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ABSTRACT

INTRODUCTION

Multiscale structural analysis and petrological modelling were used to establish the pressure-peak
mineral assemblages and pressure—temperature (P-T) conditions recorded in the rodingites of the
upper Valtournanche portion of the oceanic Zermatt-Saas Zone (ZSZ; Western Alps, northwestern
Italy) during Alpine subduction. Rodingites occur in the form of deformed dykes and boudins within
the hosting serpentinites. A field structural analysis showed that rodingites and serpentinites record
four ductile deformation stages (D1-D4) during the Alpine cycle, with the first three stages associated
with new foliations. The most pervasive fabric is S2 that is marked by mineral assemblages in
serpentinite indicating pressure-peak conditions, involving mostly serpentine, clinopyroxene, olivine,
Ti-clinohumite and chlorite. Three rodingite types can be defined: epidote-bearing, garnet— chlorite—
clinopyroxene-bearing and vesuvianite-bearing rodingite. In these, the pressure-peak assem- blages
coeval with S2 development involve: (i) epidotey + clinopyroxeney; + Mg-chloritey; + garnety;
=+ rutile & tremolite; in the epidote-bearing rodingite; (ii) Mg-chlorite;; + garnet;; clinopy- roxeney;
=+ vesuvianite;; = ilmenite in the garnet—chlorite—clinopyroxene-bearing rodingite; (iii)
vesuvianite;; + Mg-chlorite; + clinopyroxeney; + garnety+ rutile == epidote  in  vesuvianite-bearing
rodingite. Despite the pervasive structural reworking of the rodingites during Alpine subduction, the
mineral relicts of the pre-Alpine ocean floor history have been preserved and consist of clinopyroxene
porphyroclasts (probable igneous relicts from gabbro dykes) and Cr-rich garnet and vesuvianite (re-
licts of ocean floor metasomatism). Petrological modelling using THERMOcCALC in the NCFMASHTO
system was used to constrain the P-T conditions of the S2 mineral assemblages. The inferred values
of 2.3-2.8 GPa and 580-660 °C are consistent with those obtained for syn-S2 assemblages in the sur-
rounding serpentinites. Multiscale structural analysis indicates that some ocean floor minerals
remained stable under eclogite facies conditions suggesting that minerals such as vesuvianite, which is
generally regarded as a low-P phase, could also be stable in favourable chemical systems under high-
P/ultra-high-pressure (HP/UHP) conditions. Finally, the reconstructed P-T—d-t path indicates that
the P/T ratio characterizing the D2 stage is consistent with cold subduction as estimated in this part
of the Alps. The estimated pressure-peak values are higher than those previously reported in this part
of ZSZ, suggesting that the UHP units are larger and/or more abundant than those previously sug-
gested.

Key words: Alpine subduction; eclogitized rodingite; HP/UHP vesuvianite; tectono-metamorphic
evolution; Tethys ocean.

metamorphism relationships in rodingites have been
partly overlooked because of their complex composi-

The Zermatt-Saas Zone (ZSZ) ophiolitic complex,
which outcrops in the upper Valtournanche (Val
d’Aosta, northwestern Italy), consists of high-pres-
sure/ultra-high-pressure (HP/UHP) metaophiolites in
which the petrological and structural evolution of
metagabbros, metabasalts and serpentinites can be
constrained (e.g. Ernst & Dal Piaz, 1978; Dal Piaz
et al., 1980; Barnicoat & Fry, 1986; Bucher et al.,
2005; Angiboust et al., 2009; Bucher & Grapes, 2009;
Groppo et al., 2009; Ferrando et al., 2010; Rebay
et al., 2012; Zanoni et al., 2012). The deformation—

tion and mineralogy (Zanoni et al., 2012). Quantita-
tive petrological analysis has investigated factors that
control the development of metasomatic reactions
but have left unresolved questions regarding the rela-
tive timing of formation of the rodingites, which
could have occurred anywhere along the P-T path
from ocean floor to subduction and subsequent
exhumation (e.g. Scambelluri & Rampone, 1999; Li
et al., 2008; Ferrando et al., 2010). To identify the
structural and metamorphic features characteristic of
oceanic and subduction environments in rodingites,



the results of structural analysis of superposed fabrics
(e.g. Turner & Weiss, 1963; Pitcher & Flinn, 1965;
Williams, 1985; Spalla et al., 2005; Hobbs et al.,
2010; Gosso et al., 2015) integrated with detailed
petrological studies and supported by thermodynamic
modelling (e.g. THERMOcALC, Powell et al., 1998), are
examined. In addition, complex chemical systems
such as those of rodingites that record a polyphase
structural history, as indicated by boudins and trans-
posed dykes in the ZSZ HP/UHP serpentinites (Rahn
& Bucher, 1998; Li et al., 2004a,b, 2008; Ferrando
et al., 2010; Rebay et al., 2012; Zanoni et al., 2012),
can be the Ariadne thread to differentiate the oceanic
and subduction—collision imprints using rodingite
mineralogical and structural memory.

Rodingites are Si-undersaturated and Ca-rich rocks
derived from metasomatic reactions between peri-
dotites and gabbro-basalt dykes and generally form
at the ocean floor (e.g. Nicolas, 1966; Coleman, 1967;
Honnorez & Kirst, 1975; O’Hanley et al,, 1992;
Palandri & Reed, 2004; Austrheim & Prestvik, 2008;
Frost et al., 2008; Bach & Klein, 2009). Nevertheless,
rodingites from various collisional belts have been
interpreted as having re-crystallized or formed during
the subduction or exhumation of eclogitic rocks,
although a detailed description of the mineral assem-
blages defining successive fabrics and related mineral
compositional variations has not generally been
reported (Dal Piaz, 1967; Piccardo et al., 1980; Puga
et al.,, 1999; Li et al., 2007, 2008; Tsikouras et al.,
2009; Ferrando et al.,, 2010). Furthermore, rodingiti-

zation in involving Na-depletion, which may also
continue  during  subduction and exhumation,
obscures the effect of eclogitic metamorphism in

rodingites. Among rodingite-forming minerals, vesu-
vianite is commonly considered a low-grade meta-
morphic mineral, but recently it was found in
jadeitites from Myanmar and has been described as
belonging to HP metamorphic assemblages in ZSZ
eclogitized rodingites (Li et al., 2008; Nyunt et al.,
2009; Zanoni et al., 2012).

In this study, a structural continuous correlation
was first applied during field investigation, and a
microscale deformation—-metamorphism analysis was
then conducted for identifying HP/UHP equilibrium
mineral assemblages associated with Alpine fabrics in
different rodingite types. In addition, a structural
correlation between foliations supported by the HP/
UHP assemblages and contemporaneous fabrics in
the surrounding serpentinite, for which the P-T con-
ditions were previously determined (Rebay et al.,
2012), was used to benchmark the estimates of climax
conditions in the rodingites. Correlating the deforma-
tion—metamorphism relationships  that  developed
under varying conditions in rodingite and surround-
ing rocks, from low pressure to HP/UHP, such as
vesuvianite compositional differences found in differ-
ent microstructural sites, facilitated the identification
of  pre-Alpine rodingite relict  occurrences.

Petrological modelling was only possible for rodin-
gites with parageneses that consist of thermodynami-
cally constrained phases, like clinopyroxene, garnet,
epidote and chlorite. The results provide new insights
to supplement the limited available petrological work,
which primarily focused on the contact metamor-
phism zone and P-T fields at pressures lower than
1 GPa (e.g. Frost, 1975; Rice, 1983; Castelli et al.,
1995).

GEOLOGICAL SETTING

The ZSZ outcrops in the western Alps and consists
of rocks derived from the Piedmont-Ligurian oceanic
lithosphere (Fig. la,b) that are dominated by subduc-
tion-related Alpine eclogite facies imprints, locally re-
equilibrated under exhumation-related greenschist
facies metamorphism (e.g. Emnst & Dal Piaz, 1978;
Cartwright & Barnicoat, 2002; McNamara et al.,
2012; Lardeaux, 2014). The ZSZ, together with the
Combin Zone (CZ), forms the oceanic suture of the
Western European Alps (e.g. Caron et al., 1984;
Reddy et al., 1999; Spalla et al., 2010 and references
therein).

Within the Alpine nappe pile, the ZSZ and the CZ
are tectonically sandwiched between the continental
Penninic Monte Rosa and the Austroalpine Dent
Blanche—Sesia Lanzo nappe system (e.g. Bearth,
1967; Polino et al., 1990; Handy et al., 2010), and
they are separated by the Pancherot-Cime Bianche
unit, which consists of rocks primarily derived from
Permian to Cretaceous sediments (Dal Piaz, 1999).
The CZ is considered as derived from the ocean—con-
tinent transition zone and is structurally shallower
than ZSZ (e.g. Dal Piaz & Ernst, 1978; Dal Piaz
et al., 1981). Recently, some ophiolitic complexes of
the Western Alps have been interpreted as oceanic
core complexes characteristic of slow-spreading ocea-
nic ridges (Festa et al., 2015; Lagabrielle et al., 2015).

Compared with the ZSZ, the CZ is affected by per-
vasive greenschist facies re-equilibration, but pre-
serves some blueschist facies relicts (Dal Piaz, 1974,
Dal Piaz & Ernst, 1978; Ring, 1995; Cartwright &
Barnicoat, 2002). The contact between the ZSZ and
the CZ has been interpreted as a detachment fault
reactivated by a thrust fault (Ballévre & Merle, 1993)
or as a thrust fault reactivated by a normal fault
(Pleuger et al., 2007).

The ZSZ consists of serpentinites, metagabbros
and N-MORB metabasalts with minor pelagic
metasedimentary rocks (Dal Piaz et al., 1981; Becca-
luva et al., 1984; Pfeiffer et al., 1989; Martin et al.,
1994; Dale et al., 2009; Wassmann et al.,, 2011;
Rebay et al., 2012). Metasedimentary rocks are pri-
marily calcschists and quartzites that were either
derived from the internal portion of the oceanic
realm (e.g. Bearth, 1967; Ernst & Dal Piaz, 1978), or
deposited on continental shelves, continental slopes,
or marine basins (Mahlen et al., 2005). The pre-
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Fig. 1. Geological and structural setting of the upper Valtournanche. (a) Tectonic sketch map of the Western Alps and its location
within Europe and the Mediterranean region. (b) Interpretative tectonic sketch of the upper Valtournanche redrawn from the geo-
tectonic map of the Aosta Valley (De Giusti et al., 2003); area indicated by the thick white square in (a). ZSZ, Zermatt-Saas Zone;
PCB, Pancherot-Cime Bianche unit; CZ, Combin Zone; DB, Dent Blanche nappe. (c) Interpretative structural map, modified after
Zanoni et al. (2012), with the foliation trajectories and lithostratigraphy of the meta-ophiolites of the upper Valtournanche (ZSZ);
map indicated by the thick white line in (b). Relative chronology of superposed foliation is shown in the legend. Topography
redrawn from the technical map of the Val d’Aosta Regional Administration without hydrography.

Alpine structural and mineral relicts that preserve
oceanic textures (Barnicoat & Fry, 1986; Martin &
Tartarotti, 1989; Fontana et al., 2008, 2015; Rebay
et al., 2012), dated between 164 and 153 Ma
(Rubatto, 1998), show that the ZSZ lithosphere was
affected by oceanic metamorphism prior to Alpine
subduction (Bearth, 1976; Dal Piaz et al,, 1980; Li
et al., 2004b). During the Alpine subduction, the
ZSZ recorded a Dblueschist facies metamorphic

imprint that predates the eclogite peak (e.g. Chinner
& Dixon, 1973; Ernst & Dal Piaz, 1978). Petrological
investigations of the ZSZ metabasic rocks indicate
the following peak conditions: 2.5-3.0 GPa and
550-600 °C (Bucher et al., 2005), 1.9-2.2 GPa and
530-600 °C (Dale et al., 2009) and, south of the
Aosta-Ranzola fault (St. Marcel valley), 2.1 = 0.3
GPa and 550 = 60 °C (Martin et al., 2008). The
metagabbros of the Swiss portion of the ZSZ record



peak conditions of 2.5-2.8 GPa and 600-610 °C
(Bucher & Grapes, 2009) or alternatively 1.9—
2.2 GPa for 500-580 °C (Dale et al., 2009). Pressures
from 2.7 to over 3.2 GPa and temperatures of 590—
630 °C are estimated at Lago di Cignana (e.g. Rei-
necke, 1991, 1998; van der Klauw et al., 1997;
Groppo et al., 2009), where microdiamond has also
been found in oceanic metasedimentary rocks (Frez-
zotti et al., 2011). In the serpentinites of the Swiss
portion of the ZSZ, the peak conditions are esti-
mated at 2.0-2.5 GPa and 600-650 °C (Li et al.,
2004b), and in the Italian portion, they are estimated
at 2.2-2.8 GPa and 580-620 °C (Rebay et al., 2012).
Based on the P-T evolution inferred from the sur-
rounding metabasites, the P-T-peak conditions pro-
posed for rodingites in the Swiss portion of ZSZ
(Zermatt area) (Li et al., 2008) are 2.5-2.8 GPa and
600-625 °C (Bucher et al., 2005).

The above-mentioned peak conditions, frequently
estimated in the same localities with different meth-
ods  (pseudosections,  classical thermobarometry,
phase equilibria), led to the reconstruction, in differ-
ent portions of ZSZ, of P-T trajectories indicating a
heterogeneous metamorphic evolution of this com-
plex. However, in contrast, based on the assemblages
from metabasites and calcschists, a homogeneous
evolution for the entire ZSZ has been suggested char-
acterized by P-T peak conditions of 2.3 = 0.1 GPa
and 540 = °C (Angiboust et al., 2009; Angiboust &
Agard, 2010). Recently, part of the Monviso ophio-
lite has been interpreted as forming a single unit with
the ZSZ, that would consist of a continuous slab
recording a coherent metamorphic evolution (Angi-
boust et al., 2012). In contrast with the last interpre-
tation, the age data indicate a wide time interval of
re-equilibration during subduction of the ZSZ rocks
and associated continental slivers between 80 and
40 Ma (with ages interpreted as referred to peak con-
ditions comprised between 58 and 38 Ma; Skora
et al., 2009, 2015; Springer et al., 2009; Weber et al.,
2015 and references therein) consistent with indica-
tions of a heterogeneous metamorphic evolution.

Since the 1960s, rodingites within the Western Alps
have been interpreted as former gabbro dykes (Dal
Piaz, 1965, 1967, 1969; Bortolami & Dal Piaz, 1968).
More recently, different types of rodingites in the
ZSZ, that are primarily distinguishable in terms of
their mineral content, have been ascribed to different
protoliths or degrees of oceanic metasomatic trans-
formation (Li et al.,, 2004a; Panseri et al., 2008;
Zanoni et al,, 2012). In the upper Valtournanche,
rodingites are considered to have recrystallized during
the polyphasic Alpine ductile deformation that
affected the hosting serpentinites. Igneous clinopyrox-
ene porphyroclasts are considered the only relicts of
gabbro protoliths (Dal Piaz et al., 1980; Li et al.,
2004a; Zanoni et al., 2012). In the Lanzo Massif gab-
bro dykes were rodingitized through interactions with
Cretaceous seawater (R6sli et al,, 1991) and late

Alpine fluids (Castelli et al., 1995), as described in
Bellecombe rodingites where HP assemblages are
overprinted during greenschist Alpine rodingitization
(Ferrando et al., 2010).

Recently, metasomatism during Alpine subduction
has been postulated as the source of the main mineral
assemblages of rodingites from the ZSZ, and this
hypothesis is based on the consistency between ther-
modynamic modelling and P-T evolution constrained
in the metabasites (Li et al., 2008). However, a multi-
scale continuous structural correlation between rodin-
gite boudins and their country serpentinites indicates
that these mineral assemblages were established
through HP/UHP re-crystallization of rodingites that
developed during Jurassic ocean spreading (Zanoni
et al., 2012).

MESOSTRUCTURES

The mapped area primarily consists of serpentinites
and metagabbros, and widespread rodingite boudins
enclosed in serpentinites (Fig. 1c). Four ductile defor-
mation stages (D1, D2, D3 and D4) affected the ser-
pentinites, metagabbros and rodingites (Fig. 2). The
first three stages are associated with penetrative folia-
tions, whereas the last stage locally produced a new
cleavage (Rebay et al, 2012; Zanoni et al.,, 2012).
Serpentinites are normally foliated rocks, but they
are massive locally. The metagabbros contain flaser-
type structures and in places, preserve igneous tex-
tures. The minor calcschists and prasinites that out-
crop in the western part of the area (Fig. lc) usually
form metre-thick layers.

In detail, pre-D1 structures cannot be clearly
detected at outcrop scale but are well developed at the
microscale (see next section). D1 is characterized by a
generally steep S1 continuous foliation that primarily
dips SSW and NNE and locally is the dominant folia-
tion. The second deformation stage (D2) produces up
to metre-sized folds and an S2 axial plane foliation
that usually gently dips westward. The D2 folds are
characterized by a shallowly plunging A2 axes that pri-
marily trend NNW-SSE and a shallow dipping AP2
axial planes that primarily dip westward. In the ser-
pentinites, the D2 folding produces a shallowly dip-
ping L2 crenulation lineation that primarily trends
NNW-SSE. Usually, the S2 foliation (or the compos-
ite S1/S2 foliation) is the most pervasive fabric. Rodin-
gite boudins and dykes are generally re-oriented close
to the S2 and S1/S2 foliations in the country serpen-
tinites (Figs 2, 3 & 4a). The D3 structures consist of
open to tight metre-sized folds and an S3 axial plane
foliation, which is a disjunctive cleavage locally and
dips WSW at ~60°. The A3 fold axis and the associ-
ated L3 crenulation lineation shallowly trend N-S.
The D4 stage is responsible for an upright open fold-
ing and a rare S4 disjunctive cleavage, which is primar-
ily recorded in serpentinites. Generally, the S4
foliation and AP4 axial plane are sub-vertical and
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Fig. 2. Synoptic projection of the D1, D2, D3 and D4
structure orientations in serpentinites, metagabbros, and
rodingites. S = foliation; A = fold axis; AP = fold axial
plane; LC = crenulation lineation; RDW = rodingite dyke
wall; RR = reaction rim of rodingites; MB = metabasics
associated with the metagabbros. Brackets contain the
number of orientation data that are plotted on equal

area lower hemisphere projection of planar (pole to plane
plot) and linear structures. Please note that the

rodingite dyke wall is plotted with D1 structures only for
convenience and it can be re-structured during D2 or earlier
than DI.

trend NE-SW and the A4 fold axis and L4 crenulation
lineation are shallow and trend NE-SW (Fig. 2).
Locally, the A4 fold axis and L4 crenulation lineation
trend NW-SE, and the AP4 axial planes trend NW-
SE, suggesting that D4 folding may involve two conju-
gate systems or represent two separate groups of struc-
tures of an undetectable relative chronology.

In the studied area, extensive outcrops allow for
the continuous structural correlation and mapping of
the subsequent structures developed during the
polyphasic  deformation history. The grid of

successive foliation trajectories intersecting  the
boundaries between the different rock types is the
basis for this type of correlation, and it is synthesized
in the interpretative structural map of Fig. lc from
an original structural mapping at 1:5000 scale.

The entire polyphasic deformation history is
recorded in serpentinites and rodingites. Foliations
that developed both under eclogite and epidote—am-
phibolite facies conditions in serpentinites (Rebay
et al., 2012) propagate from serpentinites to rodin-
gites (see also Zanoni et al., 2012). The rodingites
frequently preserve gabbro-type textures and have
1 cm clinopyroxene porphyroclasts. The structural
sketches in Fig. 3 show three outcrop details illus-
trating the structural correlation between serpen-
tinites and rodingites (visible on the hectometre and
decimetre scales in the serpentinites, Figs 3 & 4a)
that are used to distinguish the HP/UHP mineral
assemblages in rodingites. Locally, single rodingite
boudins show compositional and structural hetero-
geneities (Figs 3 & 4b,c). D3 can produce an intense
folding of rodingite boudins, and the S3 crenulation
foliation propagates from serpentinites to either
rodingites or its reaction rim towards serpentinites
(Fig. 4d). This rim, between rodingites and serpen-
tinites, generally consists of chlorite and clinopyrox-
ene schists. The D4 stage is sporadically responsible
for the gentle folding of rodingite boudins.

In serpentinites, minerals marking the D2 fabrics
developed during the Alpine subduction under eclog-
ite facies conditions at 2.2-2.8 GPa and 580-620 °C,
whereas minerals marking the D3 structures formed
under epidote—amphibolite facies conditions at 0.7—
1.0 GPa and 540-570 °C (Rebay et al., 2012). These
P-T estimates have been integrated with the results
of the structural correlation, and they represent the
framework that will allow benchmarking the condi-
tions under which the mineral assemblages formed in

the rodingites, which will be independently tested
through petrological modelling.
MICROSTRUCTURES

Epidote, garnet, Mg-chlorite, clinopyroxene and

vesuvianite are the main rodingite-forming minerals.
Three rodingite types are defined according to the rel-
ative amount and occurrence of these minerals: epi-
dote-bearing, garnet—chlorite—clinopyroxene-bearing,
and vesuvianite-bearing rodingites (see also Zanoni
et al., 2012). The modal compositions are variable
within these three rodingite types, and intermediate
modal compositions occur between them. In Fig. 5,
the microstructural features of the three types of
rodingite are represented. In the following text and
figures, the mineral abbreviations are based on Whit-
ney & Evans (2010); the subscripts indicate different
generations of each mineral related to Alpine growth
and re-crystallization, and the pre-D1 mineral relicts
are labelled with the subscript 0.
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Fig. 3. Structural sketch maps of ~25 to 40 m long continuous outcrops, showing that the same structural history is shared by the
serpentinites and hosted rodingites. Relative chronology of superposed foliations is shown in the legend. Photograph illustrates the
relationships between garnet—clinopyroxene—chlorite-bearing and vesuvianite-bearing rodingites.

Epidote-bearing rodingites

This type primarily consists of epidote (20-60%),
clinopyroxene (15-50%), Mg-chlorite (10-20%), and
garnet (<30%). Titanite, rutile, tremolite and opaque
minerals are <5%. S1 is primarily marked by both
the SPO (shape preferred orientation) and the LPO
(lattice preferred orientation) of epidote;, Mg-chlori-

te; and clinopyroxene;, with clinopyroxene; and
minor epidote; forming aggregates parallel to Sl
(Fig. 5a,b). Coarse-grained epidote; crystals are

zoned and enclose garnet; grains with rational crystal
faces (Vernon, 2004). Mg-chlorite; forms porphyro-
clasts within S2, which is defined by the SPO and/or
the LPO of clinopyroxeney, Mg-chloritey, epidotey;
and rare tremolite;. Epidote; also forms polygonal
aggregates and is enclosed in Mg-chlorite;. Titanite,
partially or totally replacing rutile, is in thin trails
parallel to S2 and rarely occurs in the clinopyrox-
eney layers. S1 and S2 are defined by SPO of up to

1 cm large kinked clinopyroxene, porphyroclasts
(Fig. 5c) that were overgrown by clinopyroxeney
rims and clinopyroxeney spikes parallel to S1 and
S2. Locally, opaque minerals grew along clinopyrox-
ene, cleavages. Epidotey is both enclosed in clinopy-
roxeneg porphyroclasts and  forms  aggregates
wrapped by S1 (Fig. 5a). Where S2 is well developed,
epidotey;, clinopyroxeney; and garnet; form fine-
grained crystals in trails parallel to S2. Clinopyrox-
eney porphyroclasts show fractures at a high angle
with S2 filled by garnety, clinopyroxene;; and rare
tremolite;, with SPO parallel to S2, suggesting that
they developed during D2. Epidotey; fills post-D2
fractures and consists of zoisite or clinozoisite in
fractures intersecting epidote; or epidote; (Fig. 5d)
and Fe-epidote in fractures intersecting garnet,
clinopyroxeney, and Mg-chlorite;; aggregates. Rare
post-D2 stage tremolite; overgrew garnet and epi-
dote. Rocks containing tremolite have the least epi-
dote. Based on the microstructural features, the



Fig. 4. (a) Rodingite boudin parallel to S2. Hammer for scale. (b) Close up that shows the heterogeneous mineral compositions of
the rodingite boudin; the reddish grey area is rich in clinopyroxene porphyroclasts and garnet and the whitish area, close to the
top of the picture, is rich in epidote. Pencil for scale. (c) Close up that shows mineral composition and structural heterogeneity in a
rodingite boudin; the centre of the boudin has a massif texture affected by a rough foliation, defined by shape preferred orientation
of clinopyroxene porphyroclasts, whereas the margin of the boudin records the S2 foliation, which affects serpentinite as well.
Pencil for scale. (d) D3 folding associated with S3 foliation refracting from the serpentinite to the sole rodingite reaction rim. Ink

marker for scale.

following mineral growth—deformation relationships
are inferred in epidote-bearing rodingites (see also
Fig. Sa—d):

Pre-D1 mineral relicts: Cpxo porphyroclasts, Epg
Syn-D1 assemblage: Ep; + Cpx; + MgChl; +
Grty

Syn-D2 assemblage: Epy + Cpxy + MgChly +
Grty=+ Rt &+ T

Post-D2 assemblage: = Epyy=+ Ttn == Tryy.

Garnet—chlorite—clinopyroxene-bearing rodingites

These consist of garnet (20-60%), Mg-chlorite (20—
55%), clinopyroxene (<50%), vesuvianite (<10%)
and opaque minerals (<5%). These rocks record
either S1 or S2 foliations or S2 crenulation cleavage
as dominant fabrics (Fig. 5e-g). Garnet; trails, Mg-

chlorite;, clinopyroxene; (Fig. 5f) and rare vesuvian-
ite; define the S1 foliation and garnet;, Mg-chloritey,
clinopyroxeney; and ilmenite define the S2 foliation
(Fig. 5e-h). Where S1 is pervasive, up to 1 cm large
clinopyroxene, porphyroclasts show fractures filled
by fine-grained garnet; and/or clinopyroxener, with
minor epidote; and Mg-chlorite;. Garnet; also rims
clinopyroxene, porphyroclasts. Finally aggregates of
garnet; and minor clinopyroxene; + Mg-chlorite;are
locally parallel to S1 foliation and could represent a
complete replacement of the clinopyroxene, porphy-
roclasts. The S1 foliation is affected by micro-shear
zones defined by Mg-chlorite;; and rare vesuvianitey;.
Where S2 is pervasive, clinopyroxene, is crossed by
fractures at a low angle to its cleavages, which are
filled by garnet;. Wider fractures in clinopyroxene
contain oblique Mg-chloritey and minor clinopyrox-
eney crystals. The S2 foliation is generally a
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D3 or post-D2

Fig. 5. Relationships between the mineral growth and deformation stages of the three rodingite types that support the
reconstruction of equilibrium mineral assemblages and their relative chronology. (a) Relict epidote, aggregates wrapped by S1 here
marked by SPO of clinopyroxene;. Crossed polars. (b) S1 foliation marked by clinopyroxene;, garnet;, epidote;, and chlorite;.
Crossed polars. (c) S1, marked by SPO of clinopyroxene, porphyroclasts, chlorite; and clinopyroxene; and garnet;-rich layers, is
overprinted by a D2 folding. Clinopyroxene; also grew in the necks of clinopyroxene, porphyroclasts. Crossed polars. (d)
Epidoten-bearing veins intersecting the S2 foliation mostly marked by epidoten and clinopyroxener;. Crossed polars. (e) Uvarovitic
garnet, aggregates wrapped by the S2 foliation that is marked by Mg-chloriter and garnety trails. Plane polarized light. In the
inset (BSE image) a complex zoning pattern of the garnet, grains. The lighter grey zones are the most Cr-rich. (f) Crenulated S1
cut by S2 films. A relict garnet, aggregate is preserved between Sl films and folded by D2. Clinopyroxene, garnet, and chlorite
mark both foliations. Plane polarized light. (g) S2 crenulation foliation and relict S1. Both foliations are marked by chlorite,
clinopyroxene and garnet. Crossed polars. (h) D3 micro-folds overprinting S2 marked by layering of garnet; and chlorite;; with
minor clinopyroxeney;. A D2 micro-fold is also preserved. Plane polarized light. (i) Relict vesuvianite, (darker grey) preserved in
garnet, (lighter grey). BSE image. (j) Mg-chlorite; and garnet; marking the relict S1 preserved between vesuvianite;; and Mg-
chloritey films. Crossed polars. (k) Crenulated S1 preserved between S2 films; both foliations are marked by vesuvianite, chlorite,

and garnet. Plane polarized light. (1) vesuvianitey; overprinting S2 foliation marked by vesuvianitey;, chlorite;; and garnety;.
Crossed polars.



continuous foliation (Fig. Se); however, where it is
incipient it consists of a spaced crenulation cleavage
with folded S1 relicts within the S2 films (Fig. 51).
Opaque minerals define an internal foliation in the
clinopyroxeney grains that is slightly folded and con-
tinuous with the external S2 foliation, thus suggest-
ing clinopyroxeney growth as syn-D2. In the D2
microfolds, Mg-chlorite; shows internal deformation
and Mg-chlorite;; forms recrystallized decussate
grains. Moreover, locally, garnet; replaces rims and
cleavages of pre-D2 Mg-chlorite porphyroclasts. The
S1 and S2 foliations wrap green-pleochroic uvaro-
vite-rich  garnet, fine-grained aggregates with a
colourless rim accounting for the recrystallization of
Cr-rich garnet, during D1 or D2 (Fig. Se,f). These
aggregates contain Cr-spinel that could be exsolved
during garnet recrystallization or may represent relict
inclusions in the Cr-rich garnet,. Mg-chloritey;
marks the incipient S3 crenulation cleavage of locally
asymmetric micro-folds (Fig. Sh). The microstruc-
tures indicate the following mineral growth-deforma-
tion sequence:

Pre-D1 minerals: Cr-rich Grty and Cpxy porphyro-
clasts, Cr-rich Spl, and Mg-Chl,

Syn-D1 or pre-D2 assemblage: Mg-Chl; + Grty
+ Cpxi+ Ep;+ Ves; = Ilm

Syn-D2 or post-D1 assemblage: Mg-Chly + Grtyy
+ Cpxp= Vesy £ Ilm

Syn-D3 assemblage: Mg-Chlyy;.

Vesuvianite-bearing rodingites

These consist of vesuvianite (25-55%), Mg-chlorite (10—
55%), garnet (10-30%), clinopyroxene (5-20%) and
opaque minerals (<1%) with uvarovite-rich gar- nety
micro-aggregates. These aggregates are wrapped by
the S2 foliation, and form a microstructure simi- lar
to that described for the garnet—chlorite—clinopy-
roxene-bearing rodingites, but in contrast, contain
euhedral to subhedral vesuvianite, crystals (Fig. 5i).
Layers with different grain size and modal amounts
of vesuvianiter, clinopyroxeney, or garnety with
rare rutile (rimmed by titanite) films and minor epi-
dote define the dominant S2 foliation (Fig. 5j,k).
Vesuvianitey;, clinopyroxene;; and Mg-chlorite;; have
an SPO parallel to S2, and Mg-chlorite; also shows
LPO (Fig. 5k). Garnet; trails, Mg-chlorite; and vesu-
vianite; define relicts (Fig. 5j) or folded surfaces
(Fig. 5k) of S1 foliation that is locally preserved
within the S2 lithons. S2 wraps 1 mm clinopyrox-
eney porphyroclasts that may show an SPO parallel
to S2. Minor epidote may grow at the rims of the
clinopyroxene, porphyroclasts. Fine-grained opaque
minerals occur within the clinopyroxene, porphyro-
clasts but not within their clinopyroxeney rims. This
finding suggests that opaque inclusions are exsolved
by clinopyroxene, during Alpine re-equilibration.
Vesuvianite;; and  Mg-chlorite;; occupy — strain

shadows and generally show an SPO parallel to S2
(Fig. 5j,k). In the clinopyroxene, porphyroclasts,
clinopyroxeney-bearing fractures cut fractures filled
with garnet;, Mg-chlorite; and vesuvianitey;. Both
types of fractures are at a high angle with S2 and
are interpreted as syn-D2 stage; in this view, the
garnety-bearing  fractures  formed during earlier
stages of D2 than clinopyroxeney-bearing fractures.
The S2 foliation is overgrown by vesuvianiteyy
garbens (Passchier & Trouw, 2005; Fig. 51) and
intersected by Mg-chloritey-bearing veins. Rare
Mg-chloritey; also marks an incipient S3 axial plane
foliation or intersects S2 at a low angle. The
inferred mineral growth—deformation relationships
are as follows:

Pre-D1 or pre-D2 minerals: Cpx,, Grty, Vesg
Syn-D1 assemblage: Mg-Chlj+ Grt; = Ves;
Syn-D2 assemblage: Vesy; + Mg-Chly + Cpxyg
-+ Grty+ Rt = Ep

Syn-D3 minerals: Mg-Chly; + Vesy £+ Ttn.

MINERAL CHEMISTRY

The mineral compositions from the different assem-
blages in rodingites were obtained with a Jeol LXA-
8200 electron microprobe (WDS; accelerating volt-
age, 15 kV; beam current, 15 nA) operating at the
Dipartimento di Scienze della Terra “A. Desio” of
Milano University. Natural silicates were used as
standards, and the results were corrected with a con-
ventional ZAF procedure. Proportional formulae
were calculated based on the following number of
oxygen atoms: 6 pyroxene, 12 garnet, 12.5 epidote,
28 chlorite and 76 vesuvianite. Fe>" was recalculated
for garnet, epidote and clinopyroxene based on
charge balance. Hereafter, variations in the chemical
compositions of successive mineral generations in the
different rodingite types are summarized according to
the main differences and significant characteristics.
Details are given in Tables 1-3 in which the compo-
sitional variations refer to different generations in
each rodingite type.

Epidote

In epidote-bearing rodingites, epidotey is zoned from
core to rim, where Fe®" decreases and then increases,
with an opposite trend in Al (Table 1).

Clinopyroxene

Generally, clinopyroxene shows a diopsidic composi-
tion with the pre-D1 core of 1 cm porphyroclasts
richer in the augitic component (Morimoto, 1988) rel-
ative to that of the syn-D1 and syn-D2 rims and
matrix foliation grains. The clinopyroxene, porphyro-
clasts from vesuvianite-bearing rodingites show the
lowest augitic content and those from epidote-bearing



Table 1. Selection of mineral compositions in the three rodingite types. Mineral formulae are calculated on the basis of 12.5, 6,
and 12 oxygen atoms for epidote, clinopyroxene and garnet respectively. Fe®" was recalculated based on the charge balance. Rdg

= rodingite.
Epidote Clinopyroxene Garnet
Ep-Rdg Ep-Rdg Grt-Chl-Cpx-Rdg Ves-Rdg Ep-Rdg Grt-Chl-Cpx-Rdg Ves-Rdg

Core — syn-D2 — rim Pre-D1 Syn-D2 Pre-D1 Syn-D1 Syn-D2 Pre-D1 Syn-D2 Syn-D2 Pre-D1 Syn-D1 Syn-D2 Pre-D1 Syn-D2
SiO, 3833 3836 3854 5222 54.80 52.64 55.96 55.70 54.82 55.33 38.57 37.05 37.41 37.65 36.91 39.10
ALO; 2533 2691 26.37 3.09 0.65 2.48 0.04 0.08 0.11 0.09 20.63 5.97 6.55 8.87 4.13 16.51
TiO, 0.09 0.08 0.15 0.56 0.02 0.57 0.00 0.05 0.02 0.03 0.25 0.03 0.05 0.16 0.04 0.44
Cr,04 0.00 0.00 0.01 0.13 0.00 0.03 0.02 0.02 0.02 0.03 0.05 14.22 0.21 0.51 20.54 0.00
FeOy, 10.29 8.37 8.83 5.49 1.63 5.18 0.44 0.69 5.01 1.16 15.47 7.43 20.21 16.73 3.88 8.51
MgO 0.08 0.08 0.07 16.01 17.01 15.15 18.08 17.91 15.08 17.55 2.17 0.03 0.02 0.14 0.07 0.38
NiO 0.03 0.04 0.03 0.05 0.05 0.03 0.03 0.03 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.02
MnO 0.07 0.17 0.29 0.16 0.33 0.15 0.09 0.10 0.22 0.03 1.32 0.30 0.14 0.40 0.26 0.33
CaO 2336 2379 2380 2157 24.63 22.78 25.79 25.56 2543 25.97 21.89 34.38 34.77 34.52 34.40 34.99
Na,O 0.01 0.01 0.01 0.41 0.47 0.93 0.01 0.01 0.05 0.02 0.02 0.00 0.00 0.00 0.00 0.01
K,0 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 97.58  97.80  98.10  99.69 99.60 99.96 100.46 100.15 100.23 99.84 100.37 99.42 99.35 98.99 100.23 100.31
Si 3.00 2.98 2.99 1.92 1.99 1.93 2.01 2.01 2.01 2.01 2.97 3.00 3.00 3.01 3.00 3.00
AlY 0.00 0.02 0.01 0.08 0.01 0.07 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
NG 2.34 2.45 2.41 0.05 0.02 0.03 0.00 0.00 0.01 0.00 1.84 0.57 0.62 0.84 0.39 1.49
Ti 0.01 0.00 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.03
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.91 0.01 0.03 1.32 0.00
Fe* ™" 0.66 0.54 0.57 0.03 0.02 0.08 0.00 0.00 0.00 0.00 0.14 0.50 1.36 1.12 0.26 0.49
Fe® " 0.02 0.00 0.00 0.14 0.03 0.08 0.01 0.02 0.15 0.04 0.86 0.00 0.00 0.00 0.00 0.06
Mg 0.01 0.01 0.01 0.88 0.92 0.83 0.97 0.97 0.82 0.95 0.25 0.00 0.00 0.02 0.01 0.04
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.09 0.02 0.01 0.03 0.02 0.02
Ca 1.96 1.98 1.98 0.85 0.96 0.89 0.99 0.99 1.00 1.00 1.81 2.99 2.99 2.95 2.99 2.87
Na 0.00 0.00 0.00 0.03 0.03 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
New FeO 0.14 0.00 0.00 4.67 1.11 2.72 0.44 0.69 5.01 1.16 13.29 0.00 0.00 0.00 0.00 0.92
New Fe,05 1111 9.30 9.81 0.91 0.58 2.73 0.00 0.00 0.00 0.00 2.42 8.26 22.46 18.59 4.32 8.44
New total 98.69  98.73  99.08  99.78 99.65 100.23 100.46 100.15 100.78 99.84 100.61 100.25 101.60 100.85 100.67 101.15

Table 2. Selection of mineral compositions in the three rodingite types. Mineral formulae are calculated on the basis of 28 and 76
oxygen atoms for chlorite and vesuvianite respectively. Rdg = rodingite.

Chlorite Vesuvianite
Ep-Rdg Grt—Chl-Cpx-Rdg Ves-Rdg Ves-Rdg
Syn-D2 Syn-D1 Syn-D2 Syn-D3 Syn-D2 Post-D2 Pre-D1 Syn-D1 Syn-D2 Post-D2
SiO, 30.09 31.64 29.39 30.18 31.64 31.18 37.34 37.52 37.53 37.30
ALO; 20.97 19.56 19.99 18.77 19.70 20.11 17.30 17.22 16.94 19.73
TiO, 0.02 0.00 0.01 0.01 0.00 0.01 1.17 0.27 0.09 0.02
Cr,04 0.01 0.03 0.00 0.12 0.06 0.14 4.13 0.01 0.04 0.04
FeOy, 5.71 1.76 12.20 12.20 1.80 1.99 1.49 2.56 3.50 1.28
MgO 29.84 32.95 25.84 25.25 32.71 32.07 0.03 2.48 2.65 1.73
NiO 0.13 0.15 0.12 0.16 0.19 0.16 0.01 0.04 0.00 0.00
MnO 0.20 0.19 0.09 0.06 0.14 0.15 0.08 0.16 0.21 0.53
CaO 0.03 0.06 0.03 0.06 0.10 0.38 36.94 36.17 36.32 35.64
Na,O 0.00 0.00 0.00 0.00 0.02 0.04 0.01 0.01 0.00 0.02
K,0 0.00 0.00 0.00 0.00 0.02 0.05 0.00 0.00 0.01 0.01
Total 87.00 86.34 87.67 86.81 86.38 86.28 98.50 96.44 97.29 96.30
Si 5.74 5.95 5.75 5.96 5.95 5.89 18.15 18.25 18.12 18.12
Al 4.71 4.34 4.61 4.37 4.37 4.48 9.92 9.87 9.64 11.30
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.10 0.03 0.01
Cr 0.00 0.00 0.00 0.02 0.01 0.02 1.59 0.00 0.01 0.02
Feo 0.91 0.28 2.00 2.02 0.28 0.31 0.61 1.04 1.41 0.52
Mg 8.48 9.24 7.54 7.43 9.17 9.03 0.02 1.80 1.91 1.25
Ni 0.02 0.02 0.02 0.03 0.03 0.02 0.00 0.02 0.00 0.00
Mn 0.03 0.03 0.02 0.01 0.02 0.02 0.03 0.07 0.08 0.22
Ca 0.01 0.01 0.01 0.01 0.02 0.08 19.24 18.85 18.79 18.55
Na 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.00 0.02
K 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00

rodingites show the lowest Ca content. The clinopy-
roxeney from epidote-bearing rodingites has a higher

Fez+

content and a lower and more variable Ca

rodingite
0.02 a.p.fu.

types,

contains

content because of the complex zoning. In all three
clinopyroxene,
of Ti, whereas in clinopyroxene; and

up to



Table 3. Compositional range of garnet, epidote, clinopyroxene, vesuvianite and chlorite in atoms per formula unit in the different
LN . ! . . .. . . 2+
types of rodingite, durln% different deformation stages. Mineral compositions predicted by THERMOcALC: x(di) = Fe™ '/

(Fe2+ + Mg); x(g) = Fe

T/Fe*" + Mg); z(g) = Ca/(Ca + Fe*" + Mg).

Ep-rodingite Grt—Chl-Cpx-rodingite

Ves-rodingite

Pre-D1 Syn-D2 Pre-D1 Syn-D1 Syn-D2 Post-D2 Pre-D1 Syn-D1 Syn-D2 Post-D2
Epidote
Fe " 0.00-0.06
Fe " 0.11-0.70
Mg 0.00-0.01
Ca 1.92-2.00
Al 229-2.87
Xtg 0.06-1.00
Garnet
Fe?" 0.86-0.89 0.00-0.01 0 0 0.00-0.01 0.00-0.10
Fe* 0.13-0.14 0.46-1.14 1.14-1.36 112-1.15 0.26-0.81 0.26-1.37
Mg 0.24-0.25 0.00-0.01 0.00-0.01 0.01-0.02 0.00-0.03 0.01-0.04
Ca 1.78-1.81 2.95-2.99 2.96-2.99 2.94-2.95 2.89-2.99 2.80-2.96
Al 1.87-1.88 0.45-0.84 0.62-0.84 0.79-0.84 0.39-1.42 0.54-1.72
Xnte 0.22-0.23 0.72-1.00 0.88-1.00 1 0.65-1.00 0.11-1.00
x(g) 0.30-0.55 0.60-0.65
2(g) 0.20-0.50 0.75-0.92
Clinopyroxene
Fe?* 0.02-0.14 0.01-0.05 0.02-0.13 0.01 0.01-0.02 0.01-0.20 0.01-0.06
Fe* 0.03-0.09 0.03-0.05 0.00-0.09 0 0 0 0
Mg 0.81-0.88 0.83-0.92 0.77-0.97 0.97 0.96-0.97 0.75-0.97 0.91-0.96
Ca 0.85-0.93 0.88-0.97 0.88-1.00 0.99 0.99-1 0.96-1.00 0.99-1.00
Al 0.05-0.19 0.02-0.12 0.00-0.21 0 0.001-0.004 0.00-0.10 0.00-0.02
Xnte 0.87-0.98 0.94-0.99 0.86-0.98 0.99 0.98-0.99 0.79-0.99 0.94-0.99
x(di) 0.02-0.06 0.03-0.06
Chlorite
Feqo 0.87-0.91 0.28 0.26-2.31 1.91-2.02 0.24-0.60 0.31
Mg 8.48-8.52 9.24 7.26-9.39 7.43-751 8.93-9.30 9.03
Ca 0.01 0.01 0.01-0.04 0.01-0.04 0.01-0.05 0.08
Al 4.71-4.75 434 3.82-4.82 437-4.70 4.16-4.37 4.48
Xnte 0.90-0.91 0.97 0.76-0.97 0.78-0.79 0.94-0.97 0.97
Vesuvianite
Feqo 0.59-0.62 0.69-1.04 L11-1.54 0.17-1.55
Mg 0.02-0.03 1.04-1.80 1.64-1.97 0.87-1.87
Ca 19.14-19.24 18.48-18.85 18.64-18.95 18.46-18.82
Al 9.60-10.13 9.87-11.31 9.25-9.69 9.47-11.60
Xntg 0.03-0.05 0.59-0.66 0.52-0.63 0.39-0.87
clinopyroxeney; it is below the detection limit. In the content estimated for garnet from rodingites (e.g.

garnet—chlorite—clinopyroxene-bearing rodingites, the
Ca and Fe + Mg contents are between that of the epi-
dote-bearing and  vesuvianite-bearing  rodingites
(Table 1).

Garnet

Garnet; and garnet;; primarily consist of andradite
and grossular, although the grains from epidote-
bearing rodingites contain almandine, spessartine
and pyrope. Garnet, is characterized by uvarovite
that is higher in vesuvianite-bearing relative to the
garnet—chlorite—clinopyroxene-bearing rodingites.
This relict garnet in the vesuvianite-bearing rodin-
gites shows a gradual variation towards the compo-
sition of garnet; and garnet;; grains that are aligned
within the matrix foliations. In garnet—chlorite—
clinopyroxene-bearing rodingites, the garnet that
grew along cleavages and fractures of clinopyroxene
shows a total of weight percentage <100%. This
deficiency is <1.5% and is interpreted as the occur-
rence of H,O in garnet (i.e. hydrogrossular mole-
cule). This amount of H,O is lower than 5-12% H,O

Rossman & Aines, 1991).

Chlorite

Chlorite is primarily a clinochlore (see Hey, 1954),
and in vesuvianite-bearing and epidote-bearing rodin-
gites, chlorite shows lower Fe content compared with
that in garnet—chlorite—clinopyroxene-bearing rodin-
gites (Tables 2 & 3). Chlorite composition is there-
fore dependent upon rock bulk chemistry.

Vesuvianite

Vesuvianite shows a clear compositional variation
from the pre-D1 to post-D2 generations. Vesuvianite
shows higher Cr, Ca and Ti and a lower Mg relative
to vesuvianite of later generations. Vesuvianite; and
vesuvianitey; are richer in Fe and Mg, whereas vesu-
vianiteyy is richer in Al (Table 2; Fig. 6).

METAMORPHIC EVOLUTION

The assemblages associated with the different recrys-
tallization episodes are very similar and always involve
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Fig. 6. Variation in the chemical composition of vesuvianite
marking successive fabric elements in the vesuvianite-bearing
rodingites. Pre-Alpine (pre-D1) vesuvianite displays higher Cr,
Ti, and Ca and lower Fe + Mg compared with Alpine (syn-DI,
syn-D2 and post-D2) vesuvianite. Higher Fe + Mg values
characterize the syn-D2 vesuvianite. Cations are in atoms per
formula unit.

clinopyroxene, garnet, chlorite, epidote and vesuvian-
ite, as described above. Nonetheless the mineral com-
positions vary, as indicated in the mineral chemistry
section (Table 3), suggesting that a set of continuous
reactions took place. Such reactions imply that the
minerals associated with different assemblages change
their modal quantities (as shown below) and composi-
tions during successive deformation stages.

In epidote-bearing rodingite the transition from pre-
D2 to D2 assemblages derives from reactions such as

Cpx b Ep b Grt %Grt b Cpx b Mg-Chlp
Epp Rt +Tr
and from D2 to D3 such as
Grt b Ep p Rt ¥4 Mg-Chl + Ttn & Tr:

In garnet—chlorite—clinopyroxene-bearing rodingite
a reaction involving spinel would be required to
account for observed textures and mineral composi-
tion changes from pre-D1 to syn-D1 assemblages:

Cpx b Mg-Chl b Grt p Spl YCpx p Mg-Chlp
Grt p Ilm:

Syn-D1 to syn-D2 mineral assemblage changes can
be the result of

Cpx b Grt p Mg-Chl + Ep % Cpx p Mg-Chl p Grt p IIm:

Finally the sporadic occurrence of vesuvianite in the
syn-D2 assemblage can be explained by the reaction

Mg-Chl b Grt b Ep Y4 Mg-Chl p Grt b Ves:

In vesuvianite-bearing rodingites, besides reactions
similar to those already described for the other rodin-
gite types, vesuvianite involving reactions occur from
pre-D2 parageneses to syn-D2 assemblage and can be
summarized by

Cpx b Ves % Mg-Chl b Ves

to account for the increase of Fe and Mg and
decrease of Al from vesuvianite, towards vesuvian-
iter;. A reaction such as

Grt + Ves % Ves

accounts for the increase in Al and decrease in Fe
and Mg from vesuvianiter to vesuvianiteryy.

P-T modelling of the HP/UHP mineral assemblages in
rodingite
A P-T grid was calculated in the MASH subsystem,

using the end-members of the main silicates observed
in the rodingites, that is, garnet, chlorite,
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Fig. 7. P-T projection calculated using end-members in the
MASH system showing that the main minerals observed in
rodingites are stable in the considered P-T window in this
subsystem.



clinopyroxene, epidote and vesuvianite (Fig. 7). It is
shown that all these minerals are stable over a wide
range of P-T conditions, at pressures up to 3.5 GPa
and at temperatures below 750 °C, as suggested by
the reactions listed above.

Rodingite was modelled in the NCFMASHTO sys-
tem and phase equilibria were calculated using THER-
mocaLc (Powell et al., 1998; tc335i upgrade) and the
internally consistent thermodynamic data set (Hol-
land & Powell, 1998; tc-ds55, Nov. 2003). The
amphibole and pyroxene activity—composition models
are those of Diener et al. (2007) and Green et al.
(2007) respectively. The garnet models are from
White et al. (2007) (however, the garnet asymmetry
includes ag;s = 3 and aagr = 3 instead of 9), and the
Fe-Ti oxide and epidote models are from Holland &
Powell (1998). Chlorite is from Holland et al. (1998).
The THERMOCALC ax file used is based on that used in
Rebay et al. (2010). The other phases are pure end-
members: lawsonite, rutile, titanite, quartz, vesuvian-
ite and H,O.

The rock compositions used in the phase equilibria
modelling correspond to ‘representative mean’ rodin-
gite compositions that were estimated through a
modal analysis (image analysis based on thin sections
and EBS images) of the observed samples and calcu-
lated using measured mineral compositions that have
been interpreted as contemporaneous to D2. It was
also compared to previously published whole-rock
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Fig. 8. P-T pseudosection calculated in the NCFMASHTO
system with H,O in excess for a bulk composition that
represents epidote-bearing rodingites and is indicated in the
figure and expressed in moles. See the detailed comment in the
text. The syn-D2 assemblage matches well the stability field of
Di, Chl, Grt, Tlc, Ep and Rt, in bold fonts.
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Fig. 9. P-T pseudosection calculated in the NCFMASHTO
system with H,O in excess for a bulk composition that
represents garnet—chlorite—clinopyroxene-bearing rodingites
and is indicated in the figure and expressed in moles. See the
detailed comment in the text. The syn-D2 assemblage matches
well the stability field of Di, Chl, Grt and Ilm, in bold fonts.

analyses of rodingites from the ZSZ and China (see

Dal Piaz, 1967; Dal Piaz et al., 1980; Li et al., 2007,

2008). The compositions used for the calculation of
the pseudosections are indicated in Figs 8 and 9 and
expressed in mol.%. Because rodingites are extremely
heterogeneous on the outcrop and thin-section scale,
due to the efficiency of ocean floor metasomatic pro-

cesses, a single sample composition was not sufficient
for modelling (the rock volumes needed to determine
the composition via analytical techniques are always

larger than the equilibrium volume needed for mod-
elling); rather, two end-members of the wide range of
compositions were selected.

Fixed values of O content (which expresses the O
available to produce Fe®'-bearing minerals, see
Rebay et al., 2010) have been chosen to be 1.5 and
2.5, respectively, as calculated from the modal quan-
tity of Fe>"-bearing minerals in the samples, and are
likely to represent a minimum possible ‘oxidation
state’ for such samples. Notwithstanding the discus-
sion on fluid in rocks during metamorphism in stud-
ies such as Guiraud et al. (2001) and Rebay et al.
(2010), the modelling was performed with H,O occur-
ring in excess because H,O-bearing phases consis-
tently occur in the three analysed rodingite types.

The compositions of syn-D2 minerals (Table 3)
were related to the pseudosections, because identify-
ing the peak conditions and determining the stable
assemblages at the peak P-T conditions were the
objectives. The vesuvianite-bearing rodingites have
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not been modelled, although they constitute a com-
positional end-member that represents the highest
degree of oceanic metasomatism represented in Val-
tournanche (see Zanoni et al., 2012). This choice is
primarily because appropriate a—x models are not
available for vesuvianite. Notwithstanding these limi-
tations, we have nonetheless added a T-Xo pseudo-
section using the composition of garnet—chlorite—
clinopyroxene-bearing rodingite and varying the O
content from 0.2 to 0.8, where 0.2 corresponds to
0.97 O and 0.8 to 3.9 O (in moles). We have also
added the end-member vesuvianite, to show that
varying degrees of oxidation state can influence the
predicted assemblages and produce the observed ones
also in the case of compositions where only the
degree of oxidation varies. In Fig. 10 the coloured
field towards low O contents, is the one in which the
Mg end-member of vesuvianite is predicted to be
stable. This is an approximation, as the vesuvianite
observed in the rodingites studied is usually rather
Fe-rich, the most Mg-rich (with Xy, = 0.6-0.7) being
that in the syn-D2 HP assemblage. At higher O con-
tents, the predicted assemblages are those described

next.

The general topology of the two pseudosections is
quite different. The Al-rich and Si-rich compositions
associated with the epidote-bearing rodingite (Fig. 8)
result in the presence of epidote together with diop-
side and garnet, with minor Mg-rich and Al-rich
phases such as talc or an increasing amount of
amphibole at lower pressures. The P-T space is

crossed diagonally by a sequence of fields that sepa-
rate a region of lower temperature and higher pres-
sure (where lawsonite is stable) from a region of
lower pressure and higher temperature (where epidote
is stable). The Ti-bearing phase is rutile, which is
always present except for a small area between 2.3
and 3.2 GPa and 500-600 °C where hematite is
stable. The assemblages observed in the epidote-bear-
ing rodingite are best represented by the field of diop-
side, chlorite, garnet, talc, epidote and rutile at 2.3—
2.8 GPa and 580-680 °C although talc, which is not
observed in our rocks, is predicted to occur in small
modal quantities of <4%.

The garnet—chlorite—clinopyroxene-bearing rodin-
gite pseudosection of Fig. 9 is characterized by a ser-
ies of vertical fields involving diopside, chlorite and
garnet in different modal amounts, and distinguished
by different accessory Fe-Ti-bearing phases: titanite
at lower temperatures (<600 °C) ilmenite at interme-
diate temperatures and magnetite at higher tempera-

tures (>650 °C), at the chosen O content. If different
quantities of O are considered, such fields remain
stable over a certain composition interval (see
Fig. 10). The temperatures are constrained at values
<650 °C because magnetite is never observed in the
samples; therefore, the temperature range valid for
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Fig. 11. T-X pseudosection detailing how paragenesis changes
with varying temperature at 2.4 GPa pressure. The
composition varies between that of epidote-bearing (on the left)
and garnet—chlorite—clinopyroxene-bearing rodingites, which
represent the intermediate composition of epidote- bearing and
vesuvianite-bearing end-members. The field containing the
minerals observed in all of the rodingite is contoured for the
modal contents of each mineral at changing compositions as
explained in the text.



epidote-bearing rodingite is limited. At <500-530 °C,
lawsonite is stable ~1.9 GPa and epidote is stable
below that pressure and at higher temperatures. A
combination of all of the above-described petrologi-
cal constraints indicates that the P-T-peak conditions
for rodingites are 2.3-2.8 GPa and 580-660 °C.

An initial exploration of the effects of variations in
the bulk composition of the rodingites was modelled
through a T-X pseudosection, where X changes from
epidote-bearing to  garnet—chlorite—clinopyroxene-
bearing rodingite (Fig. 11) calculated at 2.4 GPa. For
temperatures <550 °C, lawsonite, which was detected
in the Valtournanche metabasite as relicts replaced by
paragonite, epidote and minor albite (e.g. Skora
et al., 2015), has been never observed in the rodin-
gites, even if it is predicted to be stable at these tem-
peratures. For temperatures >580 °C and up to
680 °C, most of the rodingite compositions are char-
acterized by assemblages involving different modal
amounts of diopside, chlorite, garnet, epidote and
rutile. The presence of different accessory Fe-Ti-rich
phases is addressed in the P-T pseudosections of
Figs 8 and 9. As expected, the modal compositions of
rodingite, in terms of the four major mineral con-
stituents, is highly dependent on their bulk composi-
tion as evidenced by the modal amount of isolines in
Fig. 11. The modal amounts of garnet and epidote
are primarily dependent on the Ca and Fe-Mg con-
tents of the rocks. The amount of chlorite is also
dependent on the temperature because it is consumed
towards high temperatures. For a single line connect-
ing epidote-bearing to garnet—chlorite—clinopyroxene-
bearing rodingite and along which eight components
of the system are contemporaneously changed (con-
sidering excess H,0), clinopyroxene presents a maxi-
mum of 30% near the epidote-bearing rodingite end-
member and then decreases, and it finally increases
again towards the garnet—chlorite—clinopyroxene-
bearing rodingites. This finding indicates the impor-
tant effects of bulk composition on the mineral modal
amounts. The garnet modal amount is higher at a
higher temperature for intermediate compositions (up
to 70%), although it decreases with temperature and
towards the two compositional end-members. Indeed,
rocks that are extremely rich in garnet are described
in the rodingite literature. In summary, the modal
compositions calculated for the epidote-bearing and
garnet—chlorite—clinopyroxene-bearing rodingites, and
all of the compositions between these two end-mem-
bers, account for the modal compositions that are
observed in the actual samples and summarized in the
microstructural description. Also, the predicted com-
positions of syn-D2 clinopyroxene and garnet between
the two compositional end-members match the mea-
sured compositions, within an error less than 2-5%.
The model in Fig. 11 indicates that the entire array of
observed assemblages may be produced for rodingite
under HP/UHP conditions, starting from protoliths
rodingitized on the ocean floor without invoking HP

metasomatism. Modelling the same compositions
without excess H,O led to the paragenesis predictions
that were similar to what was predicted with excess
H,0, thus excluding the possibility that the observed
parageneses occurred in the presence/absence of fluids
under HP conditions. However, the hypothesis of
metasomatism occurring also under HP/UHP condi-
tions cannot be completely excluded as suggested by
Li et al. (2008).

DISCUSSION

Ocean floor record

Uvarovite-rich garnet, is interpreted as having
formed during the oceanic rodingitization of former
gabbro dykes (e.g. Mogessie & Rammlamair, 1994;
Akizawa et al., 2011). Vesuvianite, is preserved as
inclusions in garnety (from vesuvianite-bearing rodin-
gites), and it shows the highest Cr and Ti (Fig. 0),
which is distinctive and consistent with its generation
during the serpentinization of peridotite  (e.g.
Kobayashi & Kaneda, 2010), and the full occupancy
of the X + X' site (high content in Ca), which is char-
acteristic of low-grade metamorphism (Gnos & Arm-
bruster, 2006). These features are consistent with
vesuvianite, as resulting from oceanic metasomatism.
Because garnet, and vesuvianite, occur in the garnet—
chlorite—clinopyroxene-bearing and vesuvianite-bear-
ing rodingites, we suggest that the progress of ocea-
nic metasomatism increases from protoliths of HP
epidote-bearing to HP vesuvianite-bearing rodingites.
This interpretation is also supported by the bulk
composition of the three rodingite types, which shows
an increase in CaO and MgO and a decrease in SiO;
from epidote-bearing to vesuvianite-bearing rodin-
gites (see also Zanoni et al., 2012 and Fig. 12); these
trends are consistent with the metasomatic processes
that likely are responsible for rodingite formation at
the ocean floor (Schandl et al., 1989; Dubifiska et al.,
2004). Accordingly, the augitic component in the
clinopyroxene, porphyroclasts decreases from epi-
dote-bearing to vesuvianite-bearing rodingites. All of
these data indicate that the three rodingite types are
the results of different degrees of oceanic metasoma-
tism; therefore, they represent Tethyan geochemical
signatures that were preserved despite the Alpine sub-
duction-related metamorphism and deformation. A
similar hypothesis that includes different degrees of
oceanic metasomatism in rodingites has been inferred
for metaophiolite from the Betic Cordillera that
underwent Alpine subduction (Puga et al., 1999). In
the Alps, oceanic rodingitization has also been
inferred in the Mount Avic massif (Panseri et al.,
2008), and additional relicts of oceanic metasomatism
that survived the Alpine subduction are represented
by Mn-bearing ore deposits at the Praborna mine
(Tumiati et al., 2010) and sulphide deposits at the
Beth and Servette mines (Giacometti et al., 2014).
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Alpine convergence record

The modelled parageneses expected under HP/UHP
for a wide range of rodingite compositions confirm
that the observed parageneses and mineral composi-
tion are stable at HP/UHP conditions and indicate
that the Valtournanche rodingites were mostly re-
equilibrated along with the hosting serpentinites dur-
ing the Alpine subduction at the limit of the coesite
stability field. As noted by Rebay et al. (2012), this
finding indicates that this portion of the ZSZ experi-
enced pressures that were higher than previously
reported, and similar to those registered from the
rocks of Cignana (Reinecke, 1991), suggesting that
the UHP units are likely larger and/or more abun-
dant than those previously detected. In addition, our
work clearly indicates that minerals such as vesuvian-
ite, which has been traditionally considered an indica-
tor of low-P and  fluid-rich  metamorphic
environments, can be stable with peculiar composi-
tions under HP/UHP conditions, provided the pres-
ence of a suitable Ca/Si ratio in the bulk composition
(>0.55; Zanoni et al,, 2012 and references therein).
Microstructures and mineral compositions indicate
that vesuvianite evolves through a series of continu-
ous reactions, remaining stable throughout the entire
metamorphic evolution once it is formed at the ocean
floor. Also, the H,O in garnet of the ZSZ rodingites,
which is lower than that of the typical rodingite gar-
net (e.g. Rossman & Aines, 1991), may have resulted
from the recrystallization under HP/UHP conditions
during the Alpine subduction, in agreement with the
observed dehydration of serpentinite where syn-D2
Alpine olivine and clinopyroxene are generated
(Rebay et al., 2012).

Figure 12a compares the P-T peak with those esti-
mated in the surrounding serpentinites and reports
the range of P-T conditions for oceanic evolution.
The petrological — modelling is supported by the
microstructural analysis of both the rodingites and
surrounding serpentinites and provide a P-T—-d-t
path that indicates that these rocks experienced con-
ditions of high pressure approaching the ultrahigh
pressure field (2.3-2.8 GPa and 580-660 °C) during
the D2 deformation stage; therefore, the rodingites
recrystallized in the Alpine subduction system after
they were produced by metasomatism under ocean
floor-metamorphism conditions. Oceanic evolution is
shown by the igneous relicts from gabbro dykes that
were subsequently converted into rodingites over the
course of the Jurassic evolution of the Alpine Tethys.
Successively, the exhumation is marked by an epi-
dote—amphibolite facies re-equilibration that devel-
oped in the syn-D3 stage (Rebay et al.,, 2012) and is
characterized by a slight temperature decrease during
decompression. The thermal state suggested by the
syn-D2 P-T conditions (Fig. 12) is close to that of
cold subduction zones (Cloos, 1993), indicating a re-
equilibration  recorded  during active  oceanic

subduction. In support of this interpretation, a recent
model simulating ablative subduction in the Alps pre-
dicted similar Prp.x values for the markers of the
subducted oceanic lithosphere, which were exhumed
by mantle wedge convection prior to the continental
collision (Roda et al., 2012). Figure 12b compares
the peak conditions estimated for the rodingites and
their hosting serpentinites with geotherms computed
for an ocean/continent subduction system, converging
with a rate of 5 cm yr~' (Spalla & Marotta, 2007).
These peak conditions, which are recorded at depth
between 102 and 63 km, fit well with geotherms pre-
dicted for distances between 70 and 100 km from the
trench (Fig. 12b) 40 Ma after the onset of the ocea-
nic subduction. This time interval is coherent with
the ages estimated for the peak conditions in ZSZ
eclogitized ophiolites.

The D3 deformation stage was accomplished under
epidote—amphibolite facies conditions, thus indicating
a transition towards a higher thermal state that is
compatible with plate interior gradients (Cloos, 1993)
and therefore suggests an exhumation that occurred
in later stages within a collisional setting (Fig. 12a).
Alternatively, similar higher thermal states are pre-
dicted to have occurred before the continental colli-
sion at the boundary of the supra-subduction
convective mantle wedge and towards the upper con-
tinental plate, where the subducted oceanic and conti-
nental material driven by the rigid buttress of non-
hydrated lithospheric mantle can be exhumed
(Regorda et al., 2013). To provide further insight
into the rate of geodynamic processes during the
Alpine convergence, the duration of the subduction—
exhumation cycle should be investigated in more
detail, to determine the wide span of radiometric ages
proposed for the ZSZ metaophiolites (between 80
and 36 Ma; Rubatto et al., 1998; Lapen et al., 2003;
Gouzu et al., 2006; Skora et al., 2009; Springer et al.,
2009; de Meyer et al., 2014; Weber et al., 2015 and
references therein), which are associated with syn-D2
Prmax estimated conditions. This exhumation can be
accomplished during continental collision considering
the end of oceanic subduction either at 44 or 40 Ma
(Rubatto et al,, 1998; Lapen et al., 2003; Gouzu
et al.,, 2006). Indeed Fig. 12c compares the syn-D3
condition estimated in serpentinites (Rebay et al.,
2012) with the geotherms computed in a convergent
system 8 Ma after the onset of the continental colli-
sion (Spalla & Marotta, 2007). The syn-D3 condi-
tions, which are recorded at depth between 20 and
28 km, fit well the geotherms predicted between 60
and 80 km away from the trench. The interplay
between the estimated depth and the fitting with
geotherms at different distances from the trench for
the peak and syn-D3 conditions allows describing the
displacement of the ZSZ rocks during their exhuma-
tion (Fig. 12b,c). From subduction peak conditions
to syn-D3 conditions, the rocks would be displaced
vertically of ~60 km and horizontally, towards the



trench, of ~15 km, over a time interval of a few mil-
lion years at least.

CONCLUSIONS

The Valtournanche rodingites were studied in the
context of the metamorphic evolution already deter-
mined for the enclosing serpentinites. It is inferred
that rodingite compositions are mostly inherited from
metasomatic processes that took place at the Tethys
ocean floor and are not modified, other than in mm-
scale volumes, in the following Alpine evolution.
Thus, the pre-Alpine bulk rock compositions
acquired by these former gabbro dykes survived the
structural and textural re-equilibration of the rodin-
gite during the Alpine convergence, reflecting differ-

ent degrees of oceanic  metasomatism. The
metasomatic minerals, among which vesuvianite,
recrystallized in a series of continuous reactions,

changing their composition while remaining stable
even to HP/UHP conditions estimated to be 2.3-
2.8 GPa and 580-660 °C for syn-D2 assemblages.
The metamorphic evolution recorded in the rodin-
gites is consistent with syn-D2 deformation taking
place under a cold subduction environment and syn-
D3 exhumation under a geothermal state compatible
with a continental collision. Both syn-D2 and syn-D3
deformation stages took place during the Alpine con-
vergence at minimal ages of c. 40 Ma and 35 Ma
respectively. Finally, our results open the debate over
the dimension and distribution of HP/UHP units in
the Alps, pointing out that possibly the UHP units
are more widespread and larger than that thought
earlier.
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