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Abstract: Rodingites hosted in serpentinites of the upper Valtournanche (Zermatt-Saas Zone) record four stages of
ductile deformation of which the first three are associated with new mineral growth; D, and D, developed under high-
pressure to ultrahigh-pressure conditions and D3 under lower pressure conditions.

On the base of the modal amount of the main mineral phases three types of rodingites are individuated: epidote-,
garnet-chlorite-clinopyroxene-, and vesuvianite-bearing rodingites. They are interpreted as deriving from ocean floor
metasomatism of former gabbro dykes intruded in mantle rocks, successively affected by subduction-related
metamorphism during the Alpine convergence.

Field mapping allowing continuous structural correlation shows that the deformation history recorded in the
serpentinites affects also rodingites. On the basis of syn-D, peak conditions already inferred in serpentinites (2.5 £ 0.3
GPa and 600 + 20 °C) the following syn-D, assemblages in rodingites are interpreted as developed under the same
physical conditions, during the Alpine subduction: epidote,;, clinopyroxene,, Mg-chlorite,, titanite;, + garnet;,, £
tremolite; in epidote-bearing rodingites; Mg-chlorite;;, garnet,,, clinopyroxene,, £ vesuvianite;;, £ opaque minerals, in
garnet-chlorite-clinopyroxene-bearing rodingites; vesuvianite;;, Mg-chlorite;;, clinopyroxene,, garnet;,, + titanite;,
epidote, in vesuvianite-bearing rodingites. Pre-D; mineral relicts such as Cr-rich spinel and cm-sized clinopyroxene
porphyroclasts are interpreted as magmatic vestiges of the rodingitised and eclogitised gabbro dykes, whereas Cr-rich
garnet and Cr-Ti-Ca-rich vesuvianite as developed during oceanic metasomatism. Distinct chemical compositions
characterise the same minerals recrystallised during the Alpine subduction. Finally, multiscale structural analysis
shows that the dominant structural and metamorphic imprint recorded by the Valtournanche eclogitised rodingites
developed during the Alpine subduction and that, in the favourable bulk composition (Ca-rich), vesuvianite is stable
also at metamorphic conditions close to ultrahigh-pressure.
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rodingites of the Zermatt-Saas Zone at Valtournanche, Italy. In: (Eds.) Michele Zucali, Maria lole Spalla, and Guido
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Introduction

The origin of rodingites contained within serpentinite
massifs is generally considered as a side effect of serpen-
tinisation of mantle rocks (e.g. O’Hanley et al., 1992)
taking place mostly in the ocean floor environment. Dur-
ing this process, metasomatic fluids, enriched in Ca?t
(e.g. Honnorez & Kirst, 1975; Nicolas, 1966) by the de-
stabilisation of clinopyroxene (e.g. Austrheim & Pre-
stvik, 2008; Coleman, 1967), drive the transformation of
mafic dykes, emplaced in mantle rocks, into Si-undersa-
turated and Ca-rich rodingites.

Even if rodingitisation may also take place in subduc-
tion environments, as in the case of the Othrys massif
(Tsikouras et al., 2009), most of the models consider ro-
dingitisation to be a metasomatic ocean floor process
(e.g. Bach & Kilein, 2009; Palandri & Reed, 2004; Pan-
seri et al., 2008). Geochemical analyses from the present
ocean floor support this last model (e.g. Frost et al.,
2008). Therefore, metamorphic transformations involv-
ing rodingites during the evolution of a convergent sys-
tem are generally neglected, except modelling at pressure
< 1 GPa (Castelli et al., 1995; Rice, 1983) or studies on
the effects of contact metamorphism on rodingites (Frost,
1975).

The earlier authors, who investigated rodingites in the
orogenic environment of the Alpine belt (Amstutz, 1962;
Cornelius, 1912; Rondolino, 1937; Staub, 1915; Wein-
schenk, 1894), described mineral assemblages of these
rocks as metasomatic relicts unaffected by regional meta-
morphism. Later Dal Piaz (1967) pointed out that rodin-
gites were widely re-equilibrated during their Alpine
high-pressure (HP) evolution together with their country
rocks. In addition, rodingites affected by HP metamor-
phism have been described in the Voltri massif (Messiga
et al., 1983; Piccardo et al., 1980) in the Mulhacén com-
plex of Southern Spain (Puga et al., 1999), and in the
Pfulwe region and south of the Aosta-Ranzola fault in the
Zermatt-Saas Zone (Ferrando et al., 2010; Li et al.,
2008).

In order to define the HP mineral assemblages in the
boudinaged rodingites of the Valtournanche area, embod-
ied in HP/ultrahigh pressure (UHP) partly de-hydrated
serpentinites of Zermatt-Saas Zone (Rebay et al., 2012),
we undertook a multiscale analysis to recognize the com-
bined structural and metamorphic evolution of these
rocks.

Relationships between deformation and metamor-
phism have been used as a tool to carry out structural cor-
relation in metamorphic terrains (e.g. Hobbs et al., 2010;
Pitcher & Flinn, 1965; Turner & Weiss, 1963; Williams,
1985) and in recent times also to define shape and size of
tectono-metamorphic units in orogenic belts (e.g. Spalla
et al., 2000; 2005). We used multiscale structural analy-
sis to individuate stable mineral assemblages marking su-
perposed fabrics developed during multistage deforma-
tion in rodingites. Correlation among superposed struc-
tures affecting rodingites, hosting serpentinites, and asso-
ciated metagabbros is based on a structural mapping, per-
formed at 1:5,000 scale. The deformation history pro-
vides the reference frame to ensure a meaningful correla-
tion of mineral assemblages in rocks with different bulk
compositions; a detailed microstructural analysis on fab-
rics scaled in time validates the relative chronology at the
regional scale. Furthermore, we took advantage of the al-
ready acquired knowledge on the thermodynamic con-
straints on mineral phase stability for chemical systems
characterising ultramafic and mafic rocks and of numer-
ous studies on the HP metamorphic conditions of the Zer-
matt-Saas Zone to infer the HP/UHP mineral assemblag-
es developed in rodingite.

Mineral abbreviations in the text and figures are ac-
cording to Whitney and Evans (2010).

Geological setting

Zermatt-Saas and Combin zones (ZSZ and CZ) con-
sist of fragments of mantle and crustal rocks of the Pie-
monte-Ligurian ocean, marking the suture zone of the
Western European Alps (Caron et al., 1984; Reddy et al.,
1999; Spalla et al., 2010 and refs therein). These two
zones tectonically overlie the continental Monte Rosa
and underlie the Dent Blanche — Sesia Lanzo nappes,
which belong, respectively, to the Penninic and Austroal-
pine domains (e.g. Bearth, 1967; Polino et al., 1990). The
ZSZ (Fig. 1) is structurally beneath the CZ. Because of
the different lithostratigraphic and metamorphic features
these two units seem to derive, respectively, from the
oceanic lithosphere and from the ocean-continent transi-
tion zone. The Pancherot — Cime Bianche unit, consisting
of metasediments deriving from Permian to Cretaceous
protholits, and slices of pre-Alpine continental rocks sep-
arate ZSZ and CZ (Dal Piaz, 1999).
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Figure 1. Geological map of the upper Valtournanche
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ZSZ = Zermatt - Saas Zone; CZ = Combin Zone. 1 = undifferentiated Quaternary deposits; Austroalpine Domain: 2 =
Mesozoic covers; 3 = Kinzigitic complex; 4 = Fine-grained metagranitoids and paraschists; 5 = Permian gabbros; Pennin-
ic Domain: 6 = Calcschists; 7 = Prasinites, amphibolites and minor eclogites; 8 = Meta-gabbros; 9 = Serpentinites; 10 =
Undifferentiated Permian-Mesozoic covers. In the inset the tectonic sketch map of the Western Alps: HU = Helvetic and
Ultrahelvetic Domain; P = Penninic Domain and Pre-Alps; A = Austroalpine Domain; S = Southalpine Domain. Thick red
line delimitates the map of Fig. 2. Map redrawn after De Giusti et al. (2003).

Despite the pervasive greenschist facies metamor-
phism, CZ rocks preserve blueschist facies relicts, where-
as remnants of eclogite facies assemblages are not docu-
mented even in the less deformed rocks (Cartwright &
Barnicoat, 2002; Dal Piaz, 1974; Dal Piaz & Ernst, 1978;
Ring, 1995).

The ZSZ consists of serpentinites, metagabbros, and
N-MORB metabasalts with minor pelagic metasediments
(Beccaluva et al., 1984; Dal Piaz et al., 1981; Pfeiffer et
al., 1989; Rebay et al., 2012); metasediments are mainly
calcschists and quartzites deriving from the internal part

of the oceanic realm (e.g. Bearth, 1967; Ernst & Dal
Piaz, 1978).

The Alpine subduction-related eclogite facies imprint
is the dominant one in the ZSZ and is partly obliterated
by exhumation-related greenschist facies metamorphism
(e.g. Cartwright & Barnicoat, 2002; Ernst & Dal Piaz,
1978). The PT evolution of the ZSZ is characterised by a
prograde path under blueschist facies predating eclogite
facies conditions (e.g. Chinner & Dixon, 1973; Ernst &
Dal Piaz, 1978). Generally the eclogite facies imprint re-
veals conditions up to about 3.0 GPa. In detail recent
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petrological investigations on ZSZ metabasic rocks (from
Saas-Fee) indicate pressure around 2.5-3.0 GPa, for tem-
peratures of 550-600°C (Bucher et al., 2005), whereas on
the Allalin gabbro indicate 2.5-2.8 GPa and 600- 610°C
(Bucher & Grapes, 2009). Highest pressure conditions
from 2.7 to higher than 3.2 GPa for temperatures between
590 and 630°C are estimated at Lago di Cignana, which
is considered a separate unit (e.g. Groppo et al., 2009;
Reinecke, 1991; Reinecke, 1998; Van der Klauw et al.,
1997), and in which recently microdiamonds inclusions
have been detected in oceanic metasediments (Frezzotti
et al., 2011). In the portion of ZSZ south of the Aosta-
Ranzola fault (St. Marcel valley) different PT-peak con-
ditions of 2.1+0.3 GPa and 550+60°C have been inferred
in metabasics (Martin et al., 2008). HP conditions are al-
so estimated in serpentinites at 2.0-2.5 GPa for tempera-
ture of 600-650°C and at 2.2-2.8 GPa for 580-620°C in
the northern part of the ZSZ (L. et al., 2004b) and at Val-
tournanche (Rebay et al., 2012) respectively. In the Zer-
matt area PT-peak conditions proposed for metarodin-
gites (Li et al., 2008), on the base of coherence between
petrologic modelling of rodingites and PT evolution in-
ferred from surrounding metabasic rocks, suggest PT val-
ues of 2.5-2.8 GPa and 600-625°C (Bucher et al., 2005).

The peak-conditions and the related PT trajectories re-
constructed all over the ZSZ indicate that the metamor-
phic evolution of this complex has been heterogeneous,
even though some authors, after petrologic investigations
on metabasic rocks and calcschists, suggested a homoge-
neous metamorphic evolution for the entire ZSZ, charac-
terised by PT peak conditions of 2.3 £ 0.1 GPa and 540 +
40°C (Angiboust & Agard, 2010; Angiboust et al., 2009).

Oceanic relict textures are well documented in the
ZSZ (Barnicoat & Fry, 1986; Fontana et al., 2008; Mar-
tin & Tartarotti, 1989) and the age of these relics ranges
between 164 and 153 Ma (Rubatto, 1998). Pre-Alpine
structural and mineral relics show that this lithosphere
was variously affected by oceanic metamorphism before
the Alpine subduction (Bearth, 1976; Dal Piaz et al.,
1980; Li et al., 2004a).

As already described in the upper Valtournanche (Dal
Piaz, 1965; 1967; 1969), rodingites of the Western Alps
are interpreted as former gabbro dykes likely recrystal-
lised during the four Alpine ductile deformation stages
affecting the hosting serpentinites (Dal Piaz et al., 1980).
Clinopyroxene porphyroclasts with igneous composition

are the only mineral relics of the gabbro protolith (Dal
Piaz et al., 1980; Li et al., 2004a).

In the Lanzo Massif rodingites derive from gabbro
dykes (Bortolami & Dal Piaz, 1968; Dal Piaz, 1969) met-
asomatised by Cretaceous seawater and subsequently
subducted with the hosting serpentinites during the Al-
pine convergence (Rosli et al., 1991). However late Al-
pine multi-stage rodingitisation has been described in the
Balangero mine of the Lanzo Massif (Castelli et al.,
1995), as well as at Bellecombe in the ZSZ, where late
greenschist Alpine metasomatism took place, but high-
pressure Alpine minerals also occur in rodingites (Ferran-
do et al., 2010). Finally, a recent petrological work on ro-
dingites from the Zermatt area shows that their main min-
eral assemblages formed during the Alpine subduction
(Lietal., 2008).

In the ZSZ different type of rodingite, mainly distin-
guished on the basis of their mineral content (Panseri et
al., 2008), are ascribed to different protoliths or degrees
of metasomatic transformation (L.i et al., 2004a). Li et al.
(2008) interpret the potential Alpine assemblages exclu-
sively on the basis of consistency between thermodynam-
ic modelling for these rocks and PT evolution constrain-
ed in ZSZ metabasic rocks. However their modelling al-
low identifying near-isothermal reactions in rodingites
and they do not describe any structural correlation with
superposed fabrics marked by eclogite and greenschist
facies minerals in the hosting eclogitised ophiolites.

Deformation history

Structural mapping has been performed in an area of
the upper Valtournanche valley, where the local bedrocks
are mostly serpentinites and metagabbros, with minor
prasinites, calcschists, and rodingites (Fig. 2). Here out-
crops are continuous, allowing walking correlation of su-
perposed structures and continuous structural mapping to
realize a detailed foliation trajectory map and cross sec-
tions up to ca. 2 km long, on which relationships between
superposed fabric elements are reported.

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone

at Valtournanche, Italy

Page 5



EreVirtual

Journal of the Virtual Explorer, 2012
Volume 41
Paper 6

http://virtualexplorer.com.au/

Figure 2. Foliation
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Here, four main ductile deformation stages (D4, Do,
Ds, and D,4) have been recorded in serpentinites, meta-
gabbros, and rodingites. The first three stages produce a
foliation supported by distinctive metamorphic assemb-
lages and mineral compositions in serpentinite (Rebay et
al., 2012), whereas the last one is mainly responsible for
open folds and a very localised disjunctive cleavage
(Passchier & Trouw, 2005). The main structural feature
of the area is the S;/S, composite foliation, generally
well developed in the serpentinites. S; and S, foliations
can be distinguished only where they are superposed; in
this case S, occurs as a crenulation cleavage of S;.

- Dy Sy is a continuous sub-vertical foliation dipping
mainly toward WSW and to a lesser extent toward ENE,
because it has been dispersed by D, folding (Fig. 3). The
maximum concentration of S;/S, composite foliation
poles is consistent with that of S, poles. Only locally S;
is dominant with respect to S, (Fig. 4a).
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Figure 3. Plots of the structural data
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a) Pervasive S; in serpentinites folded by D, associated with an S, crenulation cleavage. West of Gouffre de Busseralille;
b) Late D, normal shear zone in serpentinites west of Pesontsé. c) S disjunctive cleavage overprinting S, in serpentin-
ites, close to Varvoyes. d) Sz crenulation cleavage in serpentinites in the Bois Pancherot area. e) D4 folding of S, in the

serpentinites north of Pesontsé.

- D,: This group of structures mainly consists of up to  to isoclinal, generally associated with an axial plane foli-
metric folds, S, foliation, AP, fold axial plane, A, fold ation (S,) that is sub-horizontal and gently dipping to the
axis, and L, crenulation lineation. D, folds are from open W (Fig. 4a). The orientation of S, is not very dispersed,
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because both D3 and D, deformation stages produce a
gentle folding (Fig. 3). AP, fold axial planes gently dip
to the WNW and L, crenulation lineation and A, fold ax-
is shallowly plunge to the NNW or SSE (Fig. 3). Late D,
shear zones accommodate mainly a normal shearing, dip
about 45° to the WNW (Fig. 4b) and locally are overprin-
ted by D5 folds.

- D3: D3 metric folds are open (Fig. 4c) to tight. In
average, the fold axial plane dips 50-70° to the W and
both the fold axis and the crenulation lineation gently
plunge to the N or S (Fig. 3). The S3 crenulation foliation
(Fig. 4d) generally dips 60-70° to the W (Fig. 3) and lo-
cally is a disjunctive cleavage (Fig. 4c).

- D4: D4 mainly produces upright open folds (Fig. 4e),
of metric size, and a rare S, disjunctive cleavage devel-
ops in serpentinites. D, produces open to tight cm-sized
folds in well-foliated serpentinite. S, and D, axial planes
are sub-vertical and generally trend NE - SW. D, fold
axes and crenulation lineations are mainly shallowly
trending NNW - SSE (Fig. 3).

Structural correlation between serpentinite
and rodingite dykes

The foliation trajectory map (Fig. 2) constitutes the
chronological reference frame for the relative timing of
foliation development; grids of successive foliations
transecting lithologic boundaries played a relevant role
for the correlation of mineral assemblages within differ-
ent bulk chemistry (e.g. rodingites and serpentinites),

since the whole deformation history is recorded both in
serpentinites and their rodingitised gabbro dykes.

The orientation of rodingite dykes is mainly parallel
to the pervasive S, or composite S4/S, foliations (Fig. 3),
as dykes are transposed into these foliation attitudes.
Usually the dominant structure in the dykes is the S, foli-
ation, which is physically continuous from serpentinites
to rodingites (Figs. 5a, b). Only locally rodingites record
an S, foliation that can be overprinted by an S, crenula-
tion foliation (Fig. 5c). Late-D, shear zones affect the
margin of rodingite dykes (Fig. 5d). Locally D5 is re-
sponsible for an intense folding of the dykes producing
an Sz crenulation cleavage that from serpentinites ex-
tends into rodingites or affects only the reaction rims be-
tween the two rock types (Fig. 5e). D, may be sporadical-
ly responsible for a gentle folding of the dykes. General-
ly, structures extending from serpentinites to rodingites
can be continuously followed and correlated along
outcrops up to about 50 m long and the regional scale
correlation is supported by the 1:5,000 scale mapping,
synthesised in Fig. 2. Significant examples are the de-
tailed structural sections on the slopes above Singlin Des-
ot and Pesontsé (*1 and *2 respectively in Fig. 6), whose
location is shown on the map of Fig. 2. The stereoplots
on Fig. 6 show that orientation data of planar and linear
structures in serpentinite are coherent with those in rodin-
gites.
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a) Rodingite dyke isoclinally folded by D,. North of Pesontsé. b) Close up showing the pervasive S, foliation continuous
from serpentinite to rodingite. c) S; in rodingite dyke overprinted by S, and folded by D3. South of Dzilles. d) Late-D,
normal shear zone involving a rodingite dyke. Slope above Singlin Désot. e) Refracted S3 crenulation cleavage across

serpentinite - rodingite reaction rim. Sz is not recorded in the rodingite dyke core. Slope above Singlin Désot.
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Natural structural cross-sections *1 and *2 (located in the regional scale map of Fig. 2) objectively showing close ups of
the common structural history of serpentinites and rodingites. Lower hemisphere equal area stereo plots report in detail
the orientation data of planar and linear structures. Foliation trajectories and fold axial plane traces are in black and grey
respectively, with 1, 2 or 3 dots indicating their relative chronology. The position of the field photos (Figs. 5d and 5e) is
indicated in the cross-section *1.

Microstructures of rodingites

Three types of rodingites have been distinguished on
the basis of their main mineral constituents, epidote, gar-
net, clinopyroxene, chlorite and vesuvianite.

Epidote-bearing rodingites consist of whitish layers
of epidote and greenish layers of clinopyroxene, locally
containing mm-sized greenish chlorite lenses. Up to cm-
sized grey to pale green clinopyroxene porphyroclasts oc-
cur, whereas vesuvianite is absent.

Garnet-chlorite-clinopyroxene-bearing rodingites are
pale pink to red or rarely green rocks, whose foliation is
defined by up to 1 or 2 cm-thick chlorite- and garnet-rich
layers. Whitish grey aggregates of clinopyroxene and
rare epidote and garnet are parallel to the foliation. Clino-
pyroxene porphyroclasts show a grey violet colour and
are up to 5 cm-sized (Fig. 7). Bright green aggregates
made of Cr-garnet and spinel may occur. Vesuvianite +
epidote never exceed 10% in volume.

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone Page 11
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there are cm-sized clinopyroxene porphyroclasts aligned
parallel to the composite S;/S, foliation. In places garnet-
and calcite-bearing veins are positioned at a high angle to
boudin elongation.

Epidote-bearing rodingites

The main mineral phases are: epidote (20 - 70%), cli-
nopyroxene (15 - 50%), Mg-chlorite (10 - 20%), garnet
(< 20%), tremolite (< 5%).

S, foliation is defined by SPO (Shape Preferred Ori-
entation) of epidote; and by LPO (Lattice Preferred Ori-
entation) of Mg-chlorite; and clinopyroxene,. Epidote,
(locally Fe-epidote) forms euhedral zoned, coarse-
grained, and twinned crystals. Garnet, is enclosed in, and
shows rational rims with epidote, (Fig. 8a). Clinopyrox-
Cm-sized clinopyroxene porphyroclasts in a rodingite ene, and n_]inor epid_Ote' form aggregates_ paral_lel o S_l'
boudin south of Crépin, close to the contact with met- The margins of clinopyroxene; show inclusion trails
agabbros. The composite S,/S; foliation wraps the marked by opaque minerals in continuity with, and sub-
porphyrociasts. parallel to the external S;.

Vesuvianite-bearing rodingites are characterised by a
micro-crystalline green matrix consisting of chlorite, gar-
net, and clinopyroxene in variable proportions. Locally

Figure 8. Pre-Alpine and Alpine microstructures in Epidote-bearing rodingites.

Mineral compositions related to microstructural sites are shown in Figs. 12, 13, and 14 and in Tables 1 and 2. a) D,
folding deforms Mg-chlorite, and epidote, that dynamically recrystallise. Garnet, is enclosed in epidote,. b) S; foliation,
marked by Mg-chlorite;, garnet;, and clinopyroxene,, wraps around an epidote aggregate. Crossed polars. c) clinopyrox-
ene in the fractures and along cleavages of a Pre-D; clinopyroxene porphyroclast. Crystal-plastic shear deformation is
accommodated in clinopyroxene,, garnet,,, and minor tremolite; multi-granular aggregate filling fractures. Crossed polars.

S, is defined by SPO and/or LPO of clinopyroxene);, Epidotey,, often forming polygonal aggregates, is also en-
garnet,;, Mg-chlorite,, epidote;;, and rare tremolite;. closed in Mg-chlorite;. Veins consisting of pre-D, garnet

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone Page 12
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and minor pre-D, epidote are folded by D, and may be
locally transposed into the folded S;. Mg-chlorite; forms
porphyroclasts within S,. Titanite, forms thin trails paral-
lel to S, and rarely occurs in clinopyroxene,, layers.

Where S, is more developed epidote;, (zoisite and cli-
nozoisite) is in fine-grained crystals forming trails paral-
lel to S, with clinopyroxeney, and garnety,.

Up to 1 cm-sized kinked pre-D; clinopyroxene por-
phyroclasts show SPO either parallel to S; or S,. These
porphyroclasts locally have opaque mineral exsolutions
and are overgrown by rims of clinopyroxeney,, at the
edges and along fractures. These rims do not contain opa-
gue minerals, are optically continuous with the pre-D;
clinopyroxene porphyroclasts, and form spikes parallel to
S, foliation, suggesting that pre-D; clinopyroxene por-
phyroclasts partially recrystallised during D,. The cores
of pre-D; clinopyroxene porphyroclasts are locally re-
placed by Mg-chlorite along cleavages.

Pre-D; clinopyroxene porphyroclasts enclose pre-Dq
epidote crystals that also form aggregates wrapped by Sy;
the core of these epidote crystals is Fe-rich, as suggested
by high birefringence colours (Fig. 8b); epidote strain
shadows are filled by Mg-chlorite, or ;. In more foliated
rocks pre-D; clinopyroxene porphyroclasts are fractured
within S,, with mineral filling of clinopyroxene,,, gar-
net;, and rare tremolite, (Fig. 8c). The high angle with S,
and SPO of clinopyroxene, filling these fractures, sug-
gest that they developed during D,. These fractures are
intersected by other fractures at a high angle with S, that
are filled by coarse-grained euhedral epidote;, crystals.
Fractures cutting S, are filled by epidote,;;, which is zoi-
site and clinozoisite where fractures intersect epidote, or
epidote;; and Fe-epidote where fractures intersect garnet,
clinopyroxeney;, and Mg-chlorite,, aggregates.

Rare post-D, tremolite;; forms randomly oriented
crystals overgrowing garnet and epidote layers. Rocks
containing tremolite are the poorest in epidote.

Taking into account the described microstructural fea-
tures, the following mineral growth - deformation rela-
tionships can be inferred in epidote-bearing rodingites:

- Pre-D41 mineral relics: Cpx porphyroclasts, £ Ep (Fe-
Ep);

- Syn-Dy: Epy, Cpx, MgChlh Grt;

- Syn-Dy: Epyy, Cpxy, MgCth, Ttny, £ Gry, £ Try;

- POSt-Dz: + Ep|||, + Tr“.

Garnet-chlorite-clinopyroxene-bearing
rodingites

Garnet-chlorite-clinopyroxene-bearing rodingites con-
sist of: garnet (20 - 70%), Mg-chlorite (20 - 55%), clino-
pyroxene (< 50%), opaque minerals (< 5%), vesuvianite
(£ 10%).

These rocks are heterogeneously deformed and the
dominant fabric can be the S, foliation, the crenulated S;
with the newly forming variably differentiated S, crenu-
lation cleavage, or the fully decrenulated continuous S,
foliation.

S, is marked by garnet;, Mg-chlorite,, clinopyroxengy,
and rare prismatic vesuvianite,. In samples where S; is
pervasive, rare vesuvianite porphyroblasts, postdating S,
enclose fine-grained garnet,. Up to 1 cm-sized pre-D; cli-
nopyroxene porphyroclasts have fractures filled mainly
by fine-grained garnet; and/or clinopyroxene, showing
complex relations: fractures filled by clinopyroxene,
epidote, are intersected and displaced by fractures filled
by garnet, £ Mg-chlorite, or garnet, fractures are intersec-
ted by clinopyroxene, fractures (Fig. 9a). Where fractures
form a high angle with Sy, the mineral filling may be in-
terpreted as syn-Dy; in other cases the relative chronolo-
gy of mineral growth filling with respect to the deforma-
tion stages is not clear. Pre-D; clinopyroxene porphyro-
clasts are rimmed by garnet;, which also grew in continu-
ity along the S; films. Garnet; and minor clinopyroxene,
+ Mg-chlorite, also form aggregates, locally parallel to
Sy, which could be pseudomorphs after pre-D; clinopyr-
oxene porphyroclasts. The aggregates are affected by
ductile boudinage with Mg-chlorite; in the necks. Two
sets of conjugate micro-shear zones marked by Mg-chlor-
ite;; and rare vesuvianite|, affect S; and kink Mg-chlor-
ite|.

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone
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Mineral compositions related to microstructural sites are shown in Figs. 13 and 14 and in Tables 1 and 2. a) Pre-D; clino-
pyroxene porphyroclast transected by garnet,-filled fractures and by clinopyroxene,-filled fractures. Crossed polars. b)
Microfolding and transposition along S, of a pre-D, garnet-vein; white line highlights vein margins; crossed polars. c) Sy
and the differentiated S, marked by garnet,;, Mg-chlorite)/,,, and clinopyroxene;;. An uvarovite-rich pre-D, garnet por-
phyroclast is preserved within the crenulated S,; crossed polars. d) Uvarovite-rich garnet wrapped by S, foliation,
marked by garnet;,, chlorite;, and clinopyroxene;; plane polarised light. e) Uvarovite-rich garnet porphyroclast with Cr-
spinel (dark spots) preserved in the core: plane polarised light. f) Folded S, defined mainly by Mg-chlorite, and garnet-
rich aggregates. Mg-chlorite), concentrates along the incipient Sz differentiated cleavage; crossed polars.

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone Page 14
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Pre-D, garnet, clinopyroxene, and minor Mg-chlorite
fill pre-D, veins, which are parallel to or folded and at a
high angle with S, (Fig. 9b).

Where S, is only incipient, it is a spaced crenulation
foliation with folded S; relicts within the S, films. S; and
S, are marked by SPO of clinopyroxene, and |, and gar-
net, and |, and SPO and LPO of Mg-chlorite; and  re-
spectively (Fig. 9¢). Some clinopyroxene,,; grains show
an internal foliation defined by opaque mineral that is
slightly folded and in continuity with the external S,,
suggesting that these grains are syn-kinematic to S,.

Locally Sq- or Sp-parallel garnety; aggregates wrap
pre-D; garnet porphyroclasts, which have a green Cr-rich
core and colourless rims recrystallised during D, or D,
(Fig. 9d). The Cr-rich core may contain fine-grained Cr-
rich spinel (Fig. 9e). When the pre-D garnet aggregates
are parallel to S, they are dismembered and folded by D..

Well-developed S, is marked by LPO and SPO of
Mg-chlorite);, garnety,, clinopyroxene,, and rare opaque
minerals; clinopyroxene,, forms layers parallel to S,.

Pre-D; clinopyroxene porphyroclasts may also show
SPO parallel to S,. In this case garnet); crystallised in
fractures at a low angle with clinopyroxene porphyroclast
cleavages and in continuity with S,. In wider fractures
Mg-chlorite;; forms crystals oriented at about 45° with
respect to the fracture wall, suggesting wall-parallel
shearing.

In D, microfolds, Mg-chlorite, forms aggregates of re-
crystallised decussate grains or is internally deformed.

Mg-chlorite porphyroclasts are overgrown by garnet,
along rims and cleavages and may be related to D; or
pre-D, stages. Euhedral opaque minerals overgrow S,.

Mg-chlorite;;; marks the incipient Sz crenulation
cleavage of locally asymmetric micro-folds (Fig. 9f).
Rare Mg-chlorite);, intersects S, films at low angle.

The microstructural features described above indicate
the following mineral growth - deformation sequence:

- Pre-D; mineral phases: uvarovite-rich Grt, Cpx por-
phyroclasts, = Cr-rich Spl, £ Mg-Chl

- Syn-D; or pre-D,: Mg-Chl,, Grt;, £ Cpx,, = Ep,, £
Ves,, £ opaque minerals

- Syn-D, or post-D4: Mg-Chly;, Grty;, Cpxyy, £ Ves);, £
opaque minerals

- Syn-Dg: Mg-Chlm.

Vesuvianite-bearing rodingites

Vesuvianite-bearing rodingites consist of: vesuvianite
(25 - 55%); Mg-chlorite (10 - 55%); garnet (10 - 30%);
clinopyroxene (5 - 20%).

S, foliation is marked by fine-grained garnet;;, SPO of
zoned vesuvianite; and clinopyroxene;;, and LPO and
SPO of Mg-chlorite,, (Fig. 10a). S, is also marked by
layers of different grain size and modal proportions of
vesuvianite;, clinopyroxene;,, or garnet; crystals with
rare titanite, films and minor epidote,.

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone
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Mineral compositions related to microstructural sites are shown in Figs. 13, 14, and 15 and in Tables 1 and 2. a) Vesu-
vianite,, garnet;,, Mg-chlorite;;, and minor clinopyroxene; marking S,; plane polarised light. b) S; geometry preserved
within S, lithons; stages of progressive enrichment of vesuvianite,, Mg-chlorite,, and garnet, are evident by variable

thickness of S, films; plane polarised light. c) Clinopyroxene porphyroclast wrapped by and aligned along the S, foliation,
marked by vesuvianite),, garnet,,, Mg-chlorite),, and clinopyroxene;,. New clinopyroxene crystallised at the rim and in frac-
tures of the porphyroclast. Vesuvianite marking S, is zoned (see also Fig. 15); crossed polars. d) Fractured pre-D; clino-
pyroxene porphyroclast wrapped by S,; Mg-chlorite;, crystallised mainly in the strain shadows and Mg-chlorite; and gar-
nety, filled the fractures. New clinopyroxene, is concentrated in the layer at the tip of the strain shadows; crossed polars.
e) Pre-D4 vesuvianite enclosed in the core of pre-D; garnet; backscattered SEM image. f) Pre-D; clinopyroxene porphyr-
oclast replaced by garnet; and minor clinopyroxene, that grows along cleavages and fractures; crossed polars. g) Vesu-
vianite; overgrowing the S, foliation marked by vesuvianite;, Mg-chlorite,, and garnet;;; crossed polars.

Rare pre-D, clinopyroxene and Mg-chlorite are obli- Mg-chlorite; forms decussate aggregates of re-
gue to S, and locally form aggregates wrapped by S,.  crystallised grains within S, films, evidencing an Sy relict
foliation. S, is sporadically preserved between S, films

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone Page 16
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as a crenulated foliation (Fig. 10b) mainly marked by
Mg-chlorite,, vesuvianite;, and garnet,.

Mm-sized pre-D; clinopyroxene porphyroclasts are
wrapped by S, and may show SPO parallel to S, (Figs.
10c, d). Minor epidote may be present as subhedral crys-
tals at the pre-D; clinopyroxene porphyroclast rims. Very
fine-grained opaque minerals are exsolved from the pre-
D, clinopyroxene porphyroclast crystal lattice whereas
the porphyroclast rims (clinopyroxene;;) do not contain
opaque minerals. Strain shadows are filled by vesuvian-
ite;; and Mg-chlorite),. Cr-rich pre-D; garnet porphyro-
clasts are wrapped by S, foliation and contain euhedral to
subhedral crystals of pre-D; vesuvianite; therefore pre-D;
garnet and vesuvianite are in contact by rational margins,
suggesting textural equilibrium (Fig. 10e).

Garnet and clinopyroxene also grew along rims and
fractures of clinopyroxene porphyroclasts (Fig. 10f). In
some samples fractures occur in two sets, located at a low
and high angle with respect to S,; fractures in pre-D; cli-
nopyroxene porphyroclasts at a high angle with S, can be
interpreted as syn-D,. Clinopyroxene-bearing fractures
cut garnet;; + Mg-chlorite;; and vesuvianite), filled frac-
tures.

Vesuvianite;; forms crystals or garbens that overgrow
S, films (Fig. 10g). Mg-chlorite,, fills veins intersecting
S,. Rare Mg-chlorite;;; marks an incipient S; axial plane
foliation or intersects S, at a low angle.

Summarising, the following mineral growth-deforma-
tion relationships can be inferred:

- Pre-D4 or pre-D, minerals: Cpx porphyroclasts, +
pre-Dq Grt, + pre-D; Ves

- syn-D, assemblage: Mg-Chl,, £ Grt,, £ Ves,

- syn-D, assemblage: Ves;, Mg-Chl, Cpxy, Grt;;, £

Ttn), + Ep,
- syn-D3 minerals: Mg-Chly;;, Vesy,.

Rodingite/serpentinite reaction rims:

The reaction rim of rodingites consists of clinopyrox-
ene and chlorite bearing schists.

S, foliation is variably folded and mostly obliterated
by the S, crenulation cleavage. S; is marked by a layer-
ing characterised by SPO and LPO of clinopyroxene, and
chlorite, (Fig. 11a); minor opaque minerals may be scat-
tered along S;-parallel layers. Clinopyroxene; may define
layers characterised by a remarkably variable grain size.
Locally disharmonic folding of chlorite,- and clinopyrox-
ene-layers occurs. S, crenulation cleavage is marked by
LPO and SPO of clinopyroxeney;, chlorite;;, and amphib-
ole; (Fig. 11b). Chlorite,, forms rare radial aggregates
and randomly oriented amphibole;, overgrew S; and S,
or mimetically replaced clinopyroxene.

The above described microstructures suggest the fol-
lowing mineral growth-deformation relationships for the
reaction rims:

- Dy: Chl,, Cpx,, opaque minerals

- Dy: Ch|||, Cpxy;, Amp,

- Post-Dy: Ampy, Chly,

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone
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Figure 11. Alpine microstructures in rodingite reaction rims.

e

a) S, is marked by a mineral layering of alternating clinopyroxene, and chlorite;, and is crenulated during D, deformation;
plane polarised light. b) The S, foliation is crenulated during D,. Clinopyroxene, and chlorite; mark Sy; the incipient differ-
entiation of the S, crenulation foliation is highlighted by amphibole, crystals aligned with S,; crossed polars.

Mineral chemistry

Mineral composition was measured with a Jeol,
JXA-8200 electron microprobe (WDS, accelerating volt-
age of 15 kV, beam current of 15 nA) operating at the
Department of Earth Sciences of Milano University. Nat-
ural silicates have been used as standards and the results
were processed for matrix effects with a conventional
ZAF procedure. Proportional formulae (see Tables 1 and
2) have been calculated on the basis of the following
number of oxygen atoms: 6 for clinopyroxene, 12 for
garnet, 12.5 for epidote, 28 for chlorite, and 76 for vesu-
vianite. Fe3* was recalculated for garnet, epidote, and cli-
nopyroxene on the basis of charge balance considera-
tions.

Epidote

From core to rim, epidote marking S, foliation shows
an early decrease (0.70 - 0.35 atoms per formula unit -
a.p.f.u.) followed by an increase (0.35 - 0.55 a.p.f.u.) in
Fe3* associated with a corresponding Al variation from
2.30 to 2.60 and from 2.65 to 2.40 (a.p.f.u.), respectively
(Fig. 12a). Mn is < 0.02 a.p.f.u. and Ca ranges between
1.92 and 2.00 a.p.f.u. (Table 1). Epidote, in syn-D, strain
shadows is the richest in Al.
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Figure 12. Compositional variation of epidote and clinopyroxene.
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a) Compositional variations in Fe3* vs. Al from core to rim (grey arrow) of the epidote;,. From b) to d) composition of
different generations of clinopyroxene in the three rodingite types: Ca vs. Fe2*+Mg (b), Mg vs. Fe?* (c), and Mg vs. AV
+Fe3*(d) binary diagrams. The grey arrow indicates the chemical evolution from pre-Alpine to Alpine grains.

Using multiscale structural analysis to infer high-/ultrahigh-pressure assemblages in subducted rodingites of the Zermatt-Saas Zone Page 19
at Valtournanche, Italy



Journal of the Virtual Explorer, 2012

Volume 41
Paper 6
http://virtualexplorer.com.au/
Epidote Ep-rodingite . Chlorite Ep-rod. (.3rt-ChI—Cpx-rodingite Ves-rodingite Vesiivianite Ves-rodingite

core synD2 rim synD2 synD2 sinD1 synD2 synD2 postD2 preD1 synD1 synD2 PostD2
sio, 3769  38.26 38.41 38.57 Sio, 29.77 31.64 29.04 31.90 31.18 Sio, 3747 3742 3727 312
AlLO, 2432 2657 2883 2743 ALL,O, 21.03 19.56 21.01 19.13 20.11 AlLO; 17.71 1979 1616 19.14
TiO, 0.07 0.07 0.06 0.05 TiO, 0.00 0.00 0.00 0.00 0.01 TiO, 1.15 0.05 0.22 0.03
Cr,0, 0.03 0.00 0.05 0.00 Cr,0, 0.00 0.03 0.03 0.01 0.14 Cr,0,4 3.79 0.19 0.00 0.03
FeO™ 11.42 8.61 5.94 7.79 FeO™ 5.44 1.76 12.96 1.82 1.99 FeO* 1.46 1.79 an 3.35
MgO 0.04 0.06 0.08 0.10 MgO 29.80 32.95 2512 3273 32,07 MgO 0.03 1.44 267 1.21
NiO 0.01 0.00 0.00 0.02 NiO 0.14 0.15 0.12 0.20 0.16 NiO 0.00 0.00 0.02 0.03
MnO 0.04 0.20 0.15 0.21 MnO 0.16 0.19 0.1 0.17 0.15 MnO 0.09 0.36 0.22 0.03
Ca0 2238 2383 2417 2368 Ca0 0.06 0.06 0.07 0.06 0.38 Cca0o 3680 3571 36.02  36.13
Na,0 0.00 0.01 0.01 0.00 Na,0 0.00 0.00 0.00 0.02 0.04 Na,0 0.01 0.01 0.00 0.02
K,0 0.01 0.00 0.00 0.00 K,0 0.00 0.00 0.00 0.02 0.05 K,0 0.01 0.00 0.01 0.00
TOTAL 96.00  97.61 97.70  97.85 TOTAL 86.40 86.34 88.46 86.06 86.28 TOTAL 9852 96.77 9637 97.19
Si 3.01 2.98 2.97 2.99 Si 5.71 5.95 5.65 6.02 5.89 Si 1819 1813 1819  18.02
A 0.00 0.02 0.03 0.01 A 475 4.34 482 4.26 4.48 Al 10.13 11.31 9.30 10.93
AV 229 242 2.59 2.50 Ti 0.00 0.00 0.00 0.00 0.00 Ti 0.42 0.02 0.08 0.01
Ti 0.00 0.00 0.00 0.00 Cr 0.00 0.00 0.01 0.00 0.02 cr 1.45 0.07 0.00 0.01
cr 0.00 0.00 0.00 0.00 Fe® 0.87 0.28 2.1 0.29 0.31 Fe*' 0.59 0.73 1.54 1.36
Fe™ 0.70 0.56 0.38 0.50 Mg 8.52 9.24 7.29 9.21 9.03 Mg 0.02 1.04 1.94 0.87
Fe* 0.06 0.00 0.00 0.01 Ni 0.02 0.02 0.02 0.03 0.02 Ni 0.00 0.00 0.01 0.01
Mg 0.00 0.01 0.01 0.01 Mn 0.03 0.03 0.02 0.03 0.02 Mn 0.04 0.15 0.09 0.01
Ni 0.00 0.00 0.00 0.00 Ca 0.01 0.01 0.02 0.01 0.08 Ca 1914 1854 1884 1875
Mn 0.00 0.01 0.01 0.01 Na 0.00 0.00 0.00 0.01 0.02 Na 0.01 0.01 0.00 0.02
Ca 1.92 1.99 2.00 1.97 K 0.00 0.00 0.00 0.01 0.01 K 0.01 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00
New FeO 0.93 0.00 0.00 0.00
New Fe,0;  11.66 9.57 6.60 8.55
New Total 97.17 9857 9836  98.71

Table 1. Selected analyses of epidote, chlorite, and vesuvianite.

Compositions of different generations of epidote, chlorite, and vesuvianite in the three rodingite types. Mineral formu-
lae are calculated on the basis of 12.5, 28, and 76 oxygen atoms for epidote, chlorite, and vesuvianite respectively.

Clinopyroxene

Clinopyroxene is mainly a diopside with the core of
pre-D; clinopyroxene porphyroclasts richer in augitic
component (Morimoto, 1988). Pre-D; porphyroclasts
have rims with a composition re-equilibrated with those
of the rock matrix clinopyroxene. Pre-D; clinopyroxene
porphyroclasts from vesuvianite-bearing rodingites have
the lowest augitic content (Ca = 0.94-1.00 a.p.f.u.)
whereas those from epidote-bearing rodingites have the
lowest Ca content (0.87-0.92 a.p.f.u.). Clinopyroxene in
pre-D,, veins reach the highest Fe2* content (in vesuvian-
ite-bearing rodingite Fe2* = 0.01 - 0.20; in garnet-chlor-
ite-clinopyroxene-bearing rodingite Fe?* = 0.07 - 0.17
a.p.f.u.) that decreases towards the clinopyroxene rim. In
vesuvianite-bearing rodingites the composition of the

pre-D, clinopyroxene rim is similar to that of the syn-D,
clinopyroxene (Fe2* = 0.01-0.06 a.p.f.u.). Clinopyrox-
ene; and clinopyroxene, in garnet-chlorite-clinopyrox-
ene-bearing rodingites have similar composition; Fe2*
ranges between 0.01 and 0.02 a.p.f.u.. Clinopyroxeney,
from epidote-bearing rodingites, has higher Fe?* (0.02
and 0.07 a.p.f.u.) and lower and variable Ca (0.87 to 0.96
a.p.f.u.) content with respect to that one from the other
types of rodingites, also due to complex zoning.

Clinopyroxene, and ;; composition overlaps that of the
clinopyroxene; and |, filling the fractures intersecting pre-
D; clinopyroxene porphyroclasts (Fe?* = 0.02 - 0.03
a.p.f.u.) supporting microstructural evidence that these
fractures formed during D; and D, stages (Figs. 12b-d
and Table 2).
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pa—— Ep-rod.  Grt-Chl-Cpx-rodingite Ves-rodingite —_ Ep-rodingite ~ Grt-Chl-Cpx-rodingite ~ Ves-rodingite
SynD1 PreD1 SynD1 SynD2 PreD1 SynD2 PreD1 SynD2 PreD1 SynD1 SynD2 PreD1 SynD2

SiO, 38.72 3746 37.70 3756 37.19 38.52 SiO, 53.08 55.05 5551 5596 5559 5464 55.69
AlL,O, 20.82 8.30 8.93 8.64 7.52 1448 AlLO, 3.17 1.04 259 004 005 139 0.06
TiO, 0.22 0.08 0.24 0.14 0.09 0.23 TiO, 045 0.01 0.02 000 0.00 032 0.00
Cr,03 0.01 11.79  0.10 035 1350 0.03 Cr,0, 0.10 000 0.08 0.02 0.02 0.00 0.00
FeO* 1590 692 1718 1723 591 1071  FeO™ 332 262 232 044 047 214 047
MgO 2.15 0.06 0.1 0.16 0.03 0.20 MgOo 15.00 16.35 15.51 18.08 18.05 17.27 17.90
NiO 0.01 0.03 0.02 0.03 0.00 0.03 NiO 0.04 0.00 0.01 0.03 0.00 0.00 0.03
MnO 1.33 0.40 0.37 0.43 0.34 0.72 MnO 0.1 0.03 000 0.09 005 0.18 0.08
CaO 2163 3467 3469 3441 3451 3447 CaO 2280 2412 2258 2579 2575 2438 25.77
Na,O 0.02 0.00 0.01 0.01 0.02 0.00 Na,O 1.33 0.77 1.55 0.01 0.01 0.16  0.01
KO 0.00 0.00 0.00 0.00 0.00 0.00 KO 0.01 0.00 0.00 0.00 000 0.00 0.00
TOTAL 100.81 99.71 99.34 98.95 99.10 99.39 TOTAL 99.41 99.99 100.16 100.46 99.99 100.49 100.01
Si 2.97 3.00 3.00 3.00 3.00 3.00 Si 194 200 200 201 2.01 1.98 2.01
At 188 078 084 081 072 133 A 0.14 0.04 011 000 000 0.06 0.00
Ti 0.01 0.00 0.01 0.01 0.01 0.01 Ti 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Cr 0.00 0.75 0.01 0.02 0.86 0.00 Cr 0.00 000 000 0.00 0.00 0.00 0.00
Fe* 0.13 0.46 1.14 1.15 0.40 0.65 Fe* 0.05 0.01 0.00 000 0.00 0.00 0.00
Fe* 0.89 0.00 0.00 0.00 0.00 0.04 Fe* 0.05 0.07 0.07 0.01 0.01 0.06 0.01
Mg 0.25 0.01 0.01 0.02 0.00 0.02 Mg 082 08 083 097 097 093 097
Ni 0.00 0.00 0.00 0.00 0.00 0.00 Ni 0.00 000 000 0.00 0.00 0.00 0.00
Mn 0.09 0.03 0.03 0.03 0.02 0.05 Mn 0.00 000 000 0.00 0.00 o0.01 0.00
Ca 1.78 2.97 2.96 2.95 2.99 2.88 Ca 089 094 087 099 1.00 094 1.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 Na 0.09 0.05 0.11 0.00 0.00 o0.01 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 K 0.00 0.00 0.00 000 0.00 0.00 0.00

TotalCat 8.00 8.00 8.00 8.00 8.00 8.00 TotalCat 400 400 400 400 400 400 4.00
NewFe,0;  2.32 769 19.06 19.15 6.57 11.14 NewFe,O; 159 219 232 044 047 214 047
NewFeO 13.82 0.00 0.03 0.00 0.00 0.68 NewFeO 192 047 000 0.00 0.00 0.00 0.00
newTotal 101.04 100.48 101.25 100.87 99.76 100.50 newTotal 99.61 100.04 100.16 100.46 99.99 100.49 100.01

End-members End-members

Uvarovite 0.00 0.37 0.00 0.01 0.43 0.00 Jd% 748 425 1088 010 0.10 1.16 0.08
Spessartine  0.03 0.01 0.01 0.01 0.01 0.02 Ac% 192 117 000 0.00 0.00 0.00 0.00
Pyrope 0.08 000 0.00 0.00 0.00 0.00 Ca.FeTs% 277 000 0.12 0.03 0.02 0.00 0.00

Almandine  0.29 0.00 0.00 0.01 0.00 0.02 Ca.TiTs% 124 004 004 001 001 089 0.01
Grossular 0.53 0.38 0.41 0.39 0.35 0.62 Ca.Ts% 1.81 006 004 002 004 151 0.08

Andradite 0.06 0.23 0.56 0.56 0.19 0.30 Woll% 4150 46.87 4363 50.10 50.13 46.21 50.31
En% 40.69 4423 41.79 4893 48.91 46.71 48.69
Fs% 259 338 351 081 078 352 084

Table 2. Selected analyses of garnet and clinopyroxene.

Compositions of different generations of garnet and clinopyroxene in the three rodingite types. Garnet end members
are normalised to 1; sum of Al-schorlomite and morimotoite < 0.02 (Locock, 2008). Clinopyroxene end members (Jd =
jadeite; Ac = acmite; Ca.FeTs = Ca Fe-tschermakite; Ca.TiTs = Ca Ti-tschermakite; Ca.Ts = Ca-tschermakite; Woll = wol-
lastonite; En = enstatite; Fs = ferrosilite) are expressed in per cent (Morimoto, 1988). Mineral formulae are calculated on
the basis of 12 and 6 oxygen atoms for garnet and clinopyroxene respectively.
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Garnet

In all rodingite types garnet mainly consists of andra-
dite and grossular (Fig. 13 and Table 2), according to Lo-
cock (2008).

In the pre-D, garnet porphyroclasts of garnet-chlorite-
clinopyroxene-bearing rodingite, uvarovite (37 - 45%),
grossular (22 - 38%), and andradite (23 - 35%) are lower

Figure 13. Composition of different generations of garnet

60 70

),

80 90

100 Adr
>0 0

than in those from vesuvianite-bearing rodingite (uvaro-
vite is up to 65%, grossular up to 68%, and andradite up
to 37%). In vesuvianite-bearing rodingite pre-D; garnet
has a composition grading to that of garnet,, toward the
rims (increasing in grossular and andradite and decreas-
ing in uvarovite).

Grs o 10 20 30 40 50
Ep-rodingite Grt-Chl-Cpx-rodingite
@ syn-D1 H pre-D1 m in Cpx fracture
B in pre-D2 vein O along cleavages
m syn-D1 m syn-D2
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Ves-rodingite

O pre-D1 along Cpx cleavages
< in Cpx fracture & syn-D2

<& rim of Cpx porphyroclast

Composition of different generations of garnet in the three rodingite types is shown in almandine (Alm) + pyrope (Prp) +
spessartine (Sps) vs. grossular (Grs) vs. andradite (Adr), grossular (Grs) vs. uvarovite (Uv) vs. andradite (Adr), and Ca vs.
Fe2*+Mn vs. Mg ternary diagrams. The grey arrow indicates the chemical evolution from pre-Alpine to Alpine generations
of garnet.

Garnet in pre-D, veins has almandine (i.e. almandine -
5-16%, spessartine - 1-3%, pyrope - 0-5%, grossular -
59-87%, andradite - 0-21%) higher than all other garnet
generations, with the exception of garnet, in epidote-
bearing rodingite, where almandine is even higher
(28-29%).

In garnet-chlorite-clinopyroxene-bearing rodingites
garnet, shows higher andradite content (65 to 56% from
core to rim) than garnet, (andradite = 54-57%). Uvaro-
vite is between 1 and 3% in garnet;; and < 1% in garnet,.
Garnet filling the clinopyroxene porphyroclast fractures
shows lower content in andradite (47-50%) and higher in

uvarovite (up to 5%) than garnet; and ;; in garnet along
clinopyroxene  porphyroclast cleavages, andradite
(40-45%) is even lower, whereas uvarovite (6-8%) is
higher.

In vesuvianite-bearing rodingites garnet grown at the
rims, on cleavages, or in fractures of clinopyroxene por-
phyroclasts shows similar compositional ranges (andra-
dite = 31 to 62%, andradite = 37 to 54% and andradite =
23 to 59% respectively) in which andradite increases to-
ward the rim. In addition, garnet along the clinopyroxene
cleavages also shows complex zoning patterns. Garnet,
has heterogeneous composition with andradite ranging
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between 7 and 66%, but clustering around 20 and 35%.
Lower andradite contents (7-22%) occur where micro-
structures suggest a late garnet growth, whereas the high-
est contents (66%) are from rocks with the lowest modal
amount of garnet and the highest of clinopyroxene.

H,O content in garnet, which is common in rodin-
gites, was not measured. Hydrogrossular described in the
literature generally contains more that 5% of H,O, and
garnet from rodingites may reach about the 12% of H,0
(e.g. Rossman & Aines, 1991). Before Fe,O3 recalcula-
tion, we estimated contents in H,O < 2% in our samples.
In particular the most hydrated garnet are grown at the
expenses of clinopyroxene porphyroclasts, especially in
vesuvianite-bearing rodingites.

Chlorite

Chlorite (Table 1) is clinochlore with the sole excep-
tion of the chlorite in the pre-D, veins in garnet-chlorite-
clinopyroxene-bearing rodingites that is pycnochlorite
(Hey, 1954). In vesuvianite- and epidote-bearing rodin-
gites, chlorite shows lower Fe content with respect to that
in garnet-chlorite-clinopyroxene-bearing rodingites. Si
varies between 5.63 and 6.11 a.p.f.u., Mg between 6.63
and 9.39 a.p.f.u., and Fe between 0.25 and 2.68 a.p.f.u..

Vesuvianite

In vesuvianite, Fe®t is between 0.69 - 1.04 a.p.f.u. and
Al between 9.87 and 11.31 a.p.f.u. (Fig. 14a). In vesu-
vianite;, Fe'® increases (1.11 - 1.54 a.p.f.u.) and Al®! de-
creases (9.69 - 9.25 a.p.f.u.) toward the rim (Fig. 14d).
Fe'°t in vesuvianite growing along fractures in clinopyr-
oxene porphyroclasts is 1.48 - 1.70 a.p.f.u. and Al®°t js
9.04 - 9.15 a.p.f.u. (Figs. 14a-c). Vesuvianite growing
along clinopyroxene porphyroclast cleavages shows Al®
contents of 7.81 - 8.93 a.p.f.u. and Fe'° contents of 1.37 -
1.68 a.p.f.u.. Post-D, vesuvianite reaches the highest Alt
(9.47 - 11.60 a.p.f.u.) and the lowest Fe®t (0.52 - 1.55
a.p.f.u.) quantities (Fig. 14a).

Pre-D; vesuvianite has a very distinct composition
characterised by higher amount in Ca (> 19 a.p.f.u.), Cr
(.45 - 1.90 a.p.f.u.), and Ti (0.42 - 0.50 a.p.f.u.) and
much lower in Mg (0.02 - 0.03 a.p.f.u.) with respect to
the later generations of vesuvianite, which have Ca lower
than 19, Cr up to 0.14, Ti up to 0.25 and Mg varying be-
tween 0.87 and 2.04 a.p.f.u. (Figs. 14b-c). Only vesu-
vianite that grew on cleavages of pre-D; clinopyroxene
porphyroclasts has very high Ti content (1.00 - 1.50
a.p.f.u.) provided by depletion in Ti of the clinopyroxene
during vesuvianite growth that may occur at HP/UHP
conditions, as accounted by their Fe®t, Al*t and Mg con-
tents, close to those of syn-D, vesuvianite (Figs. 14a-c).
In addition, also vesuvianite filling fractures in clinopyr-
oxene porphyroclasts shows higher Ti amount than the
other syn-D, crystals (Fig. 14c).

Fe3* in vesuvianite has been not recalculated because
the total charge balance of the 13 Y sites does not satisfy
the conditions reported by Gnos & Armbruster (2006).
However, since the variation trends, from core to rim, of
Fel°t and Al®™t are opposite (Fig. 14d), we can infer that
the Fe'°t increase is actually due to Fe3*.

Based on the modal proportion (see microstructural
analysis) and the composition of single mineral phases in
the three rodingite groups, the following bulk rock com-
positions in oxide weight per cent have been inferred:

SiO, =~ 43; Ca0 = 20; Al,03 = 18; MgO = 10; FeO =
7 in epidote-bearing rodingites.

Si0, = 39; Ca0 = 21; Al,O3 = 14; MgO =~ 14; FeO =
10 in garnet-chlorite-clinopyroxene-bearing rodingites.

Si0, = 39; Ca0 = 24; Al,O3 = 16; MgO =~ 14; FeO =
5 in vesuvianite-bearing rodingites.

Typically the sum of Na,O, K,0, TiO,, Cr,03, MnO
is less than 2 weight per cent.

These compositions are comparable to those displayed
by the rodingites of the Pfulwe region (Li et al., 2008).
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Chemical zoning of a vesuvianite (I core and Il rim) grain aligned with the S, foliation. White line highlights the grain edge
and white circles indicate the position of analysed points. Crossed polars.

Conclusions

At Valtournanche four stages of ductile deformations
have been detected in serpentinites and in the hosted ro-
dingite dykes, in agreement with earlier structural recon-
structions (Dal Piaz et al., 1980). In serpentinites the first
two stages are responsible for the development of S; and
S, or the composite S;/S, foliations, and the third one for
a fold system and a differentiated S; crenulation cleavage
or, locally, a disjunctive cleavage. S; and S, developed in
eclogite facies conditions, whereas S; developed in epi-
dote amphibolite facies conditions (Rebay et al., 2012).

The fourth stage is not associated with new mineral
growth, it produces open folds, and is only rarely associ-
ated with a disjunctive cleavage. The full structural histo-
ry is coherently recorded both in the rodingite dykes and
in the surrounding serpentinite.

The mineralogical support of the S, differentiated fo-
liation in serpentinites indicates PT conditions of 2.5 +
0.3 GPa, for T of 600 + 20 °C (Rebay et al., 2012); its
structurally coeval counterpart in rodingitised gabbro
dykes is marked by the assemblages:

- Epy;, Cpx,;, MgChl,,, Ttn,, £ Grty;, = Tr; in epidote-
bearing rodingites;
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- MgChly;, Grty;, Cpxy,
garnet-chlorite-clinopyroxene-bearing rodingites;

* Ves,;, £ opaque minerals in

- Vesy, Mg-Cth, Cpxy, Grty,
vianite-bearing rodingites.

On the ground of structural correlation, these assemb-
lages are interpreted to have formed under the same PT
conditions estimated for S, in serpentinites at the transi-
tion between HP/UHP conditions.

The syn-D3 mineral assemblages are instead interpre-
ted as formed at P of ~0.7 GPa for T ~550°C, coherently
with the inferred syn-D; PT conditions in serpentinites
(Rebay et al., 2012); the entire metamorphic evolution of
the three rodingite types, associated with their syn-D,
metamorphic assemblages, is shown on Fig. 15.

Mineral and structural relicts predating the S; folia-
tion are related to the oceanic magmatic and metasomatic
history. Cm-sized clinopyroxene porphyroclasts and fine
grained Cr-rich spinel (e.g. Allan et al., 1988) crystal-
lised during the emplacement of the gabbro dykes, which
are the rodingite protoliths, in the mantle rocks as already
pointed out by previous authors (e.g. Dal Piaz, 1967).
Moreover uvarovite-rich garnet and Ca- Cr-rich vesu-
vianite developed during the oceanic metasomatism re-
sponsible for the serpentinisation of the mantle rocks and
the rodingitisation of the hosted gabbro dykes. Uvaro-
vite-rich garnet is believed to form from the reaction be-
tween Cr-spinel and Ca-rich garnet assisted by the mobi-
lisation of Cr by fluids circulation (e.g. Akizawa et al.,
2011; Mogessie & Rammlamair, 1994), or by reactions
involving Cr-spinel, augitic pyroxene, and anorthitic pla-
gioclase, both during ocean floor metasomatism. Being
rich in Cr and Ti, pre-D; vesuvianite is consistent with
being formed by the destabilisation of Cr-rich spinel dur-
ing ocean floor metasomatism as well (Kobayashi & Ka-
neda, 2010); this is also supported by the full occupancy
of the X+X’ site (high Ca content), which is characteris-
tic of low grade metamorphism (Gnos & Armbruster,
2006).

In general, since rodingitisation processes involve en-
richment in CaO and MgO and depletion in SiO, of the
mafic protoliths, the inferred bulk rock compositions
from vesuvianite- to epidote-bearing rodingites suggest a
decrease in oceanic metasomatism (see also Dubinska et
al., 2004; Schandl et al., 1989). This is consistent with: a)
pre-D; clinopyroxene porphyroclasts containing the low-
est and highest amount of Ca in epidote- and vesuvianite-
bearing rodingites respectively, which indicates a

+ Ttn,, £ Ep, in vesu-

stronger chemical reworking of these porphyroclasts in
vesuvianite-bearing rodingites; b) uvarovite-rich garnet
and Ca- Cr-rich vesuvianite occurring only in garnet-
chlorite-clinopyroxene- and vesuvianite-bearing rodin-
gites.

Figure 15. Rodingite HP/UHP mineral assemblages and
their PTdt path as deduced from hosting serpentinites
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PTdt path (dashed line) of Alpine HP/UHP subduction-
related (D,) and LP exhumation-related (D3) stages for
serpentinites (Rebay et al., 2012). The main HP/UHP
mineral phases forming the assemblages of the three
types of rodingites are shown in ACF projections, in
which A = (AM + Fe3%)/2; C = Ca; F = Fe2* + Mg + Mn.
In Vesuvianite-bearing rodingites garnet + chlorite +
vesuvianite assemblage is the most common. The
double black arrow indicates the increasing direction
of Ca and Mg and the Piemonte-Ligurian oceanic
metasomatism throughout the bulk compositional
systems of the three rodingite types. Metamorphic fa-
cies are after Spear (1993).

On the other hand, different bulk rodingite composi-
tion may be also due to different composition of proto-
liths, but since a single rodingite boudin may consists of
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different rodingite rock types (Fig. 6), we argue that the
three different rodingite types most likely manifest a dif-
ferent progression in the rodingitisation process.

In all rodingite types, both pre-D; clinopyroxene and
garnet porphyroclast rims show a chemical zoning with
compositions that progressively approach those of the
matrix clinopyroxene and garnet. This suggests a chemi-
cal reworking during the development of the S, foliation
under the Alpine elcogite facies conditions. In this frame,
the increase of andradite at the rim of pre-D; garnet may
suggest an increase of oxygen fugacity during garnet
transformation occurring during S, development.

The occurrence of Ca- Cr-rich pre-D; vesuvianite ex-
clusively as inclusions in pre-D; uvarovite-rich garnet
suggests that this phase is less resistant to recrystallisa-
tion during the Alpine subduction than uvarovite-rich
garnet.

These data show that in rodingitised gabbro dykes at
Valtournanche the pervasive structural and metamorphic
imprint formed during the Alpine subduction. Subse-
guently these boudins have been poorly re-equilibrated
both texturally and mineralogically during the Alpine ex-
humation under epidote amphibolite facies conditions.

Mineral relicts such as the core of pre-D; clinopyrox-
ene and garnet porphyroclasts, Cr-rich spinel, and pre-D;
vesuvianite are the only vestiges of the Piemonte-Liguri-
an oceanic history.

These data show that in Ca-rich systems vesuvianite
can be stable also under HP/UHP conditions, as already
suggested for the Pfulwe area of the Swiss portion of the
ZSZ (Li et al., 2008) and observed in jadeitites from
Myanmar (Nyunt et al., 2009). Finally, in the Valtour-
nanche rodingites the detailed multiscale structural analy-
sis made possible to discriminate HP/UHP-vesuvianite
grains from oceanic relicts and late Alpine vesuvianite.
This structural discrimination allowed individuating the
significant variations in Cr-, Ti-, Ca-, and Mg-contents
critical to detect vesuvianite grown in different metamor-
phic environments.
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