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Abstract

The peculiar high-pressure mineral assemblage omphacite, epidote, quartz, calcite, titan-
ite, and opaque minerals, =phengite, has been observed in the Riffelberg—Garten Unit
(RGU), a heterogeneous metasedimentary rock assemblage of the Zermatt-Saas Zone. Mi-
crostructural analysis, mineral chemistry, and petrologic modelling allowed to refine the
syn-D2 P-T peak conditions for the Alpine tectono-metamorphic evolution. In the upper
Valtournenche, 52 foliation is the dominant fabric at the regional scale of the Zermatt-Saas
Zone. Petrologic modelling of the syn-D2 mineral assemblage indicates climax conditions
of P =1.85-2.0 GPa and T = 500-525 °C. These estimates are in good agreement with those
inferred in the RGU metasedimentary matrix and enclosed eclogite and metagabbro el-
ements. During exhumation, RGU rocks re-equilibrated texturally and mineralogically
under blueschist-/epidote—amphibolite (P = 0.4-1.3 GPa and T = 350-500 °C during D3)
and greenschist (P < 0.25 GPa and T < 400 °C during) facies conditions. This study
highlights the potential of petrologic modelling for constraining the environmental con-
ditions of metamorphism even in anomalous mineral assemblages where conventional
thermobarometry is not applicable.

Keywords: epidote-omphacite eclogite; subduction-related metamorphism; polygenetic
mélanges; Zermatt-Saas Zone

1. Introduction

Chaotic rock units within subduction complexes and orogenic belts show a great
compositional variety (e.g., [1,2]) that makes them a very effective tool for the quantitative
determination of the environmental conditions under which their tectono-metamorphic
evolutions developed. Indeed, a great number of sedimentary and tectonic processes which
forge chaotic complexes are active at different structural levels, from the hydrosphere—
/atmosphere-lithosphere interface to mantle depths, where they are deformed and trans-
posed during subduction/collision (e.g., [2-17]). Moreover, within subduction complexes,
chaotic complexes also record the exhumation-related syn-metamorphic deformation. The
variety of processes involved is responsible for a great lithological heterogeneity of these
rock complexes, making them excellent tracers of the metamorphic evolution associated
with polyphasic tectonic history. Furthermore, polygenetic mélanges in particular offer
the possibility of identifying the moment at which different elements coupled during their
polyphasic evolution.
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In the axial zone of the Alpine belt, the Zermatt-Saas Zone (Z5Z) comprises metamor-
phosed and polydeformed chaotic deposits, interpreted as polygenetic or tectonic mélanges
(e.g., [1,18-20]) and characterized by such a wide lithological heterogeneity.

Elements and blocks showing the classical eclogite-facies assemblages allowed to
determine the peak conditions in different chaotic units (metaophicarbonates, mélanges
of metasedimentary, and mafic/ultramafic blocks) of the ZSZ (e.g., [18,19,21]) at the tran-
sition between epidote- and amphibole-eclogite facies conditions (T = 500-630 °C and
P =1.8-2.5 GPa). Some of the various detected climax mineralogical assemblages have
been interpreted as developed on rocks resulting from syn-convergence metasomatism
(e.g., [19]). A metasomatic origin is consistent with the protolith composition that is suitable
to develop the epidote, omphacite, quartz, opaque minerals, £calcite, and £phengite as-
semblage under eclogite-facies conditions. This eclogitic metamorphism took place during
the generation of the dominant S2 foliation in the Riffelberg-Garten Unit (RGU), which is
the polydeformed chaotic complex from the upper Valtournenche [18].

The aim of this contribution is to explore the deformation—-metamorphism relationships
and the chemical variations in mineral phases, marking superposed fabrics, to constrain
P-T conditions of the syn-D2 mineral assemblage in the Ca-silicate-rich bulk composition,
by means of petrologic modelling. These quantitative results will be compared with
those deduced for the eclogitic assemblages already estimated for the RGU [18] to test if
the tectono-metamorphic history is common for most of the subduction, collision, and
exhumation evolution.

2. Geological Outline

The Riffelberg-Garten Unit (RGU) crops out in the upper Valtournenche in the
core of the ZSZ, within the subduction complex of the Western Alps. The ZSZ de-
rived from the Jurassic Piedmont-Ligurian Ocean and belongs to the Penninic domain
(Figure 1a). The ZSZ meta-ophiolites consist of serpentinite, metabasite, and metasedimen-
tary rocks [20,22-26]. In the upper Valtournenche (NW Italy), the ZSZ tectonically underlies
the Combin Zone (CZ), mainly composed of metabasites and calcschists (Figure 1b), and
tectonically overlies the Penninic Monte Rosa continental nappe. This tectonic sandwich is
in turn overlain by the continental rocks of the Austroalpine domain, representing portions
of the subducted and exhumed continental upper-plate margin. Alpine metamorphic
climax conditions of the ZSZ range from high-pressure to ultrahigh-pressure conditions,
whereas greenschist—facies metamorphism is dominant in the CZ [21,27-38]. ZSZ meta-
morphic ages span from c.a. 70 to 38 Ma [39-44]. The poly-phase deformation history of
ZSZ inferred at Valtournenche comprises four groups of ductile structures, consisting of
superposed foliations associated with fold systems [18,35,45].

The RGU is the chaotic rock unit of the ZSZ in Valtournenche and is well exposed
around Lake Goillet (Figure 1b). This rock assemblage has also been recognized in the
Swiss portion of the ZSZ [22,46], as well as in the Ayas valley and near Verres [47,48]. The
RGU consists of metasediments with a carbonatic to quartzitic matrix, in which metabasite
and minor ultramafite elements (clasts, blocks, lenses, layers, and boudins of different
shapes and sizes) are included (e.g., [22,28]). Rounded to angular elements, of centimetric
to metric size, are scattered within the metasedimentary matrix (see [18] for details). The
primary origin of this rock assemblage is highly debated but there is a general agreement
to classify the RGU as a polygenetic mélange due to its multistage tectono-metamorphic
evolution [1,18,22,28,48-54].
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Figure 1. (a) Tectonic sketch map of the Alps with location of the study area (red star). The thin black
lines are national borders; abbreviations are from the International Organization for Standardization.
(b) Geological sketch map of the upper Valtournenche and Ayas valleys showing the Riffelberg—
Garten Unit exposures (red dots) redrawn after [48]. Thin solid black lines are 500 m spaced contour
lines; ZSZ, Zermatt-Saas Zone (light green); CZ, Combin Zone (dark green); PCB, Pancherot-Cime
Bianche unit (yellow); and DB, Dent Blanche nappe (light brown); dashed square locates the study
area; purple star locates the studied Ca-silicate-rich RGU rocks.

After a detailed structural and petrographic analysis, seven rock types have been
distinguished in the RGU based on the composition and texture of their matrix and the
type and abundance of hosted elements. General characteristics are a foliated matrix
enclosing variably shaped mafic and ultramafic elements, both dominated by eclogite-
facies assemblages (epidote—omphacite-phengite—garnet—chloritoid for matrix; omphacite—
glaucophane-garnet—phengite-epidote—rutile for mafic elements; and serpentine, chlorite,
opaque minerals £ talc & carbonates + pyroxene for ultramafic elements). Meso- and
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micro-structures and superposed mineral assemblages of different RGU types have been
described in detail by [18]. Thermobarometric estimates to infer the P-T climax conditions,
characterizing D2 fabrics, have been determined for gabbro and eclogite elements, at
500 £ 60 °C and 2.2 £ 0.4 GPa, and for quartz—mica-rich layers of Type 3 matrix (consisting
of carbonatic and quartzitic schistose layers, with minor marble levels), at 515 + 50 °C and
2.1 £ 0.2 GPa. Among the seven rock types, hereafter we will focus on a characteristic
one, rich in Ca-silicates (Type 7 in [18]). These rocks are interpreted as resulting from
local metasomatism due to Ca-rich fluids or as derived from ophiolitic debris mixed with
carbonatic sediments, therefore representing the relic of a probable primary sedimentary
mélange [18].

Ca-Silicate-Rich Rocks in the RGU

RGU Ca-silicate-rich rocks occur in contact with serpentinite to the NE of Lake Goillet
(Figure 1b). They consist of metre-thick carbonate-rich and carbonate-poor layers (Figure 2)
in which millimetre- to centimetre-sized clasts occur. Rock matrix has a variable amount
of carbonate (10%—40%) and quartz (5%-10%), is rich in epidote (30%—40%), omphacite
(5%—20%), with minor Ca-amphibole (5%-15%) and plagioclase (5%-10%). Mafic clasts are
millimetre- to centimetre-sized (rarely decimetre-sized) and foliated to granoblastic, with a
density up to ten per square metre.

Figure 2. Field photographs of representative Ca-silicate-rich rocks from RGU. (a) Alternating
carbonate-rich and carbonate-poor Ca-silicate layers; (b) decimetre-sized mafic enclaves enveloped
by S2 foliation; (c) folded S2 foliation (marked by orange lines); (d) alternating carbonate-rich
and carbonate-poor Ca-silicate layers; (e) centimetre-sized mafic enclaves in carbonate-poor layer;
(f) decimetre-sized mafic enclave (contoured by the yellow dashed line).
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These rocks are polydeformed and D2 structures are the most penetrative. In the
less deformed domains (centimetre-sized), pre-S2 foliations, generally transposed and
isoclinally folded, are rarely preserved. D2 consists of the S2 foliation, the most prominent
at the regional scale, and of D2 isoclinal folds. Boundaries between ZSZ rocks and different
RGU rock types are transposed parallel to 52, suggesting that the finite lithostratigraphic
architecture has mainly been shaped during D2. D3 structures consist of tight folds with
up to metric wavelengths, rarely associated with a differentiated S3 foliation. D4 structures
occur as open and upright folds, locally associated with extrados radial fractures, in places
filled by quartz, calcite, albite-rich plagioclase, amphibole, and chlorite [18].

3. Methods
3.1. Field Methods and Rationale

In the upper Valtournenche, an outline on the sequence of superposed structures that
affected the RGU and surrounding rocks has been made available by [18]. The reconstructed
polyphase deformation history, based on detailed structural mapping, has been synthesized
on various form surface maps, displaying the complex grid of superposed folds and
foliations. The deduced relative chronology of superposed fabric elements was validated
after a comparison with the sequence of superposed structures inferred at the regional
scale [35]. Therefore, the microstructural analysis has been performed on samples collected
where the timing of superimposed fabrics has a regional scale significance.

3.2. Analytical Methods

The primary interest has been to determine the relationships between mineral growth
and successive fabric development that have been investigated in polished thin sections
under the optical microscope (Zeiss AxioSkope, ZEISS, Oberkochen, Germany) and with the
support of BSE images under the electron microprobe (JEOL JXA-8200 Super Probe, JEOL
Ltd., Tokyo, Japan). Once the sequence of assemblages associated with subsequent fabrics
has been established, the micro-sites to investigate the mineral compositional variations
have been chosen, also taking into account the deformation mechanisms acting during the
single deformation stages (e.g., [55] and refs. therein). Mineral compositions were analyzed
with the Electron Probe Micro-Analyzer (EPMA) JEOL JXA-8200 Super Probe (JEOL Ltd.,
Tokyo, Japan) operating at the Department of Earth Sciences “Ardito Desio” (Universita
degli Studi di Milano—TItaly). The mineral compositions were acquired using an automated
WDS microprobe system. A 15 keV accelerating voltage and a beam current of 15 nA
were used. The beam was 1 um in diameter. Major elements were analyzed using natural
silicates as standards and matrix corrections were calculated using the ZAF procedure.

3.3. Thermodynamic Modelling

To constrain the P-T conditions at which the peculiar Ca-silicate-rich rocks equilibrated,
a pseudosection was calculated for the syn-D2 assemblage, and classic geothermobarometry
was applied to constrain syn-D3 and syn-D4 conditions. The pseudosection was calculated
using the programme GeoPS v3.3.2 [56], and solution models for the different minerals
are from: [57] for garnet, white mica, and orthopyroxene; [58] for spinel; [59] for chlorite,
clinopyroxene, carbonates, and epidote; [60] for ilmenite; [61] for plagioclase; and [62]
for carbonates. Fluid was modelled using the CORK equation of state [63], assuming
a H,O/CO, ratio of 1.25 in order to stabilize a minimum amount of carbonates in the
assemblage, as discussed further below. Thermodynamic dataset is DS62 [59] in the
NCKFMASHTO-CO2 system.
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4. Results
4.1. Microstructure

The microscale analysis (Figure 3), performed on carbonate-poor layers, reveals that
the dominant foliation S2 is parallel to a compositional layering with Ep-Omp-rich alter-
nating with Cal-rich levels, with the latter containing variable amounts of Qz and Amp.
52 foliation is marked by Ep and Omp shape-preferred orientation (SPO) and, where dif-
ferentiated, in the microlithons Cal and Qz mainly occur (Figures 3a,b and 4a). Rare Omp
and Ep crystals lie at a high angle with 52, which wraps them. Omp grains locally enclose
phengitic white mica, Ep, Qz and opaque minerals (Figure 4d). Omp displays complex
compositional zoning evident in BSE images where, in porphyroblasts with SPO parallel to
52, dark grey nuclei (Ompl) are surrounded by intermediate grey zones (Omplla), which
in turn are bordered by thin light grey coronas (Ompllb). Where Omp granules are recrys-
tallized, subgranules and new granules form and display an intermediate grey core and a
light grey rim (e.g., Figure 4a,d). In place, the intermediate grey rims surrounding OmplI
porphyroblasts are crossed by light grey Cpx (OmplIb) veins (e.g., Figure 4a,b). Locally,
elongated allotriomorphic oligoclase crystals occur, together with Ompllb, at the margins
between Omp and Ep grains underlying S2.

Figure 3. Representative microstructures within mafic Ca-silicate-rich rocks from RGU. (a) S2 foliation
marked by epidote SPO. Elongated symplectitic domains totally replace omphacite aligned with S2.
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Calcite-rich veins intersect S2 with a high angle; crossed polars. (b) Close-up image of an originally
omphacite-rich layer, in which omphacite is extensively replaced and epidote is well-preserved;
crossed polars. (c) S2 foliation marked by coarse-grained omphacite and epidote SPO. Light green
omphacite grains are variably replaced by a fine-grained symplectite, unsolvable at the optical
microscope (see BSE images of Figure 4); plane-polarized light. (d) Prismatic coarse-grained epidote
shows SPO parallel to S2. The interstitial light green omphacite is variably replaced by fine-grained
symplectite and by small-sized subgrains and new grains, indicating that omphacite dynamically
recrystallized during D2; plane-polarized light. (e) Epidote grains lying at a high angle with S2,
which is in turn underlined by epidote SPO; crossed polars. (f) SPO of epidote grains marking an
open D3 fold bending S2; crossed polars. (g) Millimetre-thick shear band at a very low angle with 52
and comprising a fine-grained aggregate of non-equidimensional grains of quartz, feldspar, epidote,
and opaque minerals; crossed polars. (h) Amphibole-rich layer in a carbonatic level with colourless
edenitic core rimmed by actinolitic dark green rims; plane-polarized light.

%100 18@m : : %E00 1R

m 150 1P@um

Figure 4. Backscattered electron (BSE) images of the Ca-silicate-rich rocks from RGU. (a) Omphacite
(Omp) and epidote (Ep) crystals marking S2 are variably zoned. The lighter grey rim of omphacite is
intersected by bright grey veins, at a high angle with the foliation. The development of fine-grained
diopside (Di)-albite (Ab)-rich symplectites postdates S2. The red rectangle locates the image in (b).
(b) Close-up image of the Di-Ab-rich symplectites, also showing the compositional variation among
clinopyroxene in porphyroblast rims, intersecting veins, and fine grains in symplectite. (c) Example
of the heterogeneous grain size, element shape, and composition of the symplectitic aggregates
bordering omphacite (Omp) and epidote (Ep) that mark the D2 fabric, depending on the microsite in
which they develop. Together with diopside (Di) and albite (Ab), minor amphibole, rare epidote, and
K-feldspar (Kfs) constitute the micro-aggregate. (d) Recrystallization of omphacite (Omp) during D2
is responsible for the formation of subgrains and new grains, well-evidenced by the clinopyroxene
compositional zoning. The poorly deformed omphacite core (dark grey) preserves phengite-rich
white mica (Ph).
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Rare opaque minerals are scattered as interstitial crystals or are enclosed in Ep pris-
matic grains. Omp is variably replaced by a fine-grained symplectitic aggregate of Cpx
(CpxIII), albitic P1, and Amp. In the domains where D3 microfolding is well-developed, the
Omp replacement is more pervasive, originating symplectitic elongated domains, aligned
with 52. This textural sequence demonstrates that the D2 fabric evolves in the stability field
of sodium pyroxene, whereas its decomposition products develop subsequently, during
D3. Ttn euhedral grains show SPO parallel to or at a high angle with 52. Amp is more
abundant in carbonate-rich layers and is zoned with light green-blue cores and intense
green rims. Here, light-coloured Amp cores include Ep, Cpx, and opaque minerals. A
network of veins intersecting at various angles crosscuts S2; they are filled by Ep, Qz, Ab,
and Amp. Sporadically, localized micro-shear bands intersect S2 at a low angle and are
characterized by small-sized Qz, Fs, Ep, and opaque minerals. The D3 gentle crenulation is
accompanied by Ep recrystallization and Omp replacement by fine-grained Ab-rich Pl and
Di symplectites, with minor Ep, Amp, and rare Kfs. In the D3 low-strain domains, Omp
replacement is generally confined to the grain margins as coronas. D4 gentle undulation is
associated with veining at a low angle with the microfold axial plane. The veins contain
Ab-rich Pl, carbonates, Chl, £ Amp, and Fe-rich Ep.

In summary, superposed fabrics and mineral assemblages are associated as follows:
Pre-D2 relics: Omp, Ep;

D2: Cal, Ep, Omp, Qz, Ttn, £Ph, opaque minerals;

D3: Fe-rich Ep, Cpx, Ab-rich P1, Ttn, Amp, £Kfs;

D4: Ab, Cal, Chl, Act, Fe-rich Ep.

Consistent with what has already been described for the other RGU rocks in Val-
tournenche, this sequence of assemblages indicates that the deformation history was

accomplished during the exhumation of this chaotic complex from high-pressure syn-D2
conditions (as suggested by the textural equilibrium of omphacite and quartz in absence of
plagioclase) to shallower structural levels, passing through re-equilibrations in blueschist—
/epidote—amphibolite— and greenschist—facies conditions during D3 and D4, respectively.

4.2. Mineral Chemistry

Hereafter, the mineral compositions determined with the EPMA-WDS system will be
illustrated. A synthesis of the representative compositions for different mineral phases is
reported in the Supplementary Materials. Diagrams illustrating the compositional varia-
tions in clinopyroxene and epidote, depending on the different textural sites as deduced
from the microstructural analysis, are shown in Figure 5.

Clinopyroxene stoichiometric formula was calculated on the basis of six oxygen
atoms [64]. As already pointed out, clinopyroxene marks superposed fabrics, re-
equilibrating during successive stages of fabric development (see Section 4.1). Composi-
tional changes are remarkable, with a decrease in jadeite and increase in diopside content
from Ompl to CpxIII (Figure 5a,b). AlV! and Na decrease continuously from Ompl to
CpxIII (OmpI-AIV! = 0.47 + 0.05, Na = 0.53 & 0.04 a.p.f.u; Omplla-AlY! = 0.39 + 0.04,
Na = 0.46 + 0.04 a.p.f.u.; OmplIb-AIV! = 0.24 + 0.07, Na = 0.34 4 0.08 a.p.f.u.; and CpxIII-
AV =0.07 4+ 0.03, Na = 0.11 4 0.08 a.p.f.u.), whereas Mg increases from OmplI to CpxIII
(Ompl—0.35 & 0.04 a.p.f.u.; Omplla—0.41 £ 0.06 a.p.f.u.; Ompllb—0.53 £ 0.07 a.p.f.u,;
and CpxIII—0.67 & 0.05 a.p.f.u.).

Epidote stoichiometric formula was calculated based on 12.5 oxygen atoms. From

V1 is similar in the core and

core to rim, the content in pistacite increases (Figure 5c). A
intermediate portions (2.48 & 0.05 and 2.52 £ 0.11 a.p.f.u., respectively) and decreases
to 2.40 + 0.09 a.p.f.u. in the rim. On the contrary, Fe** is 0.51 & 0.05 a.p.f.u. in the core,

0.46 £ 0.12 a.p.f.u. in the intermediate portion, and increases to 0.59 £ 0.09 a.p.f.u. in the
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rim. In the late veins, epidote shows a content of AIV! and Fe>* of 2.23 4 0.10 and 0.76 +
0.10 a.p.f.u., respectively. Thus, this last epidote is the richest in pistacite. Epidote also
shows little content in piemontite, evidenced by 0.02 £ 0.01 a.p.f.u. of Mn, which decreases
to 0.01 £ 0.00 a.p.f.u. in the epidote from the late veins.
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Figure 5. (a) Ternary diagram for clinopyroxene compositions [64]; (b) Al versus Na in clinopyroxene;
and (c) ternary diagram for epidote composition [65].

The rare white mica, formula based on twenty-two oxygen atoms, reveals a phen-
gitic composition with 3.46 + 0.05 a.p.fu. of Si, 0.14 &+ 0.05 a.p.fu. of Fe?*, and
0.32 £ 0.06 a.p.f.u. of Mg.
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Titanite, formula based on twenty oxygen atoms, displays little compositional variation
as follows: 0.30 £ 0.04 a.p.f.u. of Al, 0.03 + 0.01 a.p.f.u. of Fe?", and 3.64 + 0.05 a.p.f.u.
of Ti.

Few carbonate grains elongated in S2 have been analyzed, revealing a calcite composi-
tion with small traces of Fe, Mn, and Cr.

Amphibole stoichiometric formula was calculated according to [66]. Amphibole post-
dates D2 fabrics, developing locally during the retrograde re-equilibration, and shows
a quite variable composition. In symplectites, amphibole is either pargasite, edenite, or
Mg-hornblende, whereas in albite veins amphibole is pargasite or Mg-hastingsite. The
latest amphibole is rare actinolite and replaces omphacite together with chlorite. Amphi-
bole from symplectites and albite veins shows a comparable amount of A1V (0.51 + 0.15
and 0.57 = 0.00 a.p.f.u., respectively) and Cag (1.66 £ 0.09 and 1.68 £ 0.00 a.p.f.u., respec-
tively). Mg and Nay are correspondingly higher and lower in amphibole from symplectites
(3.00 £ 0.28 and 0.67 £ 0.24 a.p.f.u., respectively) than in amphibole from albite veins
(2.75 £ 0.16 and 0.93 & 0.03 a.p.f.u., respectively).

During the retrograde re-equilibration, chlorite and feldspar also developed. The rare
chlorite shows Xp. of 0.32 & 0.06. Feldspars consist of albite (Ab = 0.96 £ 0.05), minor
oligoclase (Ab = 0.81), and rare K-feldspar (Or = 0.97 £ 0.01).

4.3. Physical Conditions of Metamorphism

In order to constrain the P-T conditions at which the rocks equilibrated, a pseudo-
section was calculated for sample C133 considering the D2 assemblage, and additional
geothermobarometry was applied to constrain D3 and D4.

4.3.1. Thermodynamic Modelling Strategy

Considering the extreme heterogeneity of the rocks at all scales, from the thin section to
the field, alternating epidote+clinopyroxene-rich, carbonates-poor layers with carbonates-
rich bands, and the mineral zoning, a representative bulk composition has been calculated
for sample C133 (no whole rock analyses are available). This sample contains a very low
amount of carbonates and quartz and is thus almost a clinopyroxene—epidote-titanite rock.
These are the minerals dominant in the syn-D2 assemblage, of which we aim to determine
the P-T conditions. The bulk composition used for petrologic modelling is retrieved upon
the modal amount of mineral phases, qualitatively estimated at the optical microscope
and with BSE images, and on the major element compositions of such minerals. This
approach is suited to determine a bulk composition of a possible reaction volume for which
we predict phases stable at equilibrium, even though the rock itself preserves different
assemblages and is very heterogeneous. We chose a sample with a minimal amount of
carbonates in order to have a simplified system. To ensure that this simplification is not too
relevant, we have calculated some TX pseudosections at 1.8 and 2.0 GPa to check that the
observed assemblage is predicted for different bulk compositions calculated varying the
modal proportions of clinopyroxene and epidote, with a ratio of Cpx to Ep from 80:20 to
20:80. This has also been useful to check if the model is still able to account for the observed
assemblages in other samples when CaO and SiO; contents are raised to account for higher
carbonates abundance and the presence of quartz. The composition corresponding to the
proportion Cpx = 44%, Ep = 55%, and Wm = 1% is the one chosen here and corresponds to
the one observed in sample C133 (including less than 1% quartz, titanite, and carbonate). It
is as follows: NaO 3.42, CaO 18.11, K,0 0.11, FeO 7.52, MgO 3.05, Al,03 20.23, 5iO, 47.02,
and TiO, 0.23, expressed in moles.

MnO has not been considered, as the mineral models available to date would stabilize
garnet as the only container of Mn. No garnet was observed in the studied rocks, where
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conversely epidote stores most of the Mn. Since no Mn-bearing epidote model is available
to date, we decided to exclude MnO from modelling to avoid misleading results. The
presence of Mn in minerals would generally shift the stability fields of assemblages towards
lower temperatures and would likely stabilize garnet if epidote is not present; unfortunately,
we cannot quantify such shifts for the studied sample.

Once the composition to be modelled was determined, some considerations about
oxidation state (O) and quantity and composition of fluid (expressed as H,O/CO, ratio)
were undertaken. The Fe;O3 calculated in epidote and a preliminary TX pseudosection at
1.8 and 2.0 GPa exploring the effect of O on parageneses suggested the use of an O value
of 1.

Finally, varying the quantity of fluid and its composition during the modelling of
some TX pseudosections, again at 1.8 and 2.0 GPa, allowed to determine a range of fluid
content and compositions as H,O/COj ratio (spanning from 0.98 to 1.3), which allows for
obtaining the observed assemblage, thus defining the composition representing sample
C133 and finally corresponding to H,O/CO, =1.25.

The final bulk composition used for modelling was Na,O 3.29, CaO 19.63, K,O 0.07,
FeO 6.25, MgO 0.05, Al,O3 11.85, SiO; 46.75, HyO 6.08, TiO, 0.17, O 1, and CO, 4.86,
expressed in moles.

4.3.2. Thermodynamic Modelling Results

The pseudosection (Figure 6) is characterized by several fields with Cpx + Ep + Ttn
that are bound by lawsonite at higher pressures, rutile at higher temperatures, and
plagio-clase and paragonite at lower pressures. The area in which the observed
Cpx + Ep + Ttn + Wm + carbonates assemblage is stable spans between 1.5 and 2.0 GPa
and 500 to 550 °C. Na isopleths in Cpx and isopleths of the modal composition, considering
<3% of the mineral phases in the neighbouring fields (i.e., Law and Ru), constrain the D2
assemblage at P = 1.85-2.0 GPa and T = 500-525 °C. Such stability field is evidenced by the
area in red in Figure 6. Isopleths and modal lines are very close to the boundaries and hence
have not been plotted. The obtained pressures can be considered as minimum pressures,
as the law-sonite boundary shifts with fluid composition—for instance, if NH4 is added,
temperatures recede by almost 50 °C and the assemblage stabilizes at higher pressures
(e.g., [67]).

The physical conditions under which the syn-D3 re-equilibration developed have
been inferred by amphibole and plagioclase thermobarometry. The amphibole—plagioclase
geothermobarometer [68] returns P = 0.7 + 0.2 GPa and T = 480 £ 19 °C. A wider pressure
interval is obtained by the amphibole—plagioclase barometer of [69], which for the derived
T provides P = 0.8 &+ 0.4 GPa. A compatible, but slightly lower, temperature range of
408 + 53 °C results from amphibole-plagioclase thermometry [70]. Syn-D3 metamorphic
retrogression was therefore developed in a pressure interval between 0.4 and 1.2 GPa and a
temperature interval between 350 and 500 °C.

The P-T interval for the D4 mineral assemblage has been inferred by chlorite ther-
mometry [71] and by amphibole-plagioclase thermobarometry [68], providing as results
T=324+£80°C, T=<400°C, and P = < 0.25 GPa, respectively.
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Figure 6. P-T pseudosection calculated for sample C133, at syn-D2 conditions (see text for description)
in the NCKFMASHCO,TO space. The area bordered in red underlines the calculated stability field
for syn-D2 conditions. Fields are shaded according to variance, from lighter (lowest variance) to
darker (highest variance). The numbers correspond to the following parageneses: 1. ar coe cpx cb
ep g law mag ms ru; 2. ar q cpx cb ep g law mag ms ru; 3. ar cpx cb ep g law mag ms q ru sph;
4. ar cpx cb ep g law mag ms q ru; 5. ar cpx cb ep g law mag ms q sph; 6. ar cpx cb ep g law ms
qrusph; 7. ar cpx ep g law mag ms q ru; 8. ar cpx cb ep g law ms q sph; 9. ar cpx ep g law ms
sph: 10. ar cpx cb ep g law ms q ru sph; 11. ar cpx cb ep law ms q ru sph; 12. ar cpx cb cb ep gph
law ms q sph; 13. ar cpx ep gph law ms q sph; 14. ar cpx ep gph law pa q sph; 15.ar cpx cb ep
gph law pa q sph; 16 ar cpx cb ep gph law pl q sph HyO; 17. ar cpx cb ep gph pa q sph; 18. ar cpx
cb ep gph law pa q sph H;O; 19. ar cpx cb ep gph law ms q sph H,O; 20. ar cpx cb ep HO ms
q ru sph; 21. ar cpx cb ep law ms q ru HyO; 22. ar cpx cb ep g law ms q ru H,O; 23. arcpxep g
law ms q ru HyO; 24. ar cpx cb ep HyO pa q sph; 25. ar cpx cb ep HyO pa q ru; 26. ar cpx cb ep
H,O pa q pl; 27. cpx cb ep HyO pa q ru. Mineral abbreviations are as follows: ar—aragonite; coe—
coesite; cpx—clinopyroxene (omphacite or diopside); cbo—carbonates (ankerite and/or dolomite);
ep—epidote; g—garnet; law—lawsonite; ms—muscovite; pa—paragonite; pl—plagioclase; ru—rutile;
mag—magnetite; sph—sphene; gph—graphite; q—quartz.
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5. Discussion and Conclusions

In recent years, thanks to the possibility offered by the equilibrium thermodynamic
modelling approach, rocks preserving peculiar mineral assemblages have been studied
by geologists in order to obtain P-T estimates on re-equilibration conditions and on other
processes [35,72,73]. In this paper, we discuss some peculiar rocks from a mélange re-
equilibrated at HP conditions that are mainly composed of omphacite + epidote, plus
variable amounts of carbonate minerals and quartz, and minor white mica (phengitic
in composition), with chlorite and plagioclase growing after the HP paragenesis. These
rocks are within a mélange where elements of metabasites (now eclogites) and carbonate-
rich matrix preserve HP assemblages [18]. Such peculiar rocks may represent the result
of metasomatism between ultramafites and metacarbonates, as suggested by their field
relationships; indeed, they always crop out in contact with serpentinites. In addition, they
are deformed, coherently with the enclosing matrix and the surrounding serpentinites,
starting at least from the D2 stage, as evidenced by the development of the S2 foliation
also within these Ca-silicate-rich rocks. In addition, the inferred syn-D2 P-T conditions
are coherent with those deduced by [18] for contemporaneous assemblages in other RGU
rocks, indicating that probable mass-transfer processes pre-dated D2 deformation.

5.1. Petrologic Implications

The pseudosection calculated demonstrates that the syn-D2 assemblage within such
epidote—omphacite rocks is stable in a P-T window of P = 1.85-2.0 GPa and T = 500-525 °C,
in good agreement with what was already determined in neighbouring rocks of the same
unit (RGU). In the case of these rocks, many factors may have played a role in the formations
and preservation of such assemblages.

First, the peculiar composition allows the development of omphacite and epidote,
instead of garnet, which lacks in the rocks. In the modelling, garnet would be predicted
to be stable if MnO is considered, simply because Mn is not included in the solid solution
models for epidote available in the thermodynamic database. In these rocks, Mn is indeed
all contained in epidote (Figure 5c and the Supplementary Materials). The predicted P-T
stability field containing the observed assemblage is bound towards higher temperatures
by rutile, which is absent in these rocks, whereas only titanite occurs as a Ti-bearing
phase. In any case, the neighbouring field containing rutile and titanite had a predicted
modal amount of rutile <3% and can therefore represent in part our assemblage, provided
that modal amounts of minerals that are <3 % can simply not be observed. Towards
lower pressures, the field containing our assemblage is bound by plagioclase, which is
observed only in D3- and D4-related assemblages. Furthermore, the predicted composition
of Omp shows decreasing Na content towards lower pressures, and the pyroxene in the
symplectites is actually diopside. On the other hand, even though Na content predicted in
Omp increases towards high pressures, a content similar to that of Ompl is never predicted
because the solid solution model used for Cpx in this assemblage was calibrated for different
systems [59]. In the pseudosection, the field containing the observed assemblage is bound
towards lower temperatures by a narrow field with lawsonite (and H,O). No lawsonite has
been detected in the rocks, but small modal amounts are predicted near this field, usually
<10 %. Finally, the law—out reaction has different positions in the P-T field depending on
the quantity and composition of the fluids. In particular, a change in the HyO/CO, ratio
implies a slight shift in temperature, within 20°C. On the other hand, small quantities of
NH,, which has been observed in HP metapelites from the Zermatt-Sass Zone [67], can
shift the law—out curve toward lower T, up to —50 °C, and enlarge the stability of the
observed assemblage up to 2.4 GPa in the same temperature range. The composition of
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the fluid phase during syn-D2 P-T conditions is constrained based on the matching of the
modelled and observed parageneses.

As the Na content of Ompl, wrapped by recrystallized Omplla marking S2, is higher
than that of Ompll, we consider the syn-D2 assemblage as retrograde, as already demon-
strated in serpentinites from the nearby locality of Créton [45].

Finally, the absence of garnet in the assemblage may be related to several concomitant
factors, such as (a) the peculiar bulk composition; (b) the fact that epidote was stable
all along the P-T evolution and is the Mn-bearing phase of the assemblage; and (c) the
abundance of Fe** and the overall oxidation state, together with the composition of the
fluid, which was probably very rich in CO,.

This contribution focuses on the peculiar omphacite—epidote-rich, carbonates-poor
garnet-free rocks (Ca-silicate rich rocks) that are part of a broader ensemble of rocks
characterized by variable carbonates amounts and that are found in the RGU. These rocks
have peculiar compositions as they probably represent metasomatic rims that formed at
some point during the P-T evolution and before D2 (as shown by field evidence). The
rocks recrystallised at syn-D2 conditions, in the presence of fluids, with possibly ongoing
carbonation and decarbonation reactions, which are difficult to reconstruct as there are no
textures that could help reconstructing such reactions in the studied sample, and the only
pre-D2 relics are Ompl and Epl. In other similar situations within the Zermatt-Saas zone,
diagnostic microstructures evidenced such processes [21]. In absence of such significant
fabric features in the rocks explored here, further analyses of other samples are needed to
try to determine the complex fluid-involving reactions in the RGU rocks.

5.2. Tectono-Metamorphic Evolution

Integrating multiscale structural analysis with petrological modelling in the study of
the complex rock assemblage constituting the Ca-silicate-rich rocks of the compositionally
extremely heterogeneous RGU metasediments provided valuable information on the P-T
environment of deformation. These constraints could be extracted even from a chemical
system that is poorly suitable for petrologic modelling and P-T estimates, such as the
one represented by Ca-silicate-rich rocks. Consistent with all other RGU types, these
rocks recorded four groups of superposed syn-metamorphic fabrics marked by different
mineral assemblages, diagnostic of contrasting thermobaric environments. Omphacite and
quartz marking D2 fabric, without plagioclase, suggest that S2 foliation developed under
high-pressure conditions (Figure 7). On the contrary, mineral assemblages underlying D3
and D4 fabrics suggest that they developed during lower pressure and temperature re-
equilibrations, under blueschist—/epidote-amphibolite- and greenschist—facies conditions,
respectively (Figure 7). The petrological modelling developed on the well-preserved
syn-D2 paragenesis indicated conditions of P > 1.85-2.0 GPa and T = 500-525 °C, for a
mineral assemblage which, although garnet-free, results in stability under HP blueschist—
to amphibole-eclogite-facies conditions. The good agreement of the estimated syn-D2 P-T
conditions with those obtained in the other RGU rocks [18] indicates that the Ca-silicate-rich
rocks shared a common tectono-metamorphic history together with their country rocks at
least since D2. In the surrounding ZSZ rocks, the dominant metamorphic imprint under
eclogite-facies conditions has been dated between the late Cretaceous and the Eocene [40],
suggesting that during this time interval syn-D2 HP assemblages developed in the RGU
Ca-silicate-rich rocks.
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Figure 7. P-T-dt evolution (in red) inferred for the Ca-silicate-rich rocks from RGU. The light
green area delimits the PT field in which climax conditions, inferred in adjacent portions of
757, fall [31,34,35,38,40,42—-45,74]. The dark green box indicates the estimated syn-D2 P-T condi-
tions inferred from mafic elements (gabbro and eclogite) within the RGU and for quartz—mica-
rich layers of the RGU matrix [18]. Metamorphic facies are redrawn after the following [75]:
Lw-EC= lawsonite—eclogite facies; dry EC= dry eclogite facies; Ep—EC= epidote—eclogite facies;
Amp-EC= amphibole-eclogite facies; GS= greenschist facies; EA= epidote-amphibolite facies;
BS= blueschist facies; AM= amphibolite facies; HGR= high-pressure granulite facies; GR= gran-
ulite facies. T/P ratios characterizing spreading ridge or volcanic arc (1), normal plate interior (2),
warm subduction zones (3a), and cold subduction zones (3b) are reported as grey arrows [76].

The P-T syn-D2 conditions suggest a geodynamic scenario of active subduction in
which RGU rocks were buried to a depth greater than 60 km. The inferred T/depth ratio
(Figure 7) corresponds to 7 °C km~!, which is characteristic of cold subduction zones
(e.g. [76]). Such metamorphic conditions are in good agreement with those inferred from
other RGU rocks [18] (Figure 7) and with the thermal state affecting other mafic and ultra-
mafic rocks outcropping in the surroundings of Valtournenche [31,34,35,38,40,42—45,74].

D3 and D4 are supported by mineral assemblages indicating P = 0.4-1.2 GPa and
T =350-500 °C, and P < 0.25 GPa and T < 400 °C, respectively. These estimates suggest
that D3 and D4 developed during RGU exhumation, with a T/depth ratio evolving to-
wards the thermal state of normal plate interiors (D3 in Figure 7) and exceeding it (D4
in Figure 7). Such a thermal evolution is compatible with the onset and evolution of the

continental collision.
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