformation event and later overridden
by horizontally extruded, partially melted, hot orogenic lower-crust that caused its equilibration
under an inverted thermal gradient during the D, deformation phase. Whether the thermal flow

responsible for the amphibolitic-granulitic event post-dating the eclogitic stage recorded in the
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Giuncana eclogite is to be referred to the slab break-off (Fig.12.c) (Casini et al. 2013; Janousek and
Holub 2007) also responsible for the production of Mg-K suite as in the Bohemian Massif and in

Corsica, or to radiogenic heating (Pitra et al. 2010) has to be further constrained.
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Figure captions

Fig.1 Geological sketch map of the Bassa Gallura region, North central Sardinia, modified from
Frassi et al. (2009) and Carosi et al. (2012). The insert (upper left) corner shows a simplified
tectonic sketch map of the Variscan Sardinian chain. The arrow shows the sample locality. PAL:

Posada —Asinara Line.

Fig. 2 A) Reddish garnet and green amphibole in a polished hand-specimen of the retrogressed
eclogites from the Giuncana area; B) Millimetric poikiloblastic garnets with inclusions of
omphacite, epidote, quartz, amphibole, plagioclase, rutile and ilmenite, are surrounded by matrix

symplectites; C) Omphacite (Cpx;), quartz, ilmenite and epidote (Ep;p) + plagioclase (Pl;)



771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

inclusions in a garnet poikiloblast; D) Omphacite (Cpx;) inclusions in garnet, partially replaced by

amphibole (Amy,) + quartz symplectite.

Fig. 3 A) Omphacite (Cpx;) inclusion in garnet, partially replaced by clinopyroxene (Cpx,) +
plagioclase (Pl,,)+ amphibole (Amy,) symplectite; B) Biotite (Bt;) + fine-grained plagioclase (Plyp)
symplectite after former phengite; C) Poikiloblastic garnet surrounded by a thin corona of green,
Al-rich amphibole (Amsp); D) re-equilibrated corona-type microstructure consisting of amphibole
(Am;) + plagioclase (Pl3) developed between garnet and the matrix; E) Zoned amphibole crystal
growing at the expense of matrix symplectite showing a pale-green core surrounded by a darker
green rim; F) Matrix amphibole (Ams) with a core rich in rutile needles oriented parallel to the

amphibole cleavages and a rutile-free rim.

Fig. 4 X-Ray concentration maps of calcium (a) and magnesium (b) in a selected garnet crystal
from sample FC9 showing a very slight compositional zoning. Color code on the right hand side of

the images corresponds to counts per seconds.

Fig. 5 A) Classification of Cpx; clinopyroxene in the (Wo-En-Fs)-Jd-Ae diagram (Morimoto 1988);
B) Classification of Cpx, clinopyroxene in the Wo-En —Fs diagram (Morimoto 1988). Some

additional pyroxene analyses not reported in Table 1 are also shown.

Fig. 6 Ca-amphibole classification after Leake et al. (1997) for amphiboles with Cag > 1.50,
(Na+K)a < 0.50, Caas <0.50 (A) and for amphiboles with Cag > 1.50, (Na+K) > 0.50, Ti < 0.50 (B).
All textural types of amphiboles are reported. Some additional amphibole analyses not reported in

Table 1 are also shown.
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Fig.7 Metamorphic evolution of the retrogressed eclogites from Giuncana area as inferred from
microstructural relationships. Cpx;, Am;, Pl; and Ep;: inclusions in garnet poikiloblasts; Cpxa:
simplectitic clinopyroxene; Amp,: amphibole from the amphibole + quartz symplectite; Amyy, Pla,:
amphibole and plagioclase from the clinopyroxene + plagioclase = amphibole symplectite; Bt;,
Ply,: biotite and plagioclase from the biotite + plagioclase symplectite; Ams: matrix amphibole;
Amgsp,: Al-rich matrix amphibole near to garnet crystals; Pl;: coronitic plagioclase; Amy: actinolite;

Ply, Bt Ep;: albite, retrograde biotite and epidote from the rock matrix.

Fig. 8 A) P-T pseudosection calculated in the 500-950°C, 0.1-2.5 GPa range (NCKFMASH+Ti+O
system) for the bulk composition of sample FC9 (Table 2) assuming a(H,O)= 1.0. White, light-,
medium-, dark-, and very dark-grey fields are di-, tri-, quadri-, penta-, and hexa-variant fields,
respectively; B) Xy [Mg/(Mg+Fe+Ca)] contour lines for garnet; C) X¢, [Ca/(Mg+Fe+Ca)] contour
lines for garnet; D) Xy, [Na/(Nat+Ca)] contour lines for clinopyroxene. The box area in red
constrains the P-T conditions for stage I (HP stage). 1: Cpx Am Pl Grt Bt Ep Qtz Mt Ilm; 2: Cpx
Am Pl Grt Bt Ep Ep Qtz Ilm; 3: Cpx Am Pl Grt Bt Ep Qtz Ilm; 4: Cpx Wmca Am PI Grt Ep Qtz
[lm; 5: Cpx Chl Wmca Am Ep Pa Qtz Ilm; 6: Cpx Wmca Am Grt Ep Ep Pa Qtz Ilm; 7: Cpx Chl
Wmca Am Grt Ep Pa Qtz Ilm; 8: Cpx Chl Wmca Am Grt Lws Qtz Rt; 9: Cpx Chl Wmca Am Grt
Lws Qtz Ilm. KR, P, PN lines are the Krogh Ravna (2000), Powell (1985) and Pattison and Newton

(1989) calibrations of the Grt-Cpx geothermometer, respectively.

Fig. 9 P-T pseudosection calculated in the 550-850°C, 0.6-1.9 GPa range (NCFMASH system) for
the bulk composition of the effectively reacting symplectite microdomain of sample FC9 (Table 2)
assuming a(H,O)= 1.0. White, light-, medium-, and dark-grey fields are di-, tri-, quadri-, and
penta-variant fields, respectively. Xu, [Mg/(MgtFe)] contour lines for clinopyroxene, Xna
[Na/(Na+Ca)] for plagioclase and Si content (a.p.f.u.) contour lines for amphibole are also shown.

The box area in orange constrains the P-T conditions for stage II (symplectite stage). HBr line is
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the Holland and Blundy (1994) calibration of the Hb-Pl geothermometer (reaction edenite + albite =

richterite + anorthite).

Fig. 10 A) P-T pseudosection calculated in the 550-850°C, 0.6-1.9 GPa range (NCFMASH
system) for the bulk composition of the effectively reacting amphibole corona microdomain of
sample FC9 (Table 2) assuming a(H,O)= 1.0. White, light-, and dark-grey fields are di-, tri-, and
quadri-, variant fields, respectively. Contour lines of Si content (a.p.f.u.) in amphibole and X,
[Na/(Na+Ca)] contour lines for plagioclase are also shown. The purple box area constrains the P-T
conditions for stage III (amphibole corona stage). HBt and HBr lines are the Holland and Blundy
(1994) calibrations for the reactions edenite + 4 quartz = tremolite + albite and edenite + albite =

richterite + anorthite of the Hb-PI geothermometer, respectively.

Fig. 11 Comparison between the P-T path obtained for the retrogressed eclogites from Giuncana
area with those obtained for other Sardinian eclogites (Cruciani et al. 2012; granulitized eclogites
from Punta de Li Tulchi, P-T path 1; Giacomini et al. 2005a; retrogressed eclogites from Golfo
Aranci, P-T path 2; Cruciani et al. 2011: Punta Orvili metabasite, P-T path 3). Metamorphic facies

modified from Liou et al. (1998).

Fig. 12 Simplified tectonic model explaining the possible englobement of the Sardinian eclogites in
the framework of the Southern Variscan Realm from Rossi et al., ( 2009, modified): a) formation
of MORB-type eclogite protolith in a small back-arc extensional basin; b) subduction of the North
Gondwana margin beneath the Armorica Terrane Assemblage (ATA); c¢) Early Carboniferous
collisional stage. Slab break-off (?). Partially molten orogenic crust hosting granulitized eclogites
(High-Grade Metamorphic Complex) extruded over the Low- to Medium- Grade Metamorphic

Complex causing the inversion of metamorphic zonation in the bedrock.
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Table captions

Table 1 Selected microprobe analyses of garnet, amphibole, plagioclase, clinopyroxene, and biotite

from sample FC9.

Table 2 Bulk rock composition of sample FC9 determined by XRF (first column), bulk
composition of sample FC9 used in P-T pseudosection calculation (second column) and bulk
compositions for symplectite and amphibole corona microdomains used in P-T pseudosection

calculation (third and fourth columns, respectively).

Supplementary material:

Fig. A1 P-T pseudosection calculated for the bulk composition of sample FC9 in the
NCKFMASH+Ti+O system assuming a(H,O)= 0.5. 1: Cpx Am PI Grt Bt Ep Qtz Mt Ilm; 2: Cpx
Am Pl Grt Bt Ep Ep Qtz Ilm; 3: Cpx Am Pl Grt Bt Ep Qtz Ilm; 4: Cpx Wmca Am PI Grt Ep Qtz
[lm; 5: Cpx Chl Wmca Am Ep Pa Qtz Ilm; 6: Cpx Wmca Am Grt Ep Ep Pa Qtz Ilm; 7: Cpx Chl
Wmca Am Grt Ep Pa Qtz [lm; 8: Cpx Chl Wmca Am Grt Lws Qtz Rt; 9: Opx Cpx Pl Grt Kfs Qtz
Mt Ilm; 10: Opx Cpx PI Grt Bt Qtz Rt Ilm; 11: Opx Cpx PI Grt Kfs Qtz Rt [Im; 12: Opx Cpx P1 Grt

Kfs Qtz Rt; 13: Cpx Wmca Am Grt Bt Qtz Rt.

Fig. A2 P-T pseudosection calculated in the NCFMASH system for the bulk composition of the

effectively reacting symplectite microdomain in sample FC9 assuming a(H,O)=0.5.

Fig. A3 A) P-T pseudosection calculated in the NCFMASH system for the bulk composition of

the effectively reacting amphibole corona microdomain in sample FC9 assuming a(H,O)= 0.5.
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Fig. A4 Isomodes representing quartz (A) and garnet (B) abundances (vol.%) for the P-T
pseudosection calculated for the bulk composition of the effectively reacting amphibole corona

microdomain of sample FC9.

Table Al Matrix of residuals for reactions (1) and (2a).
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Table 1 Selected microprobe analyses of garnet, amphibole, plagioclase, clinopyroxene and biotite from sample FC9

Grtcore Gririml Grtrim2 Aml Am2a Am2b Am3core Am3rim Am3b Pl2a PI2b PI3 Cpxl Cpx2 Btl
510, 38.01 38.36 38.19  46.61 40.53 4830 43.80 46.45 4247 6430 5798 6095 5520 5312 35093
TiO, 0.16 0.04 0.16 062 071 084 1.09 0.32 092 - 0.01 0.10  0.04 004 223
AlO;  21.52 21.53 2146 1025 1489 8.67 12.23 9.81 1447 2260 2582 2481 10.11 1.17 1841
Cr,0; - - 0.05 007 000 007 0.08 0.06 007 - - - 0.04 003 001
FeO,, 27.01 28.30 27.66 1545 1965 1418 1559 17.25 17.19 0.06 014 031 791 1061 1886
MnO 0.26 0.32 0.22 011 018 012 007 0.02 007 - - - 0.12 0.11  0.13
MgO 315 3.20 336 1171 7.54 11.29 1098 11.00 9.17 012 - - 7.03 1220 11.38
Ca0O 10.06 9.61 9.88 10,39 11.28 13.04 11.38 11.26 11.07 4.28 748 6.17 1326 2222 -
Na,0 - - - 147 219 111 1.85 1.62 2.12 939 6.99 7.98 647 070 009
K,O - - - 025 078 034 056 0.17 0.76 006 009 009 001 - 9.43
Total 100.17 10136 10098 9694 97.76 97.96 97.63 97.95 98.31 100.81 9851 10041 100.19 10020 96.47
Oxy 12 12 12 23 23 23 23 23 23 8 8 8 (] [ 22
Si 2.99 2.99 298 682 613 695 647 6.83 6.29 2,82 2.63 2.70 1.99 1.99 539
Ti 0.01 0.00 0.01 007 008 009 012 0.04 0.10 - 000 000 000 000 025
Al 1.99 1.97 1.97 1.77 266 147 213 L.70 2.52 .17 1.38 1.29 043 005 325
Cr - - 0.01 000 001 0.01 0.01 0.01 - - - 0.00  0.00 0.00
Fe?t 1.77 1.80 .76 L4 219 129 l.o4 1.78 185 - - - 024 033 236
Fe™t 0.01 0.04 0.04 045 029 041 028 0.34 0.28 0.00 001 001 - - -
Mn 0.02 0.02 0.02 001 002 002 001 0.00 0.01 - - - 0.00 000 002
Mg 0.37 0.37 0.39 256 170 242 242 241 2.02 001 - - 0.38 0.68 254
Ca 0.85 0.80 0.83 1.63 1.83 2.04 180 L.77 1.76 0200 036 029 0351 089 -
Na - - - 042 064 031 053 0.46 0.61 0.80 0.61 0.69  0.45 005 003
K - - - 005 015 006 0.11 0.03 0.14 0.00 0.01 0.01 000 - 1.80
Sum 8.01 7.99 8.00 1523 1569 1507 1552 15.37 15.59 500 500 499 400 3.99 15.64
Alm 0.59 0.60 0.59
Pyr 0.12 0.12 0.13
Grs 0.28 0.27 0.28
Sps 0.01 0.01 0.01
Xorg 064 044 065 0.60 0.58 0.52 0.61 0.67 0.52
Xia 0.80 063 070 047 0.05
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Table 2 Bulk rock composition of sample FC9 determined by XRF
(first column), bulk composition of sample FC9 used in P-T pzeudo-
section calculation (second column) and bulk compositions for sym-
plectite and amphibole corona microdomains used in P-T pseudosec-
tion calculation {third and fourth columns, respectively)

Method XRF XRF Balanced Balanced
Reaction 1 Reaction 2a

Microdom. Whole rock  Symplectite  Amph. corona

Figure Figure § Figure 9 Figure 10

Si0, 5072 52.10 58.18 59.47

TiO, 1.80 1.85 - -

Al,O, 13.15 1351 11.19 19.98

FeO - 11.70 5.66 4.56

Fe,0, 14.06 1.44 - -

MnO 0.23 - - -

MgO 6.55 6.73 6.50 2.75

CaO 9.79 9.81 13.73 7.14

Na, O 2.55 2.62 4.74 6.10

K,O 0.24 0.25 - -

P,05 0.18 - - -

LOI 0.47 - - -




