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We herein investigate the extent to which extensive hydration of the oceanic lithosphere influences the
preservation and exhumation of large-scale ophiolite bodies from subduction zones. The Zermatt-Saas
ophiolite (ZS, W. Alps), which was subducted during the late stages of oceanic subduction, preserves a
complete section of Mesozoic Tethys oceanic lithosphere and particularly fresh eclogites, and represents, so
far, the largest and deepest known portion of exhumed oceanic lithosphere. Pervasive hydrothermal

{‘:(2; v‘g/?;d:: processes and seafloor alteration led to the incorporation of large amounts of fluid bound in the hydrated
Zermatt-Saas ophiolite upper layers of the oceanic crust (now as lawsonite eclogites, glaucophanites, and chloritoschists) and in
Subduction associated ultramafic rocks.

Exhumation Internally, the ZS ophiolite is made up of a series of tectonic slices of oceanic crust (150-300 m thick) which
Lawsonite are systematically separated by a 5 to 100 m thick layer of serpentinite. This stack of slices is separated from

Thermodynamic modelling the underlying eclogitized continental crust (e.g., Monte Rosa) by a thick (~500 m) serpentinite sole. Field
observations, textural relationships and pseudosection modelling reveal that lawsonite was abundant and
widespread in mafic eclogites when the ophiolite detached from the slab at around 550 °C and 24 kbar.
Comparison between fresh eclogitic samples and pseudosection modelling shows that (i) water remained in
excess from burial to eclogitic peak conditions, (ii) the lightest eclogitized metabasalts correspond to the
portions of oceanic crust where metasomatism was the strongest, (iii) crystallization of widespread hydrated
parageneses (such as lawsonite, glaucophane and phengite) instead of garnet and omphacite decreased by 5
to 10% the rock density and subsequently enhanced its buoyancy.
We propose that this density decrease acted as a ‘float’ which prevented the slices from an irreversible sinking
in the mantle. These slices were subsequently detached from the downgoing slab and stacked in the
serpentinized subduction channel at pressures between 15 and 20 kbar, in the epidote blueschist facies.
Exhumation of the underlying, positively buoyant continental crust dragged this “frozen” nappe-stack from
the subduction channel towards the surface.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Subduction zones are crucial areas for understanding lithospheric-
scale coupling between plates, risk assessment, or studying vertical
movements and material recycling on Earth. Key petrological proxies,
such as blueschists and eclogites (and even more so lawsonite-bearing
mafic eclogites) provide important anchor points for thermal models
of subduction zones, but also for water recycling into the mantle and
arc magmatism (Poli and Schmidt, 1995; Okamoto and Maruyama,
1999; Liou et al., 2000; Forneris and Holloway, 2004; Fig. 1a,b). Pass
the accretionary wedge, the mafic oceanic crust is indeed the main sink
for water as it contains as much as ~90% of the bound subducted water
(Ito et al., 1983; Peacock, 1990) in hydrated phases such as
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glaucophane, phengite and lawsonite (2.5, 4 and 12 wt.% H,0
respectively).

Most authors, following England and Holland (1979) and Shreve
and Cloos (1986), envision the plate-slab interface as a subduction
channel in which material may move partly independently from the
upper and lower plates. In detail, however, the nature and structure of
the subduction channel are still poorly constrained (Raimbourg et al.,
2007; Hilairet et al., 2009; Monié and Agard, 2009 and references
therein). Recent high-resolution reflexion and tomographic imaging
of subduction planes suggest the existence of low-velocity layers, 2—
8 km thick, located on top of the slab on several subduction zones
(Fig. 1a; Bostock et al., 2002; Abers et al., 2006; Audet et al., 2009),
interpreted as sediments, serpentinites, highly hydrated crustal
material or slivers lying along the plate-slab interface. Recent
petrological compilations also indicate that subduction zones do not
return blueschists and eclogites beyond 70-80 km on average (Agard
et al., 2009; Guillot et al,, 2009), possibly due to negative density
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Fig. 1. a) Synthetic sketch featuring a subduction channel and the major characteristics of a subduction zone as inferred from recent geophysical data (modified after Onken et al.,
2003; Audet et al,, 2009). b) Key features of a petrogenetic grid showing the stability field of lawsonite and serpentinite for a MORB-type basalt (modified after Poli and Schmidt,
1995). ¢) Simplified geological map of the ZS ophiolite (modified after Baldelli et al., 1985), showing mapped areas and localizing the 6 main samples studied here. d) Compilation of
the various published P-T paths from the literature for the ZS ophiolite (A: Angiboust et al., 2009; B: Bucher et al., 2005; FB: Fry and Barnicoat, 1987; G: Groppo et al., 2009; R:
Reinecke, 1998). Background: main metamorphic facies. Mineral abbreviations: albite (Ab), coesite (Coes), lawsonite (Law), quartz (Q).

contrasts with the surrounding mantle, rheological weakening
associated with fluid liberation or changes in the channel's structure.

Crustal (and mantle) slices hence likely migrate upwards along some
sort of a channel, but the following questions remain: how do these
rocks detach from the sinking slab, at which depth(s), what determines
whether circulation occurs in a complex melange zone or as large-scale
imbricated slices, to which extent are slab- or mantle wedge-derived
serpentinites (or sediments) effectively present in the channel?

To address such questions we investigated the Zermatt-Saas
ophiolite (ZS), one of the largest and deepest known, so far, portion of
exhumed oceanic lithosphere (Bearth, 1966; Bucher et al., 2005;
Angiboust et al., 2009). This highly hydrothermalized, mid-ocean type
ophiolite, with abundant lawsonite pseudomorphs, also represents an
ideal target to evaluate the influence of oceanic lithosphere on
exhumation. In fact, although highly buoyant continental units
underlying the ZS ophiolite (e.g. Monte Rosa unit), and mechanically
weak serpentinites associated with mafic eclogites, are generally
thought to account for the exhumation of this dense piece of oceanic
lithosphere (Lapen et al., 2007; Agard et al., 2009), none of the other
major ophiolite bodies from the same subduction zone (e.g.,

Pognante, 1985; Guillot et al., 2004; Voltri, Monviso, Rocciavre:
Federico et al., 2007), shows the same characteristics (i.e., large-scale,
continuous mafic slices and abundant lawsonite).

We herein report the results of new mapping, extensive sampling
and rock/mineral chemistry on mafic protoliths from the whole ZS
ophiolite, focusing on successive reequilibrations, lawsonite stability
and fluid release through time. This approach is complemented by
detailed thermodynamic modelling of the P-T evolution of these
mafic protoliths. We show that hydrated phases significantly
influence the buoyancy of the oceanic lithosphere and exhumation
mechanisms and that the modelling of the ZS ophiolite P-T evolution
provides critical constraints on the behaviour of mafic material and
fluids deep in the subduction channel.

2. Geological background
2.1. Geological context and burial history

The ZS ophiolite, which extends from Saas-Fee area (Switzerland)
to the Aosta valley (Italy; Fig. 1c), belongs to the internal Liguro-
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Piemontese units of the Western Alps. It represents a fragment of the
Mesozoic Neotethyan ocean subducted between c. 100 and 40 Ma
below the Apulian margin (Dercourt et al., 1993; Rubatto et al., 1998;
Amato et al., 1999; Dal Piaz et al., 2001; Agard et al., 2009).

These Liguro-Piemontese units comprise thrust sheets of non-
eclogitic metasediments on top and on the western side (Combin
zone), and predominantly mafic and ultramafic eclogitic bodies below
and on the eastern side (Zermatt-Saas zone). Metamorphic grade
thus broadly increases downwards (e.g., Bearth, 1967; Ballevre and
Merle, 1993; Oberhansli, 2004).

Rocks from the Zermatt-Saas zone preserve a dismembered
ophiolite sequence including manganiferous cherts, calcschists, pillow
lavas, gabbros and serpentinites. Earlier petrographic, metamorphic
and geochemical data were given by Bearth (1967, 1973), Chinner and
Dixon (1973), Ernst and Dal Piaz (1978), Bearth and Stern (1979),
Barnicoat and Fry (1986), Martin and Tartarotti (1989), Barnicoat and
Cartwright (1995) and Van der Klauw et al. (1997).

P-T paths for the ZS zone indicate that the subducted oceanic crust
underwent strikingly similar burial and exhumation patterns, at least
60 km across, and detached from the slab at depths around 70-80 km
(~23-25 kbar, 530-550 °C; Fig. 1d; Angiboust et al., 2009). Serpenti-
nized portions of the slab mantle underwent similar peak conditions
(Li et al., 2004). Some small lenses may have reached greater depths
however (~26-28 kbar), like the Lago di Cignana unit, where rare
coesite inclusions within garnet and omphacite are known since the
work of Reinecke (1991; see also recent estimates by Groppo et al.,
2009).

These eclogitic fragments of this Liguro-Piemontese oceanic
lithosphere (Monviso, Voltri, ZS) together with some rare conti-
nent-derived allochtons were subducted towards the end of the
oceanic subduction, between c. 50 and 40 Ma (Duchene et al., 1997;
Lapen et al, 2003, 2007; Beltrando et al., 2010). These eclogitic
metaophiolites are closely associated with the underlying internal
crystalline massifs (M. Rosa, G. Paradiso, D. Maira), where eclogite-
facies lithologies are only found as relicts (e.g., Chopin and Monie,
1984; Le Bayon et al., 2006). Exhumation patterns are quite similar for
both types of eclogites, oceanic and continental, as are relatively fast
exhumation velocities (e.g., ~1-2 cm/yr; Amato et al., 1999; Lapen
et al., 2007). Both rock types were significantly overprinted and
deformed under blueschist facies conditions at 15-18 kbar during
exhumation (Chopin et al., 1991; Michard et al., 1993; Schwartz et al.,
2000; Guillot et al., 2004).

2.2. The ZS ophiolite: a large, hydrated fragment from a slow-spreading
ocean

The mid-ocean ridge affinity of ZS eclogites was demonstrated
geochemically by Bearth and Stern (1979), Dal Piaz et al. (1981), Pfeifer
et al. (1989) and Barnicoat and Bowtell (1995). These metaophiolites
have been discontinuously affected by hydrothermal oceanic alteration,
with occurrences of Fe—Cu sulphide in metabasalts and Mn ore deposits
in siliceous sediments (e.g., Dal Piaz et al., 1979; Tartarotti et al., 1986).
Abnormal contents in various elements (Mg, Ca, and Na) and the
scattering of 6'80 values are interpreted to reflect effects of hydrother-
mal processes and seafloor hydrothermal alteration of the oceanic
crust (Cartwright and Barnicoat, 1999; Widmer et al., 2000; Martin et al.,
2008).

Serpentinite breccias from the southern Aosta valley (Mont Avic
area) described by Tartarotti et al. (1998) indeed suggest that oceanic
mantle rocks were directly exposed on the ocean floor. This is in line
with the conclusions from Lagabrielle and Cannat (1990) and Lemoine
et al. (1987) that the Alpine oceanic crust was discontinuous, as for
present-day slow-spreading ridges (Cannat et al., 1995). Tethyan slab
mantle peridotites were in fact almost completely serpentinized as
shown by the scarcity of the original mantle olivine remnants and the

numerous rodingite dykes across the serpentinites (e.g., Ernst and Dal
Piaz, 1978; Li et al.,, 2004).

Hydration of the oceanic lithosphere commonly occurs in the first
two kilometers in the lavas, sheeted dikes, in the uppermost part of
gabbroic layers (e.g., Dick et al., 2000) and even in the slab mantle
(down to 10-20 km; e.g., Schmidt and Poli, 1998), particularly in
slow-spreading ridges where the upper mantle is directly exposed on
the seafloor (Seifert and Brunotte, 1996; Mével, 2003). This water,
incorporated at mid-ocean ridges or along extrado faults during
lithospheric bending before entering the trench (e.g. Ranero et al.,
2003), mainly as serpentinite and chlorite (e.g., Cannat et al., 1992), is
the main sink of water in the slab.

During subduction and recrystallization under eclogite-facies con-
ditions, initial hydration and subsequent changes in bulk-rock compo-
sition allowed for the development of hydrous lithologies
(chloritoschists, glaucophanites and talcschists) alternating with
the anhydrous garnet-omphacite eclogitic assemblage (Oberhansli,
1982; Widmer et al., 2000). A compilation of bulk-rock composition
analyses from different fresh, unretrogressed samples collected across
the ZS ophiolite (Supplementary material A) shows that the water
content in eclogites commonly ranges from 0.8-1.5 wt.% H,0 to 2-4%
(glaucophanites), ~3% (talcschists) or 6-8% (chloritoschists). The
complex history of seafloor weathering, also attested by strong
modification of the ZS geochemical signature (Staudigel et al., 1996;
Miller and Cartwright, 2000), thus led to the formation of an extensively
hydrated reservoir able to release significant water amounts during
subduction.

2.3. Ubiquitous lawsonite pseudomorphs

Lawsonite is one of the major carriers of water in subduction zones
(Schmidt and Poli, 1998; Fig. 1b). Although experimental work and
modelling suggest that lawsonite eclogite should be the dominant
rock type for a typical oceanic subduction zone (e.g., Heinrich and
Althaud, 1988; Poli and Schmidt, 1995; Clarke et al., 2006), they
nevertheless only make a small fraction of eclogites exposed
worldwide (see the recent review by Tsujimori et al., 2006). In
many blueschist/eclogite belts, lawsonite was in fact retrogressed to
epidote-bearing rhombic shaped aggregates during decompression
and exhumation (e.g., Fry and Fyfe, 1971; Bearth, 1973; Ernst and Dal
Piaz, 1978; Pognante, 1989; Ballevre et al., 2003).

Lawsonite was once very abundant and widespread in Zermatt-Saas
metabasalts as shown by the preservation of mm- to cm-sized
pseudomorphs in the whole ophiolite unit (Tdsch valley: Bearth, 1966;
Fry and Fyfe, 1971; Fry and Barnicoat, 1987; Valtournanche: Ernst and
Dal Piaz, 1978; Saint-Marcel valley: Martin and Tartarotti, 1989).
Complexity in textural relationships between the matrix and these
pseudomorphs, however, led to ambiguities on inferred P-T trajectories
and on the stability history of lawsonite. Martin and Tartarotti (1989)
advocated for two stages of lawsonite stability, separated by lawsonite-
free eclogitic conditions. In contrast, several authors, based on the lack of
pseudomorphs included in garnet and on the existence of only weakly
deformed matrix pseudomorphs (Bearth, 1973; Barnicoat and Fry, 1986;
Barnicoat, 1988), assumed that lawsonite crystallized in metabasalts
after eclogitic peak conditions. According to them, post-eclogitic
lawsonite growth resulted from isobaric cooling during the first part of
the return path, before isothermal decompression and subsequent
lawsonite breakdown (Fig. 1d).

3. Structural and petrological observations
3.1. Tectonic slices and structural patterns
The ZS unit is mainly composed of serpentinites (about ~45% of the

outcrops surface), mafic rocks (metabasalts and hydrothermalized
metabasalts, metagabbros and ophicalcitic breccias; ~40% of the
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Fig. 2 (continued).

ophiolite) and minor sedimentary lenses (calcschists, mafic schists
and metacherts; <15%).

The internal tectonic structure of the ZS ophiolite is poorly
constrained. New mapping and extensive fieldwork investigations
across the ZS ophiolite led to the recognition of several tectonic slices,
which are systematically separated by a variably thick layer of
strongly deformed serpentinite (from a few meters to 100-200 m;
Fig. 2; Table 1). These slivers of mylonitized serpentinite within shear
zones commonly exhibit talc-, chlorite- and tremolite-bearing schists
(Martin et al., 2008). Shearing during HP metamorphism is marked on
the field by early top-to-the-west shear zones which could corre-
spond to deep thrusts in the subduction zone, as argued by Fry and
Barnicoat (1987; Fig. 2). Early shear criteria along these thrust planes
are obscured, however, by exhumation-related extensional move-
ments (Ballevre and Merle, 1993; Wheeler and Buttler, 1993;
Barnicoat et al., 1995; Cartwright and Barnicoat, 2002).

The rocks making up theses slices have a highly variable content in
metasediments from close to 0% in Mellichen or Pfulwe slices (Tdsch
area, Fig. 2 IIl) to ~60% in Mont Courquet slice (St-Marcel-Clavalité
areas, Fig. 2 II; Table 1). In all studied slices, we found evidence for
undisturbed stratigraphic contacts between the metabasalts and the
sediments. Manganiferous quartzites, in particular, mark the location
of palaeo-oceanic floor and are commonly associated with pillow
relicts, breccias and hyaloclastites (see Dal Piaz et al., 1979; Bearth and
Schwander, 1981 for further details). Some mafic layers embedded
within the sedimentary groundmass are also commonly flattened,
stretched and boudinaged.

Table 1

Metagabbroic bodies are strongly retrogressed, boudinaged and
mylonitized on their margins, particularly in the lower part of the
slice. The gabbro slice lying along the Savoney valley (Fig. 2 Ila) is
composed of 100-200 m thick boudinaged lenses separated by 2-
40 m thick serpentinite layers (locally interleaved with calcschists)
concentrated on the edges of the gabbro slice. In Tasch area (Fig. 2
Ilic), the gabbro slice is strongly boudinaged and separated from the
adjacent metabasaltic units by thin mylonitized serpentinite slivers.
The bottom part of the Mellichen slice is also strongly retrogressed to
chloritoschists suggesting widespread fluid circulation at the contact
with the gabbro.

The 150-500 m thick ophiolite slices (e.g., Fig. 2 IIb, Illb) are
systematically underlain by a thick (>500 m) serpentinite sole
(Fig. 2). Some serpentinite soles are devoid of crustal slices, as in
Tdsch (Fig. 2 IlI) and Breuil-Ayas areas (Fig. 2I). Near Mont Avic (Fig. 2
II), only rare dismembered gabbroic bodies are disseminated in the
upper part of the serpentinite sole (e.g., gabbro of “Téte des Hommes”,
Fig. 2 1la). We note, however, that the distribution of serpentinite
sedimentary breccias (Tartarotti et al, 1998) may suggest the
existence of several intra-sole thrust slices within the 15-km large
ultramafic dome of the Mt Avic massif. The contact between the
serpentinite sole and the crustal stack above is also locally folded, yet
possibly as a result of later collisional folds.

In all studied areas uppermost slices close to upper shear zones
(e.g., Combin shear zone, Dent Blanche, and Grand St Bernard) are
more pervasively affected by a greenschist facies overprint than the
slices located deeper in the ophiolite stack (e.g., Praborna slice in St-

Field-based estimates of crustal lithology proportions and overall density for each ZS tectonic slice. Calcschist density under peak conditions (3071 kg m~2) was calculated using
pseudosection modelling on a representative calcschist sample composition. See text for details (and Section 6.3 for a discussion of their respective buoyancy).

Area/slice Field estimation of the slice Slice Typical assemblage in fresh Ave. Law Ave. H,0 Ave. Ave.
name composition (vol.%) thickness eclogitized metabasalts abundance (vol.%) eclogite slice
Caleschists Metabasalts (meters) (vol.%) in eclogites density density

Breuil 35 65 400-500 Grt-Gln-Law 4+ Omp + Phg & Dol & Ep 3% 1.5-2.0 3400 3285
Mellichen 5 95 200-300 Grt-Gln-Law 4+ Omp 4+ Dol + Ep 4 Phg 10% 1.5-25 3350 3336
Pfulwe 2 98 250-350 Grt-Omp-Gln 4 Law + Ctd £ Tlc 12% 1.5-3.5 3350 3344
Praborne 20 80 350-450 Grt-GIn-Law 4+ Omp + Ep 4% 1.5-2.0 3300 3254
Courquet 60 40 600-800 Grt-GIn-Law 4 Omp + Ep 6% 1.5-2.0 3350 3183
Clavalité 35 65 250-300 Grt-Gln + Law =+ Ctd 4+ Tlc = Omp 5% 2.0-3.0 3300 3220
Servette 10 90 200-250 Grt-Gln-Law = Ctd £ Tlc 8% 2.0-3.0 3350 3322
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Marcel area, Fig. 2 IIb; Upper slice in Breuil-Ayas area, Fig. 2 Ib; Tdsch
slice in Tdsch area, Fig. 2 IlIb; Fig. 3a).

Different lineation sets were measured on the field. Earliest
lineations, marked by elongated omphacite or lawsonite are generally
weak and blurred by a later epidote blueschist or greenschist facies
overprint. Most HP lineations range between N100 and N140 in
Breuil-Ayas area (Fig. 2 Ia), and between N90 and N130 in the St-
Marcel-Clavalité area (Fig. 2 Ila). Structural patterns are more
complex in the Mont Avic-Raffray area (Fig. 2 Ila), where stretching
lineations span a broad range in the dismembered portions of the
metagabbroic body. HP lineations cluster in Tasch area between N75
and N90 (Fig. 2 Illa). Even if these stretching lineations point to E- or
SE-directed thrusting some of them may have been re-oriented by
later deformation events (e.g., Wheeler et al., 2001).

3.2. Textural observations of metabasalts

Metabasalts of the ZS ophiolite identified as zoned N-MOR basaltic
pillow lavas (Bearth, 1959; Dal Piaz et al., 1981) display considerable
textural and mineralogical variations, which may be due to contrast-
ing post-eclogitic events and/or ocean-floor processes (Oberhansli,
1982; Barnicoat and Bowtell, 1995). Ocean-floor hydrothermal
alteration produced widespread chemical zonation of pillows-lavas
which led to the development of glaucophane-rich rims around
eclogitic cores (named “classical metabasalts” in this study). Such
apparent changes in metamorphic grade between eclogites and
blueschists over distances of a few centimeters thus unlikely reflect
variations in HP metamorphism but rather relate to variations in bulk-
rock chemistry.

Fig. 3. a) Field view over the Taschalp area (map 1, Figs. 1 and 2), where a stack of 100-200 m thick slices of oceanic crust crop out below the Gd St Bernard nappe. b) Boudinaged
Grt-Omp-Law-Gln layer in Law-Grt glaucophanites from locality 6 (Fig. 1). Note that mineral abbreviations, hereafter, are after Kretz (1983), except for chloritoid (Ctd), lawsonite
(Law), quartz (Q) and phengite (Phg). c) Relict of a zoned, eclogitized pillow basalt with dry assemblages (Grt+ Omp) concentrated in the core, whereas hydrated assemblages
(mostly pseudomorphs after lawsonite and glaucophane) are concentrated on the rims (locality 2, Tasch valley). d) Glaucophanite with up to 5 cm-long lawsonite pseudomorphs,
500 m west of Pfulwepass (locality 2). e) Typical Mg-rich hydrothermalized metabasalt with Grt-Law-Ctd-Tlc vein cross-cutting a matrix of Grt-Law glaucophanites. Note that
lawsonite is abundant both in the matrix or included within garnet rims (white squares) in both lithologies (locality 5). f) Law eclogite from the southern edge of Lago Di Cignana
(locality 3). Note that pseudomorphs after lawsonite are commonly included within garnet rims (white squares). Other phases include omphacite, which defines the main peak
foliation, and glaucophane which occurs as rims around garnet or in the foliation between omphacite.
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On the other hand, most of the ZS ophiolite rocks do not follow
identifiable original structures such as pillows but more commonly
display as irregularly shaped 10 cm to a few meters long eclogite
patches rimmed by glaucophanites (Fig. 3b). In such lithologies, the
respective contributions from original bulk-chemistry variations and
from boudinage of eclogitic relicts under blueschist facies conditions
cannot be assessed.

We present later the results of observations made on more than
100 thin-section specimens, mostly on classical metabasalts (but also
on highly hydrothermalized magnesian metabasalts; see discussion
later). Abbreviations used in this work are after Kretz (1983) except
for lawsonite (Law), quartz (Q), chloritoid (Ctd) and phengite (Phg).

3.2.1. Classical metabasites

Classical metabasalts of the ZS unit are particularly suited for our study
because the high-grade upper part of their P-T path is well-preserved.
Early metamorphic evolution within classical metabasites is attested
by the upper-blueschist assemblage of Gln+ Law + Ep 4+ Dol —Rt
inclusions in the cores of garnet porphyroblasts. Mm- to cm-large
garnet porphyroblasts are texturally, mineralogically and chemically
zoned with Mn- and Ca-enriched cores and Fe- and Mg-enriched
rims. Disappearance of amphibole and appearance of omphacite
needles and quartz grains within garnet rims characterizes the
blueschist to eclogite transition accompanying the burial of the
ophiolite.

Eclogitic matrix is characterized by elongated omphacite crystals
aligned along the main foliation, wrapping garnet and lawsonite
porphyroblasts (Fig. 3e,f). Omphacite occurs in some eclogites as tails
on garnet or lawsonite. In some samples (Fig. 4a), a second
omphacite-bearing foliation (Omp II) overprints a previous eclogitic
foliation, wrapping the garnetl-omphacitel-lawsonite porphyroblast.
Phengite is randomly disseminated within garnet and is aligned in the
matrix along the dominant omphacite fabric. Quartz is found
dominantly in garnet pressure fringes. In some samples, glaucophane
and epidote are stable with eclogitic assemblages as suggested by
their alignment within the eclogitic matrix. In glaucophane-rich
samples, contrary to classical Grt-Omp-Law eclogites, glaucophane is
commonly included within garnet rims. Kyanite has never been
observed in classical metabasites. Rutile and sulphides may be
abundant (up to 1-2 vol.%) in some samples. Oxides have not been
observed within fresh eclogite-facies samples.

Early exhumation of these rocks is marked by fine Ca-rich
overgrowths on omphacite, and is likely coeval with the locally
strong epidote-blueschist facies foliation wrapping around eclogitic
boudins, (~500 °C, 15-18 kbar; Angiboust et al., 2009). Glaucophane
crystallizes as very thin needles at the boundary between garnet and
omphacite. Unlike glaucophane inclusions in omphacite and garnet
rims, these glaucophane crystals are clearly the product of re-
equilibration of eclogites during exhumation. In places, this blue-
amphibole foliation is accompanied by mm-sized aggregates of
epidote and interstitial paragonite. Lawsonite breakdown and law-
sonite pseudomorph textures will be discussed in the next section.

Under greenschist facies conditions omphacite is affected by
widespread and thorough symplectitic recrystalizations (generally
albite and magnesio hornblende), garnet is retrogressed by chlorite
(and rarely by biotite), while blue-amphibole is destabilized by
greenish Ca-Na amphiboles. Titanite commonly replaces rutile in the
most retrogressed lithologies.

3.2.2. Magnesian metabasites

Magnesian metabasites found in the southern Aosta valley and in
the Pfulwepass area (Fig. 2 ILIII) show unusual high-pressure
lithologies: garnet glaucophanites, talcschists and chloritoschists
(Martin and Tartarotti, 1989; Widmer et al., 2000; Bucher et al,
2005; Fig. 3e). In the chloritoid-talc rich layers interbedded with garnet
glaucophanites of St-Marcel and Clavalité areas (Fig. 2 II), cm-sized

garnet porphyroblasts host numerous inclusions in support of the
prograde paragenesis garnet -+ chloritoid + quartz + glaucophane +
epidote + chlorite + talc £ lawsonite. The typical HP matrix assemblage
within these thin layers is characterized by garnet, chloritoid, talc 4
omphacite and locally lawsonite and glaucophane.

These highly hydrated magnesium-rocks, although interesting in
terms of petrology and hydrothermal processes, are nevertheless
volumetrically insignificant with respect to the rest of the ophiolite.
We therefore focused our attention on the predominant classical
metabasalts, which are representative of the average mafic material in
the subduction channel. P-T pseudosections for the more magnesian
lithologies can be found in the literature (Bucher et al., 2005; Martin et
al., 2008; Wei and Song, 2008).

3.3. Lawsonite pseudomorphs

At the outcrop scale, lawsonite pseudomorphs are irregularly
distributed within fresh eclogites and garnet glaucophanites
(Fig. 3b, c). Although modal proportions range from 0 to 20 vol.%
in the eclogites, most metabasalts contain between 5 and 10 vol.%
lawsonite pseudomorphs. Lawsonite, associated with carbonates, is also
abundant (up to 30 vol.%) in cm-sized garnet-omphacite-bearing veins
cutting across eclogites boudins in Tdschalp area. Interestingly, in the
same area, some fractures are lined up with elongated and rosette-
shaped pseudomorphs after lawsonite (as already described by Fry and
Barnicoat, 1987). On the Fluehorn ridge, west of Pfulwepass, the thrust
contact between a metabasalt slice and a gabbro slice exposes
particularly large and abundant lawsonite pseudomorphs (up to 6 cm-
long, Fig. 3d). The size and abundance of these pseudomorphs decrease
away from the contact towards the middle of the metabasalt slice
to reach the typical lawsonite abundance in ZS slices (i.e., ~10 vol.% and
0.5-1 cmin length). Such large pseudomorphs have also been observed
within metabasalts 10 m beneath the boundary between the Vor
der Wand gabbro slice and the Mellichen eclogitized pillows slice
(Figs. 2 111, 3a). The lawsonite content of eclogites also seems to increase
towards basalt-sediment boundaries in eclogites and glaucophanites
from Breuil and St-Marcel areas.

Under the microscope, lawsonite pseudomorphs occur both in the
matrix and in garnet rims, but are more rarely preserved within
omphacite (Figs. 3f, 4a,b,g; Angiboust et al.,, 2009). Although
breakdown products proportions vary between samples, epidote
makes up 80 vol.% of the pseudomorphs on average, while paragonite
abundance is 5 to 15vol.% (Fig. 4). Small amounts (<5 vol.%) of
accessory chlorite, quartz and albite occasionally coexist with epidote
and paragonite (Fig. 4g).

In classical eclogite-facies metabasalts, pseudomorphs are euhe-
dral and aligned along the main omphacite fabric (Fig. 3b,f). In the less
deformed and retrogressed samples, some of the pseudomorphs
preserved their distinctive rectangular shape (Fig. 4f). Locally, a
secondary omphacite foliation is deflected around lawsonite porphyr-
oblasts (Fig. 4a,(f). In this sample (ZS0716-locality 4), pressure
shadows around lawsonite porphyroblasts, hosting quartz or phen-
gite, are locally filled by a secondary fine-grained omphacite. In
structures interpreted as pillow lava relicts (Fig. 3c), lawsonite
pseudomorphs are mainly associated with garnet and omphacite in
the outer pillow cores, while lawsonite grows with glaucophane,
epidote and dolomite in the rims (Fig. 3c). Within samples strongly
overprinted by blueschist or greenschist facies, the glaucophane
foliation is often deflected around the porphyroblastic pseudomorphs
(Fig. 4e).

In magnesium-rich metabasalts, lawsonite pseudomorphs expose
typical lozenge-shaped habitus and are included within garnet cores
and rims (Figs. 3e, 4d,e). Lawsonite has never been included within
chloritoid.

Several interesting textural patterns were observed in lawsonite
pseudomorphs. Some host inclusions, such as omphacite in the cores
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Fig. 4. a-c) Optical microscope sketches underlining the textural relationships between lawsonite pseudomorphs and the surrounding matrix: a) relict of a peak Grt-Omp-Ep-Pg
aggregate (the latter two represent a pseudomorph after Law) wrapped by a secondary omphacite-bearing foliation (eclogite, locality 4). b) Quadrangular aggregate of epidote and
paragonite included within a garnet core (eclogite, locality 4). c¢) Quadrangular aggregate of Ep + Pg (the latter being concentrated on the rim of the pseudomorph). Omphacite
inclusions (Omp) are rather concentrated in the core of the pseudomorph. Late reequilibration triggered the formation of albite, actinolite and biotite in the pseudomorph, in the
matrix and on the garnet rims (eclogite, locality 2). d) SEM picture showing a quadrangular aggregate of Ep 4 Pg + Phg with glaucophane inclusions in a garnet rim from sample 5
(Clavalité valley). e-g) Lawsonite pseudomorph mineralogy revealed by image processing of SEM pictures (epidote and paragonite masks are grey and white, respectively):
e) relative proportions of epidote and paragonite from the SEM image of picture (d). f) Lawsonite pseudomorph wrapped in an omphacite-bearing foliation underlined by thin white
lines (locality 4, Valtournanche): note that older omphacite crystals are concentrated in the core of the pseudomorph. g) Lawsonite pseudomorph from Lago di Cignana (locality 3)
included in the Mn-rich domain of a garnet.

(Fig. 4f) of glaucophane needles on the outer edge of the pseudo- 3.4. The metamorphic record of metasediments
morphs (Fig. 4e). Mineralogical zonation may also occur with epidote-
rich cores surrounded by paragonite-rich rims (Fig. 4c) next to the The ZS ophiolite exposes a broad variety of metasediments with

omphacite matrix. impure marbles, cherts, calcschists, quartzites, mafic tuffs and mafic
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Table 2

Summary of maximum temperatures inferred from the Raman spectroscopy of
carbonaceous material from various calcschists (RSCM, Beyssac et al., 2002; sample
location in Fig. 2). R? ratio with temperatures (T) in °C and 10 standard deviation (SD).
n: Number of spectra acquired for each sample from ZS ophiolite (ZS) or from the
adjacent Combin unit (CO).

Samp. n R? T SD
S1(28) 12 0.24 535 14
S2 (28) 12 0.23 540 18
S3 (28) 13 0.21 547 26
S4 (ZS) 12 0.24 535 16
S5 (ZS) 12 0.26 524 12
S6 (ZS) 13 0.23 538 17
S7 (CO) 16 0.41 457 18
S8 (Z5) 13 0.21 546 28

schists. The lowest variance peak assemblages recorded are some
calcschists containing garnet, phengite and chloritoid (+lawsonite
pseudomorphs). Raman spectroscopy of carbonaceous material
(geothermometer of Beyssac et al., 2002) of these calcschists gave
peak temperatures estimates comprised between 523 and 545 °Cin a
previous study (Angiboust et al., 2009). Following the same method,
we performed 8 new analyses on calcschists from different slices in
order to evaluate the homogeneity of maximum temperature within
the slice stack (Table 2; location on Fig. 2).

4. Rock and mineral chemistry

Details regarding analytical techniques and procedures (whole-
rock chemistry, microprobe and Raman spectroscopy) are given in
Appendix A.

4.1. Bulk-rock composition of ZS samples

Seafloor weathering and active hydrothermal circulation can modify
pervasively the bulk-rock chemistry of newly formed oceanic crust
(Seyfried et al., 1978; Mottl, 1983). Seafloor alteration strongly depends
on alteration temperature, fluid chemistry and water/rock ratios (see
also experimental data of Mottl, 1983; Seyfried et al, 1978 for a
complete discussion) and generally implies a relative enrichment in
MgO, K;0 and Na,0 in the pillow rim whereas CaO is leached out by
seawater (e.g., Seifert and Brunotte, 1996).

In contrast to the very low H,O content of fresh oceanic basalts
(<0.5 wt.%; e.g., Jambon and Zimmermann, 1990), 2-3 wt.% of water
are commonly added to oceanic crust undergoing hydrothermal
seawater alteration (Harper et al., 1988; Staudigel et al., 1996), and up
to 10-15 wt.% H,0 can be incorporated by the crystallization along
pillow rims and fractures, of strongly hydrated secondary minerals
such as zeolites, chlorite, talc or smectites.

In order to evaluate the representativity of our rock compositions,
bulk-rock chemical analyses are projected in an AFM diagram (Fig. 5).
Our analyses plot in the same field as those of Widmer et al. (2000) for
“classical” eclogites and for “magnesian” metabasalts see also Martin
et al., 2008 and references therein).

All the ZS classical eclogites show a noticeable enrichment in Na
(and to a lesser extent K) with respect to MORB composition probably
as the result of low temperature fluid-rock interactions (mostly
spilitization). A strong higher temperature hydrothermal alteration
(chloritization) locally gave rise to the very peculiar parageneses
observed in eclogitized Mg-metabasalts from St-Marcel, Clavalité,
Pfulwe areas and described earlier (Barnicoat and Bowtell, 1995;
Widmer et al., 2000; Bucher et al., 2005; Martin et al., 2008).

4.2. Mineral analyses

The average garnet composition within classical metabasites is
Alm55_55G1‘525_35Py5_125p52_4 (n:270) while it is Alm50_55Grs15_20
Py20_255psi_3 (n=495) within Mg-rich metabasalts (Pfulwe and
Allalin gabbros analyses) and Alm;_goGrss_15Pys_135ps1_¢ Within Fe—
Mg-rich metabasalts from southern Aosta valley area (see Table 4 for
representative mineral compositions). Core-rim zonation, which are
particularly sharp within Mg-metabasalts from the southern Aosta
valley (e.g., Angiboust et al.,, 2009), shows typically Ca- and Mn-
enriched cores and Fe- and Mg-enriched rims (Fig. 4g).

Omphacite contains between 45 and 60% jadeite component and
has an average Xy of 0.72 (0=0.1, n= 130 analyses). The average
composition of omphacite is Dis7Jds7Acs. Acmite component is
relatively low across the ophiolite (1-12%), except for some
glaucophanite-eclogites slices in the Mont Avic massif (southern
Aosta valley) where an average omphacite composition (JdsgDizsAc;5)
suggests higher Fe activities (Table 4). Omphacite is rarely zoned,
except in Lago di Cignana eclogites where omphacite cores are slightly
richer in jadeite (~52%) than the rims (~47%). Omphacite cores and
omphacite as inclusions within garnet rims are slightly richer in jadeite
component than the rim. Omphacite needles included within
pseudomorphs after lawsonite are chemically similar to omphacite
from the matrix (Fig. 4f).

Microprobe analyses of amphibole were recalculated according to
the procedure outlined by J. Schumacher (in Leake et al., 1997). High-
pressure amphibole is systematically sodic and close to end-member
glaucophane composition with average Xy, of 0.95 (0=0.05, n=385)
and Xy ranging from 0.6 to 0.8. Peak amphibole and post-eclogitic
amphibole are chemically similar. Fe>* content of glaucophane is
particularly low in ZS metabasalts (X3:" ~4%, 0= 6%; Table 4). Ca-Na
amphibole occurs either as thin rim around glaucophane or as very
fine-grained intergrowths with albite in symplectites around ompha-
cite. In classical metabasalts, Ca-Na amphibole corresponds to
barroisite whereas winchite is prevalent in hydrothermalized mag-
nesian metabasalts. In the most retrogressed samples, needles of Ca-
amphibole (mainly actinolite and magnesiohornblende) form in the
matrix and as fine overgrowths around pyroxene and barroisite.

Epidote analyses from metabasites from the ZS ophiolite do not
show significant zonation, and have a pistacite component between
8 and 22%. Early, peak and retrograde epidote after lawsonite show
similar compositional patterns.

Phengite is mostly present in slightly altered classical metabasalts
or within interpillow material. In fresh eclogites, phengite has Si

Table 3

ICP-AES and ICP-MS major element bulk-rock analyses for metabasalts sampled across ZS ophiolite (see Fig. 1 for sample location).
Sample SiO, Al,03 FeO MnO MgO Ca0O Na,O K,0 TiO, P,05 LOI Total Loc. Rock type
750833 46.78 16.58 9.68 0.16 7.29 9.75 3.32 0.34 1.98 0.14 1.0 98.37 3 Law-GlIn eclogite
Z50865b 49.87 16.85 12.37 0.25 5.42 6.16 4.66 0.13 2.37 0.34 0.8 99.21 6
750708 52.01 17.68 8.00 0.13 417 11.82 3.02 0.29 1.68 0.20 0.8 99.80 3
750909 50.00 16.91 8.37 0.16 7.80 8.60 4.48 0.04 1.40 0.14 1.6 99.50 1
750926 46.60 16.72 11.67 0.26 5.50 9.87 3.78 0.76 2.25 0.04 0.6 98.05 Law-Phg ecl.
Z50716b 49.49 16.89 6.53 0.12 6.26 12.16 4.44 0.06 1.26 0.17 1.0 98.37 4 Law eclogite
Z50715b 47.56 17.72 6.33 0.13 6.17 10.25 4.89 0.11 148 0.21 1.5 96.35 4
750904 45.46 18.21 11.47 0.37 11.76 5.41 2.82 0.00 1.15 0.29 25 99.44 2 Mg metab.
Z50721b 55.25 15.00 7.34 0.19 10.75 4.83 3.26 0.10 1.77 0.27 24 101.15 5
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Fig. 5. Plot of bulk-rock compositions in a modified AFM diagram (alkalis versus MgO and FeO). MORB composition after Hacker et al. (2003a). Grey overlays: typical spread of MORB
compositions resulting from spilitization and chloritization, respectively (eclogites and glaucophanites in light grey, and Mg-rich metabasites in dark grey, respectively; after
Widmer et al., 2000). Circle charts represent calculated peak proportions in vol.%. Those outlined by squares correspond to the rocks for which pseudosections were calculated
(Fig. 6). Calculated densities of the corresponding, eclogitized metabasalts are also shown (at 550 °C-24.5 kbar under water-saturated peak conditions). Mineral abbreviations:
a: glaucophane, c: chlorite; g: garnet; o: omphacite, L: lawsonite, p: phengite, q: quartz.

Table 4

Table of selected microprobe analyses of omphacite, garnet, phengite and glaucophane from ZS eclogite samples.
Locality 3 6 4 3 6 4 3 4 3 4
Sample 750833 750865b 750716 750833 750865b 750716 750833 750716 750833 750716
Mineral Omp Grt Phg Gln
Num. h191 06 n108 h189-11 ol1l n95 h209 085 h210 0142
Location S S inc grt mid rim rim S ps. Law S S
Si0, 57.03 55.91 56.09 38.50 37.17 37.54 53.88 51.70 57.38 59.18
TiO, 0.04 0.08 0.12 0.22 0.09 0.11 0.29 0.20 0.04 0.00
Al,03 10.73 10.10 10.14 21.11 20.24 22.40 24.02 2522 11.72 11.71
FeOr 5.16 10.22 6.32 27.38 32.74 27.57 2.02 1.53 8.43 7.02
MnO 0.03 0.00 0.00 0.86 0.73 0.71 0.02 0.02 0.00 0.02
MgO 7.91 527 7.29 335 2.36 3.98 4.85 3.79 11.49 11.99
Ca0o 12.00 8.52 12.73 8.99 6.63 7.87 0.00 0.02 2.05 0.72
Na,O 7.88 8.94 6.78 0.00 0.05 0.00 0.23 0.36 6.42 7.07
K,0 0.00 0.00 0.00 0.03 0.00 0.00 10.00 1043 0.01 0.00
Sum 100.77 99.05 99.46 100.43 100.01 100.18 95.32 93.27 97.54 97.69
Si 2.02 2.05 2.02 3.02 3.00 2.95 3.57 3.50 7.85 7.99
Ti 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Al 0.45 0.44 0.43 1.95 1.92 2.07 1.87 2.02 1.89 1.86
Fe?* 0.06 0.16 0.19 1.80 2.11 1.81 0.11 0.09 0.78 0.61
Fe*™ 0.09 0.15 0.00 0.01 0.09 0.00 0.00 0.00 0.17 0.17
Mn 0.00 0.00 0.00 0.06 0.05 0.05 0.00 0.00 0.00 0.00
Mg 0.42 0.29 0.39 0.39 0.28 0.47 0.48 0.38 2.34 2.41
Ca 0.45 0.33 0.49 0.76 0.57 0.66 0.00 0.00 0.30 0.10
Na 0.54 0.63 0.39 0.00 0.01 0.00 0.03 0.05 1.70 1.85
K 0.00 0.00 0.00 0.00 0.00 0.00 0.84 0.90 0.00 0.00
Xja 0.45 0.46 0.47
Xaem 0.09 0.16 0.00
Xprp 0.13 0.09 0.16
Xaim 0.60 0.70 0.60

Xmg 0.73 0.48 0.67 0.18 0.12 0.21 0.81 0.81 0.75 0.80
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contents mostly in the range 3.45-3.58 per formula unit. Paragonite is
more abundant within both types of metabasalts, and mostly occurs
as pseudomorphs after lawsonite. Paragonite shows a restricted range
of composition from PggoMugCel, to PggsMusCel; whatever its
textural position.

Chlorite analyses span a range from ClingoAmes;>Sudg to Clings
Ames3pSudg. Chlorite, which is widespread within Mg-metabasalts,
shows lower Xz values when included within garnet cores than
when growing at the expanse of garnet or chloritoid during late
retrogression.

5. Modelling the mineralogical evolution
5.1. Phase-diagram assemblage methodology

The modelling of the petrological evolution has been performed
using the phase-diagram calculation software package Perple_X
(Connolly, 1990; March 2009 version) and the self-consistent
thermodynamic database and mineral solution models of Holland
and Powell (1998, with 2002 revision). Amphibole stability relies on
Holland and Powell solid solution model (named GITrTsPg in the
program) using White et al. (2003) and Wei et al. (2003) interaction
parameters, except for case ZS0833-(2).

Four bulk-rock compositions were used to evaluate the effect of
hydrothermal alteration on topology, phase abundances and fluid
transfers. Reference sample ZS0833 comes from Lago di Cignana
(Valtournanche, Italy; locality 3; Fig. 4f). Sample ZS0716 was sampled
in the cliff between Chamois and Buisson (locality 4; Valtournanche,
Italy). Bulk-rock compositions of these samples were calculated in the
NC(K)FMASH system from modal phase proportions (given under
each P-T pseudosection) and average microprobe chemical analyses
(representative analyses are given in Appendix A).

Modal phase proportions were estimated by surface ratio
calculation on a high-resolution scanned image of the thin sections,
using a Matlab program routine. The composition of lawsonite
pseudomorphs is estimated using the epidote and paragonite average
compositions weighted by their average modal amounts in
each sample. Note that our estimated bulk-rock composition for
750833-(1) (Table 5) is very close to our ICP-MS bulk-rock analysis, as
well as to those of Widmer (1996; XRF analyses) and Groppo et al.
(2009; ICP-MS and SEM-EDS analyses) for the same eclogite outcrop
on the southern edge of Lago di Cignana. Bulk-rock analyses of a fresh
eclogite from Pfulwepass (PVB-941; Bearth and Stern, 1971) and of a
pillow rim (BS79; averaged value from four pillow rim compositions
from Mattmark and Tdschtal areas; Bearth and Stern, 1979) were also
used to discuss the effect of ridge-processes on pseudosection
topology.

For the P-T pseudosections, water is considered to be in excess and
pure. As recalled earlier (Section 2.2), field evidence indeed suggests
that free water was available during metamorphism and enabled the
crystallization of hydrated phases during eclogite-facies conditions (e.g.
hydration of the Allalin gabbro, Chinner and Dixon, 1973; Bucher and
Grapes, 2009). We nevertheless studied the influence of variable initial
water contents on the peak assemblage of these eclogite-facies
metabasalts. Activity of CO,, which is very low in most of the eclogites,
was only considered for the pillow rim pseudosection where carbonates
are widespread (BS79).

The variations of modal amounts were calculated along a P-T path
following the average path of Angiboust et al. (2009) obtained for the
ZS ophiolite. Peak conditions considered here are 550 °C and
24.5 kbar. In order to evaluate independently the effect of increasing
the oxygen fugacity on the pseudosection topology, a complementary
set of calculations was performed on the rock composition from Lago
di Cignana (ZS0833). For all other calculations Fe,03; was neglected
because Fe>* content is very low in these eclogites (as in most ZS
eclogites, as shown before) and because interaction parameters of

Table 5
Inter-study comparison of Lago di Cignana bulk-rock compositions. All analyses were
normalized to 100. See text for details.

Ref. Groppo et al. Widmer This study

sample (2009) (1996)

method - yp512 V1 750833

SEM-EDS ICP-MS XRF Modal calc. ICP-MS
Normalized bulk SiO, 51.8 52.8 524 519 49.8

composition Al 03 17.9 16.2 164 16.9 17.7
(wt.%) FeO 9.4 103 11.1 9.8 103

MgO 5.6 6.1 6.3 6.2 8.0

Ca0 10.0 9.4 9.1 104 104

Na,O 4.9 48 4.5 45 35

K;0 0.3 0.3 0.2 0.4 0.3

H,0 - 0.6 0.7 - 0.9

riebeckite with other amphiboles are poorly-constrained for HP-LT
eclogites (Ballevre et al., 2003 and Warren and Waters, 2006).

Given that the rocks underwent a progressive chemical fractionation
during porphyroblast growth (e.g., Marmo et al., 2002), effective
equilibrium compositions may substantially change during each stage
of the P-T history (e.g., Konrad-Schmolke et al., 2008). The fact that
manganese is mainly concentrated within chemically isolated garnet
cores bears two implications: (1) MnO can be neglected in all
calculations, (2) in order to better reproduce the P-T evolution from
prograde upper BS conditions onwards, the composition of garnet cores
was removed from the bulk-rock composition estimate. Note that a
possible mismatch between our pseudosections and “ideal” pseudosec-
tions obtained through incremental changes of the bulk composition
(Konrad-Schmolke et al., 2008) only lies in the prograde portion for
pressures <20-22 kbar.

5.2. Predicted phase relationships and the effect of hydrothermal
alteration

750833 represents a typical hydrated basalt with an inferred peak
assemblage comprising ~1/3 hydrated minerals such as lawsonite
(~20vol.%), glaucophane (>10 vol.%) and phengite (4 vol.%). In order
to compare the effect of bulk-rock chemistry and to test the stability of
the model, we calculated four P-T pseudosections for classical
metabasalts from four different localities on the same P-T range
with HpO-saturated conditions.

5.2.1. The Lago di Cignana eclogite: a typical eclogitized metabasalt

The ZS0833-(1) P-T pseudosection is taken as representative of
hydrothermalized basalt in the ZS ophiolite (Fig. 6a). This pseudosec-
tion, calculated in the P-T range 10-30 kbar and 400-650 °C, consists
mostly of tri- and quadrivariant fields (light and medium grey,
respectively, in Fig. 6a). This pseudosection has been calculated minus
garnet cores (defined by the Mn-rich domain) to limit the fraction-
ation effect. Blueschist facies assemblage is characterized by the Omp-
Law-GIn-Phg-Chl field (Fig. 6a). Entrance in the eclogite-facies field
occurs during burial when garnet begins to form at the expanse of
chlorite at ~480 °C and ~20 kbar during burial of the rock.

Under peak conditions, the predicted assemblage and the relative
vol.% proportions are Omp(46)-Grt(20)-Law(11)-GIn(18)-Phg(4)-
Qtz(1) (Figs. 5, 6a, 7a, 8a). The post-eclogitic assemblage is
characterized by the progressive growth of glaucophane at the
expanse of omphacite. Lawsonite breakdown occurs around 535 °C
and 17 kbar and leads to an increase from 35 to 43 vol.% of the
glaucophane content (Fig. 7a). Lawsonite breakdown is followed by
garnet breakdown (525 °C, 16 kbar). Phase proportions thus change
dramatically in the pseudosections (Fig. 7a) in a very narrow range in
pressure (15-17 kbar) and temperature (520-530 °C). For the
pseudosection shown in Fig. 6a, where the garnet rim is included in
the whole-rock composition, lawsonite is pseudomorphed only by
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Fig. 7. Calculated phase abundances along the P-T path shown in Fig. 6, represented by the combination of two straight lines from 400 °C/12 kbar to 550 °C/24.5 kbar and from
550 °C/24.5 kbar to 510 °C/11.5 kbar, respectively. a) Phase abundances for the Lago di Cignana ZS0833-(1) eclogite (Fig. 6a). Bottom part of figure: associated variations in water
content (black solid line) and densities (dashed line). b) Phase abundances during exhumation in the case of a garnet-free Lago di Cignana eclogite (Fig. 6b) showing the effect of
fractional crystallization of garnet on the lawsonite-bearing assemblage in the matrix. c) Simulation for the average of pillow rims (composition BS79; Fig. 6e) with fixed amounts of

H,0 (1.6 wt.%) and CO, (1.3 wt.%).

epidote. In order to better reproduce the petrological processes in the
lawsonite microdomain, a new pseudosection was calculated
(Fig. 7b), in which garnet was completely removed (it is in fact
well-preserved in most Lago di Cignana eclogites) and only the phases
which are susceptible to react with lawsonite were taken into account
(Figs. 6b and 7b; i.e.,, Omp, Law, GIn and Phg). Pseudomorphs after
lawsonite predicted by this garnet-free pseudosection are made of
78 vol.% epidote and 22 vol.% lawsonite under 510 °C and 11.5 kbar in
lower epidote blueschist facies conditions (Fig. 7b).

5.2.2. Effect of Fe>™ content on peak mineral equilibria

Ferric iron content may significantly affect phase relationships
during metamorphism (e.g., Diener and Powell, 2010). Assessing
ferric iron content under eclogite-facies conditions is difficult,
however, because many later metamorphic events can affect the
bulk-rock oxidation during exhumation (e.g., Pognante, 1985; Groppo
and Castelli, in press).

In order to assess the effect of increasing ferric iron content, we
focussed on the reference sample ZS0833-(1). Two reasonable bounds
for the bulk rock Fe>* content (Fe;03 =0.6% and Fe,05 =1.2%) were
derived from ferric iron content within omphacite (Droop, 1987),
glaucophane (Leake et al., 1997) and epidote. The P-T grid ZS0833-(3)
with 0.6% Fe,05 (Fig. 9) has been calculated considering that Fe>* is

only hosted by omphacite (Green et al., 2007) and epidote (Holland
and Powell, 1998), given that analyzed glaucophane and garnet have a
low Fe?™ content (Table 4). Many similarities with Fig. 6a
(Fe;03=0%) can be noticed. The main difference is based on the
appearance of talc close to peak conditions.

We tested several combinations of distinct activity models for
amphibole and garnet in order to evaluate the robustness of our model
(see Supplementary material B). Whatever the set of activity models,
increasing Fe>* content of the rock implies (i) an increase of the
lawsonite content (up to c. 20 vol.%), (ii) the stabilization of talc (up to
9vol.%) growing at the expense of glaucophane, and (iii) a density
decrease (down to c. 3300 kgm~3). The best agreement between
observed and calculated phase proportions (Supplementary material B)
is obtained for null or low (Fe,03 =<0.6%) ferric iron contents, since talc
has never been reported in classical ZS metabasalts.

The apparent contradiction between the extreme scarcity of talc in
eclogitized MOR basalts worldwide (e.g., Garcia-Casco et al., 2002;
Davis and Whitney, 2006), experimental data (e.g., Forneris and
Holloway, 2004) and its high abundance (10-20vol.%) in recent
thermodynamical modelling (e.g., Rebay et al., 2010) raises the
question of the compatibility between omphacite, talc, chlorite and
recent amphibole models (e.g., Diener et al., 2007) for HP-LT
metabasalts.

Fig. 6. Pressure-temperature pseudosections calculated with Perple_X (Connolly, 1990) with excess water (except for f), for four different bulk compositions of MORB-derived
metabasalts (shown in Fig. 5). Modal abundances used for bulk-rock composition calculations are given in vol.% and the resulting bulk-rock compositions are in wt.%. The grey-
shaded arrow represents the synthetic P-T path for the ZS ophiolite, while the dotted ellipse gives the averaged P-T estimate for peak conditions (Angiboust et al., 2009). White, light
grey, low medium grey, high medium grey and dark grey correspond to di-, tri-, quadri-, penta- and hexavariant fields, respectively. Mineral abbreviations: ank (ankerite), ch
(chlorite), coe (coesite), g (garnet), g-Amp (green amphibole), gl (glaucophane), ky (kyanite), lw (lawsonite), om (omphacite), pg (paragonite), ph (phengite), ta (talc), q (quartz),
w (water), zo (zoisite). a) P-T pseudosection for a typical, strongly hydrated metabasalt from Lago di Cignana (ZS 08 33-(1); locality 3). b) P-T pseudosection for the same Lago di
Cignana sample, considering only matrix phases subject to reaction during lawsonite breakdown (i.e., omp, gln and law) and thus removing the garnets. ¢) P-T pseudosection for a
representative, slightly hydrated bulk composition from locality 4 (Valtournanche). d) P-T pseudosection for a paragonite-bearing metabasalt from Bearth (1973) from Pfulwepass
locality. e) P-T pseudosection for an average of pillow rim compositions (from Bearth and Stern, 1979). f) Same composition as e) with fixed amounts of H,0 and CO,.



466 S. Angiboust, P. Agard / Lithos 120 (2010) 453-474

. BS-79
“[|{pillow rim)

BS-79
Calc. (10 + COy Omp Grt

@ Peak abundance of phases (vol.%)
0 50 100
Est. Omp Grt
3

Calc. 25083 Omp Grt "

B\ PVB od Chnp E

Calc. Omp g

Est. Omp %

il ZS 07 16 Omp %
;’;j

Omp Grt

Calculated
zoning

trend M

VAVA
Calcnlated ‘W

(‘DJ)IP(]H"(J”S vv
L.~ \VAVAVAY/
AVAYAVAVAY i
v v AvA compositions, AVAVA
AT ATAVATAYATAYATAYAY
INNNNN INNNNNNNNNN

Id —>Acm  Grs + Sps Bip

 ZAVAVAVA
Y CVAVAVAVAN
<) 7

Analyzed

Fig. 8. a) Comparison between inferred visual estimates (Est., up) and calculations
(Calc., bottom) of modal phase abundances for the P-T pseudosections of Fig. 6 under
peak conditions (550 °C, 24.5 kbar). Inferred compositions were calculated assuming
that green amphibole formed equally from omphacite and glaucophane, that half of the
glaucophane content comes from omphacite and that paragonite formed after
lawsonite. Mineral abbreviations as for Figs. 6 and 7. b) Comparison between
microprobe analyses from the ZS0833 eclogite and compositions derived from Perple_X
along the burial P-T path of Fig. 6 for omphacites (left) and for a garnet core to rim
transect (right). Garnet and pyroxene end-members: Acm: acmite; Alm: almandine; Di
diopside; Grs + Sps: grossular + spessartine; Jd: jadeite; Prp: pyrope.

5.2.3. Effects of variable bulk-rock chemistry on phase-diagram topology

Sample ZS0716 (Fig. 6¢) has a bulk-rock composition relatively
enriched in Na,O compared to ZS0833 (Fig. 5). Under peak conditions,
the assemblage composition and relative proportions are Omp(70)-
Grt(13)-GIn(10)-Law(7). The exhumation pattern is similar with the
formation of glaucophane at the expanse of omphacite and garnet and
zoisite and paragonite + chlorite at the expanse of lawsonite.

Sample PVB 941 (Fig. 6d) is characterized by a relatively high
content in Na,O (7.4 wt.%) and a relatively low content in MgO
(3.5 wt.%; Fig. 5). All the glaucophane present in the blueschist facies
assemblage has been consumed by omphacite and garnet during
eclogitization of the rock. The peak assemblage and relative propor-
tions of species for this pseudosection are Omp(80)-Grt(15)-Law(3)-
Q(2). After lawsonite breakdown, the stable assemblage is Omp-Grt-
Gln+Zo +Pg.

Sample BS79 (Fig. 6e) has a bulk composition very close to that of
750833 (Fig. 5). Even if the slight differences in whole-rock composition
led to apparently different topologies, the relative proportion of phases
under peak conditions are similar (Figs. 5 and 8a).

5.2.4. Pillow zonation and effect of adding CO, on phase abundances
Carbonates are widespread in the Tdschalp area, within eclogitized
pillows rims (Fig. 3c), and are associated with garnet, glaucophane,
phengite, epidote, omphacite and lawsonite (Bearth, 1967; Oberhan-
sli, 1982; Barnicoat, 1988). In P-T pseudosection BS79, the topology is
deeply modified by the presence of a high CO, content (Fig. 6f). The
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Fig. 9. P-T pseudosection calculated on L. di Cignana eclogite composition ZS0833-(3)
considering an average Fe>* content (see Fig. 6a for comparison). Abbreviations are
similar to Fig. 6 except for ep: epidote.

average value of CO, content (1.3 wt.%; H,O is 1.6 wt.%, for
comparison) taken from Bearth and Stern (1979) analyses falls within
the broad range reported by Alt and Honnorez (1984) for variably
altered sea-floor basalts. The main modifications in topology are
(i) stabilization of garnet towards blueschist facies conditions,
(ii) stabilization of a Ca-Fe-Mg carbonate (ankerite) on the entire
grid, (iii) stabilization of zoisite up to 21 kbar in the lawsonite stability
field and (iv) much higher amounts of glaucophane under epidote
blueschist facies conditions (>50 vol.%) (Fig. 7c). Lawsonite abun-
dance under peak conditions remains comparable to estimates from
previous P-T grids (Fig. 8a).

5.2.5. Effect of initial water budget on peak conditions modal abundances

We evaluated the effect of lowering the initial water budget of the
rock (Fig. 10). Decreasing initial water content systematically implies
the expansion of eclogite-facies minerals (grt +omp) at the expanse
of glaucophane and lawsonite. Comparison of these diagrams with
estimated peak modal abundances reveals that the best fit between
modelled data and petrological observations is obtained for high
initial water contents, close to saturation, whatever the bulk-
chemistry (grey-shaded area, Fig. 10a, b, c). Rock “dehydration” is
accompanied by a progressive increase in density mainly driven by
the increase in garnet content. While densities range from 3300 to
3420 kg/m?> for strongly hydrated parageneses (see Section 6.3), dry
eclogites with the same bulk composition have densities between
3440 and 3500 kg/m?>.

6. Discussion
6.1. Detailed tracking of the mineralogical evolution

Petrological observations and pseudosection modelling indicate
that burial is characterized by the blueschist facies assemblage
Omp + GIn + Law + Chl + Phg. Blueschist-eclogite transition assem-
blages are preserved as inclusions (mainly glaucophane and lawsonite)
in garnet cores within the Mn-rich domain. Glaucophane amounts
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decrease in the metabasalt at the expanse of omphacite between 20 and
24.5 kbar to reach 20 vol.% under peak conditions.

Coeval omphacite and garnet growth in eclogite facies is predicted
for the reference pseudosection ZS0833 between 480 °C/20 kbar and
550 °C/24.5 kbar. Other pseudosections allow evaluating its sensitiv-
ity to changing chemical compositions (Fig. 6). As CaO, FeO, MgO
partition between glaucophane, garnet and omphacite, evaluating
independently the effect of varying one of them on the system
topology is impossible. However, even if the boundaries and the field
dimensions change from one composition to the other, the overall
pattern for the classical metabasalts is very similar and shows: (i) a
consumption of glaucophane at the expanse of garnet and omphacite
during eclogitization (Fig. 7a), (ii) relatively constant amount of
garnet under peak conditions (Figs. 7a and 8a), and (iii) stability of
lawsonite during burial and early exhumation (Fig. 7a). The main
differences are essentially the variations in omphacite (36-80 vol.%)
and glaucophane (0-18 vol.%) abundances under peak conditions
(Fig. 8a).

In sample ZS0716, modal abundances under peak conditions are
characterized by the pre-eminence of omphacite (70 vol.%) and match
observed abundances (Fig. 8a). This also holds true for sample PVB941
where pseudosection modelling predicts that 92 vol.% of the rock is
made of omphacite and garnet under peak conditions, in agreement
with rock mineralogy. Paragonite, fairly abundant in this sample
(12 vol.%), is thought to form from the reaction between omphacite
and lawsonite during retrogression.

Calculated phase compositions too are very similar to those
analyzed (Fig. 8b). As discussed previously, the absence of Fe** in
most of our pseudosections may account for the slight shift between
our microprobe analyses and predicted omphacite compositions. The
garnet zoning trend with increasing almandine content followed by
pyrope enrichment is well reproduced. However, modelled peak
compositions have slightly (5-10%) lower pyrope content than
analyzed garnet rims. This slight mismatch may result from (i)
fractionation of magnesium in the matrix during garnet growth, thus
creating a disequilibrium between the estimated rock composition
and the actual rock volume subject to reaction, (ii) removal of Mn or
Fe>" from calculation, (iii) uncertainties related to activity models,
and (iv) underestimation of peak conditions of Lago di Cignana
eclogites (see previous discussion in Section 2.1).

We emphasize that lawsonite is systematically stable under peak
conditions together with garnet-omphacite 4 glaucophane. This
result is also supported by numerous petrological observations such
as lawsonite inclusions within garnet and omphacite cores and rims
(Figs. 3f, 4) and dismisses the possibility of a lawsonite-free peak

assemblage. Zoisite/paragonite intergrowths (+chlorite) are pre-
dicted to form in a 4:1 ratio after lawsonite breakdown in all the
samples (e.g., Fig. 7b), which concurs with petrological observations
(Fig. 4e-g).

6.2. Water budget and fluid release

6.2.1. Water budget and lawsonite content

In order to further evaluate the amount of water present in the ZS
rocks, phase abundances were calculated for various water saturation
values (Fig. 10). In order to match calculations and petrological data,
Fig. 10 shows that the ZS metabasalts must have witnessed water-
saturated conditions under peak conditions. Water-saturated condi-
tions are also supported by strongly hydrated peak assemblages
reported in the Allalin gabbro (Chinner and Dixon, 1973; Bucher and
Grapes, 2009).

Using our reference ZS0833-(1) pseudosection, we then calculated
the evolution of its water content throughout the P-T evolution
(Fig. 11a; initial content ~4.5 wt.% under saturated conditions). Given
the moderate to high intensity of hydrothermal alteration in the Lago
di Cignana eclogites, we assume that 20% of initial water is released
during early subduction (mostly through destabilization of clays and
zeolites; Peacock, 1993). Once this first dehydration stage is over, the
water budget of metabasalts remains relatively constant during
subduction under blueschist facies conditions (~3.8 wt.% H,0).
Almost half of the initial water content later escapes from the rock
through chlorite destabilization as the rock enters the eclogite facies.
Under peak conditions the ZS0833-(1) pseudosection predicts that
the Lago di Cignana eclogites contain 11 vol.% lawsonite, with an
overall water content of 1.7 vol.%. One should keep in mind that the
above amounts of lawsonite and water content in fact correspond to
minimum values (Fig. 9), since they may increase in rock domains
with higher Fe3™ activities (Supplementary material B).

About one third of the initial water content (~35%) is thus
preserved at peak conditions, mainly bound in lawsonite and to a
lesser extent in glaucophane and phengite. Since lawsonite contains
12 wt.% water and lawsonite pseudomorphs around 4 wt.%, much
water is lost during lawsonite breakdown through the reaction:

Jadeite + Lawsonite = Zoisite + Paragonite + Quartz + H,O0.

With a rock containing 11 vol.% of lawsonite, about 0.9 wt.% of
total water is lost at this stage. Three contrasting situations can occur
however (Fig. 11a): (1) water escapes from the rock, which would
then contain 0.8 wt.% water (i.e., ~15% of the initial water content),
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curve: cumulative amount of water bound within minerals of the ZS ophiolite considering 50 vol.% serpentinite, 40 vol.% metabasalts and 10% calcschists. Also shown is the range of

peak P-T conditions for oceanic eclogites from the compilation in Agard et al. (2009).

(2) water is taken up by glaucophane (the water content is buffered to
~35%), or (3) additional water is added to the rock, allowing for the
crystallization of more glaucophane (potentially increasing the water
content to ~45 vol.%; as predicted in Figs. 6a and 7a). Average H,O
content (~0.8 wt.%) in Lago di Cignana eclogites (Table 5) supports
the first option for these rocks.

Field observations show that pseudomorphs after lawsonite are
not systematically associated with retrograde glaucophane (some
lawsonite eclogites have very low glaucophane content) and that
many blueschist facies shear zones cross-cut eclogitic bodies. Law-
sonite content, in the particularly well-preserved Mellichen slice
(Fig. 2 IlI), was not equally distributed either. Lawsonite-bearing veins
cross-cutting the main eclogitic foliation and the increase in lawsonite
size and abundance on the edges of the slice suggest that (i) these

veins and fractures formed in the lawsonite stability field during early
exhumation and that (ii) channelized fluid flow and dynamic
recrystallization between the slices may have contributed to the
massive crystallization of lawsonite along the slices. All this suggests
that fluid transfer takes place at scales>m, in addition to cm-scale
mineral buffers. Such fluid circulation may in fact be essential for the
individualisation, in the ophiolite, of denser mafic bodies surrounded
by a mechanically softer and buoyant matrix (see discussion later).

6.2.2. Fluid release at depth

Fig. 11b highlights reactions controlling fluid release in mafic
protolith (ZS0833), but also in the surrounding serpentinized
peridotites and subordinate calcschists (pseudosections, not shown
here, are available on request). Based on surface exposures, the ZS
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ophiolite is in first approximation made of a 1:9:10 ratio of
sedimentary, mafic and ultramafic protoliths from which allow
calculating a bulk dehydration curve (Fig. 11c).

When comparing these dehydration steps with the depth range of
oceanic lithospheric pieces returned from subduction zones world-
wide (Agard et al., 2009) only the chlorite (and possibly chloritoid)
breakdown reactions match (Fig. 11c). Destabilization of chlorite in
blueschist facies metabasalts and metasediments may release signif-
icant amounts of water at depths of 50-60 km, while sediments will
loose some more water through chloritoid breakdown somewhat
deeper, at 70-80 km (Fig. 11c). By contrast antigorite breakdown
takes place much deeper (Fig. 11c¢). This is consistent with the results
of Scambelluri et al. (1995), Li et al. (2004) and Auzende et al. (2006)
demonstrating that the W. Alps serpentinites still contain stable
antigorite under eclogite-facies conditions. Antigorite breakdown will
release significant amounts of fluids in the mantle wedge (e.g.,
Iwamori, 1998), yet this will happen at ~100 km (630-675 °C/30-
34 kbar, for a cold, 4-8 °C/km geothermal gradient as for the W. Alps;
Ulmer and Trommsdorff, 1995), i.e., 20-25 km deeper than the
maximum depth reached by the ZS ophiolite.

Importantly, we emphasize that the depths of major fluid release
through the prograde chlorite and retrograde lawsonite breakdown
reactions broadly coincide, at 50-60 km. Even if a fraction of these
fluids may be reabsorbed by adjacent under-saturated rocks, this
massive fluid liberation may significantly contribute to the serpenti-
nization of the plates interface. As an example, chlorite breakdown in
the oceanic crust (with 100 m sediments and 400 m of hydrotherma-
lized basalts) would alone cause 8 wt.% serpentinization of 1 km®> of
dry mantle in a closed system. These results are consistent with recent
geophysical data. While dehydration reactions in the subducting slab
are assumed to cause ~20-30% serpentinization of the mantle wedge
in the range 20-60 km (Peacock and Hyndman, 1999; Hyndman and
Peacock; 2003; Chou et al., 2009), recent seismological observations
point to discontinuous and fragmentary serpentinization (Seno, 2005;
Xia et al., 2008) and emphasize fluid percolation beyond maximum
depths of the seismogenic zone (i.e., 45-60 km; Audet et al., 2009).
Note that an intense serpentinization of the mantle wedge will also
tend to widen the subduction channel, which may in turn promote
exhumation (Raimbourg et al., 2007) and therefore partly account for
the sampling of HP-LT rocks from this depth range (Agard et al., 2009).

6.3. Evolution of densities (and viscosities) as a function of water content

6.3.1. Evaluation of buoyancy contrasts

Based on ZS rocks or on a worldwide compilation, Bucher et al.
(2005) and Agard et al. (2009) concluded that there are maximum
depths (20-23 kbar on average) beyond which the oceanic litho-
sphere is too negatively buoyant and irreversibly sinks into the
mantle. Hence, beyond such depths, the densification of mafic
material resulting from eclogitization is not counterbalanced by
associated, light serpentinized peridotites. Buoyancy is indeed
considered by many authors (e.g., Platt, 1993; Rubatto and Hermann,
2001) as the main effective force able to return deeply subducted
rocks to the base of the crust.

Strong initial hydration of the ZS ophiolite (i) enhanced the amount
of hydrated phases such as lawsonite and glaucophane during the burial
of oceanic crust, (ii) induced a density decrease under peak conditions
as less dense hydrated phases (e.g., lawsonite: 3126 kg m~>; glauco-
phane: 3139 kg m~3) crystallized instead of the dense typical eclogitic
phases (garnet: 4060 kg m~3; omphacite: 3358 kg m~3), and
(iii) weakened the rock and decreased its viscosity.

The density difference between a water-saturated hydrated
metabasalt (ZS0833) and a typical water under-saturated MORB
composition is shown in Fig. 11b. The MORB is ~120 kg m~ > denser
under peak conditions that the hydrated metabasalt (3510 and

3390 kg m ™3, respectively). This difference reaches ~250 kg m™2 in

garnet-lawsonite glaucophanites (magnesian metabasalts) or in more
oxidized portions of the rock (Supplementary material B). When
taking into account metasediments in each slice, the average density
of the slice is strongly lowered and ranges from ~3150 kg m™> for
sediment-rich slices (e.g. Courquet slice; Table 1) to 3350 kg m™ > for
mainly-basaltic slices (e.g. Pfulwe slice). For ZS gabbros (e.g., flaser-
gabbros mainly composed of clinopyroxene in a strongly sheared
and flattened epidote-rich matrix; Ayas slice, Fig. 2 Ib; Plan Frei slice,
Fig. 2 IIb) we obtained an average peak density of 3287 kg m~> using
the spreadsheet of Hacker and Abers (2004).

To evaluate the buoyancy of these ZS eclogitized slices with respect
to surrounding mantle rocks on either sides of the channel (taken here
as moderately hydrated: i.e., 30 wt.%, based on mantle wedge estimates),
one needs to combine densities of the mafic parts (Table 1)
and densities of their associated fraction of highly serpentinized (i.e.,
90 wt.%) slab mantle. Computated densities are ~2880 kgm™ 3
for a completely serpentinized mantle and ~3330 kg m~> for a dry
mantle.

Fig. 12 shows, for contrasting densities of mafic bodies, the fraction
of serpentinized mantle required to produce a tectonic slice lighter
than a 30% serpentinized mantle (p=3091 kg m™>). For the range of
densities of the ZS mafic bodies, Fig. 12 shows that the ratio of
ultramafic/mafic material should be greater than 1 (which corre-
sponds to the ratio deduced from outcrop exposures; Fig. 2). This plot
also shows that the buoyancy contrast at peak conditions between the
slices and the surrounding mantle will be relatively small (between
—50 and +100 kg m~3).

6.3.2. Upward migration after detachment

Once detached, the upward migration of a (ZS ophiolite) tectonic
slice will linearly depend on the following ratio: (ps— pm)/m, where
(ps — pm) represents its density contrast and r represents the viscosity
of the surrounding matrix/mantle. This dependency comes from the
Stokes equation, as used by Schwartz et al. (2001), and is also found in
the exhumation number proposed by Raimbourg et al. (2007). In
contrast to the densities discussed previously, the evolution of the
viscosity as a function of the P-T conditions is unknown.

Application of the Stokes equation allows in principle to calculate
the minimum velocity of a sphere in a weak viscous environment. The
average ZS ophiolite slice is 300 mx 2000 mx 3000 m and would
correspond to a sphere radius of 750 m, yet a spherical shape may not
be very valid since eclogitic lenses are lenticular and flattened (Figs. 2
and 3): flattening will further decrease velocities through enhanced
friction, whereas a lenticular shape may prove more efficient to move
along the subduction channel, but whether these two effects cancel
out is unclear.

Considering a rather low density contrast (Ap=>50kgm~3;
Fig. 12) between the ZS ophiolite and the surrounding serpentinized
mantle present on either sides of the channel, we obtain velocities of
20m My~ '. Note that we chose 1=10%°Pas™', which in fact
corresponds to 50% serpentinized mantle (Schwartz et al.,, 2001),
since heterogeneous serpentinization along fractures will result in an
overall effective viscosity trending towards that of fractures (Escartin
et al, 2001). This velocity is nevertheless one or two orders of
magnitude lower than the 2 cm yr~ ! obtained by Amato et al. (1999)
for L. di Cignana. To match such velocities, viscosities of 10'7 are
required, which is not realistic according to recent measurements
(Hilairet et al., 2007). These simple calculations suggest that buoyancy
contrasts alone cannot account for the exhumation of the ZS rocks.

6.4. Implications on exhumation and fluid processes in the subduction
channel

We herein propose a tentative model evolution for the ZS ophiolite
and discuss how this sheds light on subduction channel processes
(Fig. 13). We propose that the various slices recognized here derive, as
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a first approximation, from a coherent tectonic unit, with possibly
slight density differences depending on the degree of hydrothermal
alteration and on the relative proportions of metasediments (Figs. 12b
and 13a). This is supported by (i) very similar P-T conditions across
the slices (and peak temperature conditions in associated metasedi-
ments; Angiboust et al, 2009), (ii) numerous occurrences of
preserved, undisturbed basalt-sediment contacts, and (iii) occur-
rences of serpentinite slivers strictly restricted to shear zones
between the slices.

This huge body detached from the sinking slab at depths of 70-
80 km (23-25 kbar) and was later sliced up on exhumation, under
fluid present, blueschist facies conditions at 17-18 kbar (Fig. 13b,c).
The formation of several slivers amounting to ~2-3 km thick is in
agreement with inferred subduction channel widths (Abers et al.
2006; Hilairet and Reynard, 2009).

The ZS ophiolite was returned along the subduction channel at
rates (2 cmyr~ '; Amato et al., 1999) which cannot be accounted for
by buoyancy contrasts alone (as shown in the previous paragraph).
These rates were possibly enhanced by internal subduction channel
dynamics (e.g., Schwartz et al., 2001; Gerya and Stockhert, 2002;
Guillot et al., 2009). The scarcity of very dense oceanic eclogites
exhumed along subduction zones (see the compilation by Agard et al.,
2009), shows, however, that density contrasts dominate over
subduction channel dynamics and effectively prevent their upward
migration along the subduction plane. The fast return of the ZS
ophiolite was therefore likely assisted, from blueschist facies condi-
tions onwards, by the rise of an adjacent, much more buoyant material
(i.e., the continental material from the Mt Rosa internal massif; Lapen
et al., 2007; Fig. 13d).

We envisage that enhanced mechanical coupling (Fig. 13b) and/or
large earthquakes (as for Sumatra earthquake in 2004: Singh et al.,
2008; Chile earthquake in 2010), possibly reworking shear zones in
the strongly hydrated crust and/or serpentinized slab mantle, were
responsible for the detachment of this large tectonic slice. Strong
hydration of the ZS ophiolite is responsible for a higher buoyancy and
for a weakening of the material, through a decrease in viscosity
(although this cannot be quantified) and repeated microfracturing
(e.g., Fry and Barnicoat, 1987). Enhanced buoyancy prevented the ZS

ophiolite from irreversibly sinking into the mantle. We also propose
that its significantly higher water content enabled the detachment of
a much larger ophiolite sliver with more mafic material than that of
the nearby Monviso.

Finally, we predict through thermodynamic modelling a domain of
strong hydration at 50-60 km in the subduction channel, associated
with chlorite and lawsonite breakdown (with the possible addition of
deeper fluids from antigorite breakdown). We underline that these
depths where fluid is most abundant correspond to depths at which
episodic tremor slip was recently described (Rogers and Dragert,
2003; Audet et al., 2009) and to common depths at which tectonics
stacking takes place in the W. Alps (i.e., 15-18 kbar). These
conclusions are also in line with the growing recognition of the key
role played by fluids in subduction zones (hydrated serpentinized
mantle wedge: Guillot et al., 2001; Hyndman and Peacock, 2003; link
between dehydration reactions and double seismic zones: Hacker
et al,, 2003a,b).

7. Conclusions

The Zermatt-Saas ophiolite corresponds to the largest exhumed
body of lawsonite eclogite and the deepest fragment of oceanic
lithosphere returned from a subduction zone worldwide and provides
key insights into subduction channel processes.

Field observations reveal that the ZS ophiolite is made of a stack of
highly hydrothermalized mafic tectonic slices several 100 m thick,
interleaved with serpentinites. A thick, strongly serpentinized mantle
sole is also found at the base of these slices. The initial water input,
during MOR hydrothermal alteration, favored the crystallization
under eclogitic conditions of lighter, hydrated minerals (glaucophane,
lawsonite) than those found in common eclogitic assemblages
(garnet, omphacite). Our investigations suggest that water remained
in excess from burial to eclogitic peak conditions and that eclogite
densities of the various ZS slices were at least 100 to 250 kg m~>
lighter than those of usual dry eclogites.

We thus propose that the unusually large dimensions of the
eclogitic ZS ophiolite (with respect to nearby ophiolite bodies such as
Monviso, for example) mainly result from its initial strong hydration.
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and Gran Paradiso Internal crystalline massifs) during continental subduction.

The hydration was both responsible for its enhanced buoyancy, which
prevented it from irreversibly sinking into the mantle, and for a
significant weakening of the material.

Simple calculations suggest, however, that the density contrast
between these tectonic slices (mafic and ultramafic in a 1:1
proportion, approximately) and the surrounding variably hydrated
mantle was probably only moderate and yield exhumation velocities
smaller than those reported (e.g., Amato et al., 1999). The relatively
fast exhumation of the ZS slices, which were probably detached along
the subduction channel by large earthquakes, was finally assisted by
the exhumation of the buoyant underlying continental units of the
nearby internal crystalline massifs (as suggested, for example, by
Lapen et al., 2007; Agard et al., 2009).
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Appendix A. Analytical methods

Major element analyses of nine eclogitized metabasalts (Table 3)
were analyzed at Ecole et Observatoire des Sciences de la Terre in
Strasbourg, France. An aliquot of each sample was crushed and
powdered for 20 min with an electric mortar in agate to avoid
contamination. About 1 g of sample was dried at 110 °C and heated to
1000 °C for 3 h for chemical preparation. A 100 mg fraction of each
sample was then mixed with 750 mg lithium tetraborate in a vitreous
graphite crucible and fused at 1000 °C in a silica muffle furnace under
an atmospheric pressure of argon for 30 min. After cooling, the glass
was directly dissolved in the crucible containing dilute nitric acid and
glycerine. The final dilution was 4 g/dm> (100 mg of sample in 25 ml
solution). After filtering, the 4 g/dm> solution was analyzed by ICP-
AES. The same solution was diluted 10 times for analysis by ICP-MS.
Calibration curves were prepared using five solutions: a blank
(750 mg lithium tetraborate which was fused and dissolved in dilute
nitric acid and glycerine) and four CRPG reference materials: AN-G,
BEN, GS-N and VS-N. Four other standards were analyzed every six
samples in order to monitor the possible drift of the spectrometer and
to refine the calibration.

Microprobe analyses have been performed with a Cameca SX100
(Camparis, Univ. Paris 6). Classical analytical conditions were adopted
for spot analyses [15 kV, 10 nA, wavelength-dispersive spectroscopy
(WDS) mode], using Fe,05; (Fe), MnTiOs (Mn, Ti), diopside (Mg,
Si), CaF, (F), orthoclase (Al, K), anorthite (Ca) and albite (Na) as
standards.

Raman spectroscopy on organic matter was done at Ecole Normale
Supérieure of Paris, following the procedure described in Beyssac et al.
(2002).

Appendix B. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.lithos.2010.09.007.
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