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Lawsonite eclogites represent fossil records of processes occurring
during subduction of cold- and fast-subducting slabs, and provide an
opportunity to investigate the thermal and metamorphic evolution of
palaeosubduction zones. Occurrences of lawsonite eclogites are rare
because lawsonite is often replaced during exhumation. We report
here, for the first time, the occurrence of a lawsonite eclogite from the
Monviso meta-ophiolite ( Western Alps ), representing the product of
the Alpine metamorphism of a FeTi-oxide gabbro. The prograde
metamorphic evolution of this lawsonite eclogite has been investigated
using the petrological approach of pseudosections. The reconstruction
of its prograde P—T evolution allowed us to monitor changes in
chemical and physical properties (mineral assemblages and compos-
wions, density, H-0 content, oxygen fugacily) during subduction.
The pseudosection modelling suggests peak metamorphic conditions
of T > 550°C, P = 25-26 kbar, and a decrease in the thermal gradi-
ent during subduction_from about 9°C km™" to less than 7°C km™",
which may be interpreted as related to an increase in the subduction
rate. During its prograde evolution, at a depth of about 6570 km,
the eclogite-facies metagabbro experienced a significant dehydration
passing from the Grt;+ Omp; 4+ Lws + Chl+ Qtz + Rt assem-
blage (stage I) to the Grto+ Omps+ Tlc+ Qtz + Rt assemblage
(stage II). The breakdown of lawsonite and chlorite caused the
release of up to 3wt % of H,0 and also of oxygen, as modelled
by the redox equilibrium Lws+ Qtz 4 Chl 4+ Omp; =Grt +

Omps+ H50 + Oy This redox-equilibrium represents the boundary

between an earlier, more oxidized assemblage (stage 1), stable at
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lower T and a later, more reduced assemblage (stage II), stable at
higher 'I. These results have possible implications for the under-
standing of the complex interactions between crust and mantle in
subduction zones, especially in clarifying the processes locally
involved in the oxidation of the mantle wedge overlying the subduct-
ing slab.

KEY WORDS: dehydration and redox reactions; lawsonite eclogite;
prograde P—T path; P—'1" pseudosections; subduction

INTRODUCTION

Detailed petrological studies of prograde metamorphism
in meta-ophiolites can provide important insights into the
evolution of palacosubduction zones, in terms of (1) their
thermal structures and evolution, and (2) devolatilization
reactions and metamorphic transformations occurring in
the subducting slabs.

Several studies of heat flux and seismic activity
carried out on present-day subduction zones (e.g. Royden
& Husson, 2006; Schellart et al., 2007) have shown that, in
general, fast-subducting slabs are characterized by low
thermal gradients, whereas slow-subducting slabs have
higher thermal gradients (e.g. Peacock & Wang, 1999).
Changes in the thermal structure of a subduction zone
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may result from changes in the subduction rate, in turn
related to the complex interplay between the density and
geometry of the slab, and to the viscosity structure of
the surrounding mantle (e.g. Royden & Husson, 2006).
Variations in subduction rates are widely reported from
currently active subduction zones and may be also
inferred for palacosubduction environments on the basis
of a careful reconstruction of the P-7—(¢) evolution of
meta-ophiolites (e.g. Groppo et al., 2009a).

Devolatilization reactions, fluid—rock interactions and
metamorphic transformations occurring in subducting
slabs play a key role in revealing the complex physical—
chemical transformations of crust and mantle at conver-
gent margins. Fluids released from the variably hydrated
subducting slab are, in fact, considered as the primary
source of volatiles for arc magmatism and fluid-induced
seismicity (e.g. Hawkesworth et al., 1993; Parkinson &
Arculus, 1999; Clift et al., 2001; Kerrick & Connolly, 20014;
Peslier et al., 2002; Forneris & Holloway, 2003; Hacker
et al., 2003; Spandler et al., 2004). The dehydration history
of the mafic portion of the subducting slab has been
widely explored by high-pressure experiments since the
early 1990s (e.g. Pawley & Holloway, 1993; Peacock, 1993;
Yaxley & Green, 1994; Poli & Schmidt, 1995; Liu et al.,
1996; Schmidt & Poli, 1998; Molina & Poli, 2000; Forneris
& Holloway, 2003; Dasgupta et al., 2004; Dasgupta &
Hirschmann, 2006; Poli e al., 2009). Theoretical modelling
of stable mineral assemblages at given P—7 conditions has
alternatively been used (e.g. Kerrick & Connolly, 1998,
2001a, 20016, Hacker et al., 2003; Riipke et al., 2004). All
these studies show that dehydration of the mafic portion
of the subducting slab mainly occurs through continuous
reactions that involve the breakdown of hydrated minerals
at different depths. Although a significant fluid loss charac-
terizes the shallowest portion of the subduction zone,
variable amounts of HyO are still retained in hydrous as-
semblages at greater depths (e.g. Poli & Schmidt, 1995;
Kerrick & Connolly, 20016; Hacker et al., 2003; Poli et al.,
2009). Lawsonite is among the most important HoO-
reservoirs, being able to accommodate up to 115wt %
HyO in its structure. Although lawsonite eclogites are
predicted to be common at depths of 45-300 km in cold
subduction zones (e.g. Poli & Schmidt, 1995; Kerrick &
Connolly, 20015; Hacker et al., 2003), lawsonite seldom sur-
vives exhumation (e.g. Tsujimori et al., 2006a; Ghent et al.,
2009) because its preservation requires that exhumation
be accompanied by substantial cooling (e.g. Clarke et al.,
2006; Davis & Whitney, 2006, 2008). As a consequence,
only about 10 lawsonite-eclogite localities are currently
known in Phanerozoic orogenic belts (see Tsujimori et al.,
20065, for a review).

In the Western Alps, the Monviso metamorphic ophio-
lite represents one of the best preserved relics of the ocean-
ic lithosphere that formed during the opening of Mesozoic

Western Alpine Tethys and underwent eclogite-facies meta-
morphism during Alpine subduction. Despite a number of
papers devoted to the study of the magmatic protoliths
and to the investigation of peak metamorphic conditions
reached during Alpine subduction (Lombardo et al., 1978;
Philippot, 1988; Blake et al., 1995; Messiga et al., 1999;
Schwartz et al., 2000; Castelli et al., 2002; Castelli &
Lombardo, 2007), very few data are available so far on the
prograde evolution of the Monviso meta-ophiolites.

In this study, we have investigated the prograde meta-
morphic evolution of a very well preserved eclogitized
FeTi-oxide gabbro from the Monviso meta-ophiolite, using
the petrological approach of isochemical P-7T phase dia-
grams (or P—7T pseudosections). The first peculiarity of
this eclogite is the occurrence of lawsonite preserved in
the prograde cores of both garnet and omphacite. These
findings, reported here for the first time for the whole
Monviso meta-ophiolite, represent an important contribu-
tion to the understanding of subduction and exhumation
processes of meta-ophiolites of the Western Alps. The
second peculiarity of the studied sample is its Fe-rich bulk
composition, which allowed the development of Fe-rich
garnet and omphacite, both characterized by a strong
prograde chemical zonation, with iron in both divalent
and trivalent oxidation states. Petrological modelling of
the studied sample, in the MnNCFMASTHO model
system, has allowed us to:

() reconstruct the prograde evolution of the Basal
Serpentinite Unit from the Monviso meta-ophiolite,
not yet investigated so far; the obtained P-7 trajec-
tory, which lies inside the lawsonite eclogite-facies
field, gives information about the thermal structure
of the palaeosubduction zone, characterized by a de-
crease in the thermal gradient from 9 to 6-7°C km ™,

(2) monitor changes in chemical and physical properties
(mineral assemblages, density, HoO content) during
subduction; we have investigated the main devolatili-
zation reactions responsible for the dehydration of
the metagabbro, and the consequences of the dehydra-
tion process on the mineral assemblages and zoning;

(3) obtain information about the redox reactions occur-
ring in the metagabbro during subduction, with
possible implication for the understanding of the
complex interaction between crust and mantle in sub-
duction zones.

GEOLOGICAL SETTING

The Monviso metamorphic ophiolite is a composite body,
structurally sandwiched between the underlying Dora—
Maira Massif and the other, dominantly metasedimentary,
units of the ocean-derived Piedmont Zone (Fig. la). It is
one of the best preserved relics of the oceanic crust in the
Western Alps that formed between ¢. 170 and ¢. 150 Ma
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Fig. 1. (a) Simplified tectonic sketch-map of the Western Alps showing the location of the study area (white arrow) within the Monviso
meta-ophiolite. SB, Grand St. Bernard Zone; MR, Monte Rosa; GP, Gran Paradiso; DM, Dora—Maira; DB, Dent Blanche nappe; ME, Monte
Emilius nappe; SZ, Sesia—Lanzo Zone; CL, Canavese line. The Calcschists and meta-ophiolites of the Piemonte Zone are shown in medium
and dark grey, respectively. (b, ¢) Schematic cross-sections through the Monviso meta-ophiolite in the upper Po Valley (b) and along the north-
ern side of middle Val Varaita (c). Symbols: la, carbonate micaschists; Ib, quartz-rich micaschists and metacherts; 2, serpentinites and antigorite
schists; 3, isotropic and foliated metagabbros; 4, FeTi-oxide metagabbros and eclogites (including rodingitized varieties: r); 5, metaplagiogranites;
6, massive metabasalts; 7, pillowed metabasalts; 8a, banded metabasites; 8b, metabasites with breccia texture. VU, Vallanta Unit; FU,
Yorciolline Unit; PGU, Passo Gallarino Unit; VMU, Viso Mozzo Unit; LSU, Lago Superiore Unit; BSU, Basal Serpentinite Unit. The inset
refers to the BSU of Val Varaita and locates the studied FeTi-oxide metagabbro OF2727 and the other Feli-oxide metagabbro samples from
the same area (modified after Castelli & Lombardo, 2007).
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(Lombardo et al., 2002; Rubatto & Hermann, 2003) during
opening of the Mesozoic Western Alpine Tethys and
that underwent eclogite-facies metamorphism during
the Eocene Alpine subduction (45=£1 Ma; Rubatto &
Hermann, 2003). It consists of two types of units: (1)
magma-rich units, in which a relatively thick basaltic
layer caps gabbros and serpentinized peridotites
(Vallanta, Forciolline, Viso Mozzo and Lago Superiore
Units); (2) magma-poor units in which serpentinized peri-
dotites are directly covered by a thin sedimentary sequence
(Passo Gallarino and Basal Serpentinite Units) (Fig. 1b
and ¢; Lombardo et al., 1978; Lagabrielle & Lemoine, 1997;
Castelli & Lombardo, 2007, and references therein).

Previous petrological studies of the Monviso meta-
ophiolite units were mainly dedicated to estimating the
peak P—T conditions experienced during subduction. P—7
estimates were obtained for Feli-oxide metagabbros,
MgAl metagabbros, metabasalts and metaplagiogranites
occurring at various structural positions, using a range of
petrological approaches: conventional thermobarometry
(Grt—=Cpx and Grt—Phe thermometers, Jd-in-omphacite
and Si-in-Phe barometers), P-7 grids and average P-T
methods of Thermocalc (Blake e al., 1995; Messiga et al.,
1999; Schwartz et al., 2000; Castelli et al., 2002). Although
all these studies concluded that peak metamorphism
occurred under a very low thermal gradient (4-9°C
km "), the estimated peak P—7 conditions are not constant
among the various units and range from a maximum of
620 £50°C, 24 +1kbar (Messiga e/ al, 1999, Lago
Superiore Unit) to a minimum of 450 £50°C, 12 3 kbar
(Schwartz et al., 2000, Viso Mozzo and Passo Gallarino
Units). Blake et al. (1995) and Schwartz et al. (2000) docu-
mented a common exhumation history under blueschist-
facies conditions for all the Monviso units. In contrast,
the prograde metamorphic evolution of the Monviso
meta-ophiolite was never investigated and no lawsonite-
bearing relics have been reported so far in any of the
Monviso Units.

In the magma-poor, Basal Serpentinite Unit (BSU) of
Varaita Valley, a primary plagiogranite—FeIi-oxide gabbro
association is exposed (Fig. lc), which represents an
evolved tholeiite magma body within ultramafic oceanic
crust at a late fractional crystallization stage (Castelli
et al., 2002; Castelli & Lombardo, 2007). As a result of
the Alpine tectono-metamorphic reworking, the plagio-
granite was extensively recrystallized into fine-grained
and  massive, jadeite 4+ quartz & phengite & garnet +
ferroglaucophane rocks, locally cut by albite 4+ quartz-
bearing leucocratic layers that were interpreted as
late-magmatic dikes. The I¢Ti-oxide gabbro, from which
the studied sample was collected, was converted into
omphacite 4 garnet + rutile & glaucophane eclogite, which
forms a discontinuous envelope around the metaplagiogra-
nite body or occurs as decimetre-thick folded boudins

within the same metaplagiogranite. Preliminary P—7 esti-
mates (based on calculated phase compatibilities and
phengite geobarometry) indicated 7 >575°C  and
P >19-5kbar for the peak Alpine assemblage in the meta-
plagiogranite body, in agreement with garnet—clinopyrox-
ene geothermometry from the associated Feli-oxide
metagabbro samples, which yielded 7 =545+£35°C at
P =20kbar (Castelli et al., 2002).

Mineral assemblages and bulk-rock compositions of the
BSU metaplagiogranite-Feli-oxide metagabbro associ-
ation were given by Castelli & Lombardo (2007). The
FeTi-oxide metagabbro samples (see inset in Fig. lc for
their location) are characterized by very similar micro-
structures (compare Fig. SMI, available as Supplementary
Material at http://www.petrology.oxfordjournals.org/),
mineral assemblages and bulk-rock compositions
(Castelli & Lombardo, 2007). A detailed petrographic
re-investigation of all the FeTi-oxide metagabbros (10 sam-
ples from the same area) allowed us to recognize, for the
first time in the Monviso meta-ophiolite, the occurrence
of lawsonite relics in both garnet and omphacite cores of
the OF2727 metagabbro sample.

PETROGRAPHY AND MINERAL

CHEMISTRY
The FeTi-oxide metagabbro OF2727 is a fine-grained rock
with an exceptionally preserved high-pressure mineral as-
semblage. It consists of omphacite, garnet and rutile with
minor blue amphibole and very minor lawsonite, talc and
jadeite (Fig. 2; Fig. SM1 and SM2, Supplementary
Material). Microstructural relics of the magmatic assem-
blage are represented by a few millimetre-sized clinopyr-
oxene porphyroclasts, completely re-equilibrated as
omphacite during the high-pressure metamorphic event,
and by rutile aggregates grown at the expense of intersti-
tial magmatic ilmenite. The omphacite and rutile aggre-
gates are slightly oriented to define a weak foliation.
Representative analyses of garnet, clinopyroxene, amphi-
bole, talc, lawsonite and chlorite are given in Tables 1
and 2; analytical methods are described in Appendix A.
Mineral abbreviations are from Bucher & Frey (2002).
Both garnet and omphacite are strongly zoned (Figs
2b—d and 3; Fig. SM3a and b, Supplementary Material).
Garnet occurs as small idioblasts (up to 0-5mm in
diameter) with reddish cores (Grt)) crowded with small
inclusions of omphacite and minor lawsonite (Iig. 2e),
glaucophane and chlorite, and a pinkish rim (Grty) with
minor, but larger, inclusions of omphacite and very minor
talc. The textural zoning of garnet corresponds to a sharp
chemical zoning. Mn shows a bell-shaped pattern typical
of prograde zoning (Xyp, is 0-24 to 0-00 from core to
rim), balanced by an increase in both Xy, and X (Xyge
is 0-01 to 012, and Xy, is 0-56 to 0-82 from core to rim,
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Fig. 2. Representative microstructures of the eclogite-facies Ieli-oxide metagabbro. (a) Large igneous clinopyroxene porphyroclast, completely
re-equilibrated as omphacite, set in a matrix consisting of omphacite, garnet and rutile. Rare glaucophane crystals are scattered in the matrix.
Plane-polarized light (PPL). Mineral abbreviations according to Bucher & Frey (2002). (b) Detail of the strongly zoned matrix omphacite,
showing a dark green core (Omp,, contoured by dashed line) and a light green rim (Omps). PPL. (c¢) Back-scattered electron image (BSE) of
the zoned omphacite crystals. The lighter core (Omp,) is richer in the aegirine component compared with the darker rim (Omps). (d) BSE
image of relic lawsonite preserved as an inclusion in the core of matrix omphacite. (¢) BSE image of a zoned garnet crystal with the core
(Grt)) crowded with inclusions. [Note lawsonite inclusions (and the epidote + paragonite pseudomorphs after lawsonite) occurring only in
Grty] (f) Detail of the fine-grained inclusions occurring in the inner core of garnet in (e). Jdy and Omp, are darker and lighter grey, respec-
tively. BSE image. (g, h) BSE images of epidote + paragonite pseudomorphs after lawsonite, included in Grt,.
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Table 2: Representative SEM-EDS analyses of glaucophane, tale, lawsonite and chlorite

Glaucophane Talc Lawsonite Chlorite

Gln,q Gln,
Site: In Grt, Matrix In Omp;3 In Grt, In Omp, In Grt,
Analysis: 9-3 6-1 10-4 10-3 20-13 8-5 11-7
SiO, 57-34 57-06 57-95 SiO, 60-48 SiO, 3743 3715 SiO, 25-39
Al,03 787 9-34 968 Al,03 b.d.l. Al,O3 30-39 2979 Al,03 40-69
FeOror 13-36 1427 13-10 FeOyor 9-00 FeOror 198 1-48 FeOror 25:09
MnO b.d.l. b.d.l. b.d.l. MnO b.d.l. MnO b.d.l. b.d.l. MnO b.d.l.
MgO 1045 876 971 MgO 25-09 MgO b.d.l. b.d.l. MgO 312
Ca0 076 0-68 0-55 Ca0 b.d.l. Ca0 17-32 17-63 Ca0 b.d.l.
Na,0 675 7-05 684 Na,O b.d.l. Na,0 b.d.I. b.d.I. Na,0 b.d.l.
Total 97-21 97-57 98-29 Total 99-08 Total 87-33 86-21 Total 94-29
Equiv. O 23 23 23 14 8 8 14
Si 798 797 7-96 Si 4-02 Si 2:00 201 Si 2:40
Al 1-29 1-64 1-65 Al 0-00 Al 1-92 1-90 Al 4-53
Fe3t* 0-69 0-40 0-55 Fe3** 0-00 Fe3t+ 0-08 0-07 Fe3t* 0-00
Fe** 0-86 126 0-95 Fet 0-50 Fe®" 0-01 0-00 Fe** 1-98
Mn 0-00 0-00 0-00 Mn 0-00 Mn 0-00 0-00 Mn 0-00
Mg 217 1-82 1-99 Mg 2:48 Mg 0-00 0-00 Mg 0-44
Ca 01 0-10 0-08 Ca 0-00 Ca 0-99 1-02 Ca 0-00
Na 1-82 191 1-82 Na 0-00 Na 0-00 0-00 Na 0-00
Sum 14-94 15-01 14-90 Sum 7-00 Sum 5-00 5-00 Sum 9-34
Xwig(Fetor) 058 052 057 Xro 017 Xwig(Feror) 0-18
Al(IV) 0-02 0-03 0-04
Al(VI) 1-28 1-51 1-51
Na(M4) 1-82 1-90 1-82
Na(A) 0-00 0-01 0-00

b.d.l., below detection limit.

*Fe3* estimated by stoichiometry (for glaucophane on the basis of 23 oxygens and 15 cations excluding Ca and Na).

respectively). Fe®* shows the same bell-shaped trend as
Mn, reaching the maximum values in the core (Fe’%)
YFe =0-11) and progressively decreasing towards the rim
(Fe’*/ZFe=0-00). Ca zoning is more complex, slightly
increasing from the inner core to the outer core and
decreasing toward the rim (Xq, varies from 0-21 to 0-27
and to 0-11) (Fig. 3; Fig. SM4, available as Supplementary
Material) [Xyr,=Mn/(Ca+ Mg+ Fe’ T+ Mn); Xy, =
Mg/(Ca+ Mg + Fe?* + Mn); Xca="Ca/(Ca+ Mg+
Fe’" +Mn); Xp=F?"/(Ca+ Mg+ Fe’t+Mn), F'
YFe = Fe’/(Fe’* + Fe?*)]. The transition from the reddish
core (Grty) to the pinkish rim (Grty) is marked by an
abrupt decrease in X¢, balanced by an increase in Xy,
Locally, a slight increase in Xy, suggests that partial
resorption occurred at the garnet rim (Fig. 3).

Four Na-clinopyroxene types, occurring in different
microstructural sites, have been recognized. Omp; consists
of rare inclusions in the inner garnet core, with
Xacg =0-29-0-37, Xjq4=0-22-0-26 and Xyi4(Fe) =0-36—
0-44. A more jadeitic pyroxene (Xpee=0-09-0-24;
Xjq=0-58-0-69, subsequently referred to as Jdg) occurs in
the same microstructural position as Ompy; although Jdg
and Omp, rarely show equilibrium contacts (Fig. 2f), their
occurrence in the inner garnet cores would suggest they
were coexisting clinopyroxenes. Ompy occurs both in the
deep green core of matrix nematoblasts (Fig. 2b) and as
inclusions in garnet cores (Grt;) (Fig. 2e), whereas Omps
forms the light green rim of the matrix nematoblasts
(Fig. 2b) and it is locally included in garnet rim (Grty)
(Fig. 3). Ompy has higher X, and lower Xjq and Xy,

2495

220z 1snbny 9| uo 1senb Aq GH9¢151/6872/2L/LS/eIo1e/ABoj08d/W0D dno"olWwepeoe//:sdiy Woli pepeojumoq



JOURNAL OF PETROLOGY | VOLUME 5l NUMBER 12 DECEMBER 2010

7 Grt2| GI'1:1 I Gm
0.8—....: .:..0..
- : o,
i e |
£ 0.7 ' e® |  exre?

[} ®_o ]

- 06~ 1 18) 1 g
S ! e® ¢ L AXMn
= 1 I
8 - i. ‘0. 00%0 » I YFe”/sFe
% gos ! RA 000“5

| o
= |

Fig. 3. Compositional profile and Ca, Mg, Mn and Fe,,, X-ray maps of a representative garnet crystal (see also Fig. SM3 in the Supplementary
Material). In each map, lighter grey implies higher concentration, as shown by quantitative spot analyses. The dashed line in the X-ray maps
locates the compositional profile.

[Xace=035-028;  Xjq=025-0-35; Xypg(Fei) =040  Tables 1 and 3) [Xpeq=Fe’*/(Fe’" + AV + Fe?* 4 Mg);
0-50; aegirine—augite according to the classification of XMZAU@9++AWRH@++N@x Mg (Feio) = Mg/
Morimoto e/ al. (1988)] than Omps [Xzce=024-0-14; (Mg+TFe)]. The large clinopyroxene porphyroclasts,
Xjg=035-0-45; Xnpg(Feio) =0-52-0-66] (Fig. 4 and interpreted as microstructural relics of the magmatic
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Fig. 4. Compositions of omphacites plotted in the Morimoto e
(T’ + AT+ Te™ + Mg); Xja=Al/(Te*™ + A+ T’ + Mg).

assemblage, are patchly zoned omphacites, composition-
ally similar to either Ompy or Omps.

Blue amphibole (glaucophane according to the Na-
amphibole classification of Leake et al., 1997) is a minor
phase occurring in two microstructures: (1) as rare pro-
grade inclusions (Glnj) occurring in the inner core of
garnet, with Xyg(Fe) =0-52-0-58; (2) as a retrograde
glaucophane occurring as small idioblasts (Glny) statically
overgrowing the weakly-oriented omphacite and rutile of
the matrix (Fig. 2a) and showing the same composition
as Gln,.

Lawsonite is rare and mainly preserved as small inclu-
sions in both garnet (Grt)) and omphacite (Ompy) cores
(Figs 2d and e). Larger lawsonite inclusions in garnet and
omphacite are generally replaced by fine-grained aggre-
gates of epidote (Zozy g;) and paragonite (Figs 2e, g, h
and 3). Lawsonite has not been observed in the matrix,
either as preserved crystals or as its pseudomorphic re-
placements. Rare talc (Xp. = 0-15-0-19) is included both in
the garnet rim (Grty) and in the omphacite porphyro-
clasts. Very rare chlorite flakes have been observed in the
inner garnet cores (Grt;)) (Fig. 3) and interpreted as pre-
served relics of a prograde assemblage. Finally, rare
quartz has been observed as inclusions in both omphacite
and garnet (Fig. 2b).

Despite the relatively simple paragenesis, garnet and
omphacite zoning together with the distribution of inclu-
sions in garnet and omphacite allow us to define a pro-
grade metamorphic evolution, which is summarized in
Table 3. Two pyroxenes (Jds+ Omp,) were stable at rela-
tively low 7, before and at the onset of garnet growth.
Coexisting jadeitic pyroxene + omphacite pairs in natural
assemblages are rare (e.g. Matsumoto & Hirajima, 2005;
Tsyjimori et al., 2005, 20064, 20065; Miyazoe et al., 2009)

LWS-ECLOGITE PROGRADE EVOLUTION

B =
s Aa Jo,
A i i
fu} Omp, i
I . ﬁ-ﬂﬂ o0
o o r,l Omp,

I | | 1 1 |

al. (1988) diagram and in the Xa., vs Xjq diagram. XAcgzl‘“e3

0.1 0.2 0.3 0.4 XAeg

i

and are often due to the presence of a 7-dependent misci-
bility gap approximately located at Jdgg g5 (e.g. Green
et al., 2007). Compositions of Omp; (Jdoo o) and Jd
(Jdss—69) In sample OF2727 lie outside this generally ac-
cepted miscibility gap. Alternatively, these compositions
could be due to ‘mosaic equilibrium’ phenomena (i.e.
Jd-rich and Jd-poor clinopyroxenes grew in former plagio-
clase and pyroxene microdomains, respectively) (e.g.
Korzhinskii, 1959). Garnet cores (Grt) then grew in equi-
librium with a single omphacitic clinopyroxene (Ompy),
lawsonite and rutile, whereas the growth of garnet rims
(Grty) coincides with (1) a change in the omphacite com-
position (Omps), (2) the disappearance of lawsonite and
(3) the development of talc. Na-amphibole (Glny) is a
later phase, statically overgrowing the prograde and peak
parageneses.

PSEUDOSECTION MODELLING

Pseudosection modelling is currently recognized as one of
the most powerful methods by which to gain thermobaro-
metric information on rocks, because it provides a frame-
work to interpret both textural information and mineral
compositions in terms of P—7 evolution (e.g. Powell &
Holland, 2008). The mafic system has been widely investi-
gated since the late 1990s (e.g. Clarke et al., 1997, 2006;
Will et al., 1998; Carson et al., 1999; Stfpské & Powell,
2005; Davis & Whitney, 2006, 2008; Groppo et al., 2007,
20094) but until a few years ago modelling of Fe**-bearing
systems was hampered by the lack of solid-solution models
for Fe’*-bearing mineral end-members (Will et al., 1998;
Weti et al., 2003). Following the pioneering work of Warren
& Waters (2006) on Fe’"-bearing eclogites and blueschists
from Oman, and thanks to recent improvements in the
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Table 3: Metamorphic evolution

Stages STAGE | STAGE Il
Grt, (core) Grt, (rim)
Grt (1a) (1b) (1c) (1d) (1e) (2a) (2b) (2¢c)
. |
Omp Omp; Omp, (core) Omps (rim)
Jdge
|
GIn Gln, Gln,
| |
Lws
|
Tlc
|
Rt
|
Chl
I
Ep
]
Pa
]
Qtz
|

Grey lines represent phases presumed to be stable on the basis of microstructural observations.

Compositional range of Grt and Omp during stages | and |l

STAGE | STAGE Il

Grt, (core) Grt, (rim)
Grt (x100) (1a) (1b) (1c) (1d) (1€e) (2a) (2b) (2c)
XCa 21-24 22-27 25-21 22-18 20-17 15-13  14-12 11-13
XM 9 1-2 2-3 2-4 3-4 3-5 5-6 6-9 10-12
X(Fe?) 56-62 58-63 65-70 70-73 69-77 77-82 79-81 74-80
XMn 24-15 14-8 8-6 6-4 4-3 3-1 1-0 0-2
Fe®*/sFe 11-8 9-5 6-4 4-2 4-2 0-2 0-4 0-2
Omp (x100) Omp; Omp, Omps
Xneg 29-37 35-28 24-14
Xjq 22-26 25-35 35-45
XMg 36-44 40-50 52-66

solution models for omphacite (Green et al., 2007) and
amphibole (Diener et al. 2007), oxidized systems have
begun to be successfully investigated (e.g. Groppo ¢t al.,
2009b; Wei et al., 2009). We have therefore used this ap-
proach; details of the pseudosection calculations are given
in Appendix B.

Bulk-rock composition

The bulk-rock composition of sample OF2727 has been
estimated by two methods: (1) average of 15 scanning
electron  microscope—energy-dispersive  spectrometry
(SEM-EDS) analyses of 470mm x 3-20mm selected
areas within a polished thin section; (2) combining mineral
modes and compositions (see Appendix A, and Table SM1
and Fig. SM2 in Supplementary Material, for details).
These compositions have been compared with the

inductively coupled plasma—mass spectrometry (ICP-MS)
analysis of the same sample (Castelli & Lombardo 2007,
table 2). Bulk compositions obtained with methods (1) and
(2) are very similar and both slightly differ from the
ICP-MS analysis in their lower CaO and Al;O3 contents
(Table 4, and Fig. SM4 in Supplementary Material).
These small differences may account for the presence of
rare epidote-bearing domains in the hand specimen
crushed for ICP-MS analysis, by analogy with those
observed in other samples collected from the same area.
We have therefore used the bulk composition obtained
from method (1) because of its statistical significance
and the better microstructural control. Bulk compositions
of other Féli-oxide metagabbros from the Western Alps
(Monviso meta-ophiolites: Castelli & Lombardo, 2007
Lanzo and Rocciavre massifs: Pognante et al., 1982
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Table 4:  Effective bulk compositions used for calculation of pseudosections (mol %)

OF2727 OF2717 OF2732
Stage: Stage | Stage |l

1a* 1b 1c 1d le 2a 2b 2c MM&CT C&L(07)** C&L(07)** C&L(07)**
Si0, 49-51 49-78 50-03 50-38 50-66 51-20 52-29 52-75 50-01 49-42 53-63 55-40
TiO, 4.57 4-60 4-62 4-66 4-68 473 4-83 4-87 7-02 4.07 275 339
AlL,O3 6-68 672 676 6-81 6-85 6-92 7-03 713 7-64 9-05 842 776
FeO 13-06 12:82 12:66 12:30 12:06 12:08 10-87 10-33 11-79 921 13-31 11-44
Fe,03 325 320 315 3-06 301 221 1-99 1-88 2:39 315 179 2:92
MnO 0-24 0-14 0-10 0-06 0-05 0-02 0-01 0-00 0-31 0-24 0-29 0-24
MgO 7-96 8:00 8:03 8-06 810 817 825 828 6-65 8:00 8-38 677
CaO 9-07 9-00 893 8-90 881 881 874 872 883 10-82 6-81 7-66
Na,0 5-66 574 573 578 5-80 5-86 5-99 6-04 5-36 6-03 4-63 4:42
Total 100-00 100-00 100-00 100-00 100-00 100-00 100-00 100-00 100-00 100-00 100-00 100-00
X(Fex03) 0-20 0-20 0-20 0-20 0-20 0-15 0-15 0-15 017 0-25 012 0-20

*Starting bulk-composition of sample OF2727 obtained from SEM-EDS areal analyses (see text for the Fe,O3 vs FeO

calculation).

tBulk-composition of sample OF2727 obtained by combining Mineral Modes and Compositions (see Appendix A for

details).

fICP-MS and wet chemical data from Castelli & Lombardo (2007), converted into mol % and normalized to 100.
Compositions of two other FeTi-oxide metagabbro samples are shown for comparison.

Pognante & Toscani, 1985; Aosta Valley: Bocchio et al.,
2000) are reported for a comparison in Table 4, and IFig.
SM4 in the Supplementary Material.

Fractionation effects on the bulk-rock
compositions

The occurrence of strongly zoned garnet porphyroblasts
probably caused chemical fractionation of the bulk-rock
composition, as a result of the preferential sequestration of
some elements in the garnet cores. In this case a single
pseudosection, calculated on the base of the bulk-rock
composition, is inadequate to model the entire evolution
of the rock: modelling separate pseudosections using the ef-
fective composition representative of each equilibration
volume will result in a much more accurate reconstruction
of the P—T path. Several methods have been proposed to
calculate the effective bulk composition modified because
of elemental partitioning related to garnet growth (Stiiwe,
1997; Marmo et al., 2002; Evans, 2004; Zuluaga et al., 2005;
Gaidies et al., 2006; Groppo & Rolfo, 2008; Groppo et al.,
2009q). For the studied sample, bulk compositions effect-
ively reacting during each stage of garnet growth have
been calculated following the method described by Evans
(2004) and Gaidies et al. (2006). This method applies
a Rayleigh fractionation model based on the measured
Mn content of garnet and requires that a strong correl-
ation between the concentration of Mn vs Fe, Mg and Ca

in garnet exists. To model the bulk-composition fraction-
ation as a continuous process, several growth increments
should be considered for garnet (in other words, the more
growth increments used, the more detailed will be the
modelling of fractionation effects). For this reason, garnet
zoning has been divided into eight growth shells
on the basis of the Mn content and the core vs rim size
(Fig. SMba, Supplementary Material). Garnets with the
highest and similar MnO contents were selected as repre-
sentative of garnet crystals sectioned through the actual
core. The garnet cores have been divided into five shells
(Grty, to Grty.), whereas the garnet rims have been divided
into three shells (Grty, to Grtg.). The studied sample
shows significant fractionation effects (Fig. SMJ5,
Supplementary Material) and eight bulk compositions
have thus been considered (Table 4), representative of equi-
librium compositions during the growth of Grty, to Grty..

Although omphacite is also zoned, bulk-composition
fractionation as a result of its growth has not been con-
sidered, mainly because the compositional differences be-
tween Omp, and Omps are much less pronounced with
respect to those between Grt; and Grto.

Estimation of Fe,O3; in the modelled

bulk compositions

The bulk  FeyOy/(FeO 4 FeyO3)  ratio  [subsequently
referred to as X(FeqOs) =Teq O3/ (FeO +TFeoO3) mol %]
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appears to change during the metamorphic evolution of
the rock, as shown by the different Fe’* contents in
the omphacite and garnet cores (Ompy, Grt;) and rims
(Omps, Grty), respectively. Omphacite and garnet zoning
suggests that X(FeoOs3) decreased during the rock evolu-
tion; moreover, the abrupt transition from Grt; to Grty
and from Ompy (included in Grt;) to Omps (included in
Grty) suggests that the decrease in X(FeoOs3) occurred rap-
idly and discontinuously and coincides with the transition
from garnet cores to garnet rims (i.e. stages I to II of
Table 3). As a consequence, the X(FeoOs) ratio in the
bulk-rock composition cannot be directly measured from
the sample, because X(FeoO3) values obtained by conven-
tional bulk-methods (e.g. wet chemical determination) or
by combining mineral modes and compositions are not
representative of the equilibrium composition at each
modelled stage of the metagabbro evolution.

The X(FeyOs) during stages I and II was therefore
estimated using a ‘best-fit’ criterion between modelled
isopleths and the measured compositions of garnet and
omphacite. In more detail, several P—7 pseudosections
were calculated using various X(Fe,Og) values, ranging
from X(FeoO3) =010 to X(FeoO3) =025 mol %. For each
stage, the X(Fe,Os3) ratio was considered correct when the
modelled compositional isopleths of both garnet and
omphacite intersected each other, fitting the measured
mineral compositions. Conversely, if the observed mineral
assemblages and compositions were not matched by a
field in the pseudosection, this indicates that the compos-
ition of the equilibration volume was incorrectly assigned
(e.g. Powell & Holland, 2008).

Figure SM6a and b (Supplementary Material) shows
that for X(FesOs3) <015 and X (FepOs) >0-25mol %,
Grt; and Ompy compositional isopleths do not show
any intersection, whereas for X(FeoO3) =0-20 mol %, the
modelled Grt; and Omp, compositional isopleths inter-
sect in the omphacite + chlorite 4 garnet + lawsonite +
quartz + rutile field, which is consistent with the inferred
prograde assemblage (see Table 3). Therefore, to model
the stage I P—T conditions, corresponding to the growth
of garnet and omphacite cores (Grt; and Ompy)
X(FeyO3) =0-20mol % was used. The stage II P—7 condi-
tions, corresponding to the growth of garnet and ompha-
cite rims (Grty and Omps), was modelled using a lower
X(FeyOs) =015 mol %, for which the modelled Grty, and
Omps isopleths intersect (Fig. SM6a).

For comparison, the X(Fe,Os3) values determined for the
whole-rock sample using two techniques—wet chemistry
and mineral modes and compositions (see Appendix A for
further details)—are reported in Table 4. The wet chemis-
try method (data from Castelli & Lombardo, 2007) gives
an X(FeyOs) slightly higher (0-25mol %) than that esti-
mated using the ‘best-fit’ criterion (0-20 and 0-15mol %
for stages I and II, respectively), and this is consistent

with the presence of rare epidote-bearing domains in the
sample crushed for wet chemistry analysis, as previously
suggested. Similar X(FeoOs) values, in the range 0-12—
0-26 mol %, have been reported for other Iéli-oxide meta-
gabbros from the Monviso meta-ophiolites (Castelli &
Lombardo, 2007; Table 4) and from the Aosta Valley in the
Western Alps (Bocchio et al., 2000). Conversely, the
X(FeqOs) value measured by combining mineral modes
and compositions (0-17 mol %, Table 4) is intermediate be-
tween that estimated for stage I and stage I, thus confirm-
ing the reliability of the two values here adopted by using
the ‘best-fit’ criterion.

RESULTS

The prograde P-T path

Eight pseudosections (la—le and 2a—2c for stages I and II,
respectively) have been modelled for the studied sample,
based on various bulk compositions representing equilib-
rium compositions during the growth of Grty, to Grty,
(see Table 4) and, as explained above, at X(Fe,O3) =0-20
and X(FeoO4) =015, respectively. Modelled compositional
isopleths of garnet (X, and Xyg,) and omphacite (Xacq)
have been used to constrain the P—-7 conditions of garnet
growth, from stage I (Grt), . and Ompy) to stage II
(Grto, . and Omps). Results are given in Fig. 5, and in
Fig. SM7a—d (Supplementary Material), and are summar-
ized in Fig. 6. The estimated modal amounts of each phase
and the HoO wt % are also reported in Table 5. Garnet
compositions provide good constraints on temperatures,
whereas pressures are better constrained for stage I
(Grty, ) with respect to stage II (Grto, ) (Figs 5 and 6;
Table 5), for which the X¢, and Xy, isopleths of garnet
intersect at smaller angles.

Pseudosection modelling shows that the studied eclogite
well preserves the metamorphic assemblages that de-
veloped along a segment of its subduction path from
about 420°C, 16 kbar to 550°C, 25—26 kbar (Fig. 6). The
modelled peak temperature must be considered as a min-
imum, because garnet is partially resorbed at its rim
(Fig. 3) and the highest Xy, values may have possibly
been reset during retrogression. As a consequence of this
P-T trajectory, the eclogite-facies metagabbro passed
from the hydrated Grt+ Omp + Lws+ Chl+ Qtz + Rt
assemblage (stage I) to the nearly anhydrous
Grt4+Omp +Tlc 4+ Qtz + Rt assemblage (stage II). In
more detail, the transition from stage I to stage II (i.e.
from Grt. to Grty,) corresponds to an abrupt decrease in
the modelled water content in the system (H,O=3-5 to
17wt %; see Table 5 and Fig. 7a), marked by the complete
destabilization of lawsonite and chlorite that also accounts
for an abrupt increase in density (Table 5, Fig. 7b).

Our pseudosections in the given P—7 range do not model
two microstructural observations: (1) the coexistence of
Omp; and Jdy in the inner garnet core (Grty, ),
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Fig. 5. P- T pseudosections for sample OF2727 calculated in the MnNCFMASTHO system at a(HyO) =1 and X (FeyO3) =0-20 (stage I) and
X(FeyO3) =015 (stage II), using the effective bulk compositions calculated for stages la (a), le (b) and 2¢ (c) (see Table 4). White, light-,
medium-, dark- and very dark-grey fields are tri-, quadri-, quini-, esa- and epta-variant fields, respectively. Ellipses in the insets are derived
from the intersection of compositional isopleths corresponding to the actual compositions of garnet and constrain the P—7 conditions of its
growth at each of the stages. Thick lines in (b) and (c) are the Qtz—Coe transition. The complete set of pseudosections for stages la—le and
2a—2c with all the compositional isopleths for garnet and omphacite is reported in Fig. SM7a~d, available as Supplementary Material.
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Fig. 5. Continued.

interpreted as earlier than garnet growth; (2) the stability
of Gln, in the same metamorphic stage. However, addition-
al P-T pseudosection modelling at lower pressure and
temperature shows that two clinopyroxenes and glauco-
phane are stable at P<14 kbar and 7 <300°C, suggesting
that Omp,, Jdy and Gln, are relics of a prograde assem-
blage that developed during an earlier stage of subduction.

The studied sample provides little information about its
retrograde evolution. Glaucophane in the matrix (Glny),
which has been interpreted as an early retrograde phase
on the basis of microstructural evidence, is predicted to be
stable at 7 slightly higher than the modelled peak condi-
tions (Am in Fig. 5¢) and the Gln-in curve has a positive
slope. Considering that the modelled peak temperature
must be considered as a minimum, the growth of glauco-
phane appears to be compatible with the earliest stages of
retrogression at P <23 kbar and 7 <560°C. Finally, most
of the coarse-grained lawsonite included in garnet has
been replaced by epidote 4 paragonite aggregates (Iig. 2e,
g and h). The presence of paragonite in the breakdown
assemblage of lawsonite suggests that the reaction is not
isochemical. L et al. (2009) suggested that the required
Na could be derived from the jadeite component of the
frequent omphacite inclusions in garnet, according to the
reaction Lws+]Jd = Czo 4+ Pg+ Qtz+ HyO. There is no
evidence of such reaction in the OF2727 sample; however,

Omp Tlc .';;rt
Qtz Rt

EFFECTIVE BULK COMPOSITION 2c

Omp Tle Grt

o

500 550
== X.(CGrt) =-=X,,(Omp)
aremnne XMg(Grt) (c)

550 T(°C)

it is worth noting that epidote + paragonite aggregates re-
place the coarser-grained lawsonite inclusions, which were
most probably polymineralic, whereas the finer-grained
monomineralic inclusions are still preserved.

The dehydration reactions
The modelled HyO amounts at each stage are summarized
in Table 5 and Fig. 7a. These data show that the dehydra-
tion of the system mainly occurred at the transition be-
tween stage I and stage II (Fig. 7a); that is, at the highest
T-side of the quini-variant Lws+ Qtz+ Chl+ Omp +
Grt+ Rt field (Fig. 5b, composition le), where the HyO
content decreases from about 3-5wt % to less than
17wt % (Table 5 and Fig. 7a). The devolatilization
reactions responsible for this significant dehydration
have been calculated for composition le in the
simplified system NCFMASHTO at 460< 7 <500°C,
20 <P <22kbar (i.e. the P—7 conditions estimated for the
growth of Grty.). More details on the calculations of dehy-
dration and redox reactions are given in Appendix C.
Because of the approximation by discrete steps of
the continuous compositional variation of the involved
solution phases (garnet, omphacite and chlorite), the dehy-
dration reactions appear as pseudo-univariant equilibrium
curves (Connolly & Kerrick, 1987). Two types of
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Fig. 6. Prograde P-7 path inferred for the studied FeTi-oxide metagabbro. The ellipses refer to P—7 conditions constrained by pseudosection
analysis for stages I (la—le) to II (2a—2c) (see both text and Fig. 5, and Fig. SM7a~d of the Supplementary Material, for further discussion)
and document a portion of the prograde P—7 path during subduction. The dashed field marks lawsonite breakdown as inferred from pseudosec-
tions calculated at X(FeoO3) =0-20 and 0-15, for stage I and II, respectively. The dotted curves are thermal gradients. The inset shows the
P—T conditions estimated by previous workers for peak (dashed fields: 1, Blake ¢t al., 1995; 2, Schwartz et al., 2000; 3, Messiga et al., 1999) and
retrogressive (dotted field) stages in various units of the Monviso meta-ophiolite (abbreviations for units as in Fig. 1); the prograde P—7 path
inferred from this study is reported for comparison.

pseudo-univariant equilibria occur in the Lws+ Qtz 4+

Chl 4+ Omp + Grt + Rt field (Fig. 8):
(A) Lws + Qtz + Omp,+Chl = Omp,+Grt + HyO;

(B) Lws 4+ Qtz + Chl; +Omp, = Chly+Omp,+Grt + H,O.

Type (A) equilibria are responsible for the breakdown of
both lawsonite and chlorite, whereas type (B) equilibria

involve the breakdown of lawsonite and a chemical

re-equilibration of both omphacite and chlorite. In both
equilibria types garnet occurs only as a product, and

2503

quartz (present in very low amounts) is completely con-
sumed. The HyO content of the system rapidly decreases
from >3-5wt % to <l4wt % (Fig. 8). For both equilibria
types (A) and (B), the breakdown of lawsonite and chlorite
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Table 5: Results of the pseudosection modelling

Stage: Stage | Stage Il
1a 1b 1c 1d Te 2a 2b 2c
Grt: Xco* 21-24 22-27 21-25 22-18 17-20 13-15 12-14 11-13
Grt: Xyg 1-2 2-3 2-4 3-4 3-5 5-6 6-9 10-12
X(Fe,03) =020
T (°C) 425-450 450-475 455-480 460-490 460-490 460-490 470-490 500-520
P (kbar) 16-5-18-5 17-186 17-56-19:5 19-21 20-22 23:5-255 24-5-27 27-30
Omp: Xaeg 34-35 34-35 33-34 32-33 371-32 30-31 26-27 26-27
Omp:X g 25-26 25-26 28-29 28-29 29-30 31-32 35-36 36-37
Assemblagef Omp(60) Omp(60) Omp(60) Omp(60) Omp(61) Omp(62) Omp(64) Omp(66)
Chi(28) Chl(27) Chl(27) Chl(26) Chl(25) Chl(20) Grt(14) Grt(19)
Lws(7) Lws(7) Lws(7) Lws(7) Lws(6) Grt(6) Tle(7) Tle(7)
Grt(1) Rt(4) Rt(4) Rt(4) Rt(4) Lws(5) Chl(6) Rt(5)
Rt(4) Grt(1) Grt(1) Qtz(2) Grt(2) Rt(5) Rt(5) Lws(3)
Qtz(<1) Qtz(1) Qtz(1) Grt(1) Qtz(2) Qtz(2) Lws(4) +Coe(<1)
H,0 wt % 3-7-38 3-6-3-7 3-4-3-7 3-1-3-6 2-1-3-5 2:0-3-3 1-0-2:0 0-5-0-7
X(Fe;03) =0-15
T (°C) 420-440 440-475 450-480 460-490 460-490 470-500 480-520 515-540
P (kbar) 16-5-18 17-18 17-56-19:56 18:5-21 20-5-22 21-255 225-27 22-27
Omp: Xpeg 24-25 24-25 23-24 23-24 23 22-23 19-20 18-19
Omp: X4 32-33 32-33 34-35 34-35 35-36 37-38 40-41 41-42
Assemblagef Omp(63) Omp(63) Omp(63) Omp(63) Omp(64) Omp(66) Omp(68) Omp(68)
Chl(27) Chl(27) Chl(26) Chl(26) Chl(25) Chl(17) Grt(18) Grt(20)
Lws(4) Lws(4) Rt(4) Rt(4) Rt(4) Grt(10) Tlc(7) Tic(7)
Rt(4) Rt(4) Lws(3) Lws(3) Lws(3) Rt(5) Rt(5) Rt(5)
Grt(1) Grt(1) Grt(2) Grt(2) Grt(2) Qtz(2) Chl(2) Qtz(<1)
Qtz(1) Qtz(1) Qtz(2) Qtz(2) Qtz(2)
H,0 wt % 3:6-37 35-36 34-36 3:3-35 2:2-32 1-7-2-1 06-12 0-3-0-9

Values in italics represent the best fit between observed and modelled assemblages and phase compositions.
*Xca and Xyg in garnet, and Xacg and X,q in omphacite are x100.

TThe vol. % of each phase is reported in parentheses.

is associated with the growth of garnet and with a
significant chemical re-equilibration of ompbhacite.
Compositions of both reactant and product phases vary
across the Lws+Qtz+ Chl4+Omp+ Grt+ Rt field:
with increasing temperature, Chl, is more Mg-rich
than Chl, and, in agreement with the measured compos-
itions, Ompy is enriched in the diopsidic component
and depleted in the aegirine component with respect to
Omp,, whereas garnet is progressively enriched in the
pyrope component (Fig. 8). Intersections between type
(A)  and (B)
pseudo-invariant points that mark a change in the compos-
ition of chlorite and omphacite along type (A) and (B)
equilibria, respectively.

pseudo-univariant ~ curves  are

Redox reactions during subduction

To evaluate the redox reactions occurring during the dehy-
dration of the system, an isobaric 7-log f(Oy) projection
has been calculated at P=2lkbar (i.c. at a pressure aver-
aging the growth of Grty,.) in the simplified system
NCFMASHTO (Fig. 9) (see Appendix C for further
details).

Because P has been fixed, the pseudo-univariant dehy-
dration equilibria [(Al)—(A9), (Bl)~(B4)] of Fig. 8 corres-
pond to pseudo-invariant points in Fig. 9, and they
uniquivocally define the log f(O,) of the assemblage
at the given Pand 7. Changing pressure has a very little in-
fluence on the position of the pseudo-invariant points
[£0-1 log f{Oy) units for AP==lkbar]. Figure 9 shows
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Fig. 7. (a, b) Variations of chemical and physical properties of the
FeTi-oxide metagabbro OF2727 during subduction. The diagonal
shaded fields mark lawsonite breakdown as inferred from Fig. 6. H,O
content (a) and density (b) values calculated at metamorphic stages
I (la—le) and II (2a—2c) are reported as a function of P. (c) Sketch of
metamorphic stages I (la—le) and II (2a—2c) of metagabbro OF2727
in the subduction context. The progressively darker grey colour of the
subducting oceanic crust implies higher density balanced by lower
H,O content. The darker dashed field along the subducting slab ap-
proximates the lawsonite and chlorite breakdown, corresponding to
the depth at which the maximum H,O and O, contents are released
from the metagabbro into the mantle wedge.

LWS-ECLOGITE PROGRADE EVOLUTION

that the log f{Oy) of the system progressively increases [log
S(Og) =—22-8 to —20-9] with increasing temperature from
stage I to stage II (i.e. the observed Grt;—Grty and
Omp,—Omps transition).

The pseudo-invariant points [(Al)—(A9), (Bl)—(B4)]
in the 7-log f(Oy) projection of Fig. 9 are connected
by pseudo-univariant equilibria (r/)—(r/2) that define the
more general equilibrium: Lws+ Qtz + Chl + Omplg
= Grty + Omp2 + HoO + O,. The broken shape of this
equilibrium is due to the approximation of the continuous
variation in the solid-solution compositions by discrete
steps (pseudocompounds). Equilibria (r])—(712) correspond
to devolatilization reactions that produce HyO and O,
up-temperature, and divide the 7-log f{O,) space in two
fields: on the more oxidized side of the diagram the
Lws + Qtz+ Omp,; +Chl; assemblage is stable, whereas
on the more reduced side the Grt+4 Omp,+ H,O 4O,
assemblage 1is stable. Moving along this equilibrium
from 460°C to 500°C, chlorite, omphacite and garnet pro-
gressively change their compositions. Crossing the
Lws + Qtz + Chl + Ompl, = Grt,, + Omp2 + HyO
+ Oy equilibrium towards higher 7, HyO and Oy are
released. In particular: (1) for I mole of lawsonite + chlorite
consumed up 7, about 2:0-2-7 moles of HyO are released
on average; (2) for Imole of omphacite (Omp2) pro-
duced up 7, about 1 mole of oxygen is released on average
(Fig. 9. As a consequence, the resulting assemblage
(Grtg+ Omp2) at 7=>500°C is less hydrated and less
oxidized than the initial one (Lws+ Qtz+ Chl,+
Omply) at T=460°C, accounting for the sharp compos-
itional variation in both omphacite and garnet from stage
I to stage II. This means that the Lws+ Qtz 4 Chl, +
Ompl = Grty, + Omp2,, + HyO 4 Oy equilibrium repre-
sents the boundary between a more oxidized assemblage
(at lower 7') and a more reduced assemblage (at higher 7).

Reliability of the results

The approach used to infer the P~7—fOy conditions at-
tained during the subduction of the Monviso FeTi-oxide
metagabbro deserves some words of caution about the
following points.

(1) Although we have demonstrated that a small amount
of ferric iron occurs in garnet, the ‘well-constrained’
Fe*-free solution model of Holland & Powell (1998)
was preferred for pseudosection calculations with re-
spect to the Fe*"-bearing model of White et al. (2007).
This latter model, in fact, was developed in the pelitic
NCKFMASHTO system and the authors themselves
warned that the introduction of the end-member
thermodynamics and ¢—« relationships for spessartine
will probably give unreliable or erroneous results if
used in conjunction with their model. As garnet cores
in the studied sample are considerably richer in
Mn than in Fe**, we have preferred to neglect the

2505

Zz0z 1snbny 9| uo isenb Aq Gy9EYG L/6812/Z L/ L G/e01e/ABojoled/woo dno-ojwepede//:sdly Woly pepeojumod



JOURNAL OF PETROLOGY | VOLUMES5l | NUMBERI2 | DECEMBER 2010

BULK COMPOSITION 1e NCFMASHTO system
=™ ' 'y by T T
@
0
= Chl + Omp 4
S +Grt + Qtz
216+ —
212 )
P=21 kbar
208 —
Lws + Chl +
Omp + Qtz + Rt
204 r—
20.0 ! I ! L \ U
460 468 476 484 492 T(°C)

TYPE (A) PSEUDOUNIVARIANT EQUILIBRIA

(A1) Lws + Qtz + Omp,(Di20Jd30Aeg32) + Chi(Daph64) = Omp,(Di21Jd29Aeg31) + Grt(AIm8OPrp4) + H,0
(A2) Lws + Qtz + Omp (Di22Jd30AIm31) + Chi(Daph64) = Omp,(Di23Jd29Aeg31) + Grt(Am80Prp4) + H,0
(A3) Lws + Qtz + Omp,(Di22Jd29Aeg32) + Chi(Daph64) = Omp,(Di24Jd29Aeg31) + Grt(AIm8OPrpd) + H,0
(A4) Lws + Qtz + Omp,(Di22Jd30Aeg32) + Chi(Daph60) = Omp,(Di24Jd29Aeg31) + Grt(AIm8OPrp4) + H,0O
(A5) Lws + Qtz + Omp,(Di24Jd30AIm31) + Chl(Daph60) = Omp,(Di25Jd29Aeg31) + Grt(AIm80Prp4) + H,0
(AB) Lws + Qtz + Omp,(Di25Jd29Aeg31) + Chi(Daph56) = Omp,(Di25Jd29Aeg32) + Grt(Alm78Prp4) + H,0
(A7) Lws + Qtz + Omp,(Di24Jd30Aeg32) + Chi(Daph56) = Omp,(Di26Jd29Aeg31) + Grt(AIm78Prp6) + H,O
(A8) Lws + Qtz + Omp (Di26Jd30Aeg31) + Chi(Daph52) = Omp,(Di27Jd29Aeg31) + Grt(AIm78Prp6) + H,O
(A9) Lws + Qtz + Omp (Di26Jd29Aeg32) + Chi(Daph52) = Omp,(Di28Jd29Aeg31) + Grt(AIm78Prp6) + H,O

TYPE (B) PSEUDOUNIVARIANT EQUILIBRIA

(B1) Lws + Qtz + Chl,(Daph68) + Omp,(Di20Jd30Aeg32) = Chl,(Daph64) + Omp,(Di22Jd29Aeg31) + Grt(Alm80Prp4) + H,0
(B2) Lws + Qtz + Chl,(Daph64) + Omp,(Di21Jd30Aeg32) = Chl,(Daph60) + Omp,(Di24Jd29Aeg31) + Grt(AIm80Prp4) + H,0
(B3) Lws + Qtz + Chl,(Daph60) + Omp (Di25Jd29Aeg31) = Chl,(Daph56) + Omp,(Di24Jd30Aeg32) + Grt(AIm78Prp4) + H,0
(B4) Lws + Qtz + Chl,(Daph56) + Omp,(Di26Jd30Aeg32) = Chl,(Daph52) + Omp,(Di26Jd29Aeg31) + Grt(AIm78Prp6) + H,0

Fig. 8. P~ T pseudosection calculated in the simplified system NCFMASHTO at «(HyO) =1 and X(FeoO3) =0-20, using the effective bulk
composition le (see Table 4), in the P—7 range constrained for stage le (7 =460-500"C, P =20-22 kbar). The grey field is the quini-variant
Lws + Chl 4+ Omp + Grt + Qtz + Rt field of Fig. 5b, with darker and lighter grey corresponding to higher and lower HyO amounts, respec-
tively. HyO isomodes are reported as white dotted lines. Differences with respect to Fig. 5b are due to the simplified model system (see
Appendix C for discussion). Type (A) and (B) pseudo-univariant dehydration equilibria (see text for discussion) are indicated as continuous
and dashed lines, respectively. Black dots are pseudo-invariant points. The listed equilibria are written such that the higher-7 assemblages are
on the right. Because of the approximation by discrete steps of the continuous variation in the composition of solid-solutions, the composition
of phases in italics is the average of two or three pseudocompounds. The horizontal light grey line at 21 kbar marks the isobaric section reported
in Fig. 9. Solid-solution compositions: Di=diopside, Jd=jadeite, Aeg=aecgirine (hedenbergite as difference to 100) for omphacite;
Daph =daphnite (clinochlore as difference to 100) for chlorite; Alm =almandine; Prp = pyrope (grossular as difference to 100) for garnet.
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(r1) 0.2Lws+ 0.2 Qiz +0.1 Chi(Daph64) + 14.3 Omp,(Di21Jd29Aeg32) = 0.2 Gri(AImBOPrp4) + 14.5 Omp,(Di22Jd30Aeg30) + 0.8 H,O +0.1 O,
(r2) 0.2Lws +0.1Qtz +0.02 Chl(Daph64) + 14.3 Omp,(Di22Jd29Aeg32) = 0.1 Grt(AIm8OPp4) + 14.4 Omp,(Di22Jd30Aeg30) + 0.5 H,0 + 0.1 O,
(r3) 0.4 Lws + 0.3 Qtz +0.2 Chi(Daph64) + 14.5 Omp,(Di22Jd29Aeg32) = 0.5 Grt(AIm80Prp4) + 14.6 Omp,(Di24Jd30Aeg30) + 1.6 H,O + 0.1 0,
(r4) 0.2 Lws + 0.2 Qtz +0.1 Chi(Daph64) + 14.3 Omp,(Di23Jd29Aeg32) = 0.2 Grt(AIm8OPrpd) + 14.5 Omp,(Di24Jd30Aeg30) + 0.8 H,0+0.1 O,
(r5 0.5Lws + 0.2 Qtz +0.1 Chi(Daph60) + 24.7 Omp,(Di23Jd29Aeg32) = 0.2 Gri(AImB80Prp4) + 25.0 Omp,(Di24.Jd30Aeg30) + 1.2 H,0 + 0.1 O,
(r6) 0.2 Lws + 0.1 Qtz +0.02 Chi(Daph60) + 14.3 Omp,(Di24Jd29Aeg32) = 0.1 Grt(AImBOPrp4) + 14.4 Omp,(Di24Jd30Aeg30) + 0.4 H,0 + 0.1 0,
(r7) 0.3 Lws + 0.2 Qtz +0.2 Chi(Daph60) + 13.7 Omp,(Di24Jd28Aeg32) = 0.4 Gri(AIm78Prp4) + 13.8 Omp.(Di26Jd29Aeg30) + 1.4 H,0 +0.1 O,
(r8) 0.3 Lws + 0.2 Qtz +0.2 Chi(Daph56) + 13.9 Omp,(Di24Jd29Aeg32) = 0.4 Gri(AIm78Prp4) + 14.0 Omp,(Di26Jd30Aeg30) + 1.3 H,0 + 0.1 0,
(r9) 0.2 Lws + 0.1 Qtz + 0.1 Chi(Daph56) + 14.3 Omp,(Di25Jd29Aeg32) = 0.2 Grt(AIm78Prp6) + 14.5 Omp,(Di26Jd30Aeg30) + 0.7 H,O + 0.1 0,
(r10) 0.2 Lws + 0.1 Qtz + 0.02 Chi(Daph56) + 14.3 Omp,(Di26Jd29Aeg32) = 0.1 Grt(AIM78Prps) + 14.5 Omp,(Di26Jd30Aeg30) + 0.5 H,0 + 0.1 0,
(r17) 0.2 Lws + 0.1 Qtz + 0.02 Chi(Daph52) + 14.3 Omp1(Di26Jd29Aeg32) = 0.1 Gri(AIm78Pp6) + 14.4 Omp,(Di26Jd30Aeg30) + 0.4 H,0 +0.1 O,
(r12) 0.3 Lws + 0.2 Qiz + 0.2 Chi(Daph52) + 14.4 Omp,(Di26Jd29Aeg32) = 0.4 Gri(AIM78Pp6) + 14.6 Omp,(Di28Jd30Aeg30) + 1.3 H.O + 0.1 0,

Fig. 9. Isobaric 7-log f{Oy) section in the NCFMASHTO system at P-7 conditions constrained for stage le (i.c. average P =2l kbar and
460 < 7' <500°C). Pseudo-invariant points Al-A9 and Bl-B4 correspond to the pseudo-univariant dehydration equilibria of Fig. 8 (see text
for details), and are connected by the pseudo-univariant redox equilibria (7/)—(r/2). Equilibria (r/)—(712) define the general redox equilibrium
Lws + Qtz + Chl + Ompl, = Grt, + Omp2,, + HyO + Oy (the broken shape is due to the pseudocompounds approximation), which divides
the T-log f(Oy) space into two fields (the more oxidized Lws+ Qtz 4 Chly+ Omply field, at lower 7, and the more reduced
Grty + Omp2, + Oy field, at higher 7, respectively). The magnetite + quartz = fayalite and hematite = magnetite buffers are shown for com-
parison. The two insets schematically represent the metamorphic assemblages before (stage I) and after (stage II) the breakdown of lawsonite
and chlorite. The grey arrow schematically shows the evolution from the more oxidized assemblage (stage I) to the more reduced assemblage
(stage II) related to lawsonite and chlorite breakdown. All the listed equilibria are written such that the higher-7"assemblages are on the right.
Because of the approximation of the continuous variation in the solid-solution compositions by discrete steps, the composition of phases in italics
is the average of two or three pseudocompounds. Abbreviations for solid-solution compositions are the same as in Fig. 8.

influence of Fe’* for the stabilization of garnet. This
choice mainly affects the P—7 conditions estimated for

(e.g. Sobolev et al., 1999; Schmid et al., 2003; Proyer
et al., 2004) have demonstrated that in many cases

the Grt; growth stages, which contain the maximum
Fe*T contents (especially Grty,_, for which Fc3+/EFc
>0-05), and probably results in some underestimation
of the P—T conditions (about 1 kbar and 10°C, respect-
ively) inferred for the growth of garnet cores.

(2) The Fe**/ZFe ratio in omphacite has not been directly
measured but only calculated by stoichiometry from
electron microprobe (EMP) analyses. Previous studies
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there is no direct correlation between EMP-calculated
values and values measured using other techniques
such as Mossbauer or micro-XANES (X-ray absorp-
tion near edge structure) spectroscopy. This could ob-
viously affect the validity of our results, which are
also based on the best fit between modelled and calcu-
lated omphacite compositions. In omphacite, the pre-
cision in the determination of SiOy and Na,yO largely
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controls the Fe’"/EFe values based on stoichiometry
(e.g. Sobolev et al., 1999). Omphacite crystals in the
studied sample have been analysed using both
wavelength-dispersive (WDS) and energy-dispersive
(EDS) techniques, with various analytical conditions
and calibration standards: the X5, and Xjq ratios
calculated by stoichiometry from the two set of ana-
lyses are comparable (WDS—Ompy: Xjq=0-24—
0-34,  Xpee=030-0-35; Ompg Xjq=0-36-0-38,
Xpcg=017-0-18;  EDS—Ompy:  Xjq=0-28-0-32,
KNacg =0-31-0-33; Ompg:  Xjq=0-38-0-39, Xp,=
0:18-0-19). In addition, special care has been taken in
determining the Na content using the WDS technique,
by decreasing the acquisition time to avoid Na loss.
We are therefore confident that the calculated Fe’*/
Y Fe ratios are a reliable approximation of the actual
redox state of omphacite.

(3) Pseudosection modelling suggests that chlorite was
stable during the prograde evolution. As is the case for
other phyllosilicates, the substitution of AI** for Fe’*
may also occur in chlorite and the presence of Fe’*
will affect the activity of chlorite end-members.
However, it has been neglected in the modelling be-
cause of the lack of thermodynamic data for the Fe’*-
chlorite end-member. Vidal et al. (2006) demonstrated
that there is a strong correlation between the Fe’* con-
tent of chlorite and temperature, and that only at
T<250°C is the Fe’"/ZFe ratio of chlorite higher
than 0-10. We are therefore confident that, at the tem-
peratures considered in the modelling (7 >400°C),
the influence of Fe®" in chlorite can be neglected.

DISCUSSION

The P-T evolution of the Basal

Serpentinite Unit

The exceptionally well-preserved prograde assemblage of
the studied eclogite-facies Feli-oxide metagabbro has
allowed us to reconstruct in detail a segment of the Basal
Serpentinite Unit prograde evolution, from about 420°C,
16 kbar to peak conditions of >550°C,, 2526 kbar (Fig. 6).
The first stages of evolution (i.e. growth of Grt), )
should be considered with care, because a number of prob-
lems could induce uncertainties in the reliability of the
constrained P—7 conditions (see the above discussion).
The estimated peak conditions are very similar to those
obtained by Messiga et al. (1999) for a chloritoid +
talc-bearing metagabbro from the Lago Superiore Unit,
structurally upward in the Monviso meta-ophiolites,
whereas P estimates are considerably higher than those
proposed by Blake et al. (1995) for the same Basal
Serpentinite Unit. However, pressures obtained by Blake
et al. (1995) were only minimum pressures, because they
were based on the Jd-in-omphacite barometer.

Previous researchers did not report P—7 constraints for
the prograde stages of metamorphism in the Monviso
meta-ophiolites: thus, in this study we propose the first re-
construction of the prograde evolution for a Monviso unit.
Our data show that subduction occurred along very low
thermal gradients, typical of cold subduction zones and
compatible with lawsonite formation (e.g. Liou et al.,
2004). In more detail, it is evident that the thermal gradi-
ent changed through time during subduction, decreasing
from about 9°C km ™" to less than 7°C km ™" (assuming an
average density of 30 g cm™?) (Fig. 6). A similar decrease
of the thermal gradient in the oceanic Piedmonte Zone
subducting slab has been described in the Zermatt—Saas
Zone of the Western Alps for the ultrahigh-pressure Lago
di Cignana Unit and its adjoining units (Groppo et al.,
2009a), and interpreted as the evidence of a progressive
increase in the subduction rate. This interpretation
is consistent with observations and models that require a
significant length of slab to be present at mantle
depths to act as an engine for subduction (Royden &
Husson, 2006).

The lawsonite breakdown during
subduction and the devolatilization
reactions
The data presented in this study show that eclogitization of
the studied metagabbro was accompanied by a significant
prograde loss of fluids, mainly related to the breakdown
of lawsonite and chlorite. This conclusion is in line with
the results of Philippot & Selverstone (1991) and Nadeau
et al. (1993) on similar rocks from the same area (Lago
Superiore Unit, directly overlying the Basal Serpentinite
Unit). However, the new P—7 constraints provided by the
pseudosection modelling allow us to conclude that most of
these fluids were released at a depth of about 65-70 km, a
considerably greater depth than that estimated by those
workers (¢. 40km). Our results are also consistent with
those of Lii et al. (2009), who recognized two critical dehy-
dration processes (related to the breakdown of chlorite
and glaucophane + lawsonite, respectively) during subduc-
tion of UHP coesite-bearing eclogites from Tianshan.
Reactions responsible for lawsonite breakdown have
been experimentally investigated for both basaltic and an-
desitic compositions (Poli & Schmidt, 1995; Okamoto &
Maruyama, 1999). Experimental results suggest that, at
pressures higher than the zoisite/clinozoisite stability field,
the destabilization of lawsonite results in assemblages
composed of anhydrous minerals; that is, garnet-+
clinopyroxene + quartz/coesite & kyanite (Poli & Schmidt,
1995; Okamoto & Maruyama, 1999). Lawsonite disappear-
ance in the basaltic system under H,O-saturated condi-
tions is ascribed to a continuous reaction of the type
Lws + Cpx 4+ Grt; =Grty + Qtz/Coe + HyO [reaction (2)
of Poli & Schmidt (1995)], where garnet progressively
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shifts towards grossular-rich compositions along a pro-
grade P—7 path (Okamoto & Maruyama, 1999; Poli e/ al.,
2009).

The studied FeTi-oxide metagabbro OF2727 has a bulk
composition that differs from a common basaltic com-
position, being significantly enriched in both Fe and Ti
(FeOyo ~21wt %, TiOy ~5-5wt %). Therefore, different
reactions controlling lawsonite breakdown are expected.
Microstructural and mineral chemical observations sug-
gest that both garnet and omphacite compositions signifi-
cantly changed during lawsonite breakdown (i.e. the Grt;
to Grty and Omp, to Omps transitions coincide with the
disappearance of lawsonite; see Table 3). However, contrary
to the experimental data of Poli & Schmidt (1995),
Okamoto & Maruyama (1999) and Poli et al. (2009), the
grossular content of garnet sharply decreases simultan-
cously with lawsonite disappearance. The dehydration
reactions modelled for the metagabbro composition [i.c.
equilibria  (Al)=(A9) and (Bl)—(B4) of Fig. 8] suggest
that (1) quartz is always a reactant [whereas it is a product
in the reactions proposed by Poli & Schmidt (1995)
and Okamoto & Maruyama (1999)] and (2) chemical
re-equilibration of omphacite (and not of garnet) is
involved in the dehydration process. In particular, ompha-
cite becomes enriched in the diopsidic component (Fig. 8)
up temperature, thus suggesting that the Ca released from
lawsonite is exchanged with clinopyroxene instead of
garnet. Therefore, comparing our results with the experi-
mental data, we suggest that the bulk composition of the
system could have a strong influence on the dehydration
reactions occurring during subduction.

Changing redox state of the FeTi-oxide
metagabbro during subduction

Our modelling suggests that the dehydration equilibria
involved in lawsonite and chlorite breakdown also release
O,, thus controlling the redox state of the system during
subduction (Fig. 9). This result has interesting implications
for understanding the complex interactions between crust
and mantle in subduction zones. Slab-derived fluid phases
have been suggested as the agents for the oxidized nature
of the mantle wedge compared with the oceanic mantle,
as evidenced by (1) strongly oxidized xenoliths coming
from subduction-related areas (Wood et al., 1990;
Carmichael, 1991; Ballhaus, 1993; Parkinson & Arculus,
1999; Peslier et al., 2002) and (2) oxygen fugacity data
from orogenic peridotites (Malaspina et al, 2009).
Although it is accepted that the mantle wedge above
subduction zones is oxidized, the exact processes of relative
oxidation are still controversial (e.g. Parkinson &
Arculus, 1999; Malaspina et al., 2009; Rowe et al., 2009).
However, it is widely recognized that oxidized components
are transferred to the overlying mantle wedge by fluids
and/or melts coming from the subducting slab (e.g
Parkinson & Arculus, 1999; Peslier et al., 2002; Malaspina
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etal.,2009; Rowe et al., 2009). HoO-rich fluids have been al-
ternatively interpreted as very effective oxidizing agents
(Brandon & Draper, 1996, 1998) or as extremely poor oxi-
dizing agents (Ballhaus, 1993; Frost & Ballhaus, 1998).
According to the first hypothesis (Brandon & Draper,
1996), water may be an oxidizing agent because, after dis-
sociation, oxygen forms ferric iron and hydrogen escapes
the system. Conversely, Frost & Ballhaus (1998) argued
that the very low HoO dissociation constant hampers its
oxidizing capability. According to our data, the oxidation
of the mantle wedge may be triggered by dehydration—
redox reactions that occur, at least locally, in the subduct-
ing slab. This hypothesis must be considered as
preliminary, as Feli-oxide metagabbros are minor compo-
nents of the subducting slab. However, our results represent
a contribution to clarify if and how the metamorphic
transformations occurring in the subducting slab play a
role in the oxidation of the overlying mantle wedge.

Published Fe** data on omphacite in other FeTi-oxide
metagabbros from the Western Alps (Pognante, 1985;
Pognante & Kienast, 1987) also show prograde omphacite
enriched in Fe> with respect to peak omphacite, thus sug-
gesting, at least for this kind of protolith, the existence of
a correlation between decreasing Fe’™ in omphacite and
increasing metamorphic grade. Further and complemen-
tary work on other representative lithologies (metabasalts
and MgAl-metagabbros) from similar palaeosubduction
zones 1s needed to generalize this result to the whole sub-
ducting slab.
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APPENDIX A: ANALYTICAL
METHODS

Mineral chemistry

The rock-forming minerals were analysed using both
SEM-EDS and electron-microprobe analyser (EMPA)—
wavelength-dispersion spectrometry (WDS). A
Cambridge Stereoscan 360 SEM equipped with an EDS
Energy 200 and a Pentafet detector (Oxford Instruments)
was used at the Department of Mineralogical and
Petrological Sciences, University of Torino (Italy) with the
following operating conditions: 50 s counting time and
15kV accelerating voltage. SEM-EDS quantitative data
(spot size =2 um) were acquired and processed using the
Microanalysis Suite Issue 12, INCA Suite version 4.01; the
raw data were calibrated on natural mineral standards
and the ®pZ correction (Pouchou & Pichoir, 1988) was
applied. Qualitative EDS elemental maps (Fig. 3) were
acquired using a 15 kV accelerating potential, a very short
dwell time of 120ms (corresponding to an acquisition
time of ¢. 12 h, including a detector dead time ¢. 30% ) and
at a resolution of 512 x512 pixels. A JEOL 8200
Superprobe (WDS) was used at the Department of Earth
Sciences, University of Milano (Italy). Acceleration volt-
age was set to 15kV, beam current was 15 nA and natural
minerals were used as standards. A ®pZ routine was used
for matrix correction.

Fe’'|ZFe estimates in garnet and
omphacite

The Fe’¥/SFe ratio of garnet was measured by electron
microprobe using the ‘flank method” (Hofer et al., 1994;
Hofer & Brey, 2007) calibrated on the JEOL 8200
Superprobe at the Department of Earth Sciences,
University of Milano (Malaspina et al., 2009). Combined
‘flank method’ and quantitative elemental analysis were
performed on wavelength-dispersive spectra at 15kV and
60 nA. One spectrometer with a TAP crystal and 300 pm
slit was used for the ‘flank method’, measuring the Fel.f
and FeLo at a counting time of 300s (Fig. SM3c,
Supplementary Material). With the remaining four spec-
trometers Si, Ti, Al, Cr, Fe, Mg, Mn and Ca were mea-
sured simultancously. The quantitative Fe’*/EFe in
garnets was determined by applying the correction for
self-absorption (see Hofer & Brey, 2007, for details), using
natural and synthetic garnet end-members with fixed
F63+/ZF6 as standards (Malaspina et al., 2009). Mineral
analyses were always performed using detailed back-
scattered electron images to check the microtextural site.
The accuracy of the ‘flank method” has been demonstrated
in previous studies, where an error between=£0-02

LWS-ECLOGITE PROGRADE EVOLUTION

and 4 0-04 for Fe**/ZFe has been documented in samples
with 8-11'wt % total Ie (Hofer & Brey, 2007).

The Fe’!/ZFe ratios of pyroxenes were calculated
assuming stoichiometry and four cations based on six
oxygen atoms; the classification of Morimoto et al. (1988)
was used. The calculated Fe’*/SFe ratios do not change
using the method of Matsumoto & Hirajima (2005),
which considers Fe’* =Na—""Alj4 [for Si >2:00, V'Aljy=
Al for Si <2:00, V'Aljy = Al — 2"VAl and YAl =2 - Si].

Bulk-composition calculation by combining
mineral modes and compositions

Qualitative major element X-ray maps of a representative
portion of the thin section (¢. 8mm x 6 mm) were
acquired using a p-XRF Eagle III-XPL spectrometer
equipped with an EDS Si(Li) detector and with an
Edax Vision32 microanalytical system, located at the
Department of Mineralogical and Petrological Sciences,
University of Torino. The operating conditions were:
400 ms counting time, 40 kV accelerating voltage and a
probe current of 800 pA. A spatial resolution of about
30 pm in both x and y directions was used; the spot size
was ¢. 30 pm. Quantitative modal amounts of each mineral
phase were obtained by processing the p-XRE maps
with the software program Petromod (Cossio et al., 2002)
(Fig. SM2, Supplementary Material). The bulk-rock com-
position of sample OF2727 was then calculated by combin-
ing the mineral proportions obtained from the modal
estimate of the micro-XRF maps with the mineral chemis-
try acquired by SEM-EDS (Table SMI, Supplementary
Material).

APPENDIX B: DETAILS ON
THE PSEUDOSECTIONS

CALCULATION

The evolution of metagabbro OF2727 was modelled in
the system MnNCFMASHTO. A fluid phase, assumed to
be pure HyO, was considered to be in excess because
water saturation is essential to consider lawsonite stability
(Clarke ez al., 2006). K;O was not considered in the calcu-
lation because of its very low content in the bulk
composition.

Pseudosections were calculated following the approach
of Connolly (1990, 2009) (PerpleX version 08), using the
internally consistent thermodynamic dataset and equation
of state for HyO of Holland & Powell (1998, revised 2004).
The minerals considered in the calculation were: garnet,
omphacite, chlorite, amphibole, lawsonite, talc, epidote,
paragonite, quartz, rutile, ilmenite, titanite and magnetite.
The following solid-solution models were used: garnet and
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epidote (Holland & Powell, 1998), omphacite (Green et al.,
2007), chlorite (Holland et al., 1998), amphibole (Diener
et al., 2007), plagioclase (Newton et al., 1980) and talc
(ideal model). Pumpellyite was not included in the calcula-
tion because its stability is limited to 7 <350°C and
P<8kbar (e.g. Rossetti & Ferrero, 2008); that is, at P—7T
conditions not considered in the modelling.

APPENDIX C: DETAILS ON
THE CALCULATIONS OF
DEHYDRATION AND
REDOX REACTIONS

The dehydration equilibria occurring within the quini-
variant field Lws + Qtz+ Chl+Omp+ Grt+ Rt of
the pseudosection reported in Fig. 5b were recalculated
(Fig. 8) for composition le in the system NCFMASHTO,
using the same solution models as in Fig. 5. In this case,
however, the spessartine and amesite end-members were
not included in the solution models, because of the very
low content of these end-members in garnet and chlorite,
respectively. This approximation was also required because
the new pseudosection of Fig. 8 was the starting point for
modelling the redox equilibria in the 7-log f(Os) projec-
tion of Fig. 9 and an exact correspondence between
the two grids was needed. Simplification of the solid-
solutions in the modelling of redox equilibria reduces the
number of pseudocompounds (and thus the number of cal-
culated equilibria) and avoids numerical overflow. As a
consequence of this simplification, the garnet-in and

lawsonite-out curves are shifted up-7 and down-7 by 20°C
and 15°C, respectively, at constant P (compare Fig. 5b
and Fig. 8).

APPENDIX D: SUPPLEMENTARY
MATERIAL

Supplementary Material includes: (1) representative micro-
structures in the studied sample OF2727 compared with
those of two other FeTi-oxide metagabbros from the same
area (Fig. SMI); (2) the processed p-XRF map used for
the modal estimate of the phase proportions (Fig. SM2);
(3) additional compositional profiles for garnet and infor-
mation from the flank method used to estimate the Fe®)
YTe ratio (Fig. SM3); (4) the comparison between the
bulk composition of sample OF2727 and other metagab-
bros from the Western Alps (Fig. SM4); (5) some details on
the method used to calculate the effects of chemical frac-
tionation on the bulk composition owing to the growth of
zoned garnet (Fig. SM5); (6) a set of P—7 pseudosections
for stages I and II (la, le, 2a and 2c¢) with compositional
isopleths of garnet and omphacite, calculated at various
X(Fey03) values and used for the X(Fe,Os) estimate
(Fig. SM6a and b); (7) the complete set of P—7 pseudosec-
tions for stages I and II (la—le, 2a—2c), calculated at
X(FeyO3) =0-20 and 0-15 respectively, with compositional
isopleths of garnet and omphacite (Fig. SM7a-d); (8) a
table showing the bulk composition of sample OF2727
estimated from mineral modes and compositions

(Table SMI).
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