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présentée à la Faculté des géosciences et de l’environnement de l’Université de Lausanne par
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Abstract

Specific instances throughout the geodynamic evolution of tectonic nappes are recorded by
mineral assemblages in metamorphic rocks, from which pressure (P) and temperature (T)
conditions can be assessed through thermobarometry. Conventionally, the maximum P is
assumed to reflect the maximum burial depth reached by a coherent tectonic unit during
regional metamorphism. P is converted to depth using the lithostatic P formula, which states
that P and depth are linearly related. However, peak P estimates in coherent tectonic units
are often very heterogeneous.
In the Monte Rosa nappe, Western Alps, Alpine peak P estimates reported in the literature
vary from 1.2 to 2.7 GPa. Accordingly, maximum burial depths are either within crustal
depths or at mantle depths, implying therefore considerably different tectonic models (e.g.
subduction channel or orogenic wedge). Such large P ranges can be explained by three
scenarios: i) peak P was homogeneous, hence the P range is an artefact due to various
geobarometric tools used; ii) peak P was homogeneous, but some prograde reactions were
inhibited due to slow kinetics; or iii) peak P was heterogeneous, due to a heterogeneous stress
distribution between lithologies of contrasting rheologies.
The aim of this thesis is to explore the three above-mentioned hypotheses in order to understand the significance of P variations within coherent tectonic units. To do so, the focus of
the thesis is set on a specific region of the Monte Rosa nappe, located in the Upper Ayas Valley, in Aosta, where the largest P variation is recorded between a metagranite and enclosed
whiteschist. Whiteschists result from the localized metasomatic alteration of the granite,
hence the metagranite and whiteschist are coherent and were always at the same depth during
the Alpine orogeny. Being metasomatic rocks, whiteschists evolve under fluid-saturated conditions during high-pressure (HP) metamorphism, whereas the metagranite, qualified as “dry”,
would have evolved in water undersaturated conditions, potentially impeding the progression
of prograde reactions. The approach of this study is to evaluate the impact of fluid saturation
conditions on the HP record in both the whiteschist and metagranite independently; as well
as spatially along a profile going from the whiteschist towards the metagranite.
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The relative age of the metasomatic event at the origin of the whiteschist chemistry is established by combining field and petrographic observations with whole rock geochemistry as
well as radiogenic isotopes. The interplay between fluid events and metamorphic reactions is
discussed based on in situ oxygen isotopes measurements in white mica. For this, a new set
of white mica reference materials was developed for in situ oxygen isotope measurements by
Secondary Ion Mass Spectrometry (SIMS). The water-saturation conditions of metagranites
were assessed by petrographic observations of reaction product microstructures in the bestpreserved HP metagranites. Silica in phengite barometry was used in combination with water
activity (aH2 O) estimate in phengite. To this end, a new set of white mica reference materials
was calibrated for in situ H2 O content measurement by SIMS and P - aH2 O relationships were
evaluated.

Field and geochemical studies of the whiteschist revealed a pre-Alpine localized pervasive
alteration of the granite by late magmatic hydrothermal fluids along tube-like structures. A
subsequent closed-system Alpine metamorphic evolution is suggested based on oxygen isotopes
in white micas from the whiteschist. Thermodynamic calculations on whiteschists resulted
in a minimum peak P of 2.2 GPa. Jadeite has never been observed in the best-preserved
HP metagranites, however plagioclase pseudomorphs consist of fine-grained assemblages of
zoisite, albite ± white mica. Igneous twinning is preserved in these pseudomorphs, attesting
that albite is not a retrograde product after jadeite. Silica in phengite barometry indicates a
maximum peak P of 1.4 GPa, consistent with the absence of jadeite. In situ H2 O content data
in phengite revealed high OH− content of the hydroxyl site, pointing towards high aH2 O in
both metagranites and whiteschists; thus, in contrast with what is proposed in the literature.

These results point towards an Alpine peak P difference of 0.8 GPa between the metagranite
and whiteschists, that is not due to slow kinetics or total retrogression. An alternative model
explaining P variations related to heterogeneous stress conditions is presented. A simple
mechanical model, based on an analytical solution is used, that reproduces the observed P
variation.
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This study documents the first field evidence that demonstrates outcrop-scale P variations
up to several kilobars can be produced between rocks of contrasting mechanical properties.
Consequently, the lithostatic paradigm does not apply in this case and the burial depth
reached by the Monte Rosa nappe at Alpine peak conditions is restricted to lower crustal
depth. Hence, a tectonic model involving deep subduction of the crustal units is not necessary
and a model involving an orogenic wedge would better fit with both the metamorphic record
and structural reconstructions. The results of this thesis show that P can be heterogeneous
for inclusion - hosts systems. This is not in agreement with the lithostatic paradigm and
could have great impacts on the current view of the geodynamic history of the Alps and other
orogenic systems.

Résumé

Des instants spécifiques de l’évolution géodynamique des nappes tectoniques sont enregistrés
par les assemblages de minéraux dans les roches métamorphiques, pour lesquelles les conditions de pression (P) et température (T) peuvent être déduites par des méthode thermobarométriques. Conventionnellement, la P maximale reflète la profondeur d’enfouissement
maximale atteinte par une unité tectonique durant le métamorphisme régional. La P est
convertie en profondeur en utilisant la formule de la pression lithostatique, qui établit que la
relation entre la P et la profondeur est linéraire. Toutefois, les estimations de pic de P dans
des unités tectoniques cohérentes sont souvent très hétérogènes.
Dans la nappe du Mont Rose, dans les Alpes de l’Ouest, les estimations du pic de P
répertoriées dans la littérature varient entre 1.2 et 2.7 GPa. Par conséquent, la profondeur
d’enfouissement maximale est située soit dans la croûte, soit à des profondeurs mantelliques,
ce qui implique des modèles tectoniques considérablement différents (par exemple, le chenal
de subduction ou le prisme orogénique). Cette large fourchette de P peut être expliquée par
différents scénarii : i) le pic de P était homogène, mais la fourchette de P est un artéfact,
résultant de l’utilisation de différents outils barométriques; ii) le pic de P était homogène,
mais certaines réactions progrades n’ont pas eu lieu, à cause de conditions cinétiques lentes;
ou iii) le pic de P était hétérogène, dû au fait que la distribution des contraintes est hétérogène
entre des lithologies ayant différentes propriétés rhéologiques.
Le but de cette thèse est d’explorer les trois hypothèses mentionnées ci-dessus dans le but de
comprendre la signification des différences de pression répertoriées dans les unités tectoniques.
Pour cela, le centre d’intérêt de la thèse se concentre sur une localité dans le haut val d’Ayas,
à Aoste, où la plus grande différence de pic de P est observée entre un schiste blanc et
son encaissant de métagranite. Les schistes blancs résultent de l’altération métasomatique
localisée d’un granite. Les deux roches sont donc cohérentes et étaient juxtaposées tout au
long de leur enfouissement durant l’orogenèse Alpine. Etant des roches métasomatiques, les
schistes blancs ont évolué dans des conditions de saturation en eau durant le métamorphisme
de haute pression (HP), alors que les granites, qualifiés de “secs”, auraient évolué en condition
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de sous-saturation en eau, ce qui auraient potentiellement entravé la progression des réactions
progrades. L’approche de cette étude est d’évaluer l’impact des conditions de saturation en
eau sur l’enregistrement métamorphique de HP dans les schistes blancs et les métagranites,
indépendamment, et aussi spatialement le long d’un profile partant d’un affleurement de
schistes blancs jusqu’au métagranite.
L’âge relatif de l’événement métasomatique à l’origine de la chimie des schistes blancs
est établi en combinant des observations de terrain et pétrographiques avec des données
géochimiques ainsi que des données d’isotopes radiogéniques.

L’interaction entre les

événements fluides et les réactions métamorphiques est discutée sur la base de données in-situ
d’isotopes de l’oxygène sur mica blanc dans les schistes blancs. Pour cela, un nouvel ensemble de matériaux de référence a été développé pour l’analyse des isotopes de l’oxygène dans
les micas blancs par spectrométrie de masse à ions secondaires (SIMS). Les conditions de
saturation en eau des métagranites sont établies sur la base d’observations pétrographiques
des microstructures de produits de réaction dans les métagranites de HP les mieux préservés.
Le baromètre de la silice dans la phengite est utilisé, en combinaison avec une estimation
de l’activité de H2 O dans la phengite. Dans ce but, un ensemble de nouveaux matériaux de
référence a été calibré pour l’analyse in-situ de H2 O dans les micas blancs par SIMS et la
relation entre activité de H2 O et P a été évaluée thermodynamiquement.
Les études de terrain, pétrographiques et géochimiques ont révélé une altération pré-Alpine
localisée et pénétrante des granites par des fluides tardi-magmatiques hydrothermaux, le long
de structure en forme de tube. Les données d’isotopes de l’oxygène in-situ dans les micas
blancs des schistes blancs suggèrent que le métamorphisme Alpin ultérieur a été fait dans des
conditions de système fermé. Les calculs thermodynamiques sur schiste blanc indiquent un
pic de P minimum de 2.2 GPa. La jadéite n’a jamais été observée dans les métagranites de
HP les mieux préservés, toutefois les pseudomorphes du plagioclase observés consistent en
un assemblage de zoisite, albite ± mica blanc finement cristallisés. La macle du plagioclase
igné est préservée, ce qui atteste que l’albite n’est pas un produit de déstabilisation de la
jadéite. La barométrie de silice dans la phengite dans les métagranites indique un pic de P
maximal de 1.4 GPa, cohérent avec l’absence de jadéite. Les données in-situ de H2 O dans
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les micas blancs ont révélé une fraction de OH− élevée dans le site hydroxyle, suggérant une
activité de H2 O élevée dans les métagranites et les schistes blancs, en désaccord ce qui avait
été précédemment suggéré dans la litérature.
Les résultats indiquent une différence de pic de P de 0.8 GPa entre le métagranite et les schistes
blancs, qui n’est pas due à des conditions de cinétique lente ou à une rétrogression complète.
Un modèle alternatif est présenté, qui explique les variations de P avec des conditions de
contraintes hétérogènes. Un modèle mécanique simple, basé sur une solution analytique, est
utilisé et permet de reproduire les variations de P observées.
Cette étude documente la première preuve de terrain que des variations de P de plusieurs
kilobars peuvent être générées à l’échelle de l’affleurement, entre des roches ayant des propriétés mécaniques différentes dans une certaine configuration de système d’inclusion et hôte.
En conséquence, le paradigme de la pression lithostatique n’est pas applicable dans ce cas et
la profondeur d’enfouissement atteinte par la nappe du Mont Rose aux conditions de pic du
métamorphisme est restreinte à des profondeurs crustales. Un modèle tectonique impliquant
une subduction profonde des unités crustales n’est donc pas nécessaire. Le modèle de prisme
orogénique conviendrait mieux pour expliquer l’enregistrement métamorphique ainsi que les
reconstructions structurales.
Les résultats présentés dans cette thèse montrent que la P peut être hétérogène dans des
systèmes d’inclusion - hôte. Cela est en désaccord avec le paradigme de la P lithostatique
et pourrait avoir un impact conséquent sur la vision de l’histoire géodynamique des Alpes et
d’autres systèmes orogéniques.
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Motivation

The central position of the Monte Rosa massif within the Western part of the Alpine orogeny
has interested numerous Alpine geologists for more than two centuries. The first geological
observations through the massif and its surroundings trace back to the pioneering work of
De Saussure (1779) and continued up to the development of the nappe theory by Lugeon and
Argand (1905), soon followed by the complete description and illustration of the Swiss Western Alps by Argand (1911a,b). Since then, the general geometry of the Alpine belt did not
fundamentally change, however, over one century, numerous detailed petrographic and structural studies have contributed to the refinement of our understanding of the paleogeographic
provenance of the different units constituting the Penninic zone (Dal Piaz, 2001).
The Penninic nappe stack, to which the Monte Rosa massif belongs (Figure 1.1), represents
the Alpine collisional wedge resulting from the convergence between the Europe and Adria
continental blocks, originally separated by the Piemont-Ligurian oceanic domain. It is composed of coherent nappes, that can be separated into three units, from bottom to top: the
lower Penninic unit, attributed to the Valais domain, consists of thinned European continental lithosphere associated with Mesozoic sedimentary basin deposits; the middle Penninic
unit represents the Briançonnais microcontinent, also from European affinity, to which the
Monte Rosa nappe belongs; and finally the upper Penninic unit corresponds to the PiedmontLigurian ophiolitic domain to which the Zermatt-Saas unit is attributed (Figure 1.2). The
Penninic wedge is bordered to the South by the thrusted Adriatic continental margin and
the whole nappe pile was thrusted upon the European continental margin to the North. The
three units subdividing the Penninic wedge are structurally ordered as coherent nappes, that
were successively superposed along ductile shear zones during a NW-directed stacking event
related to burial and extrusion of the units, and subsequent SE vergent backfolding (Escher
and Beaumont, 1997).
The Monte Rosa nappe is a key part of the Alpine orogenic system: due to its proximal
position on the southernmost extremity of the Briançonnais microcontinent (Steck et al.,
2015), it represents the part of the European continental crust that has been buried the
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Figure 1.1: Tectonic sketch of the Western Alps. MR = Monte Rosa, GP = Gran Paradiso,
DM = Dora Maira. Modified after Dal Piaz et al. (2001) and Steck et al. (2015).

deepest into the collision zone during Alpine orogenesis. Therefore, its constitutes as the ideal
study area in order to understand the general behavior of subducted continental crust. The
nappe consists of a polymetamorphic pre-Variscan paragneissic complex, locally containing
amphibolites and mafic boudins, which was subsequently intruded by a Permian age granitoid
body (Pawlig, 2001; Steck et al., 2015). Few whiteschist bodies are locally found within the
metagranite, which are interpreted to result from the metasomatic alteration of the granite
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(Pawlig and Baumgartner, 2001). The Monte Rosa nappe shows an incredible complexity of
structures and a great variety of paragenesis, that record the long lasting tectono-metamorphic
history since the Variscan orogeny (Kramer, 2002). The intensity of deformation within the
nappe is highly heterogeneous and closely related to the metamorphic imprint, which makes
the understanding of the Alpine metamorphic history somewhat complicated. The recognition
of a high pressure metamorphic event in the Monte Rosa nappe started with Bearth’s study
(Bearth, 1952), however at this time, no indication of an Alpine eclogite facies metamorphism
was recognized in the area, but rather in the overlying Zermatt-Saas unit. The discovery of
clear Alpine-age high pressure paragenesis trace back to Dal Piaz (1971) and the first careful
quantification of the pressure and temperature conditions during Alpine metamorphism were
undertaken by Chopin and Monié (1984), who came up with peak pressure of 1.6 GPa and
temperature of 500°C (Figure 1.3), followed by Dal Piaz and Lombardo (1986), who estimated
the peak conditions at 1.4 GPa and 500 - 550°C. Later, Borghi et al. (1996) deduced peak
pressure and temperature of 1.3 GPa and 500 - 550°C. These estimates all indicate a burial
depth in the order of 50 - 60 km, according to depth calculations using lithostatic pressure.

Figure 1.2: Schematic cross-section of the Western Alps, illustrating the tectonic position
of the Monte Rosa nappe (MR). Modified after Steck et al. (2015)
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Such depths correspond to burial down to the base of the crust. However, more recent pressure
and temperature estimates arose from the literature, successively documenting peak Alpine
conditions at 1.3 - 2.0 GPa and 535 - 620°C (Ferrando, 2002), 1.2 - 1.4 GPa and 620-670°C
(Keller et al., 2004), 2.4 GPa and 505°C (Le Bayon et al., 2006), 1.3 - 2.0 GPa and 480 to
570°C (Lapen et al., 2007) and finally 2.4 - 2.7 GPa and a 550 - 570°C (Gasco et al., 2011).
Therefore, most of these pressure estimates imply a maximal burial reaching mantle depth
(>100 km). However, all pressure and temperature estimates come from a coherent part of
the Monte Rosa nappe, i.e. a tectonic unit that represents a unique structural unit. Hence,
the different locations considered in the above-mentioned studies are not pieces that were
incorporated after the maximum burial event to the nappe, but represent parts of a nappe
that experienced the same conditions throughout the entire burial and exhumation cycle of
the nappe.
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Figure 1.3: Summary of all Alpine peak pressure and temperature estimates on the Monte
Rosa nappe from the literature. The background lines represent major reactions for a
metagranite system, calculated using Holland and Powell (1998) database (law = lawsonite;
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6

CHAPTER 1.

The pressure and temperature recorded in regionally metamorphosed units is conventionally
used to reconstruct the geodynamic history of a region, by assuming that pressure is lithostatic
(Plitho ) and hence directly related to the burial depth. According to the lithostatic paradigm,
rocks from a coherent tectonic unit must have all experienced the same pressure, since they
were always at the same depth. Traditionally, the highest pressure is used to extrapolate to
the entire nappe and the lower pressures are explained by either partial retrogression, i.e.
rocks were re-equilibrated at lower pressure and temperature conditions during post-peak
evolution, or they are explained by sluggish kinetics, that hampered the accomplishment
of the prograde reactions due to unavailability of free fluids in order to enhance prograde
reactions. This argument has been widely used to explain the absence of jadeite in high
pressure metagranites for example. However, in the Monte Rosa nappe, rocks that record the
highest pressures are mafic eclogitic boudins (2.7 GPa) (Gasco et al., 2011) and whiteschists
(2.4 GPa) (Le Bayon et al., 2006). These rocks represent extremely small volumes compared
to the main body of the nappe as a whole, that seems to have equilibrated at lower pressure.
Therefore, the choice needed to be made as to which peak pressure estimate is relevant
for depth estimates and thus extrapolated to the entire nappe will have huge consequences
on the geodynamic interpretation. These interpretations can be fundamentally different,
depending on if the maximum burial depth is considered to be within crustal depths, i.e:
lower peak pressures are extrapolated to the entire nappe, or conversely if the maximum
pressure, corresponding to burial down to mantle depth, is considered.
The structure of the Western Alps has been explained by two end-members tectonic models:
the wedge model and the subduction channel model. The geodynamic evolution of the Western
Alps was initially explained by a simple orogenic wedge model (Figure 1.4 left) (Escher and
Beaumont, 1997; Platt, 1986). This model can be illustrated by a wedge-shaped prism,
consisting of underthrusted material, that was stacked on top of a subducting plate sliding
beneath a rigid hangingwall buttress. It is driven by horizontal far-field stress and explains
nappe formation by frontal accretion, extrusion and subsequent backfolding within crustal
depth during continuous convergence. The wedge model was constrained by some important
points, that were deduced from a number of studies as well as field observations at various
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scales. The most important points are listed hereafter (Platt, 1986; Escher and Beaumont,
1997): i) the detachment of material at great depth involved coherent basement nappes,
i.e: crystalline basements and their associated sedimentary cover, that are tens of kilometers
thick, ii) the nappes were superimposed by the migration of the basal accretion front from
southeast to northwest; iii) the backfolding event coherently re-folded the already formed
crustal nappes; iv) Most of the exhumation occurred while convergence was still active, hence
it happened under a compressive tectonic mode, and v) similarly, most of the exhumation and
upflit history was already accomplished before the onset of high erosion rates at the surface.
The strength of this model is that it perfectly reproduces the large-scale first order nappe
structures that agree with structural reconstructions. It is a self-consistent model, driven by
tectonic forces only. The shortcomings of this model is that it does not allow subduction
of crustal material down to mantle depths. Alternatively, the subduction channel model
(Butler et al., 2013) is proposed in order to reproduce the deep subduction and formation
of utltra-high-pressure units (Figure 1.4 right). This model is driven by body forces, that
trigger slab pull due to burial of high density material and thus allows exhumation by flow of
low-viscosity, buoyancy-driven plumes along a weak subduction channel. This model manages
to reproduce i) the overall stacking order of nappes as well as their global vergence, ii) the
shape of the backfold in the Penninic region, iii) the exhumation of the high pressure and
ultra-high-pressure units from mantle depth. However, several major issues arise from this
model. First, the model fails to confidently reproduce the coherent and ordered structure of
the nappe stack and hence does not fit with the structural reconstructions, mainly because of
the high strain imposed on all units, which is necessary in order to facilitate exhumation of
ultra-high-pressure units along the subduction channel. Secondly, the exhumation of the highpressure units requires extremely fast rates, in the order of several centimeters per year, that
largely exceed the convergence and exhumation rate deduced from natural samples (Manzotti
et al., 2018). Also, the presence of buoyant crustal material at great depth is of paramount
importance in this model since it is responsible for the exhumation of the oceanic units. In the
absence of this crustal material, the exhumation of the Zermatt-Saas would not be possible.
A priori, neither the wedge model, nor the subduction channel model succeed in explaining
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Orogenic wedge model

Subduction channel model

Figure 1.4: Two end member models for nappe formation and exhumation in the Western
Alps. Left: orogenic wedge model, driven by tectonic forces (Escher and Beaumont, 1997);
Left: subduction channel model, driven by body forces (Butler et al., 2013).

both the structure of the Western Alps and the complete metamorphic record. Alternatively,
tectonic overpressure has been suggested as a potential mechanism for generation of high to
ultra-high-pressure at shallower levels within crustal depth (Ford et al., 2006; Schenker et al.,
2015; Schmalholz et al., 2014). Tectonic overpressure (or underpressure) is a deviation of
the pressure from the lithostatic pressure, which is intrinsic to every stressed heterogeneous
materials (Mancktelow, 2008). However, the magnitude of overpressure is still a matter of
debate. The amount of overpressure that rocks can sustain depends on their strength, i.e:
the amount of differential stress that they can support without breaking. While some studies
argue that the differential stress in rocks is too low to contribute to a significant deviation from
the lithostatic pressure (Burov et al., 2001; Jolivet et al., 2003), others have demonstrated that
differential stress can reach up to 1 GPa (Mancktelow, 1995; Moghadam et al., 2010; Moulas
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et al., 2014). Similarly, examples of grain scale pressure variations have been documented
(Hirth and Tullis, 1994; Tajčmanová et al., 2014) and deformation experiments on quartz have
shown that the quartz - coesite phase transition is controlled by the maximum compressive
stress rather than the mean stress (Hirth and Tullis, 1994; Richter et al., 2016). Hence
mechanical effects may play a significant role in metamorphic reactions (Tajčmanová et al.,
2015; Wheeler, 2014).
From the begining of this introduction, pressure has been mentioned in reference to several
viewpoints. Pressure estimates were initially presented as metamorphic pressure (Pmetam )
recorded by mineral assemblages that are at equilibrium in rocks. This is the pressure that
metamorphic petrologists obtain via geobarometric methods. The metamorphic pressure
derives from the thermodynamic definition of pressure, which is:

Pmetam = −(

∂U
)S=cste
∂V

(1.1)

where ∂U is the change in internal energy, ∂V is the change in volume, at constant entropy
S (Spear, 1995). However, the lithostatic pressure used for geodynamic reconstructions, on
which depth estimates are based (Plitho ) is a conception of pressure related to Archimede’s
definition of pressure. It corresponds to the pressure that rocks experience when submitted
to a certain load under static conditions:

Plitho = ρgz

(1.2)

where ρ is the average density of the rock pile, g is the gravitational acceleration and z is the
burial depth of the rock. Finally, mechanical studies are being mentioned just above, which
use a quite different definition of pressure, related to the mean stress:

Pmech =

(σ1 + σ2 + σ3 )
3

(1.3)

where σ1 , σ2 and σ3 represent the stresses in the three directions. Under compression, the
lithostatic load is σ3 and the far field tectonic stress is σ1 .
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This leads to several questions:
- Are Pmetam , Plitho and Pmech all equal ?
- If they are not, can the deviation be significative?
- If they are not, can it explain why the pressure and temperature record in the Monte
Rosa nappe is so heterogeneous?
- If they are equal, which one of the pressure and temperature estimate in the Monte
Rosa nappe should we trust?
Consequently, the understanding of the Alpine pressure and temperature record in the Monte
Rosa nappe is crucial in order to be able to discriminate which geodynamic model is more
applicable to explain the present-day structural and metamorphic record.

1.2

Objectives and approach

The aim of this study is to understand the significance of the large variation in the reported
Alpine peak pressures for the Monte Rosa nappe, ranging from 1.2 to 2.7 GPa for a temperature range between 490 and 650°C. These estimates come from eight studies, focussing on
various lithologies, such as mafic boudins, paragneisses, whiteschists or metagranites. Pressure and temperature were quantified using either conventional geothermobarometric tools
or thermodynamic calculations. All studies were performed on samples coming from a tectonically coherent part of the nappe. Especially, the largest pressure jump is recorded at the
outcrop scale, between whiteschists (2.4 GPa) (Le Bayon et al., 2006) and their surrounding jadeite-free metagranite (<1.5 GPa). Whiteschist and metagranites are best candidates
to study in detail the Alpine metamorphic record since i) they have only been subjected to
one metamorphic cycle, ii) whiteschist are metasomatic rocks derived from the granite (Ferrando, 2012; Pawlig and Baumgartner, 2001), iii) whiteschist’s chemistry is represented by
the simple chemical system KFMASH, for which thermodynamic data are available (Berman,
1988; Holland and Powell, 1998) and iv) two independent tools for pressure evaluation in
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high-pressure metagranites exist: one is the jadeite-forming reaction, which gives a minimum
pressure estimate and the second is the silica in phengite barometer (Massonne and Schreyer,
1987) for which thermodynamic data are derived (Massonne and Szpurka, 1997).
The focus of this thesis is be set on one particular area in the Upper Ayas valley, where
three whiteschist outcrops are reported. The first outcrop constituted the main focus of a
previous PhD thesis (Pawlig, 2001) and consists of a whiteschist located South-East of the
Mezzalama refuge. The second whiteschist outcrop is located to the North of the Mezzalama
refuge and represents the main interest of this work. For consistency, it is referred to as
the ”Mezzalama whiteschist”. The third whiteschist crops out at the boundary between
the metagranite and the country rock paragneisses, to the North-West of the Mezzalama
refuge. The Mezzalama whiteschist benefits from ideal outcropping conditions, since it is
located in an area polished by the recently retired Vera glacier. Therefore, the field aspects
of the whiteschist - metagranite transition can be ideally documented. The thesis skeleton
is structured according to the following statement, that apparent pressure variations among
all Alpine peak pressure estimates in the Monte Rosa nappe can be explained by three main
hypotheses:

1. the pressure was homogeneous, but the different methodologies used to evaluate the
pressure conditions revealed different pressures due to the use of inconsistent thermodynamic databases or because they are based on wrong initial assumptions.

2. the pressure was homogeneous, but different rocks recorded different pressures due to
kinetic effects related mainly to the fluid content of the rock, i.e: whiteschists evolved
at high pressure in fluid-saturated conditions whereas the water-undersaturated metagranite did not fully equilibrated at high pressure due to sluggish kinetics.

3. the pressure was locally heterogeneous due to heterogeneous stress distribution between
rocks of different rheological properties, which would result in pressures deviating from
the lithostatic pressure.
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The first hypothesis is treated by reviewing all pressure and temperature estimates from the
literature in Chapter 2. Potential issues regarding assessment of pressure and temperature
are discussed for each specific case, the idea being to make the reader aware of some sensitive
points.
Investigating the potential role of the second hypothesis constitutes the major part of the
work. Fluids are, together with pressure, temperature and composition, the principal parameter considered in equilibrium thermodynamics. In the absence of fluid, reaction rates are
known to be much slower (Rubie and Thompson, 1985; Rubie, 1998; Carlson, 2002, 2010; Carlson et al., 2015) and intergranular diffusivity is hampered by the absence of transporting fluid
in the grain boundary region, which controls the progress of recrystallization, often leading
to incomplete reactions. In particular, equilibrium sub-domains develop and microstructures
such as coronas, partial replacement or pseudomorphs form (Griffin and Heier, 1973; Carlson,
2002; Stowell and Stein, 2005; Sartini-Rideout et al., 2007). Indeed, granites become dry due
to the loss of H2 O after cooling of the intrusion, as most of the high temperature rocks do
(Markl and Bucher, 1998; Yardley and Valley, 1997). Therefore, sluggish kinetics is a reasonable candidate to explain why granites would not further react at high pressure, similarly to
the way high temperature rocks do not equilibrate at lower temperature. Hence, assessing the
potential role of kinetics in the attainment of high pressure paragenesis in the Monte Rosa
metagranites necessitates first a detailed study of the microstructures in order to be able
to carefully choose the best quantification scheme. The most famous high-pressure mineral
marker in eclogite-facies metagranites is jadeite, that forms together with quartz at the expense of plagioclase, often as pseudomorphic replacement (Bruno et al., 2001). Quantitative
pressure estimates are typically obtained by using the silica in phengite barometer (Massonne
and Schreyer, 1987; Massonne and Szpurka, 1997), that is accurate for phengites coexisting
with the limiting assemblage K-feldspar, biotite and quartz. However, the phengite-producing
dehydration reaction involves H2 O and therefore a reduced water activity would influence the
composition of the phengite, hence the pressure calculated using the silica content in phengite
(Massonne and Schreyer, 1987) can be underestimated if water activity is reduced. On the
opposite, whiteschists are thought to result from the high-pressure metamorphism of a meta-
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somatically altered granite (Pawlig and Baumgartner, 2001). Therefore, they should have
evolved through prograde reactions under fluid-saturated conditions. Consequently, one objective of this thesis is to assess whether apparent gradients in metamorphic pressure between
whiteschist and metagranite are related to kinetic factors. To do so, several samples of metagranite are studied in detail on a transect going from the Mezzalama whiteschist towards the
inner part of the granite intrusion. Microstructures are investigated in metagranites in order
to determine whether jadeite was present at peak conditions or not, and metagranites peak
pressure are quantified with the phengite barometer. Whiteschist peak pressure is assessed
through thermodynamic modeling. Potential gradients in water activity in the different samples are assessed by measuring H2 O in phengite by in-situ Secondary Ion Mass Spectrometry
(SIMS) technique and attempt to relate H2 O content to activity is made. To do so, new set of
white mica reference materials are developed for H2 O content measurement by SIMS at our
SwissSIMS facility, in Lausanne university. The reference material development is presented
in Chapter 5 and the application to the Monte Rosa metagranite is addressed in Chapter 6.
Besides this, the origin of the fluid responsible for the metasomatic alteration of the granite
as well as the relative timing of alteration constitute the topic of Chapter 3, in which bulk
chemical and isotopic data will be presented that complement the study of Pawlig (2001).
The coupling of fluid-rock interaction with metamorphic and microstructural evolution of the
whiteschist is presented in Chapter 4, based on in situ δ 18 O measurement of phengite and
quartz. In Chapter 4, new white mica reference materials for 16 O and 18 O SIMS measurement
are presented together with the geological application.
The third hypothesis mentioned above is not widely accepted by the community at the moment and this thesis contributes in estimating the quantitative impact of heterogeneous stress
distribution in rocks of different mechanical properties. A viscous model based on existing
analytical solution (Moulas et al., 2014; Schmid and Podladchikov, 2003) is used to quantify
the pressure variation for an inclusion-host system, with defined geometry and viscosity ratio.
Initial conditions are based on field observations and mechanical properties are those of the
whiteschist and metagranite. The effect of orientation and aspect ratio of the inclusion is
tested. Results are addressed in Chapter 6.
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Understanding the contribution of each of these three hypotheses is not only interesting in
the Monte Rosa case, since pressure variations have been reported elsewhere in the Penninic
domain and at various scales (Schenker et al., 2015). For instance, large pressure variations
are recorded at the nappe scale, between the Dora Maira Brossasco-Isasca ultra-high-pressure
unit and the low pressure Pinerolo unit to which it is juxtaposed (Compagnoni et al., 2012).
Outcrop-scale pressure variations are commonly reported between eclogite-facies boudins and
the low-pressure country-rock metasediments, as in the Adula nappe (Evans et al., 1979;
Heinrich, 1982). Grain-scale pressure variations have been documented, with the coexistence
of quartz and coesite inclusions in garnet (Chopin, 1984; Reinecke, 1991). Consequently, the
issues addressed in this thesis may contribute to a better comprehension of apparent pressure
variations recorded by metamorphic rocks from coherent tectonic units.

1.3

Outline of the thesis

This thesis is structured as 5 chapters, written as article format.
- Chapter 2: Review of the Alpine high-pressure metamorphic history of the Western
Monte Rosa nappe, Western Alps.
This chapter aims at providing an overview of the ”state of the art” on our understanding of the Alpine history of the Monte Rosa nappe. It stands as a geological setting to
the Thesis. Alpine peak pressure and temperature estimates from the literature are discussed from a critical viewpoint. The three above-mentioned hypotheses are addressed
in more details and new personal observations on metagranites are presented in order
to introduce the debate.
This chapter could potentially be improved for future submission in a review format.
The design of this chapter has been inspired by discussions with Stefan M. Schmalholz
and Lukas Baumgartner. I wrote entirely the text and made the figures.
- Chapter 3: Whiteschist genesis through metasomatism and metamorphism in the Monte
Rosa nappe (Western Alps)
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The second chapter is an article to be submitted in Contributions to Mineralogy and
Petrology. Co-authors are Lukas Baumgartner, Benita Putlitz and Torsten Vennemann.
Here, we present new bulk rock geochemical and isotopic data, combined with field and
petrographic observations on the Mezzalama whiteschist, in order to compare and complement the PhD work of Sabine Pawlig on the origin of the Monte Rosa whiteschist
(Pawlig, 2001). Field observations of a well-exposed whiteschist outcrop allow to understand the geometry and spatial extent of the metasomatic front. Petrographic observations reveal several zones at the transition between the whiteschist and metagranite,
among which carbonates were found. The δ 13 C and δ 18 O signature of carbonates is used
to constrain the origin of the carbon. The spatial, chemical and isotopic variability is
assessed via bulk rock δ 18 O and δD as well as major and trace element measurements
on samples taken along a profile going from the whiteschist centre towards the metagranite. The composition of the metasomatic fluid in equilibrium with the whiteschist
is calculated from the bulk δ 18 O and δD of whiteschist as well as serpentinites from
the Zermatt-Saas zone. Radiogenic bulk

87 Sr/86 Sr

on whiteschist and metagranites are

used to estimate the relative timing of alteration. The study confirms a pre-alpine age
of the whiteschist and a metagranite protolith for the whiteschist.
- Chapter 4: White Mica Reference Materials for Secondary Ion Mass Spectrometry
18 O/16 O

Measurements: Application to the Monte Rosa Metagranite and Whiteschist,

in the Western Alps.
This chapter consists of an article to be submitted in American Mineralogist. Co-authors
are Lukas Baumgartner, Anne-Sophie Bouvier and Benita Putlitz.
Here, we present new white mica reference materials for in situ

18 O

and

16 O

mea-

surement by Secondary Ion Mass Spectrometry (SIMS), developed in our SwissSIMS
facility in Lausanne University. Reference materials cover the phengite compositional
range and are suitable for analysis of natural rocks. Orientation tests as well as compositional matrix effects are tested and show no influence on the measured intensity. In
situ oxygen isotope measurement on white mica are performed in two metagranites and
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one whiteschist from the Monte Rosa nappe, in order to characterize the chronological evolution of fluid-rock interactions and metamorphism during Alpine history. The
study allows to track two fluid events in the whiteschist. A first fluid episode is pervasive
and pre-dates Alpine metamorphism and a second one is related to local infiltration and
post-dates peak Alpine metamorphism. Metagranites remained unaffected by fluids and
evolved through closed-system temperature dependent equilibration.
- Chapter 5: H2 O content measurement in phengite by Secondary Ion Mass Spectrometry:
new set of reference materials.
This Chapter consists of an article to be submitted to Geostandards and Geoanalytical
research. Co-authors are Lukas Baumgartner, Guillaume Siron, Torsten Venneman and
Martin Robyr.
Here, we present a set of five white mica reference materials (RMs) for in situ H2 O
content analysis by SIMS, developed in our SwissSIMS facility in Lausanne University.
Their compositional range covers most of the phengite series. Independent H2 O content
of RMs are obtained by Thermal Conversion Elemental Analyzer, for which a strong
tendency for atmospheric water absorption on white mica was detected. SIMS analyses of H2 O content in white mica revealed a compositional matrix dependency on FeO
content (wt%). A calibration method is proposed, that takes into account the compositional matrix effect. No crystal orientation effect is detected. The optimal analytical
conditions allow a spot size of ≈ 10 µm for a 0.5 nA primary beam. The expected
analytical uncertainty is in the order of 0.02 to 0.08 wt% H2 O.
- Chapter 6: Metamorphic pressure variation in coherent Alpine nappe challenges lithostatic pressure paradigm.
This Chapter consists of an article under revision in Nature Communications. Coauthors are Lukas Baumgartner, Stefan M. Schmalholz, Guillaume Siron and Torsten
Vennemann.
Here, we present consistent pressure estimates in metagranite and whiteschist from the
Monte Rosa nappe that challenge the lithostatic pressure paradigm. Whiteschist peak
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conditions are evaluated by thermodynamic calculations, leading to peak pressure of
2.2 GPa. Metagranite microstructural observations suggest that jadeite-free plagioclase
pseudomorphs are formed under fluid-present conditions. Independent pressure estimate
in metagranite is obtained by using the silica in phengite barometer, coupled with
H2 O activity evaluation from in-situ H2 O measurement by SIMS in phengite. Results
indicate a maximum pressure of 1.4 GPa in the metagranite, resulting in 0.8 GPa
pressure variation at peak conditions between whiteschist and metagranite. Pressure
variation is explained by heterogeneous stress conditions between rocks of contrasting
viscosities in a specific inclusion - host geometry. This interpretation is validated by a
viscous mechanical model based on continuum mechanics, that predicts the observed
magnitude of pressure variation between a weak inclusion and host matrix of defined
viscosity ratio.
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Abstract
The Monte Rosa nappe represents one of the most internal units in the Alpine nappe stack.
The deciphering of its metamorphic history is crucial in order to constrain the geodynamic
evolution of the Alpine orogeny and to understand the behavior of continental crust involved
in collisional settings. The constant development of geothermobarometic tools has contributed
to the characterization of the metamorphic conditions underwent by the nappe through time.
However, resulting metamorphic peak pressure and temperature conditions vary significantly
from one study to another and a single geodynamic mechanism explaining the entire dataset
cannot be inferred. The first explanation for a various pressure record is related to the
different methodologies used to calculate pressure and temperature in various types of rocks.
The second possibility is that the mineral assemblage did not equilibrate to the metamorphic
conditions due to kinetic reasons and the third possibility is that the stress was heterogeneous
with respect to the different lithologies and lead to a various metamorphic pressures record.
In this review we investigate the three possible scenarios that could lead to such variations
in the pressure record and point out current problems in interpreting petrological data.

2.1. INTRODUCTION
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Introduction

Pressure (P) and temperature (T) are the two key variables for constraining the thermomechanical evolution of tectonic nappes. Calculated P and T represent estimates of the metamorphic conditions that the rock experienced under equilibrium conditions. These estimates
are usually extrapolated to the scale of the entire nappe and the calculated thermodynamic
peak P is classically translated into maximum burial depth, assuming a lithostatic P.
P and T estimates are particularly important to understand tectonic processes that were
involved in the development and exhumation of basement nappes during the Alpine orogeny.
The Monte Rosa nappe represents, together with the Gran Paradiso and Dora Maira, the
internal crystalline massifs of the Penninic domain and were the most distal parts of the
continental basement involved in the Alpine orogeny. The western part of the Monte Rosa
nappe represents a coherent tectonic unit, that has been extensively studied since the early
work of Bearth (1952). However, published peak P and T vary significantly from 1.2 to 2.7
GPa and 500°to 650°C (Figure 2.1, see references therein). This variation in the peak P
introduces a serious problem for the geodynamic interpretation: exhumation of a nappe from
50 km is easily explained by an orogenic wedge model (Allemand and Lardeaux, 1997; Escher
and Beaumont, 1997; Platt, 1986), whereas exhumation from 90 km requires a completely
different exhumation model. Moreover, it has been suggested that the Monte Rosa and
Zermatt-Saas nappes were juxtaposed at the peak P and T conditions and shared a common
exhumation history (Lapen et al., 2007; Skora et al., 2015). This interpretation is a key
element in the Alpine tectonic history, since without the presence of the buoyant Monte Rosa
crustal rocks underneath Zermatt Saas it would be very difficult to exhume the dense mantle
rocks. In this case, the Monte Rosa peak P must be greater than > 2 GPa, or otherwise the
geodynamic interpretations related to the exhumation of Zermatt-Saas must be re-interpreted.
Such large P variations can be explained by three independent scenarios: i) the different
thermobarometric methods and databases used result in different P and T or the assumptions
based on petrographic observations were not consistent with the methods applied; ii) the
various rock types recorded different thermodynamic P due to kinetic effects, as it is often
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suggested when water-undersaturated rocks are involved metamorphic reactions and iii) a
heterogeneous stress produced local stress deviations from lithostatic P, due to the presence
of rocks with very different rheologies. In this chapter we review the available data related to
the Alpine high pressure (HP) metamorphic history of the Monte Rosa nappe and we discuss
the three possible scenarios. Additional petrographic and field observations are presented to
complete the discussion.

2.2

Geological setting

The Monte Rosa nappe belongs to the internal crystalline massifs and consists of a basement fold nappe of the middle Penninic tectonic unit (Figure 2.2). It is stacked between the
Zermatt-Saas and Antrona ophiolitic units. The paleogeographic origin of the internal crys-
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talline massifs was successively attributed to the Adriatic margin (Hunziker et al., 1989; Polino
et al., 1990; Stampfli et al., 1998), the Helvetic domain (Froitzheim, 1997, 2001; Milnes et al.,
1981) and to a more commonly accepted position along the southern tip of the Briançonnais
microcontinent (Ballèvre and Merle, 1993; Ballèvre et al., 1986; Beccaluva et al., 1984; Caby
et al., 1978; Dal Piaz et al., 1972; Elter, 1972; Escher and Beaumont, 1997; Michard et al.,
1996; Dal Piaz, 1974; Trümpy, 1980).
The Monte Rosa nappe consists of a polymetamorphic pre-Alpine basement comprising paragneisses made up of mainly micaceous gneiss. Subordinate rocks include phengitic gneisses,
mafic boudins (Figure 2.3A), carbonates, amphibole gneisses and micaschists (Bearth, 1952).
Relicts of the high grade Variscan event is attested by the presence of small volumes of
cordierite, garnet and sillimanite bearing anatectic migmatites associated with the paragneisses (Bearth, 1952; Dal Piaz, 1971) as well as amphibolite-facies microinclusions in eclogitic
garnets (Ferrando et al., 2002). The paragneisses were intruded by a Permian porphyritic

Figure 2.3: Selection of field pictures representing the main lithologies found within
the Monte Rosa nappe. A Mafic boudin within the polymetamorphic paragneiss, here a
phengite-gneiss; B typical undeformed porphyritic metagranite; C whiteschist outcrop in
the Mezzalama area; D Zoom on a whiteschist samples, from the Vera whiteschist outcrop.
Dark blue minerals are chloritoid, in a matrix of light-greyish white assemblage of talc, white
mica and quartz.
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granite (Figure 2.3B) and granodiorite body successively dated at 310 ± 50 Ma by Rb/Sr
isochron method by (Hunziker, 1970), 260 ± 5 Ma by U/Pb on monazite by Köppel and
Grünenfelder (1975), 310 ± 20 Ma by Rb/Sr isochron by Frey et al. (1976), 269 ± 4 Ma
by SHRIMP U/Pb on zircon by Pawlig (2001). The granite is crosscut by many younger
generations of leucocratic aplites and pegmatites dikes, which propagate into the host rocks.
Whiteschists (Figure 2.3 C and D) are locally exposed as 10 to 50 meters bodies within
the metagranite and consist of talc, chloritoid, phengite, quartz and locally chlorite, kyanite
and/or garnet bearing assemblages (Figure 2.3D). The geochemical composition of the Monte
Rosa whiteschist was attributed to a late magmatic hydrothermal event (Pawlig (2001), see
Ferrando (2012) for a review and references therein) whereas its mineralogy is the HPmetamorphic product of the previously established alteration assemblage of chlorite, sericite and
quartz. The Furgg zone crops out locally between the Monte Rosa basement and surrounding
units and is interpreted as the Permo-Carboniferous and Mezosoic sedimentary cover series
of the Monte Rosa (Luraschi, 2016; Steck et al., 2015). Nevertheless, this interpretation suits
well to the northern part of the nappe, whereas the origin of the southern Furgg zone has been
questioned due to the intense deformation and could be part of the Monte Rosa basement
(Kramer, 2002; Kramer et al., 2003).

The structural position of the nappe results from the accretion of crustal slices during the
SE-directed underthrusting of the Briançonnais micro-plate below the Adriatic plate followed
by fast exhumation and backfolding events (Skora et al., 2015; Hurford et al., 1991). The
high P stage was dated by Lapen et al. (2007) at 42.6 ± 0.6 Ma based on U-Pb on rutile in
quartz - carbonate - white mica - rutile veins in eclogites. Exhumation ages were constrained
between 38 and 32 Ma by Rb - Sr ages on metasediments from Zermatt-Saas and monazite
U-Pb dating on Monte Rosa metapelites (Skora et al., 2015; Engi, 2001). Based on apatite
and zircon fission track ages, Hurford et al. (1991) argue for a tectonically induced differential
uplift of the Monte Rosa, Sesia-Lanzo, Dent-Blanche and Gran Paradiso units during the last
33 Ma. The nappe is separated from the Zermatt-Saas and Antrona ophiolitic units by thrust
contacts. The Stellihorn shearzone represents a major structural feature within the Monte
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Rosa nappe (Bearth, 1952; Steck et al., 2015), associated with the NW-directed thrusting. It
is an Alpine mylonitised zone comprising paragneisses and metagranites.
The metagranite is strongly heterogeneous in a structural point of view. High strain domains
consisting of either two micas gneiss, or deformed porphyritic metagranite, separate zones up
to decametric size of low strain to completely undeformed porphyritic metagranite. The magmatic lineation marked by K-feldspar is sometimes still visible. In these low strain domains,
narrow shear zones localized within a few centimeters occur. Low strain domains, which
did not suffer too much from the Alpine-related deformations and the pervasive greenschistfacies retrogression, are also found within the basement paragneisses. In these regions, the
Variscan HT assemblage is preserved and the Alpine HP mineralogy only occurs sporadically
as pseudomorphs (Dal Piaz, 1971). The NE -SW oriented stretching lineation in the deformed
metagranites is related first to the retrograde top to the NW directed thrusting, which is responsible for the Stellihorn shear zone, and secondly to the Vanzone phase of backfolding
(Steck et al., 2015). High strain greenschist-facies domains are widespread along the contact
with the ophiolitic units.
The polymetamorphic character superimposed on a very heterogeneous deformation degree
through the different lithologies consisting the Monte Rosa nappe resulted in rocks having
registered the complex metamorphic history to various degrees, from the Variscan HT, the
Alpine HP to the Alpine retrograde greenschist facies overprint.

2.3

Assessment of the published estimates of the peak Alpine
metamorphic conditions

In this review we focus on the studies accomplished in the western part of the nappe in order
to avoid any doubt about the tectonic coherency of the study area (Figure 2.2). This area
concerns the upper Ayas and Gressoney valleys in the southwest, the Monte Rosa massif itself
and the Mattmark and Loranco localities. These areas are located on the western side of the
Stellihorn shear zone (Steck et al., 2015), which was interpreted as a structural separation
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between a higher and lower subunit of the Monte Rosa nappe by Wetzel (1972). Therefore,
the studied areas share a common tectonic history and belong to a unique tectonic unit, hence
the studied areas underwent the same conditions during Alpine history. Figure 2.1 gathers
the P-T conditions from the different studies evaluated, on a background displaying the
main metagranite stable assemblages. The pseudosection is calculated using Perplex software
(Connolly, 1990; Connolly and Petrini, 2002) with Holland and Powell (1998) database. Two
major metamorphic reactions occur within the metagranite at increasing P conditions: the
first to take place is the biotite breakdown, followed soon after by the plagioclase breakdown,
responsible for the appearance of jadeite and quartz.

2.3.1

Chopin and Monié, 1984

First preliminary guess of the HP conditions was made after the discovery of eo-Alpine
kyanite-bearing rocks and relic eclogites in the Monte Rosa nappe (Bearth, 1952; Compagnoni
and Lombardo, 1974; Dal Piaz, 1971; Vialon, 1966). However the lack of HP markers in the
granite gneiss (Frey et al., 1976) made the community doubt about the Alpine age of this HP
event.
Chopin and Monié (1984) were the first to quantitatively estimate the Alpine peak metamorphic conditions experienced by the whiteschist (Figure 2.1, F), based on new experimental
data on the stability of the magnesiochloritoid end-member (Chopin, 1983). The sample stemming from the Mezzalama area displays the association of chloritoid, talc, phengite, chlorite,
kyanite and quartz. It defines a univariant assemblage in the system FMASH, arising from
an invariant point in the pure magnesian system (MASH). Two reactions intersect at this
invariant point in the MASH system (reactions 2.1 and 2.2):

Chlorite + Quartz = T alc + Kyanite + H2 O

(2.1)

Chlorite + Kyanite = T alc + Chloritoid

(2.2)
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Reaction 2.1 has been investigated by Massonne et al. (1981) and reaction 2.2 by Chopin and
Schreyer (1983). According to Chopin (1983) and Chopin and Schreyer (1983), the invariant
point is located near 2.0 GPa and 500°C in the pure MASH system. Assuming ideal Fe-Mg
solid solutions, the composition of the observed assemblage is expected at 1.88 GPa and 560°C
for a unit water activity. But given that chloritoid is iron-rich and staurolite has never been
reported elsewhere in the nappe, T would not have exceeded 500°- 550°C (Ganguly, 1972).
Therefore, the author argue that water activity is necessarily less than one and they evaluate
it at 0.6, which was a commonly accepted value in the literature (Chopin and Monié, 1984).
They affirm that a reduced water activity is also supported by the observation of primary
three-phase inclusions containing CO2 and H2 O. With 0.6 as water activity, they finally end
up with a peak P of 1.6 GPa.

Chopin (1984) constrained the peak P and T by using mineral equilibria based on experimentally derived P and T conditions for the stability field of chloritoid (Chopin and Schreyer, 1983;
Chopin, 1985). Experiments were conducted in the pure MASH system and extrapolation
towards the iron end-members were estimated from natural occurrences and chemographic
analyses (Chopin and Schreyer, 1983). The addition of iron in the system results in the stabilization of minerals having Fe-Mg solid solutions at lower P and T than those predicted from
the pure magnesian system. The authors argue for a maximum T of 500°C, due to the absence
of Alpine staurolite in the nappe and the fact that chloritoid is iron-rich. However, Alpine
staurolite has been found since then in the paragneisses of the Mezzalama area (personal
observations) and the influence of iron oxidation state on T remains unknown. Therefore,
the need for a T lower than 500°C is equivocal. The T constrain has a great impact on the
P determination, since a T of max. 500°C implies a water activity lower than 1 in order to
reproduce the observed mineral assemblage. In this study, a water activity of 0.6 is proposed,
based on no serious quantitative data. Therefore, the P estimate in this case is strongly dependent on disputable assumptions, that could lead to peak P varying from several kilobars
depending on the T and water activity chosen.
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Dal Piaz and Lombardo, 1986

Two years later, Dal Piaz and Lombardo (1986) (Figure 2.1, E) carefully selected micaschists
and metabasalts from the upper Gressonney valley. Metabasalts contain the HP mineral assemblage garnet, omphacite, glaucophane, rutile, paragonite, ± quartz, ± zoisite. Micaschist
HP paragenesis is phengite, chloritoid, garnet, kyanite, ± glaucophane. The maximum P
was constrained at 1.4 GPa, based on the absence of jadeite in the Monte Rosa metagranite.
The minimum P was constrained at 0.8-1.0 GPa, using the jadeite and omphacite molar contents of the pyroxene from metabasalts, 49 and 51 mol % respectively. The minimum T was
determined by the paragonite-in reaction (2.3) in metabasalts.

Lawsonite + Albite = P aragonite + Quartz + H2 O

(2.3)

Maximum T is provided by the chloritoid-out reaction (2.4) in metapelites.

Chloritoid + Quartz = Staurolite + Garnet + H2 O

(2.4)

In order to refine the T estimate, they used the garnet-clinopyroxene thermometer from Ellis
and Green (1979), which gives a peak T range between 440°and 530°C.
Ellis and Green (1979) thermometer is based on an experimental calibration of the Fe-Mg
partition coefficient between garnet and clinopyroxene. Experiments were conducted from 2.4
to 3.0 GPa and 750°to 1300°C on basaltic compositions in the CaFMAS system. First of all,
extrapolation towards lower P and T ranges is only qualitative and there is no absolute constrain on the behavior of the exchange coefficient (Kd) at the considered P and T conditions,
since the T - Kd is non linear at the experimental conditions. Moreover, acmite component’s
effect being unknown in this calibration, the authors reported large errors due to variations
in Fe2+ - Fe3+ content. Dal Piaz and Lombardo (1986) constrained the minimum P with the
activity of the jadeite component in omphacite, based on Holland (1983), which is established
based on hydrothermal experiments involving high albite, quartz and synthetic pyroxenes
from the diopside - jadeite binary join, at a fixed T of 600°C. The T range evaluated by
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Dal Piaz and Lombardo (1986) is however lower by approximately 100°C, which hence results
in an overestimation of the peak P.

2.3.3

Borghi et al., 1996

Borghi et al. (1996) (Figure 2.1, A) used a similar approach by selecting micaschists and
metabasalts from the upper Gressonney valley. Micaschist HP paragenesis reported is quartz,
albite, phengite, paragonite, chlorite, garnet, kyanite, chloritoid, glaucophane, rutile and
epidote. Metabasalt mineral paragenesis is omphacite, garnet, phengite, paragonite, epidote,
rutile glaucophane, albite and chlorite. They constrained the peak P using the Si content of
phengite from the micaschist sample, according to the calibration of Massonne and Schreyer
(1987) and the peak T was estimated first by using the garnet-phengite thermometer of
Green and Hellman (1982) on the micaschist sample and was then checked with the garnetclinopyroxene thermometer of Ellis and Green (1979) on the metabasalt sample. The peak
P and T obtained are 1.3 GPa and 546 ± 21°C. Moreover the absence of jadeite in the
metagranite confirms a P lower than 1.4 GPa.
Borghi et al. (1996) used the garnet - phengite thermometer of Green and Hellman (1982),
to cross-check the T obtained with the garnet-clinopyroxene thermometer. This is an experimental determination of Fe-Mg exchange reaction, starting from natural phengite coexisting
with quartz and water at 2.0 - 3.5 GPa and 800-1000°C, for pelitic and basaltic systems.
The author insists on the fact that if Fe3+ in phengite is unknown, calculated T would be
maximum T. Among existing barometers, Borghi et al. (1996) used the composition of phengites after Massonne and Schreyer (1987), who experimentally investigated the Si-content
of phengite coexisting with the buffering assemblage K-feldspar, biotite and quartz, in the
KMASH system, between 350°and 700°C and 1.6 to 2.2 GPa. The authors also evaluated the
role of aH2 O, F, Fe and Na on the composition of the white mica and quantified the effect
of a reduced water activity on the Si content of phengite. Borghi et al. (1996) used the silica
in phengite barometer on a metapelitic assemblage, which is devoided of the buffering assemblage and therefore results in a less reliable, only minimum P estimate. Moreover, Massonne
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and Schreyer (1987) calibration does not take into account iron, that would stabilize phengite
with the same silica content towards higher P (Massonne and Szpurka, 1997). Consequently,
the P estimate from that study is only a minimum estimate, that could be refined.

2.3.4

Keller et al., 2004

Keller et al. (2004) (Figure 2.1, C) studied two metapelite samples from a continuous structural layer progressively involved in a shear zone from the Loranco locality. The sample
studied was collected inside the shear zone and represents the Alpine HP paragenesis coexisting with a partly preserved pre-Alpine mineral assemblage. The timing of the shear
zone is interpreted as coinciding with the Alpine peak pressure event, based on structural
relationships relatively to the different deformation events in this complex area. The HP
paragenesis of the shear zone sample consists of phengite, paragonite, quartz, garnet, plagioclase, kyanite, ilmenite, rutile and tourmaline. XRF measurements were used to determine
the bulk rock chemical composition. All iron was reported as ferric iron. Equilibrium phase
diagrams were calculated in the system KNCFMASH with the DOMINO thermodynamic
software (de Capitani and Brown, 1987). Thermodynamic database of Berman (1988) was
used. Staurolite solution model was adjusted with a regular Margules parameter after Nagel
et al. (2002) based on Holland and Powell (1998) solution model. Chloritoid standard state
enthalpies and entropies of formation were also taken from Nagel et al. (2002) who uses values
in Powell and Holland (1988) database to adjust Berman JUN92 and binary ideal mixing was
set on one mixing site. Garnet solution model is from (Berman, 1990). They also used binary
phlogopite and annite ideal mixing on three mixing sites for biotite, binary clinochlore and
daphnite ideal mixing on four mixing sites for chlorite, feldspar’s solution model of Fuhrman
and Lindsley (1988), phengite solution model of Massonne and Szpurka (1997) with ternary
expansion after Kohler (1960) and muscovite and paragonite solution model from Chatterjee
and Froese (1975). Unit water activity was assumed. The stability field of the HP mineral
assemblage was found at around 650°C and 1.25 GPa. The wet solidus of granite limits the
maximum T (Huang and Wyllie, 1974), as no anatexis was found. The resulting P and T
equilibrium range is graphically determined within a range of 620°- 670°C and 1.2 - 1.35 GPa.
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Neither modal abundances nor phase compositions have been modeled to check that result.
Moreover, feldspar is absent from the modeled stable assemblage in the peak field, while still
reported in the observations (Keller et al. (2004); Table 1). Also, kyanite is reported in the
observed paragenesis but not present in the modeled peak assemblage. The authors argue
that the maximum P is limited by the formation of kyanite after the Al loss of phengite,
and write that kyanite is not observed, however it is reported in the sample description. If
these phases are part of either a pre-Alpine or retrograde assemblage, then it should be clearly
mentioned or at least illustrated in a crystallization sequence scheme. Regarding the chemical
system, iron is reported as 100% Fe3+ in the bulk chemistry, but it is modeled as all Fe2+ .
Finally, the use or the addition of modified and externally derived thermodynamic data in the
Berman database breaks the consistency and therefore staurolite and chloritoid data must be
taken with care. Moreover, the white mica model has been modified and this is not clearly
documented. Consequently, the peak P and T estimates reported in that study are highly
questionable.
We performed a similar calculation, using Berman database JUN92 ((Berman, 1988), 92
update), with the same thermodynamic data as well as solid solutions as Keller et al. (2004).
The same bulk composition of metapelite sample 4 from the centre of the shear zone was used
(see Table 1 in Keller et al. (2004)). Our results are very similar to Keller et al. (2004) (Figure
7a in their paper), except that the peak assemblage field is at slightly lower P (Figure 2.4). In
this field, the modal abundance of the phases corresponds to the observed modal abundance
(Keller et al. (2004); Table 1), except again the absence of feldspar and kyanite. In order to
test the consistency of their results, we calculated the garnet isopleths for the components
pyrope, almandine and grossular in order to check if they are crossing in the right proportions
within the peak assemblage field. The results show that the isopleths corresponding to the
garnet rim (Figure 6d in their paper), interpreted as the HP growth stage during the shear
zone formation, intersect at 625°C and 0.8 GPa and not in the field corresponding to the right
assemblage. This P conditions would rather coincide with an amphibolite facies. A T of 625°C
instead of the previously established 650°C of Keller et al. (2004) is more consistent with the
absence of partial melting, which would be expected at such high T under water saturated
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conditions. Our results indicate first that there is a discrepancy between the modeled peak
assemblage and the reported petrographic observations and also, the composition of the HP
garnet could not be reproduced in the peak field. Hence, the P and T estimates are highly
questionable.
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Figure 2.4: P and T diagram calculated for the metapelite sample 4 in Keller et al. (2004).
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Le Bayon et al., 2006

Le Bayon et al. (2006) (Figure 2.1, D) used the pseudosection approach to evaluate the peak
P and T conditions of formation of whiteschist samples coming from two different areas:
Mezzalama in the upper Ayas valley and Mattmark in the Saas valley. The peak paragenesis
observed is chloritoid, talc, phengite, quartz and talc, kyanite, phengite, quartz respectively.
Within the sample set, two populations can be distinguished: the low-aluminum (low-Al) ones
and the high-aluminum (high-Al) ones. In order to predict the peak metamorphic conditions,
they used the thermodynamic software DOMINO (de Capitani and Brown, 1987) with the
thermodynamic database JUN92 of (Berman, 1988). From this database they changed the
standard state entropy and enthalpy of formation of the end-members Fe- and Mg-chloritoid,
Fe- and Mg-carpholite and daphnite by mathematical optimization, according to known P-T
localisation of several reactions. The heat capacity of the same end-members was estimated
according to Berman and Brown (1985). Their molar volume, thermal expansion and compressibility coefficients were taken from the literature (references therein). Ferro-talc thermodynamic data were taken from Holland and Powell (1990). Garnet solution model is from
Berman (1990) and phengite solution model is from Massonne and Szpurka (1997). They calculated P-T, P-aH2 O, T-aH2 O, P-X and T-X pseudosections, using the average composition
calculated from the two sets of compositions in the system KFMASH. The first average composition represents the high-Al samples and the second represents the low-Al samples. Water
as well as SiO2 excess are assumed. However, the observed natural peak mineral assemblage
is never reproduced in their calculations. The authors explain this result by two possible
reasons: i) the water activity is not equal to 1, ii) the calculated average composition used
as input in the model does not represent natural rocks. To test these two possibilities, they
first considered the effect of a variation in water activity but still in fluid excess conditions.
To do this, they fixed T at 500°C and calculated a aH2 O versus P diagram, and similarly,
fixed T at 500°C and calculated the effect of variable FeO/(FeO + MgO) versus P and XAl
versus P, both models were done using the low-Al average composition. For these fixed P-T
conditions, the peak assemblage chloritoid, talc, phengite and quartz from the upper Ayas
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valley is reproduced with the low-Al composition when using a water activity between 0.59
and 0.66 at 2.4 GPa and 505°± 30°C, but no match with any natural peak assemblage could
be found using the high-Al composition with a water activity of 0.6. The natural assemblage
talc, kyanite, phengite and quartz from Mattmark area was only reproduced when using a
iron-free Mg-rich high-Al composition at 0.6 water activity and P between 1.1 and 2.1 GPa
for a T of 430 - 540°C. They interpreted this assemblage as the retrograde product of the peak
assemblage in which the iron-bearing phases did not participate anymore to the reaction and
therefore change the effective FeO/(FeO + MgO) ratio.
First of all, this study is based on thermodynamic calculations using an averaged input
composition, which results in a non-stoichiometric composition. To the average composition
calculated from XRF measurements, silica was removed (because assumed in excess) and
the rest was re-normalized to 100 wt%. This modification of the bulk composition results
in a dramatically different input composition compared to the initial measured bulk rock
compositions. Moreover, this study relies on thermodynamic calculations performed with a
modified database. In this case, the standard state entropy and enthalpy of formation of
carpholite and chloritoid end-members as well as daphnite were calculated by mathematical
optimization by the authors themselves and the new values were added in the JUN92 database.
The new standard state enthalpies of formation from the elements vary from the initial ones by
358860 J/mol for Mg-carpholite, 3340 J/mol for Mg-chloritoid, 1322 J/mol for Fe-chloritoid.
Fe-carpholite, Fe-talc and daphnite have been added from various sources since they do not
exist in the JUN92 database. Therefore, these changes lead to inconsistencies in the database
and the reason why the observed peak assemblage could not be reproduced by calculations
is ambiguous. Finally, the authors manage to reach the observed low-Al peak assemblage at
water activities of 0.6, however neither carbonate nor halogen-bearing phases are reported in
the study.
In order to test these results, we performed thermodynamic calculations using the internally
consistent Berman database: JUN92, without the modifications reported in Le Bayon et al.
(2006). The input composition used is the bulk rock XRF composition of sample 99MR107
(Le Bayon et al. (2006), Table 1). Talc activity is fixed according to talc composition in
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(Le Bayon et al. (2006), Table 2). Water saturated conditions as well as water activity of 1
are used and all solution models are from Berman, except white mica, which is from Massonne
and Szpurka (1997). The results (Figure 2.5) show that with the use of a internally consistent
database, the observed peak assemblage is reproduced for a T range between 550 and 615°C
and a P range of 2.15 to 2.6 GPa. Finally, peak T is slightly higher in our estimates but
P range is similar. However, the real difference is related to the water activity. Our results
indicate that the peak assemblage is reproduced at a water activity of one, contrary to what
Le Bayon et al. (2006) argue.

2.3.6

Lapen et al., 2007

Lapen et al. (2007) (Figure 2.1, G) calculated the peak T and P on an eclogite boudin
belonging to the southern Furgg zone (Dal Piaz, 1964, 1966; Dal Piaz et al., 2001) in the
upper Gressonney valley. Quartz - carbonate - white mica and rutile veins, associated with
the eclogite boudin were used to date the peak Alpine metamorphism by U/Pb on rutile.
Temperature was determined using the Fe-Mg garnet exchange thermometer of Ravna, E. K.
(2000), which resulted in T ranging from 480 to 570°C. The jadeite content of the pyroxene
after Holland (1983) and Gasparik (1985), indicates a minimum P of 1.3 - 1.4 GPa. These
estimates are in accordance with Ferrando (2002) (Figure 2.1, H), who obtained P between
1.3 and 2.0 GPa and T of 535 - 620°C on other samples from the same locality.
Lapen et al. (2007) used Ravna, E. K. (2000) garnet - clinopyroxene thermometer, which
is based on data regression from both natural Mn-rich garnet - clinopyroxene assemblages
and various experimental Fe-Mg compositions of coexisting garnet and clinopyroxene. In
order to crosscheck their results, Lapen et al. (2007) also used quartz-rutile oxygen isotope
thermometry after Agrinier (1991) and Matthews (1994). The authors used published δ 18 O
fractionation coefficients between quartz, rutile and other minerals to calibrate the quartzrutile thermometer. Results using both methods overlap within error, suggesting that T
estimates are robust. Lapen et al. (2007) constrained the minimum peak P with the activity
of the jadeite component in omphacite, based on Holland (1983), which was established
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based on hydrothermal experiments at 600°C involving high albite, quartz and synthetic
pyroxenes from the diopside - jadeite binary join. Lapen et al. (2007) also used Gasparik
(1985) experimental calibration for P determination, in which the composition of pyroxenes
in the diopside - jadeite join in equilibrium with albite and quartz were measured for P and
T of 1.5-3.4 GPa and 1200°-1350°C. However, Lapen et al. (2007) only mention the minimum
peak P.
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Figure 2.5: P and T diagram calculated for the whiteschist sample 99MR107 in Le Bayon
et al. (2006). The peak paragenesis is obtained at 550 to 615°C and 2.15 to 2.6 GPa (field
highlighted in yellow). The correct peak assemblage is produced at water activity of 1, unlike
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Gasco et al., 2011

Gasco et al. (2011) (Figure 2.1, B) studied an eclogite boudin situated within the Monte
Rosa basement micaschists in the upper Gressonney valley. They used the pseudosection
approach to estimate the peak P conditions, on the peak mineral assemblage of omphacite,
garnet, phengite, lawsonite, rutile and quartz. Lawsonite is not observed, however losangic
patches of zoisite and paragonite are assumed to represent pseudomorphs after lawsonite and
glaucophane as well as barroisite partially replace omphacite. They used Perplex software
(Connolly, 1990; Connolly and Petrini, 2002) with Holland and Powell (1998) database. Phase
diagrams were calculated in the system MnNCKFMASH, using water as well as SiO2 saturated conditions, unit water activity and total iron as ferrous iron. The solid solutions used
were: biotite (Tajčmanová et al., 2009), garnet (White et al., 2007), clinopyroxene (Green
et al., 2015), amphibole (Dale et al., 2005), feldspar (Fuhrman and Lindsley, 1988; Holland
and Powell, 2003), paragonite (Chatterjee and Froese, 1975), phengite-muscovite, chlorite,
chloritoid, staurolite, talc and carpholite (Holland and Powell, 1998, 1996). The bulk rock
composition was adjusted by applying garnet fractionation after the method of Gaidies et al.
(2006). Garnet isopleths intersect at 550-570°C and 2.4 - 2.7 GPa in the field where the
observed stable assemblage is reproduced.
Before discussing the thermodynamic approach, we need to first evaluate the implications
of the petrographic observations, particularly the fact that lawsonite is inferred from the
peak assemblage. Besides the fact that lawsonite has not really been observed, it raises a
question: does that sample truly belong to the Monte Rosa nappe? Lawsonite is a hydrous
mineral containing up to 12 wt% of water. It is therefore more commonly observed in the
Zermatt-Saas eclogites and it is unlikely that mafic rocks from the Monte Rosa basement kept
such a large amount of water after having been dehydrated during the late Variscan high T
event. Re-hydration before the HP Alpine metamorphism is also unlikely, as it would have
erased pre-Alpine mineral paragenesis in the metapelites, which is the case only in the close
contact aureole around the granite. Moreover, lawsonite has never been mentioned in any of
the previously published petrographic studies in the Monte Rosa nappe itself. Therefore, the
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use of such mafic rocks as a P-T tracer for the Monte Rosa nappe is questionable here and
should be more clearly justified. Moreover, there is no evidence of a pre-Alpine paragenesis
in the mafic eclogites, unlike reported in other mafic eclogites from the same area (Ferrando,
2002). The authors estimated the Fe3+ content, based on the structural formula for only
pyroxene and zoisite/clinozoisite and it turned out to represent up to 40% of the total iron
in omphacite and 100% in zoisite/clinozoisite. Ferrous iron was assumed for all other phases.
Using iron as all FeO in the calculations will bias the Fe2+ content of the bulk rock. As most
of the iron-bearing phases also incorporate Mg, it results in a considerable overestimation of
the iron relatively to other components in the calculations. This is susceptible to i) reduce
the stability field of the observed Fe3+ bearing phases, including for example amphibole,
white mica, chlorite and epidote, which represent major constituents in mafic rocks and ii)
shift the Fe/Mg ratio of the calculated phases towards too iron-rich compositions. Such
biased results are actually obtained in Gasco’s first calculations, with the production of a
too iron rich glaucophane relatively to the measured glaucophane composition. To solve this
problem, they constrained the XMg of glaucophane to values > 0.60. This again results in an
overestimation of the bulk iron content and the stabilization of more iron rich compositions
for all other phases than glaucophane, including garnet and phengite. Therefore the addition
of Fe3+ in the bulk composition cannot be neglected in these calculations as it influences too
much the results.
In order to understand the effect of a variation of the iron content in the bulk chemistry, we
tested the consequences of a variation in FeO / Fe2 O3 ratio. We used the Holland and Powell
(2002) database with the solution models indicated in Gasco’s study, as well as the same bulk
composition (GR5, A of Table 3 in his paper) for a mean T of 560°C. Whithin the solution
models considered in these calculations, Fe3+ is included in the following solution models:
biotite Bio(TCC), garnet Gt(WPH), pyroxene Omph(GHP) and amphibole Amph(DPW).
Chlorite, chloritoid, white mica, staurolite and talc models only take Fe2+ into account.
Relatively to the observed peak assemblage, phengite is the only phase that cannot be modeled
with Fe3+ and therefore the Fe2+ /Fe3+ ratio of all other phases is a best approximation. The
results of the calculation are shown in Fig. 2.6. The red field illustrates the composition and
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pressure area at which the peak assemblage has the correct modal abundances and correct
phase compositions, including glaucophane. Note that talc is predicted, as it is also the case
in Gasco et al. (2011), but the authors argue that talc is not observed because it has been
consumed by the retrograde reaction producing amphibole. For an average temperature of
560°C, the corresponding P is 2.3 - 2.4 GPa, with total iron as Fe2+ , and decreases to 2.1
GPa with 20% of the total iron as Fe3+ . This result shows that a variation of the Fe2+ /Fe3+
ratio shifts the peak P to lower values. The presence of some Fe3+ cannot be ruled out since
it has been determined in both omphacite and zoisite. Therefore it has to be included in the
calculations as the peak conditions are strongly changed in the presence of Fe3+ . Contrary
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Figure 2.6: P versus X(Fe3+ ) diagram calculated for the metabasalt GR5 in Gasco et al.
(2011) at 560°C, with SiO2 and H2 O saturated conditions. Omphacite (Omph), phengite
(Pheng) and garnet (GT) are always present. The red field indicates the locations of correct
modal abundance of phases, correct compositions of garnet, amphibole as well as correct
Fe2+ / Fe3+ ratio of omphacite. Mineral abbreviations are: Amph: amphibole, Chl: chlorite,
Ctd: chloritoid, ep: epidote, hem: hematite, law: lawsonite, Mica: white mica, T: talc, zo:
zoisite.

to Gasco’s result, the right phase compositions could be achieved in the calculations with
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the bullk composition, without garnet fractionation, since the compositional variation is not
strong and grains are small. The resulting peak pressure is lower than what they obtain (2.12.4 versus 2.4 - 2.7 GPa respectively). These results illustrate that by changing some input
parameters in thermodynamic calculations, it is possible to obtain different P for the peak
Alpine metamorphism.
The peak P and T estimates for the Monte Rosa nappe discussed here cover more than thirty
years of the evolution of geothermobarometry. The first estimates (Chopin and Monié, 1984;
Dal Piaz and Lombardo, 1986) were carried out before the development of thermodynamic
softwares and databases and even though the petrographic work is of great quality, the pressure estimation seems now outdated. Dal Piaz and Lombardo (1986), Borghi et al. (1996) as
well as Lapen et al. (2007) end up with only minimum estimates, which is not relevant for
discussing peak pressure variations. Le Bayon et al. (2006), Keller et al. (2004) and Gasco
et al. (2011) estimates are difficult to judge because these studies contain many inconsistencies, however Le Bayon et al. (2006) and Gasco et al. (2011) results are certainly not in the
plagioclase stability field and therefore a real pressure variation is recorded in the nappe.
Despite the diversity of tools used as well as lithologies considered in the presented studies,
most of the P and T estimates appear to be reasonable with a certain margin. The assessment
of the methods revealed that often a few tenth of GPa could be added or subtracted, however
it seems impossible to gather all P and T estimates to a single point in the P - T space.

2.3.8

Additional observations

As the absence of jadeite in the Monte Rosa metagranite is not seriously discussed in any of
the mentioned studies, some additional observations about the metagranite petrography will
help to clarify the importance of their Alpine HP imprint. Low strain regions of the Monte
Rosa metagranite have not been strongly affected by the retrogression into greenschist facies
and still display a well-preserved igneous paragenesis of K-feldspar, plagioclase, biotite and
quartz, overprinted by an Alpine HP assemblage consisting of zoisite, albite, phengite, garnet
and titanite. The lack of previous deformation certainly protected these parts of the nappe
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against retrograde mineral reactions. In thin section, igneous biotite partially reacted at HP
only when it is in contact with plagioclase or K-feldspar to form phengite and titanite rims
(Figure 2.7C). Sagenite oriented needles are sometimes found within the remaining igneous
biotite. At the biotite - plagioclase interface, small atoll garnets, < 50 µm, formed in a close
distance around biotite. However, when in contact with quartz, igneous biotite remained
intact (Figure 2.7A). Plagioclase is partially to completely pseudomorphosed by a fine-grained
assemblage of zoisite + albite ± phengite (Figure 2.7 B and D). In these regions, igneous
plagioclase twining is sometimes still visible (Figure 2.7 E and F), indicating that albite
products kept the same crystallographic orientation as the igneous plagioclase, from which
they originate. In the least deformed samples, relics of igneous plagioclase (An20-25) are still
preserved within the pseudomorphs and big igneous quartz grains remained almost intact.
These microstructural relationships suggest very restricted equilibrium domains at the grain
scale. However, jadeite was never observed, even in the best-preserved metagranite samples.
Consequently, it is evident from Figure 2.1 that a single P and T for the peak metamorphic
conditions experienced by the Monte Rosa nappe cannot be inferred.

2.4

Discussion

The authors of the above mentioned studies are attesting that the paragenesis used for peak
conditions determinations represent equilibrated mineral assemblages. Consequently, significant P variations occur within the Monte Rosa nappe (Figure 2.1) and it remains unclear
whether these peak P have a true regional significance. Furthermore, estimations of P > 1.5
GPa would require the appearance of jadeite in the metagranite, which represents a major
constituent of the nappe. Such P differences within a coherent tectonic unit can arise from
three situations as mentioned above, namely: (i) the thermobarometric methods used by the
authors are numerous or not appropriated (ii) portions of the nappe did not equilibrate at
the highest P due to kinetic reasons (iii) heterogeneous stress induced various thermodynamic
pressure records in the rheologically different rocks forming the nappe. Our approach to treat
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Figure 2.7: A Igneous biotite included in quartz, that remained intact during HP metamorphism. B Dark and cloudy plagioclase pseudomorphs, consisting of fine-grained zoisite
in an albite matrix ± white mica. C Igneous biotite included in plagioclase. Reaction rims
around biotite consist of a fine-grained intergrowth of phengite and titanite. Small garnets
are visible around biotite.Here, plagioclase is replaced by albite, epidote and white mica.
D SEM image of zoisite and albite pseudomorphs after plagioclase. White mica is present
in a minor amount. E and F Microphotographs showing the igneous plagioclase twinning
preserved from pseudomorph growth. Dark areas consist of zoisite and albite pseudomorphs,
as viewed in B and D.

this problem is to first, discuss the thermobarometric methods and second, explain in detail
how the scenarios ii) and iii) would remedy the P variation problem.
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Geothermobarometric methods

Careful petrographic observations and establishment of the equilibrium assemblage are the
first steps of any thermobarometric study. That step is crucial, given that it will establish
the basis, or starting assumptions, for the choice of the thermobarometric tools and further
inputs for P and T calculations. Phase relations among polymetamorphic assemblages are
particularly tricky and their analysis can easily lead to wrong interpretations. Textural analyses allow the determination of the equilibrium domain, that can vary by orders of magnitude.
It influences the input whole chemistry as well as the choice of the mineral assemblage involved in the peak P and T reactions. Similarly, minerals used for barometry based on paired
minerals exchange reactions are often zoned, the most common example being garnet. One
has to define which part of the mineral is representative of the peak conditions. Evidences for
chemical re-equilibration during retrograde history are often found as mineral rims and these
partial retrograde reactions are susceptible to erase part of the peak metamorphic signal by
diffusion. Only when assumptions about the size of the equilibrium domain and the minerals
involved in the peak assemblage are made, whole rock and mineral chemistry measurements
can be undertaken. Whole rock compositions are usually obtained by XRF measurements,
but that method does not suit for layered rocks, where equilibrium between different layers is
not always reached. Similarly, polymetamorphic rocks often contain minerals that are relics
of previous metamorphic events, which did not participate to further reactions and must
therefore be removed from the bulk composition considered. Then, geothermometers and
geobarometers rely on data produced by experiments, using various experimental conditions,
e.g. chemical system used, natural or artificial starting materials, P-T range of experiments,
fluid composition, etc. Similarly, thermodynamic data are obtained by various means: experiments, natural assemblages, calorimetry, estimation and data are then usually treated
by linear regression. Among thermobarometric methods, the ones used in the above mentioned studies include mineral equilibria (Chopin and Monié, 1984; Dal Piaz and Lombardo,
1986; Borghi et al., 1996), garnet-clinopyroxene thermometry (Dal Piaz and Lombardo, 1986;
Borghi et al., 1996; Lapen et al., 2007), garnet-phengite thermometry (Borghi et al., 1996),
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Authors

A

Borghi et al., 1996

Peak P [kbar]
13

Method

Si content of phengite from micaschist

B

Gasco et al., 2011

24-27

C

Keller et al., 2004

12-13.5

Domino sotfware, Berman JUN92 database modified

D

Le Bayon et al., 2006

24

Domino sotfware, Berman JUN92 database modified

E

Dal Piaz & Lombardo, 1986

14

albite = jadeite + quartz

F

Chopin & Monié, 1984

16

experimental phase petrology

G

Lapen et al., 2007

H

Ferrando, 2002

>13-14

PerpleX software, HP database (98, 04 upgrade)

omphacite composition after Gasparik (1985)

21

Table 2.1: List of the peak P estimates from the literature with the method used to
constrain the peak P.

jadeite content of pyroxene (Dal Piaz and Lombardo, 1986; Lapen et al., 2007). Summary of
methods and results are listed in Table 2.1.

The above-mentioned thermobarometers are based on individual reactions or mineral equilibria and are mainly derived from experimental data. Another methodology for P and T determination is the thermodynamic calculation approach. Among the public domain softwares,
PerpleX (Connolly, 1990; Connolly and Kerrick, 1987) was used by Gasco et al. (2011) and
Theriak-Domino (de Capitani and Brown, 1987) was used by Keller et al. (2004); Le Bayon
et al. (2006). Both softwares use the Gibbs free energy minimization allowing for calculation
of stable mineral assemblages for a fixed system composition. The different thermodynamic
databases (e.g. Berman (1988); Holland and Powell (1998, 2002))are built based on thermodynamic properties from various sources and major differences remain between the different
databases because different methods are used in the data analysis. Practically, standard state
thermodynamic properties from Berman JUN92 database (Berman, 1988) are only based on
experimental volumetric and calorimetric data and consistently derived with the mathematical programming technique. Holland and Powell hp02ver database (Holland and Powell, 1998,
2002) is based on data from various sources: calorimetry, phase equilibria and natural observations. Enthalpies of formation are then derived consistently by the least square method. It
goes without saying that modifying database entries by copy/pasting data between different
databases breaks the consistency of the database and therefore biases the calculation’s results.
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The differences in the two above-mentioned databases are illustrated by plotting two different
reactions in a P-T diagram (Figure 2.8) for Berman JUN92 database (Berman, 1988), Holland and Powell hpver02 database (Holland and Powell, 1998, 2002) and the corresponding
experimental determinations of equilibria. Figure 2.8 gathers reactions 2.5 and 2.6 :

Albite = Jadeite + Quartz

(2.5)

experimentally determined by Holland (1980), and

Quartz = Coesite

(2.6)

experimentally determined by Mirwald and Massonne (1980); Bohlen and Boettcher (1982);
Bose and Ganguly (1995).
Similarly, Figure 2.9 shows the invariant point in the MASH system (Chopin and Schreyer,
1983; Massonne et al., 1981).
Reactions have been calculated with only pure end-members and therefore represent the
simplest system. The superposition of the reaction curves show significant deviation form
one to another and this represents a problem in this study because most of the reactions
happen in the P-T range of interest concerning the HP metamorphic event in the Monte Rosa
nappe and therefore the choice of the database is crucial.
Due to the different provenance of the data in each database, it is evident that for internal
consistency purposes it is of great importance to avoid to copy-pasting thermodynamic data
in another database than the one for which it has been initially designed. The two datasets
have not only their own end-members formulations, but also the expression of solid solutions
can be different.

2.4.2

Kinetics

Another explanation is that the thermodynamic P recorded by mineral assemblages does not
correspond to the maximum P. This situation may be encountered if kinetic effects interfere

2.4. DISCUSSION

53

30
Cs

Qz

Pressure [kbar]

25

Mirwald and Massonne,1980

20

Jd +

Qz

15
Ab

Jun92

Holland & Powell
Experiments:

Holland, 1980

10

Bose and Ganguly, 1995
Bohlen and Boettcher, 1982
Holland, 1980

5
400

500

600

700

Temperature [C]
Figure 2.8: Comparison between the experimentally determined and modeled P-T conditions for the albite = jadeite + quartz and quartz = coesite reactions. Thermodynamic
databases are JUN92 (Berman, 1988) and Holland and Powell 2002 (Holland and Powell,
1998, 2002). Mineral abbreviations are: Ab = albite ; Jd = jadeite; Qz = quartz;Cs =
coesite.

in the course of metamorphic reactions. Sluggish kinetics has often been put forward to explain the absence of jadeite in ”dry” granites. Similarly, biotite should disappear from the
metagranite stable assemblage at even lower pressure than plagioclase (Figure 2.1), nevertheless primary biotite is still observed in the Monte Rosa metagranite (Figure 2.4, A). Another
example of HP metagranite is the Mucrone metagranite from the Sesia zone, which allow
comparison of textural observations. In that metagranite similar coronitic textures developed
between biotite and feldspars (Bruno et al., 2001) as observed in the Monte Rosa metagranites, but with the difference that jadeite has formed. The fact that jadeite overcame the
kinetic barriers to nucleation and growth in similar metagranites as the Monte Rosa from a
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Figure 2.9: Comparison between the experimentally determined and modeled P-T conditions for the invariant point in the MASH system. Thermodynamic databases are JUN92
(Berman, 1988) and Holland and Powell 2002 (Holland and Powell, 1998, 2002). Mineral
abbreviations are: Car = carpholite; Chl = chlorite; Ky = kyanite; Qz = quartz; Tc = talc;
V = volatiles.

petrological point of view with potentialy comparable water saturation conditions means that
the rate limiting mechanism of diffusion has been sufficiently overcome by the high reaction
affinity imposed by the pressure increase. One could argue that the conditions underwent by
the Monte Rosa metagranite were simply not sufficient to trigger this pseudomorphic reaction,
in which case plagioclase crystals are themselves a chemical source for the nucleation of the
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product jadeite and do not require inward diffusion of any particular element from the matrix.
Specific textural features seen in the Monte Rosa undeformed metagranites (i.e. coronas and
symplectites) show a nucleation-dominated growth typical of dry rocks (Rubie, 1998) where
diffusion along grain boundaries is inhibited by the absence of a fluid phase (Karato, 2008).
Water, or rather hydrous fluids are known to enhance the transport of elements through intergranular diffusion. Diffusion rates for several species have been experimentally measured for
different water contents and it has been shown that diffusion rate increases by several orders of
magnitude between water-absent and water-saturated conditions (Gardés and Heinrich, 2010;
Gardés et al., 2012; Milke et al., 2001, 2009, 2013; Yund, 1997). Quantitative determination of
diffusion rates in natural assemblages corroborates these data. For example, Carlson (2010)
showed a variation of seven orders of magnitude for Al diffusion rates at 600°C from nearly
anhydrous to water-saturated conditions. A consensus proposed by Farver and Yund (1995)
intends to classify hydrous conditions in three categories: water-absent, water-undersaturated
and water-saturated. Only in the last case a free fluid phase is present in the intergranular
medium. Recent experimental studies aimed at quantifying the transition between ”dry” and
”wet” systems by looking at the jump in diffusivity values and this happens at water contents
between 500 and 1000 wt. ppm only (Gardés et al., 2012). Many natural examples illustrate
the problem of water availability during metamorphism and show that the extent of mineralogical reactions depends on the amount of fluid present in the intergranular medium. For
example, Rubie (1998) showed that by varying the water conditions from undersaturated to
water saturated, different intermediate product phases form during the destabilisation of the
plagioclase before its complete breakdown into jadeite and this reaction occurs at P between
0.7 and 1.75 GPa at 600°C, depending on the anorthite content of the initial plagioclase. At
the outcrop scale, the metastable preservation of unreacted portions of nappes or terrains is
explained by too slow reaction rates due to the lack of a free aqueous phase during metamorphism. Similarly, the preservation of eclogite and granulite facies rocks during exhumation or
cooling is attributed to a restricted availability of a free aqueous phase during retrogression.
In the case where a free fluid phase is absent, i.e. under water-undersaturated conditions, the
rate limiting process for consumption of reactant phases and growth of new product phases

56

CHAPTER 2.

is diffusion. Due to the lack of an interconnected fluid phase in these conditions, the reaction rate is often limited to the formation of spatially ordered product phases into parallel
layers attached to the reactant phases (e.g. coronas) or mineral intergrowth textures such as
symplectites. Moreover, the sluggishness of species diffusion leads to the failure to achieve
rock-wide equilibrium and therefore only local equilibrium is reached. This would explain why
biotite is still present at such high P in the metagranite. In fact, biotite can be stable up to
mantle depth when it is in contact with quartz only. Petrographic observations of the undeformed metagranites reveals nicely preserved biotites, when in contact with quartz, whereas
reaction rims of phengite + titanite developed when biotite was in contact with feldspar (2.7
A and C). Locally, garnets forms around reacted biotite. These textural features indicate
disequilibrium textures or rather, restricted equilibrium domains within the metagranite. So
far, only (Dal Piaz and Lombardo, 1986) raised the possible metastability of the Monte Rosa
metagranite among the above-mentioned authors, showing that further detailed studies are
required in order to quantify the water activity in these specific domains, in order to determine
the maximum P more accurately.

The whiteschists case illustrates the opposite situation. Their metasomatic origin is commonly
accepted (see Ferrando (2012)) and therefore they evolved under fluid saturated conditions
during at least the Alpine peak metamorphism. Therefore, the reaction must be complete,
as attested by the sample-wide homogeneous texture displaying large grains, which seems to
have equilibrated over the bulk-rock size. In that case, the peak P can only be calculated with
thermodynamic phase equilibrium software, given that no suitable barometers are calibrated
for that mineral paragenesis and this again leads to variable results as seen in Figure 2.1,
which are obviously not explained by kinetics reasons.
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Heterogeneous stress

An alternative explanation for pressure (P) variations is to consider a dynamic P instead of
a lithostatic P only. The lithostatic P formula states a relationship between P and depth,
commonly used by metamorphic petrologists to infer the burial depth of rocks:

Plitho = ρgz

(2.7)

where ρ is the density of the material, g is the acceleration of gravity and z is the depth.
Recent studies dispute this view by bringing more and more evidences of significant deviations of the thermodynamic P from the lithostatic P (Mancktelow, 2008; Moulas et al.,
2013; Tajčmanová et al., 2014, 2015). Rock deformation as well as large-scale deformation
of the lithosphere, such as bending of the subducting plate, are the simplest evidences that
differential stresses are important. Moreover, differential stresses are essential in order to sustain topography, as for example the Tibetan plateau, nevertheless their magnitude is debated.
Several recent studies pointed out that differential stresses can control metamorphic reactions
(Hirth and Tullis, 1994; Wheeler, 2014) and reported evidence for mechanically maintained
P variations within rocks (Tajčmanová et al., 2015). Stress variations in mechanically heterogeneous rocks have been quantified via numerical models. Moulas et al. (2014); Schmid
and Podladchikov (2003) provided a set of analytical solutions for configurations of circular
and elliptical inclusion within a matrix of different viscosity and demonstrated that firstly, far
field loading by a combination of pure and simple shear triggers significant P perturbation in
and around the inclusion, and secondly, the maximum P perturbation is equal to twice the
far-field stress and occurs both in the case where the inclusion is stronger than the matrix and
vice versa, which is in accordance with the results of Petrini and Podladchikov (2000). Then
Mancktelow (2008) showed that the magnitude of P variations is dependent on the shape and
the orientation of the elliptical inclusion. Based on Schmid and Podladchikov (2003) analytical solution, Moulas et al. (2014) showed that firstly, depending on the orientation of the
elliptical inclusion relatively to the far-field stress, either underpressure or overpressure can
develop, and secondly, that P variations are proportional to the viscosity ratio between the
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inclusion and the matrix. When represented on a Mohr circle, the stress states for materials
with different viscosities are represented by circles with different radii. As the thermodynamic
P corresponds to the mean normal stress via the formula:

Pmech =

(σ1 + σ3 )
2

(2.8)

with σ1 being the largest principal stress and σ3 the smallest principal stress, Pmech corresponds to the center of the Mohr’s circle (mean stress). Therefore, the results of Moulas et al.
(2014) show that a single P cannot be inferred for a configuration whereby far-field stresses
act on an inclusion within a matrix of different viscosity. This is illustrated in a simple sketch
(Figure 2.10) based on Mancktelow (2008) and Moulas et al. (2014) examples, where Mohr
circles are drawn for two different viscosities, in the case for a weak inclusion embedded in a
stronger matrix. Force balance requires that the circles have to touch either σ1 or σ3 , depending if σ1 or σ3 is the main principal stress. In a compressional tectonic setting, σ3 represents
the vertical lithostatic stress and σ1 the horizontal far-field stress. From Figure 2.10, , it is
evident that the P (i.e. the mean stress) recorded for the weak inclusion does not correspond
with the P recorded by the rheologically strong material and deviates significantly from the
lithostatic P. When considering alternative lithostatic stress or horizontal compression as the
main stress, the stress variation is respectively changed by underpressure or overpressure
within the inclusion. A similar setting is encountered in the Monte Rosa in the case of the
whiteschist ellipsoidal bodies included within the granite. Whiteschists consist of mainly
weak hydrous minerals (up to 50 vol.% of talc + white mica) and are significantly weaker
relative to the granite, which is undeformed, is mainly made up of feldspar and quartz and
therefore represents a strong medium. Additional field evidence for a strong granite include
the presence of many aplitic and pegmatitic dikes which are crosscutting the granite body
straight over distances of hundreds of meters and start to deform only when they enter the
surrounding basement’s metasediments. This again shows that there exists a strength contrast between the lithologies. Moreover, the granite rheology is usually estimated by quartz
flow laws, but at a T of 500°to 550°C, quartz should already start to flow. This is not observed
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sketch illustrates how different pressure result from heterogeneous stress conditions between
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in the Monte Rosa, where the most undeformed metagranites still display original magmatic
quartz grains together with large undeformed K-feldspar. Therefore, quartz flow law may not
be appropriate to estimate the granites rheology when extrapolated to geological timescales
and strain. Furthermore, the whiteschist was preserved from any prograde deformation most
likely because it was embedded within the granite. These evidences show again that the
granite is strong enough to hold significant differential stresses and has to be represented as a
circle on the Mohr circle and not as a single point. Two circles on Figure 2.10, corresponding
to the strong and the weak materials, can be replaced by the metagranite and the whiteschist
rheologies respectively. Different thermodynamic P would be obtained for these two bodies,
that would be tectonically induced under heterogeneous stress conditions and therefore the
P recorded by the mineral assemblage would represent local stress deviations from the lithostatic P. The next step would be to quantify the amount of stress that can be held by the
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granite versus the whiteschists. This would allow to quantitatively draw the Mohr circle for
the two lithologies and thus estimate the maximal amount of differential stress that could be
reached in this particular setting.
The Monte Rosa metamorphic history has been thoroughly documented and therefore represents an ideal case for investigating P variations. Nevertheless, other Alpine nappes have
been attributed to significantly different peak P and T, for example, in parts of the other
internal crystalline massifs: the Grand Paradiso nappe (Biino and Pognante, 1989; Brouwer
et al., 2002; Gabudianu Radulescu et al., 2009; Gasco et al., 2010; Le Bayon et al., 2006;
Massonne, 2015, 1989) and the Brossasco-Isasca unit (Castelli et al., 2007; Groppo et al.,
2007; Hermann, 2003; Schertl et al., 1991). These additional examples emphasize the need to
investigate the possible explanations for P differences in order to firstly, reach an agreement
within the scientific community on the maximum depth these units were buried and secondly,
to achieve a better understanding on how and how much crustal rocks are involved in continental collision settings. This has a huge implication on the geodynamic conception of the
post-peak P history of the Monte Rosa and associated Penninic nappes.

2.5

Concluding remarks

Published peak P and T conditions for the Alpine metamorphic history of the Monte Rosa
nappe vary from 1.2 to 2.7 GPa and 490°to 650°C. Such variations within a coherent tectonic unit imply considerably different models in order to explain the tectonic evolution of
the nappe. P and T estimates discussed in this Chapter are based on peak assemblages in
various rock types within the nappe. The evaluation of the methodologies used and the initial
assumptions of each study often revealed inconsistencies. However, a single peak P and T
value cannot be retrieved, which imply that the first hypothesis concerning the explanation of
pressure variations (i. e: methodolody) does not allow to explain the large P range recorded
in the Monte Rosa nappe. New petrographic observations on the Monte Rosa HP metagranite
revealed microstructures such as partial replacement and pseudomorphs, indicating domains
of local equilibrium. Jadeite was not found despite careful observations of the best preserved
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HP metagranites. Moreover, field observation indicate that large portions of the metagranite
remained essentially undeformed during the Alpine history of the nappe, which suggests that
they are much stronger than previously thought and hence could potentially hold large differential stress. Among the three scenarios discussed in this Chapter, some important points
were highlighted:

1. Careful and detailed petrographic observations, including equilibration domain estimations, are the basis of any geothermobarometric investigation. Complete documentation
of these assumptions, as well as justifications, are essential.
2. Thermobarometers are calibrated for specific P-T-chemical compositions and are therefore not suitable for all kind of mineral assemblages. Similarly, mixing of thermodynamic
databases leads to inconsistencies.
3. Recent experimental studies suggest that very few water is needed to”wet” a rock and
the fact that a metamorphic reaction did not occur is not an absolute evidence for
sluggish kinetics.
4. P estimates are mainly based on four lithologies: metagranites, micaschists, whiteschists
and metamafics. These rocks have different mechanical properties and therefore exhibit
different strengths. Such stress variations would induce different P records between
mechanically heterogeneous lithologies without requiring deep burial of the rocks down
to mantle depth.
5. By combining structural, geometrical and petrographic observations from the field we
were able to understand that the metagranite is much stronger than previously thought
and that its mechanical properties should not be excluded in the considerations.
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Ferrando, J., Scambelluri, M., Dal Piaz, G. V., Piccardo, G. B., 2002. The mafic boudins
of the southern Furgg-Zone, Monte Rosa nappe, NW-Italy: From tholeiitic continental
basalts to Alpine eclogites and retrogressed products. 81 Riunione Estiva Soc. Geol. It.,
Torino (abstract).
Ferrando, S., 2012. Mg-metasomatism of metagranitoids from the Alps: Genesis and possible
tectonic scenarios. Terra Nova 24 (6), 423–436.
Frey, M., Hunziker, J. C., O’Neil, J. R., Schwander, H. W., 1976. Equilibrium-disequilibrium
relations in the Monte Rosa Granite, Western Alps: Petrological, Rb-Sr and stable isotope
data. Contributions to Mineralogy and Petrology 55 (2), 147–179.
Froitzheim, N., 1997. Mesozoic paleogeography and Alpine tectonics along transects in eastern and western Switzerland-Consequences of the origin of the Monte Rosa nappe. 3rd
Workshop on Alpine Geol. Studies. Quad. Geodin. Alpina Quatern 4, 53–54.

BIBLIOGRAPHY

67

Froitzheim, N., 2001. Origin of the Monte Rosa nappe in the Pennine Alps—A new working
hypothesis. Geological Society of America Bulletin 113 (5), 604–614.
Fuhrman, M. L., Lindsley, D. H., 1988. Ternary-feldspar modeling and thermometry. American Mineralogist 73 (3-4), 201–215.
Gabudianu Radulescu, I., Rubatto, D., Gregory, C., Compagnoni, R., 2009. The age of HP
metamorphism in the Gran Paradiso Massif, Western Alps: A petrological and geochronological study of “silvery micaschists”. Lithos 110 (1-4), 95–108.
Gaidies, F., Abart, R., De Capitani, C., Schuster, R., Connolly, J. a. D., Reusser, E., 2006.
Characterization of polymetamorphism in the Austroalpine basement east of the Tauern
Window using garnet isopleth thermobarometry. Journal of Metamorphic Geology 24 (6),
451–475.
Ganguly, J., 1972. Staurolite Stability and Related Parageneses: Theory, Experiments, and
Applications. Journal of Petrology 13 (2), 335–365.
Gardés, E., Heinrich, W., 2010. Growth of multilayered polycrystalline reaction rims in the
MgO–SiO2 system, part II: Modelling. Contributions to Mineralogy and Petrology 162 (1),
37–49.
Gardés, E., Wunder, B., Marquardt, K., Heinrich, W., 2012. The effect of water on intergranular mass transport: New insights from diffusion-controlled reaction rims in the MgO–SiO2
system. Contributions to Mineralogy and Petrology 164 (1), 1–16.
Gasco, I., Borghi, A., Gattiglio, M., 2010. Metamorphic evolution of the Gran Paradiso Massif: A case study of an eclogitic metagabbro and a polymetamorphic glaucophane–garnet
micaschist. Lithos 115 (1–4), 101–120.
Gasco, I., Borghi, A., Gattiglio, M., 2011. P–T Alpine metamorphic evolution of the Monte
Rosa nappe along the Piedmont Zone boundary (Gressoney Valley, NW Italy). Lithos
127 (1–2), 336–353.

68

CHAPTER 2.

Gasparik, T., 1985. Experimentally determined compositions of diopside-jadeite pyroxene
in equilibrium with albite and quartz at 1200–1350◦ C and 15–34 kbar. Geochimica et
Cosmochimica Acta 49 (3), 865–870.
Green, E., Holland, T., Powell, R., 2015. An order-disorder model for omphacitic pyroxenes
in the system jadeite-diopsidehedenbergite- acmite, with applications to eclogitic rocks.
American Mineralogist 92 (7), 1181–1189.
Green, T. H., Hellman, P. L., 1982. Fe-Mg partitioning between coexisting garnet and phengite
at high pressure, and comments on a garnet-phengite geothermometer. Lithos 15 (4), 253–
266.
Groppo, C., Lombardo, B., Castelli, D., Compagnoni, R., Feb. 2007. Exhumation History
of the UHPM Brossasco-Isasca Unit, Dora-Maira Massif, as Inferred from a PhengiteAmphibole Eclogite. International Geology Review 49 (2), 142–168.
Hermann, J., Oct. 2003. Experimental evidence for diamond-facies metamorphism in the
Dora-Maira massif. Lithos 70 (3–4), 163–182.
Hirth, G., Tullis, J., Jun. 1994. The brittle-plastic transition in experimentally deformed
quartz aggregates. Journal of Geophysical Research: Solid Earth 99 (B6), 11731–11747.
Holland, T., Powell, R., 1996. Thermodynamics of order-disorder in minerals: I. Symmetric
formalism applied to minerals of fixed composition. American Mineralogist 81 (11-12),
1413–1424.
Holland, T., Powell, R., 2003. Activity–composition relations for phases in petrological calculations: An asymmetric multicomponent formulation. Contributions to Mineralogy and
Petrology 145 (4), 492–501.
Holland, T. J. B., 1980. The reaction albite = jadeite+quartz determined experimentally in
the range 600-1200 degrees C. American Mineralogist 65 (1-2), 129–134.

BIBLIOGRAPHY

69

Holland, T. J. B., 1983. The experimental determination of activities in disordered and shortrange ordered jadeitic pyroxenes. Contributions to Mineralogy and Petrology 82 (2-3),
214–220.
Holland, T. J. B., Powell, R., 1990. An enlarged and updated internally consistent thermodynamic dataset with uncertainties and correlations:

The system

K2 O–Na2 O–CaO–MgO–MnO–FeO–Fe2 O3 –Al2 O3 –TiO2 –SiO2 –C–H2 –O2 . Journal of Metamorphic Geology 8 (1), 89–124.
Holland, T. J. B., Powell, R., 1998. An internally consistent thermodynamic data set for
phases of petrological interest. Journal of Metamorphic Geology 16 (3), 309–343.
Holland, T. J. B., Powell, R., 2002. Thermodynamic database.
Huang, W. L., Wyllie, P. J., 1974. Melting relations of muscovite with quartz and sanidine
in the K2 O-Al2 2O3 -SiO2 -H2 O system to 30 kilobars and an outline of paragonite melting
relations. American Journal of Science 274 (4), 378–395.
Hunziker, J. C., Desmons, J., Martinotti, G., Jan. 1989. Alpine thermal evolution in the
central and the western Alps. Geological Society, London, Special Publications 45 (1),
353–367.
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Abstract
Well-exposed whiteschists from the Monte Rosa nappe have been investigated by field observations, petrographic, geochemical and isotopic studies, in order to constrain the origin of
the metasomatic fluid and the timing at which the alteration operated. Whiteschists occur
as ellipsoidal-shaped decametric size bodies consisting of chloritoid, talc, phengite and quartz
± garnet or kyanite. They are found either within Permian metagranite or at the boundary between the metagranite and the country rock paragneisses. The transition zone from
the whiteschist to the metagranite is gradual and marked by sharp mineralogical boundaries
defining several concentric zones, that are unrelated to any foliation and hence pre-date Alpine
deformation. The absence of any planar structure (i.e: fault or shear zone) in contact with the
whiteschist suggests a pervasive fluid infiltration driven by reaction fingering. The presence
of igneous quartz grains in the transition zone confirms a granite protolith for the whiteschist.
Bulk rock geochemistry performed on several whiteschists and metagranites indicate a relative enrichment in MgO and H2 O and a depletion of Na2 O, Cao, Ba, Sr, Pb and Zn in the
whiteschist relatively to the metagranite. This K-saturated fluid is hence not compatible with
previous interpretations of ultramafic-derived fluids at the origin of the metasomatism. Combined with large variations in δD and δ 18 O, the bulk composition of whiteschist compared
to metagranite indicates large fluid fluxes during metasomatism. Calculated δD and δ 18 O
isotopic compositions of fluids in equilibrium with the whiteschist demonstrate a magmatichydrothermal fluid source. δ 13 C and δ 18 O on carbonates from the transition zone are also
compatible with a juvenile source, confirming a late magmatic hydrothermal alteration of
the granite after its emplacement in the shallow crust. Bulk rock

87 Sr/86 Sr

isotope ratios in

whiteschists confirm a pre-Alpine age of fluid infiltration and indicate a closed-system subsequent evolution during Alpine metamorphism. Consequently, we propose that the granite
was locally affected by late magmatic hydrothermal alteration, which resulted in the present
whiteschist chemistry. Then, the entire nappe underwent high pressure metamorphism during
Alpine orogeny and the currently observed mineralogy of the whiteschist was produced under
closed-system metamorphism.

3.1. INTRODUCTION
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Introduction

Whiteschist have first been defined as talc and kyanite schists by Schreyer (1973) after the
discovery of a number of occurrences of this special Mg-Al-rich paragenesis in various geological settings over the world (Schreyer, 1974). They are most commonly found in continental
units that underwent medium to high pressure metamorphism and depending on the grade,
various Mg-Al silicates are reported (Schreyer and Seifert, 1969). The rarity of these rocks,
as well as their specific chemistry, largely comprised in the (KF)MASH system, has attracted
the curiosity of petrologists, since there was no simple explanation for the origin of their
unusual composition. Whiteschist chemical composition can hardly be derived from known
usual bulk compositions making up common rocks. Therefore, numerous speculations about
the origin of whiteschist have been proposed, that still constitutes a matter of debate.
In the Western Alps, whiteschists are especially common in the three Internal Crystalline Massifs: Monte Rosa, Gran Paradiso and Dora Maira. For instance, Bearth (1952) initially interpreted the whiteschists from the Monte Rosa, in the Western Alps, as products of the metasomatic alteration of granites, which was also later supported by Dal Piaz (1971); Dal Piaz and
Lombardo (1986). Alternatively, a protolith consisting of meta-evaporites or Mg-rich pelites
has been proposed (Chopin, 1981; Schreyer, 1977). These assumptions were later generalized to rocks of metasedimentary or metavolcanic origin in crustal domains (Chopin, 1984;
Schertl et al., 1991). However, later, the discrete and isolated character of the whiteschist
occurrences within the Dora Maira orthogneisses led Chopin and coworkers (1991) to favor
Bearth (1952) interpretation, that whiteschist could be the result of the metamorphism of
a protolith consisting of a pre- or early Alpine hydrothermal alteration of the granite. This
interpretation was reinforced by the fact that such hydrothermal alteration would produce a
chlorite-muscovite-quartz schist, which represents the low-grade equivalent of the high pressure whiteschist. Later, the metasomatic origin of the Dora Maira whiteschist protolith was
also supported by Compagnoni and Hirajima (1992) and followed by Compagnoni and Hirajima (2001) and Gebauer et al. (1997). Based on a stable isotope study, Sharp et al. (1993)
proposed a metasomatic fluid originating from the dehydration of altered oceanic crust at
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great depth during Alpine orogeny, which would have reached the overlying crustal units.
Also agreeing on the metasomatism of a granite protolith hypothesis, Pawlig and Baumgartner (2001) showed that the metasomatism of the Monte Rosa whiteschists is related to late
stage magmatic hydrothermal fluids. Although different possibilities among the above listed
hypothesis can be expected as potential genesis scenario in the various contexts of whiteschist
occurrences over the world, the whiteschist found in the Internal Crystalline Massifs of the
Western Alps have many characteristics in common, which could suggest that they originate
from a unique genesis, as proposed by Ferrando (2012).

The present study aims at determining the nature and timing of the metasomatic alteration
and will focus on one particular location in the southwestern edge of Monte Rosa nappe,
where three whiteschist outcrop have been identified (Bearth, 1952; Darbellay, 2005; Pawlig
and Baumgartner, 2001). They occur as 10 to 50 metre large bodies within the metagranite
for two of them and one is located at the contact between the metagranite and the surrounding
basement paragneisses. The latter was affected to a larger extent by late greenschist-facies
retrograde overprint and will therefore not be the centre of attention of this study. The
two whiteschists outcropping within the metagranite have been mostly preserved from late
retrograde overprint and therefore maintained their Alpine peak metamorphic paragenesis.

Excellent outcropping conditions allow an optimal observation of the structural and petrographic features observed along the granite to whiteschist transition and will be described in
detail in the first part of the study. Field and petrographic observations will be completed by
a whole rock chemical and stable isotope study, in order to track the fluid source responsible
for the metasomatic alteration leading to the whiteschist formation. A second fluid event,
related to post-peak partial retrogression of the whiteschist will be discussed. Finally, Rubidium - Strontium whole rock data will complement the field study in order to confirm the
timing of the fluid event.

3.2. GEOLOGICAL SETTING
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Geological setting

The Monte Rosa nappe is a basement fold nappe belonging to the middle Penninic unit of the
Western Alps (Bearth, 1952). It forms a huge backfold, structurally wrapped around by the
ultramafic and mafic eclogite-facies rocks from the Zermatt-Saas unit above and the Antrona
unit below (Steck et al., 2015). The Monte Rosa nappe is part of the Internal Crystalline
massifs, together with the Grand Paradiso and Dora Maira. From a paleogeographic point of
view, the Monte Rosa nappe represents the southernmost tip of the Briançonnais microcontinent, that belongs to the European continental margin (Dal Piaz et al., 2001; Steck et al.,
2015). It is therefore the piece of European crustal material involved the deepest into the
Alpine orogeny and due to the excellent outcropping conditions, it represents an optimal case
study for subducted continental crust.

The nappe is made up of pre-Alpine polymetamorphic paragneisses (Figure 3.1), locally containing small volumes of amphibolite boudins and carbonate layers (Bearth, 1952; Dal Piaz,
1971), that underwent amphibolite facies regional metamorphism during Variscan orogeny at
conditions of 0.5-0.7 GPa and 600°C (Ferrando et al., 2002). This basement was intruded
by Permian age granite to granodiorite bodies (Pawlig, 2001) and associated pegmatite and
aplite dikes. Locally, whiteschist bodies are found within the granite or at the border between
the granite and the surrounding paragneisses. Chopin and Monié (1984) were the first to investigate the Alpine peak metamorphism of the Monte Rosa nappe, based on combined phase
petrology and experimental data on a whiteschist sample from the Upper Ayas valley. They
ended up with a temperature of 500°C and pressure of 1.6 GPa. Later, Le Bayon et al. (2006)
performed thermodynamic calculations on similar whiteschists from the Mattmark area, that
lead to peak conditions of 2.4 GPa and 500°C. The age of the Alpine peak metamorphism
was constrained by U-Pb on rutile at 42.6 ± 0.6 Ma (Lapen et al., 2007) and followed by
a greenschist-facies retrogression dated at 41 to 38.5 Ma by Rb/Sr on metasediments from
the Schistes Lustrés (Skora et al., 2015). The exhumation of the Monte Rosa nappe through
extrusion and backfolding is related to major deformation structures that heterogeneously
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Figure 3.1: Simplified tectonic and geological map of the Monte Rosa nappe (modified
after Steck et al. (2015). The study area is oulined by the black square and whiteschist
outcrops are marked by red stars.

overprinted both the Alpine peak metamorphism in the metagranite and polymetamorphic
history of the paragneiss basement.

3.3

Analytical methods

Fresh samples were crushed using a hydraulic press and powdered in a tungsten carbide
mill. Powders were first dried in the oven at 110°C and calcined at 1050°C for three hours.
LOI was calculated by weight difference before and after calcination. Calcined powders were
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mixed with Li2 B4 O7 and melted to produce glass pelets. Major elements were determined
by XRF, using a PANalytical Axios-mAX spectrometer at Lausanne University, Switzerland.
Ferrous iron was determined by colorimetric method in Lausanne University, Switzerland on
a PerkinElmer Lambda 25 spectrophotometer.

Broken glass pelets were used for trace element determination by LA-ICP-MS. A NewWave
UP-193 ArF ablation system, combined with a Element XR were used in Lausanne University,
Switzerland. NIST SRM 612 was used as standard and Al2 O3 XRF compositions served as
internal standard.

Bulk oxygen isotopes ratios were measured on powders using the CO2 laser fluorination
technique (Lacroix and Vennemann, 2015) coupled with a Thermo Finnigan MAT 253 gas
source mass spectrometer, in Lausanne University, Switzerland. Powders were loaded into
Pt holders and dried in the oven at 110°C for 12 hours. In-house UNIL quartz was used as
standard.

Six samples from the Mezzalama whiteschist containing carbonates have been selected for
δ 13 C and δ 18 O measurement. Samples correspond to one carbonates vein (14MR12) and five
samples with matrix carbonate. Carbonate crystals in sample 14MR12 were micro drilled
and bulk rock powders were used for all other samples.

87 Sr/86 Sr

isotope ratios were measured on bulk rock powders at the Department of Miner-

alogy in Geneva University, Switzerland, after the method described in detail in Béguelin
et al. (2015), using a Thermo Neptune PLUSmulticollector ICP-MS.
contents measured by LA-ICP-MS have been used to calculate
abundance of

87 Rb:

87 Sr/86 Sr

87 Rb/86 Sr

and Rb, Sr

ratios, using the

0.278346, the atomic mass of Rb: 85.46776, the mass of Sr: 87.6148999,

the 86 Sr/88 Sr ratio of 0.1194 and the 84 Sr/88 Sr ratio of 0.006756. Strontium evolution diagram
was calculated using lambda of 1.404E-11.
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Field observations and petrography

The study area is located in the Upper Ayas Valley, in Valle d’Aosta, Italy (Figure 3.1).
Here, the hinge of the Monte Rosa backfold crops out and is surrounded by the two flanks
of the overlying Zermatt-Saas serpentinite and metabasic rocks. In this area, the western
extent of the paragneissic basement is restricted and strongly affected by the late deformation
related to greenschist-facies metamorphism (Darbellay, 2005; Steck et al., 2015) and the
proximity to the thrust contact between the Monte Rosa nappe and the Zermatt-Saas unit.
The paragneisses in the NW of the Mezzalama refuge record a strong foliation related to the
Alpine deformation. The intensity of deformation is decreasing from the thrust contact on the
NW towards the SE. The intrusive contact on the NW of the Mezzalama refuge is affected by
the deformation, as shown by aplite and pegmatite dikes in the paragneiss that are parallelized
to the main foliation. On the other side, the SE intrusive contact (well visible along the
Perazzisptz ridge) is well preserved. Hence there is a gradient in deformation intensity from
the NW to the SE in the studied area. The metagranite appears as large regions of mostly
undeformed to slightly foliated metagranite, separated by high strain anastomosed ductile
shear zones in the metagranite (see Appendix 1 for details). The undeformed metagranite
is a K-feldspar porphyritic biotite metagranite, locally containing granodiorite enclaves or
paragneiss xenolithes. The magmatic lineation of the K-feldspar is sometimes still visible in
the least deformed parts. Numerous straight tourmaline-bearing pegmatite and aplite dikes
crosscut the metagranite and are deflected in the surrounding paragneissic basement, parallel
to the main schistosity. The three whiteschist outcrops are described in detail in the following
sections and labeled on Figure 3.2:

3.4.1

Mezzalama whiteschist

The Mezzalama whiteschist is located to the North of the Mezzalam refuge (624991/084967).
It was previously unknown, since it became only recently visible due to the retreat of the
Vera glacier. It is outcropping as an ellipsoidal-shaped body of 40 over 20 meters, elongated
in the SW - NE direction. There is no major shear zone or fault associated with this body
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Figure 3.2: Geological map of the study area, displaying the main lithologies described
in this Chapter. MR = Monte Rosa. Simplified and adapted after Darbellay (2005). The
three whiteschist outcrops are labeled by arrows.

(Figure 3.3 A and B). In this area, the whiteschist to metagranite visible transition occurs
over approximately two to six meters and we define this zone as the transition zone in this
study. The deformation in this area is mostly visible as a NW dipping schistosity (Darbellay,
2005). It is consistent with the main foliation of the area, related to the nappe formation and
back-folding (Steck et al., 2015). A greenschist-facies metamorphic overprint is related to this
deformation. The week foliation is visible in the porphyritic metagranite at the contact with
the whiteschist as well as in the transition zone between the whiteschist and metagranite.
However, the centre of the whiteschist remained largely unaffected by any deformation. The
orientation of the whiteschist to metagranite transition zone is almost vertical on the NW
and NE side of the whiteschist, dips steeply towards SW in the SW side and dips towards
the SE in the SE side of the whiteschist. The visible NW oriented foliation is unrelated to
the whiteschist - metagranite transition since it is crosscutting it. Therefore, the whiteschist
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Figure 3.3: A: Picture of the Mezzalama whiteschist outcrop. The view is oriented towards
East. A person stands for the scale. B: Spatial delimitation of the whiteschist, the transition
zone and the host metagranite, outlined by black lines. Pegmatite and aplite dykes (dashed
lines) crosscutting the metagranite are also turned into whiteschist. Their outline is still
noticeable in the whiteschist. A red square shows the location of Figure 3.3 C. C: Detailed
view of the transition zone between the whiteschist (zone A) and porphyritic metagranite
(zone D). The picture is oriented NW - SE and corresponds to the red square in B. Zone A
consists of whiteschist, zone B is marked by the appearance of plagioclase and disappearance
of talc and chloritoid, zone C is marked by the appearance of calcite, ± biotite and garnet,
and disappearance of chlorite and zone D represents the porphyritic metagranite with the
disappearance of calcite. The width of the transition zone is variable (2 to 6 meters). Details
of the mineralogy can be found in Table 3.1. D: 3D sketch illustrating the geometry of the
whiteschist body in Mezzalama area. The outcropping shape is a 2D ellipsoid elongated in
the NE - SW direction and no shear zone are associated to it, implying in a 3D tube-like
shape. The red line shows the relative position of the samples collected along the profile from
the Mezzalama whiteschist towards the Contact whiteschist. The passive markers illustrate
the gradient in deformation intensity, decreasing from the NW to SE. Mineral abbreviations
are: bi: biotite, cc: calcite, chl: chlorite, ctd: chloritoid, gt: garnet, Kfs: K-feldspar, plg:
plagioclase, qz: quartz, tlc: talc, wm: white mica.

formation pre-dates any Alpine deformation recorded in the area. The fact that the central
part of the whiteschist remained undeformed during prograde to peak Alpine metamorphism
suggests that the crystallization of the peak pressure mineral assemblage in the whiteschist
occurred under static conditions, at the expense of an undeformed protolith. Moreover, the
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observation that the whiteschist is not related to any shear zone or fault, combined with the
fact that the protolith of the whiteschist was not deformed before high pressure metamorphism
suggest that the initial shape of the whiteschist protolith was not a planar structure, but rather
a tube-like structure in 3D.
The transition between the whiteschist and the metagranite is gradual on the field but characterized by sharp mineral boundaries. Interestingly, quartz texture changes abruptly in the
transition zone: quartz in the porphyritic metagranite is standing out as sharp milky-white
granular pluri-millimetre to centimetre size aggregates, that suddenly turn into diffuse light
greyish patches and blend in the transition zone and in the whiteschist (Figure 3.4 A and
B). This allows to visually track the geometry of the whitechist - metagranite transition. It
can be rather straight (Figure 3.4A) or lobate (Figure 3.4B). Pegmatite and aplite dikes that
crosscut the metagranite - whiteschist transition are also turned into whiteschist in a as sharp
way as quartz does (Figure 3.4A) but their outline is sometimes still visible (Figure 3.4 A and
B). This observation excludes a xenolith origin of the whiteschist and confirms the hypothesis
that the metagranite is the protolith of the whiteschist.
The whiteschist to metagranite transition is separated into 4 different zones (Table 3.1): zone
A represents the whiteschist itself, zones B and C represent the transition zone and zone D
is the porphyritic metagranite (Figure 3.3C). These zones define rather sharp mineralogical
boundaries across the transition zone, according to the chemical change related to the metasomatism. The centre of the whiteschist outcrop (zone A, centre) consists of an assemblage
of chloritoid, phengite, talc, quartz ± chlorite, defining the peak Alpine paragenesis (Figure
3.5A). Fine-grained kyanite and chlorite sometimes appear as retrograde products in a minor amount (< 5 vol %), replacing chloritoid. Accessory minerals are: zircon, tourmaline,
monazite, florencite, allanite, apatite, rutile, pyrite and iron oxide. The outer part of the
whiteschist body is called zone A, external. It becomes more and more retrogressed. By this,
we mean that the peak Alpine metamorphic assemblage is partially to completely transformed
into a late greenschist-facies assemblage. In this part, the amount of retrograde minerals increases gradually towards the transition zone. Chlorite and white mica pseudomorphose
chloritoid (Figure 3.5B), chlorite flakes replace talc and white mica, as well as chlorite, are
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Figure 3.4: Pictures of the transition between zone B and C. A: sharp boundary marked
by milky-white igneous quartz grains form the granite protolith remaining in zone C, that
are turned into greyish-white in zone B. Two dikes crosscutting the granite have also been
turned into whiteschist. B: Lobate transition, showing irregular geometry of the transition
between zones B and C.

found in the matrix, together with quartz. The subdivision of the zone A into two sub-zones
arises from the necessity to separate the well-preserved high pressure paragenesis in the centre of the whiteschist outcrop from the greenschist-facies retrogressed rim of the whiteschist.
The transition between the whiteschist external part and the zone B is marked by the total disappearance of chloritoid, even ghosts are not visible anymore, and the appearance of
plagioclase neoblasts, leading to an assemblage of chlorite, phengite, quartz and plagioclase
(Figure 3.5C). Zone C marks the disappearance of chlorite and appearance of carbonates: in
this case calcite. Calcite can be seen as matrix calcite or as distinct crystals (Figure 3.5D, E)
or veins. The mineral assemblage characteristic of zone C is phengite, quartz, plagioclase and
calcite, ± biotite and garnet. Only K-feldspar is lacking in this zone and appears a few tens
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Minerals vol%

Zone A,
centre
whiteschist

Zone A,
external
whiteschist

10 - 25
10 - 25
0-5
20 - 30
10 - 40

0 - 10
30 - 50
20 - 50
10 - 40

Talc
Chloritoid
Mg-chlorite
Plagioclase
Carbonate
Biotite
Garnet
K-feldsapr
Phengite
Quartz
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Zone B

Zone C

Zone D

plagioclase
zone
30 - 50
10 - 20
20 - 50
10 - 40

carbonate
zone
10 - 20
10 - 20
0 - 20
0 - 20
20 - 30
10 - 30

porphyritic
metagranite
30
15
1
30
4
20

Table 3.1: Mineral mode (in vol%), estimated from petrographic observations on several
samples for each zone constituting the whiteschist - granite transition in the Mezzalama
area (see Figure 3.3C for zone delimitation). The sequence of the columns from left to right
represent the correct order of appearance of each zone on the field. The variability of the
reported volume estimates here is due to the natural variability between the samples. Note
that quartz change from grayish-white to milky-white at the boundary between Zone B and
C (Figure 3.4).

of centimetres to few metres away from zone C, in the proper porphyritic metagranite of zone
D. The porphyritic metagranite preserved its igneous mineralogy of K-feldspar, plagioclase,
biotite and quartz (Figure 3.5F). Metamorphic minerals are phengite, small garnets and a
fine-grained assemblage of zoisite/clinozoisite, albite ± white mica pseudomorphosing igneous
plagioclase. A second small ellipsoidal body of around one metre square size is found next to
the main whiteschist described above and shares the same characteristics, except the absence
of zone C.

Overall, structural and petrographic observations on the Mezzalama whiteschist confirm the
granite nature of the whiteschist protolith and reveal the tube-like geometry of the whiteschist
body. Mineralogical zonation as observed at the whiteschist to metagranite transition is
typical for static alteration front. Consequently, the granite was locally altered by pervasive
fluid infiltration, most probably by reaction fingering along 3D sub-vertical tubes, prior to
Alpine metamorphism.
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Figure 3.5: Thin section pictures illustrating the main petrographic characteristics of the
different rock types found along the transition zone from the whiteschist to the metagranite.
Most of the rocks belonging to the Mezzalama whiteschist are undeformed or have been
slightly deformed during a post-peak deformation event. A: Zone A, centre (whiteschist
centre); ctd, tlc, wm, chl and qz mark the well-preserved high pressure paragenesis (sample
14MR7). Note that some samples do not contain chl. B: Zone A, external (whiteschist,
external part); ctd and tlc are partially to completely pseudomorphically replaced by finegrained retrograde greenschist facies chl and wm. Previous ctd and tlc are still identifiable as
ghost crystals. Chl is becoming more abundant in samples towards the whiteschist exterior
C: zone B; plagioclase porphyroblasts embed chl, wm and qz. Ctd and tlc ghosts are
not present anymore. D: zone C, cc and qz vein, with small amount of wm; E: zone C,
metagranite with interstitial matrix cc, greenschist-facies plg, wm, qz, gt and bi; F: zone D,
mostly undeformed porphyritic metagranite containing igneous Kfs, plg (pseudomorphosed
by a fine-grained aggregate of zoisite, albite and white mica), bi, qz and fine-grained gt.
Mineral abbreviations are: bi: biotite, cc: calcite, chl: chlorite, ctd: chloritoid, gt: garnet,
Kfs: K-feldspar, plg: plagioclase, qz: quartz, tlc: talc, wm: white mica.
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Vera whiteschist

The second main whiteschist outcrop is located South-East of the Mezzalama refuge, on the
left bank of the Piccolo Ghiacciaro di Vera, close to the lake (625150/ 084184). It was first
described by Dal Piaz (1971) and studied in detail by Pawlig and Baumgartner (2001). This
whiteschist is associated with a late top to the SW dipping shear zone, that goes through
the upper whiteschist - metagranite transition and imposed a strong foliation in the external
part of the whiteschist. The deformation event related to this shear zone is associated with
a greenschist facies overprint, confirming the late activity of that shear zone and the top to
the SW dipping sense of shear is coherent with the backfolding (Pawlig and Baumgartner,
2001). The whiteschist body is approximately 40 metres wide and elongated along the NW-SE
direction as an ellipsoid. The overall whiteschist body is slightly deformed by a schistosity that
crosscuts the whiteschist - metagranite transition, however in some parts, blobs of whiteschist
remained locally undeformed, indicating that the deformation is post peak, as it is also the
case for the Mezzalama whiteschist. The peak assemblage consists of chloritoid, talc, phengite
and quartz, and the deformed retrogressed whiteschist is similar as the zone A, external, in the
Mezzalama whiteschist. Zircon, monazite, allanite, tourmaline, rutile and pyrite are found as
accessory minerals. In the centre of the whiteschist body, a carbonate vein containing sulfides
is found, surrounded by a layer of garnet-rich whiteschist.

3.4.3

Contact whiteschist

The third whiteschist occurrence in the area is located at the boundary between the metagranite and the surrounding polymetamorphic paragneiss on the NW of the Mezzalama refuge
(624934/085013). Due to intense deformation, the whiteschist exhibits a completely recrystallized and foliated greenschist facies assemblage of chlorite, white mica and quartz and shares
the same characteristics as the zone A, external, in the Mezzalama whiteschists.
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Porphyritic
metagranites
14MR51*

SiO2

TiO2

Al2 O3

Fe2 O3

FeO

MnO

MgO

CaO

Na2 O

K2 O

P2 O5

H2 O

Somme

71,99

0,43

13,77

1,08

1,59

0,05

0,75

1,62

2,81

4,36

0,19

1,18

99,81

15MR31*

70,63

0,48

14,38

1,38

1,56

0,05

0,85

1,75

3,04

4,4

0,2

1,09

99,8

15MR38*
15MR39*

70,83
70,3

0,48
0,55

14,24
14,44

1,25
1,79

1,61
1,57

0,05
0,07

0,85
0,99

1,69
1,93

2,95
3,12

4,57
3,74

0,2
0,22

1,08
1,23

99,79
99,95

average
1SD

70,93
0,74

0,49
0,05

14,21
0,31

1,38
0,3

1,58
0,02

0,05
0,01

0,86
0,1

1,75
0,13

2,98
0,13

4,27
0,36

0,2
0,01

1,15
0,07

99,84
0,08

Whiteschist,
A centre
15MR30*
15MR29*
14MR8*

SiO2

TiO2

Al2 O3

Fe2 O3

FeO

MnO

MgO

CaO

Na2 O

K2 O

P2 O5

H2 O

Somme

62,38
63,62
62,39

0,47
0,52
0,09

17,13
16,94
18,81

2,39
2,3
1,52

1,62
1,25
1,2

0,04
0,03
0,03

8,24
7,56
5,86

0,22
0,06
0,45

0,15
0,18
0,27

3,02
3,36
4,47

0,18
0,07
0,35

4,4
4,33
4,47

100,24
100,2
99,89

14MR66*

62,66

0,48

16,17

1,84

1,62

0,04

7,5

0,88

0,34

3,1

0,66

4,64

99,94

14MR7*
14MR14*
14MR67*
14MR68*

65
64,62
66,13
68,99

0,58
0,46
0,43
0,59

15,3
15,42
15,85
14,09

1,21
0,62
1,75
1,24

1,48
2,68
1,29
1,16

0,03
0,03
0,02
0,01

7,28
7,59
6,51
5,87

0,84
0,19
0,17
0,27

0,2
0,26
0,44
0,52

3,12
3,11
3,07
2,81

0,65
0,14
0,13
0,19

4,86
4,7
4,34
3,94

100,54
99,82
100,13
99,69

average

64,47

0,45

16,21

1,61

1,54

0,03

7,05

0,38

0,29

3,26

0,3

4,46

100,05

2,27

0,16

1,43

0,59

0,5

0,01

0,87

0,31

0,13

0,51

0,23

0,28

0,27

K2 O

P2 O5

H2 O

Somme

0,21
0,23
0,3

3,75
5,12
3,88

99,85
99,9
99,91

1SD
Whiteschist,
A external
14MR16A
14MR16B
14MR16C

SiO2

TiO2

Al2 O3

Fe2 O3

FeO

MnO

MgO

CaO

Na2 O

67,7
59,52
63,55

0,4
0,68
0,13

15,27
17,69
18,94

0,94
1,25
0,64

1,45
2,19
1,32

0,02
0,04
0,02

5,31
8,13
4,42

0,33
0,38
0,41

0,27
0,29
0,35

4,2
4,39
5,95

14MR17

65,98

0,42

15,94

0,56

2,05

0,03

5,64

0,33

0,27

4,47

0,2

3,94

99,83

average
1SD

64,19
3,55

0,41
0,22

16,96
1,67

0,85
0,31

1,75
0,43

0,03
0,01

5,88
1,59

0,36
0,04

0,29
0,04

4,75
0,8

0,23
0,04

4,17
0,64

99,87
0,04

Zone B

SiO2

TiO2

Al2 O3

Fe2 O3

FeO

MnO

MgO

CaO

Na2 O

K2 O

P2 O5

H2 O

Somme

14MR18*

65,48

14MR19A
14MR19B

63,76
69,65

0,53
0,3
0,47

15,8
16,53
13,55

0,78
0,89
0,68

2,07
2,23
1,66

0,04
0,04
0,03

5,54
6,15
4,73

0,37
0,37
0,53

2,12
2,24
2,16

3,56
3,66
3,48

0,19
0,14
0,24

3,37
3,56
2,59

99,84
99,88
99,77

66,3
3,03

0,43
0,12

15,29
1,56

0,78
0,11

1,99
0,29

0,04
0,01

5,48
0,71

0,42
0,1

2,18
0,06

3,57
0,09

0,19
0,05

3,17
0,52

99,83
0,05

average
1SD

Table 3.2: Whole rock XRF major element compositions of the metagranites, whiteschists
(internal part), whiteschist (external part) and rocks from the zone B of the transition zone,
all from the Mezzalama area, used for the Isocon calculation in Figure 3.5 and Figure 3.6.
Fe2 O3 and FeO have been obtained by colorimetric method. Samples with an * were used
for H2 O determination by TC/EA.

3.5

Whole rock geochemistry and stable isotopes

Following on the interpretation that whiteschists originate from the metasomatic alteration
of the granite, whole rock compositions as well as bulk isotopic compositions of whiteschist,
metagranites and rocks from the transition zone were investigated in order to track the compositional characteristics of the fluid and the spatial extent of alteration. In order to estimate
the chemical variations due to the alteration of the granite protolith, the ISOCON method
was used (Grant, 1986) combined with the least squares approach of Baumgartner and Olsen
(1995). The concentration of the elements in the unaltered rock are plotted versus the concentration of elements in the altered equivalent (Figure 3.6). Note that error bars are in log
scale as well and therefore may be asymmetric or smaller than the marker size. The line
defining the ISOCON passes through all immobile elements, i.e: elements that we assume do
not change in mass during alteration. 4 porphyritic metagranites, 8 whiteschists from zone
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A centre, 4 whiteschists from zone A external and 3 samples from zone B were selected, all
from the Mezzalama area, for bulk rock major and trace element measurements (Tables 3.2
and 3.3).
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9,3

14MR66

27,63

6

23,7

17,57

26,43

27,48

12,19

10,9
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17,89

13,81

14,88

13,6

Mo
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64,33

55,8

61,56

73,51

83,56

83,75

16,64
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Nd
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2,65
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1,93
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7,84
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6,61
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Eu

0,32

1,02

0,76
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1,12

1,36

1,17

0,41

1,12

1,32

Eu

0,06

0,89

0,9

0,95

0,9

0,81

Gd

1,36

5,05

3,91

4,78

5,11

6,59

6,49

2,47

5,58

5,46

Gd

0,51

5,74

6,19

6

5,77

5,02

Tb

0,17

0,71

0,56

0,64

0,73

0,89

0,88

0,39

0,82

0,74

Tb

0,08

0,8

0,87

0,85

0,8

0,69

Dy

0,94

4,15

3,33

3,85

4,24

5,01

4,99

2,45

5,2

4,16

Dy

0,58

4,94

5,52

5,17

4,92

4,16

Ho

0,18

0,75

0,62

0,69

0,76

0,92

0,88

0,42

0,98

0,77

Ho

0,13

0,92

1,04

1

0,9

0,76

Er

0,51

2,06

1,71

1,91

2,04

2,43

2,43

1,14

2,78

2,04

Er

0,39

2,52

2,95

2,7

2,42

2,03

Tm

0,08

0,3

0,24

0,27

0,29

0,36

0,37

0,16

0,42

0,3

Tm

0,07

0,36

0,43

0,41

0,33

0,28

Yb

0,57

2,08

1,67

1,93

2,02

2,53

2,57

1,04

2,84

2,01

Yb

0,38

2,39

2,84

2,53

2,25

1,95

Table 3.3: Whole rock LA-ICPMS trace element compositions of the metagranites,
whiteschists (internal part), whiteschist (external part) and rocks from the zone B of the
transition zone, all from the Mezzalama area, used for the Isocon calculation in Figure 3.5
and Figure 3.6.
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Among the 83 possible combinations of immobile elements proposed by the software, we
chose a combination of geochemically most reasonable immobile elements, including SiO2 ,
FeO, Fe2 O3 , K2 O, TiO2 and P2 O5 as major elements and V, Ni, Y, Zr, Nb, Mo, La, Ce Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Th and U as immobile minor elements. The
slope defined by the immobile elements is an indicator of the mass change through equation
(3.1):
y = log(M A /M 0 ) + log(Ci )

(3.1)

MA and M0 are the masses of one volume unit of the altered rock and the protolith respectively
and Ci is the concentration of each element i in the altered rock. For values of MA /M0 < 1,
mass is gained and conversely, for values of MA /M0 > 1, mass is loss.

Our results show a significant enrichment in MgO and H2 O in the whiteschist and depletion
of Na2 O, Cao, Cu, Pb, Zn, Sr and Ba. K2 O and SiO2 remained immobile (Figure 3.6 A and
B). The slope given by log(MA /M0 ) is 0.8993, which indicates a mass gain during alteration,
corresponding to 11.20 %. Our results are in line with the previous ISOCON study on the
Vera whiteschist from Pawlig and Baumgartner (2001), who found a mass gain of 17± 6
% for the granite to whiteschist alteration. Their study revealed the same tendency, with
MgO and H2 O enrichment and CaO, Na2 O depletion as well as immobile K2 O and SiO2 .
Hence, the two whiteschist outcrops were altered by fluids of identical nature. The relative
enrichment in MgO and depletion in CaO and Na2 O indicate that the fluid responsible for the
metasomatic alteration of the granite was oversaturated in MgO, leading to MgO enrichment
and it was undersaturated in CaO and Na2 O, resulting in the leaching of these elements from
the granite. As neither K2 O nor SiO2 are enriched or depleted in the whiteschist relatively
to the metagranite, the fluid was saturated in these elements. A similar ISOCON plot was
made for whiteschists belonging to zone A external and result in a similar chemical trend,
except for Fe2 O3 that is leached from the granite protolith in that case (Figure 3.6C). This
reflects a similar fluid responsible for the chemistry of zone A external, however, a change
in oxidation state of the fluid relatively to the whiteschists of zone A centre, is shown. A
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Figure 3.6: A: Isocon diagram showing the averaged porphyritic metagranite composition
versus the averaged whiteschist composition, taken in the centre of the whiteschist (Zone
A, centre). Here, Mezzalama whiteschist are used. ISOCON is calculated for major and
trace elements but they are displayed separately in two figures for clarity. Compositions
are in wt% for major elements. The equation of the ISOCON slope is mentioned and the
mass gain of 11.20% corresponds to the mass change. B: Result of the same calculation for
trace elements, in ppm. C: ISOCON diagram for major elements of the granite protolith
versus the external part of the whiteschist (Zone A, external). The mass change is -13.31%.
Note that all scales are logarithmic, as well as error bars. Error bars represent the standard
deviation of the mean on the n analyses considered for both the granite and whiteschist
(1SD). In both whiteschists (centre and external), MgO and H2 O are enriched, Cao and
Na2 O are leached and SiO2 and K2 O are immobile. This implies a fluid oversaturated in
MgO, undersaturated in CaO and Na2 O and saturated in SiO2 and K2 O.

depletion in Fe3+ relatively to Fe2+ from zone A centre towards zone A external in this case
reflects the oxidation of the fluid towards the exterior of the alteration front.
ISOCON plots were made for rocks from zone B (Figure 3.7). These rocks have been affected
by a later recrystallization under greenschist facies conditions. In order to understand if
these rocks are retrogressed whiteschist or result from a post-peak fluid driven alteration of

3.5. WHOLE ROCK GEOCHEMISTRY AND STABLE ISOTOPES

102

A

102

B

SiO2

95

SiO2

Al2O3
MgO
H2O

10

0

FeO

Na2O

Fe2O3

TiO2

CaO

P2O5

10-1

Na2O

10

y = 0.7629 x - 6E-05
∆V(MA/M0)= 31.09%

10-1

100

101

Porphyritic metagranite [wt %]

102

FeO

K 2O

MgO
H 2O

0
Fe2O3

CaO
TiO2
P2O5

10-1
MnO

10-2
10-2

Al2O3

101
K 2O

Zone B [wt %]

Zone B [wt %]

10

1

y = 1.0268 x - 5E-05

MnO

10-2
10-2

∆V(MA/M0)= -2.61%
10-1

100

Whiteschist [wt %]

101

102

Figure 3.7: Isocon diagram showing the averaged porphyritic metagranite composition
(A) and Mezzalama whiteschist composition (B) versus the averaged composition of zone
B. Compositions are in wt% for major elements. Note that the scale is logarithmic, as well
as error bars. Error bars represent the standard deviation of the mean on the n analyses
considered for both the granite and whiteschist (1SD). The alteration producing the zone B
shows similar characteristics as for the whiteschist (Figure 3.6 A and C), except for Na2 O
that is enriched relatively to the whiteschist (B), which explains the presence of plagioclase
in zone B.

the metagranite, we compared the composition of the zone B with the metagranite (Figure
3.7A) and whiteschist (Figure 3.7B). The results show that rocks from zone B are closer in
composition to the whiteschist(Figure 3.6A) as they share the same chemical characteristics
with an enrichment in MgO and H2 O and depletion in CaO as well as Fe2 O3 . However, Na2 O
is immobile in this case, as attested by the presence of plagioclase in the paragenesis. The
similarity with the whiteschist from zone A indicates that zone B results from the alteration
of the granite by the same fluid, still oxidizing, however the latter got saturated in Na2 O
when reaching zone B in the alteration front. Therefore, the greenschist-facies retrogression
is not related to a external fluid infiltration.
Whole rock composition of 25 samples collected on a profile from the Mezzalama whiteschist
to the porphyritic metagranite and the Contact whiteschist were measured (Table 3.4). The
profile is represented in Figure 3.3D by the red line. Major oxides chosen for comparison are
MgO, H2 O, Na2 O and CaO, as they are the most mobile major elements during alteration.
A plot of these oxides versus distance from the Mezzalama whiteschist (Figure 3.8A) shows
that the enrichment and depletion in major elements is progressive rather than sharp over the
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Figure 3.8: A Whole rock composition of samples along a profile from the Mezzalama
whiteschist towards the NW, up to the Contact whiteschist at the boundary with the paragneisses (red line on Figure 3.3D). Compositions are in Table 3.4. CaO, Na2 O, MgO and H2 O
content (wt%) are displayed versus distance. The change in concentration is these oxydes
is progressive across the whiteschist to porphyritic metagranite transition. B δD and δ 18 O
versus distance (Table 3.5). C δD versus δ 18 O for the same samples as B showing two distinct isotopic signatures, with high δD and low δ 18 O for whiteschists and low δD and high
δ 18 O for metagranites. Whiteschists from both locations show identical isotopic and major
element compositions, suggesting that they originate from the same metasomatic process.
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Zone B

1,10

63,76

0,30

16,53

0,89

2,23

0,04

6,15

0,37

2,24

3,66

0,14

3,56

99,88

14MR19H

Zone B

1,12

69,65

0,47

13,55

0,68

1,66

0,03

4,73

0,53

2,16

3,48

0,24

2,59

99,77

14MR42H*

Zone B

1,72

71,77

0,55

14,63

0,90

0,48

0,02

1,90

0,81

0,47

5,43

0,20

2,41

99,59

14MR43

Zone C

3,17

71,26

0,49

14,14

1,26

1,51

0,07

0,94

1,07

3,00

3,87

0,18

2,02

99,79

14MR44.2

Zone C

4,97

70,35

0,48

14,53

1,20

1,69

0,08

0,98

1,36

2,35

4,53

0,18

2,19

99,92

14MR45*

Zone C

6,67

70,74

0,44

14,57

1,21

1,54

0,07

0,89

1,18

3,30

4,14

0,19

1,49

99,77

14MR46

Zone D

9,97

70,09

0,43

14,67

0,73

2,02

0,08

0,92

1,39

3,18

4,56

0,21

1,58

99,85

14MR47

Zone D

15,07

71,18

0,41

14,33

0,98

1,58

0,06

0,80

1,34

3,15

4,72

0,20

1,22

99,98

14MR48

Zone D

23,77

68,99

0,48

15,18

1,32

1,68

0,07

0,89

1,58

3,41

4,77

0,20

1,24

99,80

14MR49

Zone D

32,37

73,16

0,35

13,42

0,52

1,59

0,05

0,75

1,18

2,94

4,52

0,16

1,31

99,95

14MR50*

Zone D

40,77

69,17

0,48

15,06

1,16

1,81

0,07

0,92

1,53

3,27

4,83

0,19

1,23

99,71

14MR51*

Zone D

47,77

71,99

0,43

13,77

1,08

1,59

0,05

0,75

1,62

2,81

4,36

0,19

1,18

99,81

14MR52

Zone D

53,02

70,78

0,47

14,32

0,93

1,91

0,05

0,82

1,69

2,87

4,46

0,19

1,40

99,88

14MR53

Zone D

58,47

70,35

0,49

14,48

1,30

1,74

0,06

0,87

1,81

3,11

4,11

0,20

1,43

99,95

14MR54.2

Zone D

60,59

69,91

0,44

14,93

1,04

1,72

0,07

0,79

1,49

3,34

4,58

0,22

1,36

99,86

14MR55

transition

64,89

72,44

0,33

13,69

0,84

1,63

0,03

2,90

0,48

1,37

3,37

0,19

2,65

99,92

14MR56*

WS boundary

65,89

66,01

0,18

16,31

0,83

1,99

0,03

5,02

0,33

0,50

4,34

0,18

4,03

99,76

14MR64*

WS boundary

66,00

64,31

0,47

16,25

0,91

2,67

0,03

6,37

0,28

0,41

3,43

0,21

4,60

99,95

Table 3.4: Whole rock XRF compositions of samples along the profile starting at the
Mezzalama whiteschist towards paragneisses in the NW direction (red line on Fig. 2D).
Fe2 O3 and FeO were determined by calorimetric method. Samples with an * were used
for H2 O determination by TC/EA. For others, H2 O corresponds to the LOI calculated by
weight difference after calcination.

transition zone. This tendency is consistent with a progressive change in fluid composition
through the alteration front rather than a sharp boundary. The progressive chemical variation
reflects an equilibration of the fluid front with the granite on the external part of the alteration
front due to changing fluid/rock ratios and evolving fluid chemistry.

δ 18 O and δD have been measured on nine samples from this profile (Table 3.5). A distance
versus δ 18 O (left vertical scale) and δD (right vertical scale) plot shows the spatial variation in
isotopic composition. Whiteschists in both extremity (Mezzalama and Contact) have similar
δ 18 O and δD compositions, indicating a similar fluid as metasomatic agent. The samples in the
transition zone show a more or less gradual increase in δ 18 O and decrease in δD with distance
which is consistent with the previous interpretation that fluid progressively equilibrates with
the metagranite. The large vatiation in δ 18 O and δD suggests large fluid/rock ratio in the
central part of the whiteschist body.
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Consequently, geochemical investigations allow to emphasize some of the metasomatic fluid
characteristics: i) the fluid was saturated in K2 O and SiO2 , undersaturated in Na2 O and
CaO that were dissolved from the granite and it was oversaturated in MgO, leading to MgO
deposition. ii) The chemical zonation across the transition zone is progressive, however change
in oxidation state as well as in fluid saturation rate resulted in a differential leaching of
chemical elements, leading to sharp mineralogical boundaries, iii) A unique fluid is responsible
for the chemical zonation across the transition zone, hence subsequent recrystallization during
Alpine metamorphism operated under closed-system conditions.

3.6

Carbonates stable isotopes

Carbonate veins are found in both the Mezzalama whiteschist and the Vera whiteschist. in
the Mezzalama area, they appear in zone B of the transition zone, either as veins or as matrix
carbonate. The carbonate variety is calcite in all cases.
δ 13 C (‰, VPDB) and δ 18 O (‰, VSMOW) isotopic compositions have been measured on
six samples of carbonate veins and carbonate-bearing whiteschists from the Mezzalama area
(Table 3.6). Results are displayed in Figure 3.9 with 5 samples from the Vera whiteschist

Sample
14MR14
14MR15
14MR18
14MR44
14MR45
14MR50
14MR51
14MR56
14MR64

type
Zone A,
internal
Zone A,
external
Zone B
Zone C
Zone C
Zone D
Zone D
Contact
whiteschist
Contact
whiteschist

distance from
WS (m)

D VSMOW
18O
(‰)
VSMOW (‰)

0,20

-50,48

8,84

0,30

-53,68

9,20

0,90
2,70
6,67
40,77
47,77

-55,96
-66,12
-72,76
-74,65

10,35
11,40
11,47
11,53

65,89

-55,39

8,87

66,00

-50,50

8,31

Table 3.5: Whole rock δD and δ 18 O (in ‰) of samples along the transition from the
whiteschist to porphyritic metagranite towards the Contact whiteschist at the boundary
with the paragneiss (red line on Fig. 2D).
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Figure 3.9: δ 13 C and δ 18 O isotopic compositions of carbonates from Zone C in Mezzalama
area (data in Table 3.6), indicating an igneous carbon source for both whiteschist outcrops.
Data for the Vera outcrop come from Pawlig (2001). Data for isotopic values of sedimentary
carbonates and igneous carbonates are from Valley et al. (1986) and Hoefs (1987).

(Pawlig and Baumgartner, 2001) for comparison. Mezzalama carbonates range from -7.56 to
-6.70 ‰in δ 13 C and from 9.34 ‰to 10.81 ‰in δ 18 O. Carbonates from the shear zone range
from -9.81 to -9.60 ‰in δ 13 C and 9.61 to 10.14 ‰in δ 18 O. Carbonates from the Mezzalama
whiteschist have slightly higher δ 13 C than the Vera whiteschist, for comparable δ 18 O. A plot
of these isotopic compositions in a δ 13 C versus δ 18 O diagram suggests that C and O are of
magmatic origin.

3.7

Radiogenic isotopes

Several metagranite and whiteschist from the Mezzalama area have been selected for Sr
isotopes analyses. Whiteschist are from zone A (Table 3.1) and metagranites come from
various parts of the study area and mostly consist of undeformed metagranite. As shown
by Figure 3.6B, Strontium was one of the most mobile elements during metasomatism of the
granite. Rubidium was also affected by metasomatism, but in a less pronounced way than
Strontium. Depending on the Rb and Sr contents in the whiteschist altered protolith, the
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13

Sample
14MR12
14MR10
14MR11
14MR43
14MR44
14MR45

C VPDB
(‰)

O
VSMOW (‰)

-6,53
-7,00
-6,68
-6,70
-6,93
-7,56
-9,60
-9,68
-9,68
-9,70
-9,81

99SL124-1•
99SL124-2•
99SL124-3•
•
99SL144-1
•
99SL144-2

18

10,81
9,88
9,34
10,27
10,58
10,28
10,14
9,48
9,63
9,82
9,61

Table 3.6: Carbonate bulk δ 13 C and δ 18 O (in ‰) compositions of samples from zone
C of the Mezzalama whiteschist transition zone and from the carbonate vein of the Vera
whiteschist (data from Pawlig, 2001; marked with • ).

isotopic ratios of

87 Rb/86 Sr

and

87 Sr/86 Sr

are going to evolve independently from the one of

the unaffected surrounding granite. The rather large error bars on Sr in Figure 3.6B also
indicate that whiteschists have various Sr contents, which influences the resulting isotopic
ratios through time.
87 Sr/86 Sr

isotopic ratio, in combination with Rb and Sr (ppm) contents were used to calculate

87 Rb/86 Sr
87 Sr/86 Sr

ratios (Table 3.7; details in analytical methods) and plotted in a

87 Rb/86 Sr

versus

diagram (Figure 3.10). Data from the Mezzalama whiteschists were compared with

data from the Vera whiteschists (Pawlig, 2001). Metagranites from the Mezzalama area as well
as Vera area have similar and homogeneous 87 Rb/86 Sr and 87 Sr/86 Sr isotopic ratios, reflecting
the igneous evolution of a rather homogeneous metagranite in that area. The isotopic ratios of
the granite gneiss of the shear zone area range from granitic values towards whiteschist values
and whiteschists from both areas have a similar

87 Rb/86 Sr

whiteschists from the Mezzalama area show globally lower
the shear zone, for similar

87 Rb/86 Sr

compositional range, however

87 Sr/86 Sr

than whiteschists from

compositions. The large range in both

87 Rb/86 Sr

and
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Sample
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87

86

86

Sr (ppm)

98SL133
99SL125

248
183

124
116

5,802402
4,575723

0,122217
0,096379

0,735778
0,733153

0,000016
0,000011

99SL159

225

110

5,934429

0,124998

0,736145

0,000011

99SL115
99SL118

226
200

15
84

43,96935
6,911287

0,926135
0,145574

0,79626
0,741217

0,000062
0,00003

99SL119

177

20

25,7923

0,543268

0,782354

0,00003

99SL127
99SL128
99SL153

289
174
188

20
69
55

42,04978
7,32751
9,925469

0,885703
0,154341
0,209062

0,766935
0,751803
0,744705

0,000018
0,000773
0,000014

Whiteschist*
98SL132
99SL110
99SL120
99SL121
99SL140
99SL149
99SL152

200
235
191
205
197
92
183

11
18
19
14
8
16
12

53,15938
38,11048
29,3348
42,80366
72,05005
16,75503
44,54521

1,119706
0,802728
0,617884
0,901582
1,517604
0,352914
0,938264

0,815501
0,79902
0,795559
0,813419
0,823008
0,780706
0,80572

0,000086
0,000013
0,000024
0,000005
0,000101
0,000009
0,000015

Porphyritic
metagranite
15MR51
15MR31
15MR39
15MR38

206,9
203,7
215,6
228,5

121
109,8
103,2
108,4

4,95995217
5,38081367
6,06025966
6,11555653

1,794018
3,039819
1,636704
1,587514

0,73399745
0,73298035
0,73446482
0,73580744

0,000002
0,000002
0,000002
0,000002

Whiteschist
14MR67
14MR68
14MR8
14MR66
15MR29
14MR14
14MR7
15MR30

124,3
118
181,8
136,8
138
129,2
135,5
123,8

15,8
22,2
9
18,9
5,8
7,7
14,5
5,9

22,8892826
15,4511976
58,9728309
21,0563781
69,4615782
48,9381685
27,1774139
61,2235288

0,547083
1,795132
1,425061
1,189496
0,61131
0,155242
0,582409
0,382099

0,76509383
0,75598453
0,80024292
0,76370308
0,80007542
0,79016148
0,76080339
0,79428612

0,000005
0,000003
0,000007
0,000003
0,000015
0,000011
0,000004
0,000009

Rb/ Sr

1SD

87

Rb (ppm)

Sr/ Sr

1SD

Granite*

Granitic Gneiss*

Table 3.7: Whole rock 87 Sr/86 Sr, Rb (ppm) and Sr (ppm) compositions and calculated
Rb/86 Sr for several whiteschist, granite gneiss and porphyritic metagranite. Data with
the ∗ are from Pawlig (2001) and concern the Vera outcrop. Others are from the Mezzalama
area. Nomenclature of Pawlig (2001) was kept for her samples in order to stay consistent.
87
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granite gneiss
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This study
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Figure 3.10: 87 Rb/86 Sr and 87 Sr/86 Sr isotopes on whiteschists (filled symbols) and metagranites (empty symbols) from the Mezzalama (this study) and Vera (Pawlig, 2001) outcrops.
Error bars are 1SD, the ones that are not represented on the graph are smaller than the
size of the symbol. Error bars on metagranites have not been displayed to keep the graph
readable, but they are in the same order of magnitude as those of the granite gneiss.

87 Sr/86 Sr

in all whiteschists reflects the initial heterogeneity in Rb and Sr resulting from

metasomatism, and depending on their Rb content, the radiogenic decay resulted in more
or less radiogenic Sr. However, the relationship between granite and whiteschist datasets for
each area is not linear and therefore reflects an evolution characterized by at least one isotopic
perturbation.

3.8

Discussion

Two hypotheses are currently debated on the age and nature of the metasomatic fluids responsible for whiteschist formation in the Western Alps (Ferrando, 2012). On one side, fluids derived from Alpine high-pressure serpentinite dehydration reaction have been proposed,
mostly based on oxygen isotopes data and on the Mg-rich nature of the whiteschist (Sharp
et al., 1993; Demény et al., 1997; Barnes et al., 2004; Ferrando et al., 2009). Conversely, pre-
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Alpine alteration by seawater fluids or magmatic hydrothermal fluids are suggested (Pawlig
and Baumgartner, 2001; Manatschal et al., 2000; Gauthiez-Putallaz et al., 2016). Here we use
field observations, combined with radiogenic data, to establish the timing of the metasomatic
alteration in the Monte Rosa nappe and stable isotopes as well as whole rock compositions
to establish the origin of the fluids.

3.8.1

Timing and nature of the metasomatic event

Field observation of a gradual transition from the whiteschist to the metagranite, characterized by sharp mineral boundaries, as well as the gradual transformation of igneous quartz
and dykes into whiteschist, confirm the previous interpretation that the whiteschist protolith
is the granite (Pawlig and Baumgartner, 2001) and this again excludes a metasedimentary
xenolith or another foreign body as protolith for the whiteschist.
Using
the

87 Sr/86 Sr

data (Table 3.7), we calculated a Strontium evolution diagram, based on

87 Sr/86 Sr, 87 Rb/86 Sr,

isotopic

87 Sr/86 Sr

Rb and Sr contents, which intend to show the evolution of the

ratio back in time. Results are displayed in Figure 3.11, combined with

the results of Pawlig and Baumgartner (2001) on the Vera whiteschist for comparison. The
average granite

87 Sr/86 Sr

evolution is also calculated, in order to fix the initial

87 Sr/86 Sr

ratio of the unaltered rock at any time since 270 Ma, that corresponds to the igneous age
of the granite in the study area (Pawlig, 2001). The intersection between the whiteschist
lines and the granite line represents the time at which the metasomatism occurred, as shown
on the upper right sketch of Figure 3.11. Initial heterogeneity in Rb and Sr contents of the
pre-Alpine whiteschist protolith lead to more or less steep slopes, however they all crosscut
at various time during the Alpine event. This indicates a partial re-homogenization of the
Strontium isotopic system due to a perturbation. In this case, the lines corresponding to each
sample cannot be traced back in time before the perturbation, since their position before
re-homogenisation is unknown (scenario shown by the lower right sketch on Figure 3.11).
Nevertheless, even in the case where there would have been a partial homogenization of the
system, the

87 Sr/86 Sr

ratios of all whiteschists were already much higher than that of the

This study
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Figure 3.11: Strontium evolution diagram calculated on the basis 87 Sr/86 Sr data displayed
in Table 3.7, for the Mezzalama whiteschist (grey lines) and the Vera whiteschist (black lines,
Pawlig (2001)). The dark grey band represents the duration of the Alpine prograde to peak
high pressure (HP) history of the Monte Rosa nappe (Steck et al., 2015) and the light grey
band represents the post peak greenschist facies (GS) history (Skora et al., 2015; Hurford
et al., 1991). The intersection between the lines for each sample indicate the age of the
isotopic perturbation. In this case, the Sr isotopic system is clearly perturbed during Alpine
history suggesting re-equilibration of the Sr isotopic system. On the right, two sketches
illustrate an undisturbed isotopic system (above) and a partially re-equilibrated system due
to an isotopic perturbation (below) in order to clarify the interpretation.

granite at the beginning of the Alpine high-pressure metamorphism, which suggests that the
metasomatic alteration had already happened before. As the Strontium isotopic system has
been disturbed during the Alpine history, an age range for the metasomatic event cannot
be accurately determined, however it must still be older than the beginning of the Alpine
metamorphism. Additionally, all structural features postdate the metasomatic alteration,
as attested by the foliation that crosscuts the whiteschist to metagranite transition. These
observations indicate that the granite protolith was affected by metasomatic alteration before
the onset of Alpine deformation.
Stable isotopes were used to test whether a pre-Alpine age of metasomatism is confirmed by
the isotopic signature of whiteschists. To do so, whiteschists δD and δ 18 O isotopic compositions were used to calculate the composition of the fluid, with the assumption that alteration
operated under high fluid-rock ratio, and hence the whiteschist composition was buffered
by the fluid. Fluid δD and δ 18 O compositions were calculated based on 3 scenarios: i) a
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fluid in equilibrium with the whiteschist protolith at 300°C, assuming that the metasomatism
happened before Alpine metamorphism. In this case, the fluid would be introduced during
Mesozoic extension (Manatschal et al., 2000) or during late magmatic hydrothermal alteration of the granite, as proposed by Pawlig and Baumgartner (2001) and would result in a
sericite and chlorite schist; ii) a fluid in equilibrium with the whiteschist at 550°C, which
would correspond to the fluid composition required to produce the whiteschist isotopic signature if one assumes that the metasomatism happened during Alpine metamorphism, in
the subduction zone, at peak temperature conditions and iii) a fluid in equilibrium with a
serpentine δD and δ 18 O composition, which would represent the fluid produced by serpentine
dehydration during Alpine metamorphism at high pressure and temperature, in the subduction zone. The seprentine δD (-75 ‰) and δ 18 O (3.5‰) isotopic compositions are taken
from Dessimoz (2005), in agreement with data from other serpentinites in the Zermatt-Saas
zone from Cartwright and Barnicoat (1999). Oxygen fractionation coefficients ∆ min-H2 O
are from Zheng (1993) for serpentine, chloritoid, talc, phengite, quartz and magnetite and
chlorite is from Cole (1985). Hydrogen fractionation coefficients ∆ min-H2 O are from: chlorite: Graham et al. (1987); muscovite: Suzuoki and Epstein (1976) and serpentine: Suzuoki
and Epstein (1976). The mole fraction of oxygen and hydrogen is calculated for each mineral
and used for fractionation calculations. The results are shown in Figure 3.12. Each fluid
composition is represented by a letter: A is the fluid in equilibrium with serpentinite, B is
the fluid in equilibrium with the whiteschist and C is the fluid in equilibrium with a chlorite sericite schist. The first observation is that the fluid produced by serpentine dehydration (A)
and the fluid that is in equilibrium with the whiteschist at high pressure and temperature
(B) have not the same isotopic composition, which rules out serpentinite as a potential fluid
source for the origin of the whiteschist. The fluid in equilibrium with the whiteschist at high
T (B) lies in the primary magmatic field and does not match with any reasonable geologic
interpretation in the context of the Alpine history, since there was no melt produced during
the Eocene metamorphic history of the Monte Rosa nappe. Hence, another mechanism is required to explain the metasomatism of the granite. The calculated fluid in equilibrium with a
sericite-chlorite schist, at low temperature (C), has a δ 18 O and δD composition that matches
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Figure 3.12: Calculated δD and δ 18 O isotopic composition of three hypothetical fluids in
equilibrium with A: a dehydrating serpentinite at 550°C; B: a whiteschist at 550°C; C: a
sericite-chlorite-quartz assemblage at 300°C. The white square represents the composition of
the fluid in equilibrium with the retrograde greenschist-facies rocks from Zone A, external.
For details, see text. The composition of the fluid derived from serpentinite dehydration at
high pressure and temperature is not fitting the composition of the fluid in equilibrium with
our whiteschist samples. A metasomatic fluid in equilibrium with a sericite-chlorite-quartz
assemblage at low temperature matches a late magmatic hydrothermal mixed fluid.

a mix between magmatic fluids and ocean water or meteoric fluids. This scenario is the only
one that has a geological meaning to explain the granite metasomatism. It is also in line with
the previous interpretation of Pawlig and Baumgartner (2001). Fluids in equilibrium with
the whiteschists from zone A (external) have also been calculated for greenschist-facies conditions, and range in composition between a high temperature fluid and a fluid in equilibrium
with a sericite-chlorite schist (Figure 3.12). Hence, it confirms that the greenschist facies
fluids are not externally derived and the retrogression from peak assemblage to greenschist
facies paragenesis most probably took place under closed-system conditions.
A late magmatic hydrothermal origin of the fluids is also supported by the carbon and oxygen
isotopic signatures of carbonates in zone B, that indicate a juvenile origin of these carbonates
and exclude a sedimentary carbon source (Figure 3.9). Moreover, as shown by the ISOCON
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(Figure 3.6), the chemistry of the whiteschist was established by a fluid that was oversaturated
in MgO, undersaturated in CaO and Na2 O and saturated in K2 O and SiO2 . This definitively
rules out ultramafics as a source of these fluids.

Consequently, stable and radiogenic isotopes confirm a pre-Alpine age for the metasomatic
alteration of the granite, that lead to a sericite-chlorite schist. Nevertheless, seawater fluids
have also been proposed, that would have infiltrated during Mesozoic thinning of the European passive margin (Manatschal et al., 2000). In this case, fluid infiltration would be
enhanced by extensional normal faults or detachments, but field observations on the geometry of the Mezzalama whiteschist body did not reveal any associated structural features as
shear zone of fault, which suggests that the fluid must have been travelling through focussed
paths, such as fluid channels. In the case of the Vera whiteschist, the shear zone that crosscuts the whiteschist to metagranite transition is associated with a greenschist-facies mineral
assemblage that clearly post-dates the Alpine peak metamorphism. Therefore, a tube-like
geometry of the Mezzalama and Vera whiteschist bodies is inferred, which is typical for static
hydrothermal alteration of shallow granite intrusions. The Contact whiteschist is situated at
the boundary between the metagranite and the surrounding paragneiss, hence indicating that
fluid flow is also focussed along the intrusion sides. The geometry of the alteration zones is
hence consistent with hydrothermal fluid pathways.

Our results suggest that the fluids originate from a mixing between magmatic juvenile fluids
and hydrothermal fluids resulting from the convection cells established around the granite
during the cooling of the intrusion after its emplacement in the shallow crust. The fluids would
circulate through the granite by reaction fingering and induce metasomatism due to the large
chemical disequilibrium between the granite and the hydrothermal fluid. This would result in
structurally isolated alteration tubes, either within the granite or at the boundary between
the granite and the paragneiss basement. This interpretation fits with the proposition of
Pawlig and Baumgartner (2001), who suggested an argilitic type of alteration. Consequently,
whiteschists originate from a pre-Alpine metasomatic event, during which their chemistry was
established, and evolved through closed-system conditions during Alpine metamorphism.
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3.8.2

Genetic model

The genetic model proposed involves 4 steps illustrated in Figure 3.13:

Figure 3.13: Schematic model illustrating the genesis and chronological evolution of the
Monte Rosa whiteschists. Sketches (not to scale) show a zoom in the Monte Rosa paragneiss
country rocks. A Intrusion of a granitoid body during Permian (Pawlig and Baumgartner,
2001). The thermal perturbation leads to the development of a contact aureole around the
granite and sets up a hydrothermal convective circulation system. The fluid circulation
pattern is illustrated by arrows. B Late magmatic hydrothermal fluids start circulation
through the granite. Fluids either penetrate into the granite through focused paths by
reaction fingering, leading to channels or tube-like structures, or they follow the contact
between granite and paragneiss. The alteration of the granite results in a chlorite-sericite
and quartz assemblage. C Closed-system Alpine high-pressure metamorphism leads to the
peak paragenesis of whiteschists, consisting of chloritoid, phengite, talc and quartz. During
that stage, the granite becomes a metagranite. D A strong foliation is acquired during
exhumation and backfolding of the Monte Rosa nappe, also associated with a greenschistfacies partial retrogression. The passive markers illustrate the deformation intensity gradient
in the area, decreasing from NW-SE. The cross-section is modified after Darbellay (2005).

1. The intrusion of the granite melts in the upper crust during Permian (Pawlig, 2001),
produces a large-scale thermal perturbation in the country rocks. A contact aureole
develops in the country rocks around the granite pluton.
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2. The infiltration of surface-derived fluids, combined with the temperature perturbation,
leads to the initiation of a hydrothermal convective circulation system, producing fluid
circulation in convective cells. Fluids reaching the granite intrusion would either follow
the granite - paragneiss boundary, or penetrate into the granite by reaction induced
fingering. Due to the large chemical disequilibrium between the granite and the fluid,
pervasive alteration of the granite is induced along tube like structures and results in a
chlorite-sericite schist.
3. Then, the Alpine high-pressure metamorphism transforms the chlorite-sericite schist
into the now observable chloritoid, talc, phengite and quartz assemblage and meanwhile
produces a metagranite out of the granite.
4. During the exhumation and backfolding of the nappe, a foliation associated with localized closed-system retrogression of the peak Alpine paragenesis under greenschist-facies
conditions affects the entire area.
This genetic model succeeds in explaining both field observations and geochemical data of all
whiteschist outcrops from the Monte Rosa nappe and could potentially be extended to the
other Internal Crystalline Massifs of the Western Alps.

3.9

Conclusion

The study of whiteschists from the Mezzalama area in the Monte Rosa nappe allowed to constrain the nature of the metasomatic fluids and the relative timing of alteration of the granite
protolith. Field observations, combined with detailed petrographic study of the transition
zone from the granite to whiteschist revealed a gradual transition, marked by igneous quartz
grains incorporated into the external whiteschist and concentric zones of chromatographic
alteration, characteristic of hydrothermal alteration of granites. The relative enrichment in
MgO and depletion of CaO and Na2 O in the whiteschist compared to the granite indicate high
fluid fluxes. Bulk δ 18 O and δD on whiteschist and granites as well as carbonates δ 18 O and
δ 13 C point to a late magmatic hydrothermal fluid composition for the alteration of the granite
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into whiteschist and rule out the hypothesis of a fluid derived from serpentinite dehydration
during prograde to peak Alpine metamorphism. A pre-Alpine hydrothermal alteration is supported by radiogenic bulk 87 Sr/86 Sr on whiteschists, confirming that the whiteschist chemistry
was already established before the onset of Alpine metamorphism.
Consequently, our new data suggest that the granite alteration happened after the emplacement of the shallow granite pluton and was induced by the circulation of late magmatic hydrothermal fluids along tube-like structures by reaction fingering. The chemistry and isotopic
signature of the whiteschists is the result of the hydrothermal alteration. This assemblage
was then metamorphosed into the now well preserved high-pressure Alpine paragenesis, consisting of chloritoid, talc, phengite and quartz. Retrograde assemblages in the transition zone
result from closed-system re-equilibration during greenschist facies episode of exhumation of
the nappe.
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Abstract
In-situ oxygen isotope compositions of white mica and quartz have been used to characterize
the chronological evolution and interplay of metamorphism and fluid events between a metasomatic whiteschist and its granite photolith in the Monte Rosa nappe, Western Alps. New
natural muscovite and phengites reference materials were calibrated for in-situ Secondary Ion
Mass Spectrometry (SIMS) oxygen isotope measurement in the SwissSIMS facility of Lausanne University, in Switzerland. White mica and quartz oxygen isotope compositions were
measured in situ in one whiteschist and two metagranites and combined with microstructural
observations, as well as major element compositions of white mica, in order to investigate the
extent of fluid-rock interaction during Alpine metamorphism.
δ 18 O compositions of both white mica and quartz in whiteschist are significantly lower than in
the metagranites. This indicates a complete recrystallization of the whiteschist after pervasive
fluid alteration prior to Alpine high-pressure metamorphism. Restricted isotopic variability
of quartz (≈ 1 ‰) in whiteschist compared to white mica (≈ 2 ‰) indicates that quartz
has been completely equilibrated through Alpine metamorphism, whereas white mica isotopic
compositions can be attributed to two distinct generations, recording: i) the prograde to peak
Alpine metamorphism at temperatures of 380°up to 540°C, and ii) a late fluid infiltration event
during post peak conditions, responsible for the partial retrogression of the rock.
Oxygen isotope compositions of quartz and white mica in the metagranites appear to be
controlled by temperature dependent fractionation. The δ 18 O of igneous quartz and white
micas indicate a temperature in the range of 350-400°C for the igneous subsolidus equilibration and the metamorphic overgrowths are recording lower temperatures, between 300-350°C,
related to greenschist-facies re-equilibration. The relatively similar and high δ 18 O compositions of the magmatic and metamorphic quartz, as well as white mica, in both metagranite
samples indicate that they equilibrated through closed-system metamorphic reactions. The
whiteschist oxygen isotope compositions were acquired due to pervasive hydrothermal alteration and were re-equilibrated at high pressure and temperature only through closed-system
recrystallization.

4.1. INTRODUCTION
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Introduction

White micas are stable under a wide range of pressure (P) and temperature (T) conditions
(Bailey, 1984). They are powerful tracers of fluid flow, participate on dehydration and melting
reactions. Our continuously growing understanding of their chemico-mechanical behaviour
during orogenic processes allow a precise characterization of the conditions under which they
crystallize and deform. Notably, the phengite solid solution series has attracted much interest in the field of geothermobarometry, as specific substitutions appear to be controlled
by pressure and temperature conditions in buffered systems (Spear, 1995). As an example, the Tschermak substitution of (Mg, Fe) + Si against 2Al is known to be promoted by
an increase in pressure, which led to the initial experimental determination of the Silica in
phengite barometer by Massonne and Schreyer (1987). Oxygen isotopes thermometry using
quartz-muscovite or quartz-phengite pairs (Zheng, 1993) has also facilitated the temperature
estimation, as they are present in association in most rock types. Other applications of oxygen isotopes in white mica in the domain of fluid-rock interactions include hydrothermal fluid
characterization.
However, the traditional bulk methodology requires a careful process of mineral separation and
selection of grains, especially in polymetamorphic rocks, where several mineral generations
coexist, and the presence of various inclusions can potentially bias the bulk isotopic signal.
Recent advances in in-situ stable isotopes measurement by Secondary Ion Mass Spectrometry
(SIMS) has improved our capability of controlling the spatial microstructural relationship
between the analyzed phases and allows a better-quality control on the data. Moreover,
the analytical precision has increased over the years, allowing a wide range of geological
applications to be studied that way.
In this study, we propose to use in situ white mica and quartz oxygen isotope compositions
in metagranite and associated metasomatic whiteschist from the Monte Rosa nappe, in the
Western Alps (Figure 4.1A), to track the interplay between fluid fluxes and metamorphism.
The aim is to combine white mica and quartz isotopic compositions with microstructural
observations and major element compositions, in order to identify the potential extent and
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nature of fluid fluxes between a metasomatic whiteschist and its metagranite protolith during
the Alpine history of the Monte Rosa nappe. To do so, we developed new white mica reference
materials (RMs) covering the muscovite - phengite compositional range for in situ oxygen
isotopes measurement in the SwissSIMS facility of Lausanne University, Switzerland.
Whiteschists have been defined by Schreyer (1973) as high-pressure Mg and Al-rich rocks, in
which the mineral association talc - kyanite or talc - chloritoid is commonly found (Chopin,
1985; Schreyer, 1974). The Monte Rosa whiteschist consist of the high pressure paragenesis of chloritoid, talc, phengite and quartz, ± kyanite, garnet or carbonates. The origin of
whiteschists in the Alps is still debated (Ferrando, 2012), however the genesis of the Monte
Rosa whiteschists has been explained by metasomatic alteration of the granite by late magmatic hydrothermal fluids (Pawlig, 2001; Pawlig and Baumgartner, 2001). According to
Pawlig (2001) interpretation, the chemistry of the whiteschist was acquired before the onset
of Alpine metamorphism. The mineral assemblages now observable in the whiteschist and
metagranite result from a combination of the Alpine metamorphism and the deformation
relative to the nappe emplacement and exhumation.

4.2

Geological setting

The Monte Rosa nappe is part of the Penninic domain of the Western Alps (Figure 4.1A).
It belongs to the Internal Crystalline Massifs, together with the Grand Paradiso and Dora
Maira. From a paleogeographic point of view, it corresponds to the southernmost tip of
the Briançonnais microcontinent and hence represents the deepest subducted part of the
European continental crust involved in the Alpine orogeny (Steck et al., 2015). The nappe
consists of a pre-Alpine polymetamorphic paragneissic unit, in which granodioritic to granitic
bodies intruded during the Permian (Bearth, 1952; Dal Piaz, 2001), dated by SHRIMP U-Pb
on zircon at 269 ± 4 (Pawlig, 2001). The granite locally grades into 10 to 50 meters bodies
of whiteschist, whose chemistry originates from the hydrothermal alteration of the granite
by late magmatic fluids, whereas their mineralogy is the result of the Alpine high-pressure
metamorphism (Pawlig and Baumgartner, 2001). The peak Alpine metamorphism has been
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Figure 4.1: A Tectonic map showing the geology of the Monte Rosa nappe within the
Western Alpine framework (Modified after Steck et al. (2015). B Picture of the whiteschist
outcrop. The transition zone with the surrounding metagranite is marked by the white
dashed line.

dated at 42.6 ± 0.6 Ma (Lapen et al., 2007), by U-Pb on rutile in an eclogite and the P-T
conditions for the peak metamorphism are estimated based on whiteschist phase petrology
between 1.6 to 2.7 GPa for a temperature range of 490°to 550°C (Chopin and Monié, 1984;
Le Bayon et al., 2006). An age range between 42 to 39 Ma has been found for the post-peak
retrogression to upper greenschist facies (Skora et al., 2015), based on Rb-Sr on phengite in
metasediments from the Zermatt-Saas unit.
The study area is located on the North of the Mezzalama Rifugio, in the upper Ayas Valley,
in Italy. Here, the Alpine metamorphism is heterogeneously recorded through the nappe and
tightly related to the deformation intensity. Large volumes of rocks have remained undeformed during the nappe formation and exhumation, whereas deformation is concentrated in
high strain areas, as observed for example in the metagranite around the studied whiteschist
body. In this study, we will focus on one particular whiteschist body, consisting of an ellipsoidal cross-section through a whiteschist pipe. The central part of the whiteschist body
consists of the Alpine peak pressure mineral assemblage chloritoid, talc, phengite and quartz.
Tiny muscovite and chlorite crystals are locally found as retrograde products after chloritoid
destabilization. The transition between the whiteschist body towards the metagranite occurs on a small distance, over a few tens of centimeters to one meter, and is characterized
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by a completely retrogressed paragenesis, in which the peak pressure mineral assemblage is
replaced by a greenschist facies mineral assemblage consisting of chlorite, white mica and
quartz.

4.3
4.3.1

Analytical methods
X-Ray Fluorescence

Fresh samples were selected and crushed with a hydraulic press. Rock fragments were powdered in a tungsten carbide mill, dried in the oven at 110°C and calcined at 1050°C for three
hours. LOI was calculated by weight difference after calcination. Powders were mixed with
lithium tetraborate (Li2 B4 O7 ) and melted to produce glass pelets. The abundance of the
major element oxides was determined by X-ray fluorescence using a PANalytical Axios-mAX
spectrometer at Lausanne University, Switzerland. Ferrous iron was determined by colorimetric method in Lausanne University, Switzerland.

4.3.2

EPMA

SiO2 , TiO2 , Al2 O3 , MgO, FeO, K2 O, Na2 O, CaO, F and Cl content of white mica were
measured using a JEOL JXA-8350F HyperProbe EPMA at Lausanne University, Switzerland.
Operating conditions were 15 kV, 15 nA and a beam size of 5 µm. Natural minerals were
used as standards. White mica structural formulae were obtained by normalization on a basis
of 22 charges.

4.3.3

Laser fluorination

Bulk oxygen isotopes compositions of white mica SIMS RMs were performed using the CO2
laser fluorination technique (Lacroix and Vennemann, 2015) coupled with a Thermo Finnigan
MAT 253 gas source mass spectrometer, in Lausanne University, Switzerland. White mica
powders and grains were loaded into Pt holders and dried in the oven at 110°C for 12 hours.

4.3. ANALYTICAL METHODS
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White mica SIMS RMs were analyzed with replicates over several sessions, using the NBS28 quartz as standard for correction (9.64 ‰; Coplen et al. (1983)). Oxygen isotopes are
expressed relative to VSMOW in permil.

4.3.4

SIMS

White mica RMs were mounted and polished in epoxy mounts. Thin sections chips were
pressed in indium together with cut epoxy pieces containing a polished white mica RM grain.
Topography of the mounts has been systematically checked using a contour GTK-A Brucker
white light interferometer and a maximum of 5 µm relief was accepted. Epoxy and Indium
mounts were cleaned using pure ethanol, dried in the oven at 60°C and stored in a vacuum
desiccator. They were coated with 35 nm of gold.
In-situ oxygen isotopes measurements were conducted on a Cameca IMS 1280HR instrument
in the SwissSIMS facility of Lausanne University, Switzerland, using a focused high-density
1.5 nA Cs+ primary beam at 10 kV in a Gaussian mode. Spot size of ≈ 15 µm was achieved
without rastering. An electron flood gun was used to compensate surface charge and was
optimized before each session. Entrance slit of 122 µm and exit slit of 1346 µm allowed a mass
resolution of ≈ 2400.

16 O

and

18 O

were measured simultaneously in multi-collection mode

on Faraday cups. Mass calibration, background correction and Faraday cups calibration were
performed at the beginning of each session. Electron gun was tuned once a week. Counting
statistics on 20 acquisition cycles for each analyzis gave an uncertainty precision in the order
of 0.20 ‰to 0.35 ‰(2 standard error, noted hereafter 2SE). A typical session was set with 4-6
standard analysis at the beginning, followed by one standard analysis each three unknown,
in order to monitor drift. Drift was corrected if needed, by applying first or second order
polynomial regressions based on the fit of RM analyses.
The Monte Rosa thin sections were analyzed together with the white mica RM UNIL WM3
(7.91 ± 0.09 ‰) and UNIL-Q1 (9.8 ± 0.06 ‰; Seitz et al. (2017)), used as RMs for δ 18 O
measurements of white mica and quartz respectively. White mica and quartz δ 18 O were
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measured in two different sessions, both using a primary beam of 1.5 nA, without raster.
Final uncertainty on each unknown SIMS measurement is calculated as follow:

2SE =

q

unk )2 + (2SD RM )2 + (2SD RM )2
(2SESIM
S
SIM S
LF

(4.1)

Where 2SEunk
SIM S represents 2 times the standard error on the mean of the 20 cycles measured
for each SIMS analyses, SDRM
SIM S is 2 times the standard deviation on the mean of the n
analysis (noted hereafter 2SD) of the RM used to calibrate SIMS measurements and 2SDRM
LF is
2 times the standard deviation on the reference value of the RM obtained by laser fluorination.
The typical uncertainty on each single unknown analysis is in the order of 0.2 to 0.3 ‰(2SE)
and the uncertainty on the RMs is 0.33 ‰(2SD) for UNIL WM3 and 0.26 ‰(2SD) for UNILQ1.

4.3.5

Thermodynamic modelling

The whiteschist 14MR67 bulk composition was used and translated into molar amount. As
Cao, Na2 O, TiO2 and MnO are only present in minor amounts (< 1 wt%), the simplified
KFMASH system was used for thermodynamic calculations. All iron was set as ferrous, since
Fe3+ is essentially present in iron oxides and chloritoid. The composition used is (in moles):
Si(66.02), Al(18.65), Fe(1.73), Mg(9.69), K(3.91). Water saturated conditions were applied,
since no carbonate phase was observed in this whiteschist. Calculations were performed
using the internally consistent Berman database, (Berman (1988), 92 update) and Domino
software (de Capitani and Brown, 1987). Solution models used are from Berman (1988),
except white mica (Massonne and Szpurka, 1997). Thermodynamic data were adjusted for
a talc activity of 0.86, according to the actual talc compositions measured by EPMA, using
Berman’s thermodynamic data (Berman, 1988).
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Sample description

Whiteschist sample 14MR67 contains big dark blue chloritoid crystals embedded in a talc,
phengite and quartz matrix, with phengite defining a slight schistosity. This assemblage
represents the peak paragenesis. The deformation associated with the schistosity is postkinematic relatively to the chloritoid grains. Hence, it is developed during retrogression.
Chlorite and sericite are found as fine-grained retrograde products replacing chloritoid and
are especially visible as rims around chloritoid. At least two generations of white mica can
be distinguished: a first generation of crystals following the main schistosity, that are either
deformed or not, and a second generation formed by fine-grained white micas, statically
partially replacing chloritoid together with fine-grained chlorite. The first generation contains
crystals that are either pre-kinematic or syn-kinematic relatively to the main schistosity and
the second generation is the youngest and is post-kinematic. Quartz grains are present either
as big crystals, with subgrain boundaries, or as small crystals within the mica-rich domains
in the schistosity.
Sample 16MR23 is an undeformed metagranite, called metagranite 1 in this study. It contains
igneous K-feldspar phenocrysts, plagioclase, quartz, biotite and muscovite. Metamorphic
phases are phengite overgrowths on muscovite rims as well as newly formed fine-grained
phengites partially replacing biotite together with titanite ± garnet. Zoisite and albite ±
white mica pseudomorphically replace igneous plagioclase.
Sample 14MR25 is an undeformed metagranite, called metagranite 2 in this study. It contains
big centimetre size K-feldspar porphyroclasts in a matrix of recrystallized plagioclase, seriate
interlobate quartz, fine-grained late biotite and pseudomorphs of igneous biotites, partially
to completely replaced by a fine-grained assemblage of phengite and titanite. The latter
assemblage is produced during prograde to peak breakdown of biotite and partially recrystallized during greenschist facies. Small garnets are found in association with plagioclase in
domains close to former igneous biotite. Clinozoisite and white mica are found as inclusions
within plagioclase neoblasts as well as recrystallization product after plagioclase high pressure
paragenesis. Chlorite is found locally, replacing late thin flakes of biotite.
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Metagranite 2 is closer to the whiteschist outcrop than metagranite 1. The major difference
between the two metagranites is the extent of Alpine metamorphism overprint. Metagranite
2 was slightly more affected by Alpine deformation than metagranite 1 and this is especially
visible when looking at igneous biotites, which are supposed to be unstable at high-pressure
conditions in a bulk metagranite composition. In metagranite 2, all igneous biotites were
turned into the high-pressure assemblage phengite and titanite, whereas in metagranite 1,
only the outer rim of the biotite is affected by that reaction. The relationship between
microstructures and mineral assemblage of the two metagranites indicate that deformation is
mostly related to greenschist facies retrograde assemblage and therefore operated after peak
pressure conditions.

4.5

4.5.1

Results

White mica reference material (RM)

White micas covering part of the phengite compositional range were selected and tested for
chemical homogeneity in major elements by EPMA. Oxygen isotopes variability was tested
on single grains by SIMS and on each batch by Laser fluorination. A total of 5 to 10 grains
from each specie, randomly selected, were tested by measuring 3 to 20 SIMS spot analyses
on different regions within each grain. Four samples, among them one muscovite and three
phengites, showing acceptable chemical (<3% relative) and isotopic (<0.40 ‰2SD) variations
were retained (Figure 4.2). The white mica RMs selected cover the compositional range of 3.08
to 3.48 Si p.f.u. and XM g of 0.43 to 0.80 (Table 4.1, Figure 4.2A). The typical repeatability
of SIMS measurements is between 0.30 ‰and 0.40 ‰(2SD). However, we noticed that the
SIMS measurement repeatability is highly dependent on the quality of the polishing, which
is difficult to obtain since mica sheets are thin and therefore sometimes undulated at the
surface. Laser Fluorination measurement uncertainties are 0.04 ‰to 0.17 ‰(1SD) (Table
4.2).
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UNIL RM
SiO2
TiO2
Al2O3
FeO
MgO
CaO
Na2O
K2O
F
Cl
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UNIL_WM1
average (n=25) 1SD
46,35
0,18
0,44
0,09
35,26
0,09
1,13
0,06
0,84
0,06
0,00
0,01
0,81
0,03
10,58
0,05
0,15
0,04
0,00
0,00

Total

95,56

Si (T)
Al (T)
sum T
Ti (O)
Al (O)
Fe (O)
Mg (O)
Mn (O)
Cr (O)
Ni (O)
sum O
Ca (A)
Na (A)
K (A)
sum A

3,082
0,918
4,000
0,022
1,845
0,063
0,084
0,000
0,000
0,000
2,013
0,000
0,104
0,897
1,002

UNIL_WM2
average (n=25) 1SD
51,49
0,17
0,52
0,03
24,42
0,20
2,91
0,11
4,04
0,08
0,00
0,00
0,18
0,04
11,33
0,05
0,00
0,00
0,00
0,00
94,90

0,012
0,012
0,005
0,015
0,003
0,006
0,000
0,000
0,000
0,000
0,004
0,005

3,479
0,521
4,000
0,027
1,424
0,165
0,407
0,000
0,000
0,000
2,022
0,000
0,024
0,976
1,000

UNIL_WM3
average (n=25) 1SD
49,31
0,53
0,30
0,07
28,28
1,14
3,67
0,29
1,52
0,21
0,00
0,00
0,11
0,04
11,58
0,10
0,00
0,00
0,00
0,00
94,78

0,011
0,011
0,002
0,010
0,006
0,008
0,000
0,000
0,000
0,000
0,005
0,005

3,350
0,650
4,000
0,016
1,615
0,208
0,154
0,000
0,000
0,000
1,993
0,000
0,015
1,003
1,018

UNIL_WM4
average (n=25) 1SD
51,02
0,26
0,20
0,01
27,04
0,42
1,66
0,08
3,76
0,24
0,00
0,00
0,53
0,06
11,05
0,12
0,00
0,00
0,00
0,00
95,26

0,036
0,036
0,003
0,058
0,016
0,021
0,000
0,000
0,000
0,000
0,005
0,009

3,407
0,593
4,000
0,010
1,536
0,093
0,374
0,000
0,000
0,000
2,013
0,000
0,068
0,941
1,010

0,018
0,018
0,001
0,025
0,005
0,024
0,000
0,000
0,000
0,000
0,008
0,010

Table 4.1: Major element compositions of the new white mica RMs (RMs) and structural
formula calculated on a basis of 22 positive charges.

Several grains of each species were mounted together in the same mount and measured in a
calibration session with one of the RM as internal standard. Data were corrected for drift
when needed. The results were compared in order to determine any compositional related
Instrumental Mass Fractionation (IMF). If the IMF is small (<20 ‰), it can be formulated
as follow (Eiler et al., 1997; Siron et al., 2017):

IM F (permil) = δ 18 OSIM S − δ 18 OLF

(4.2)

Here, δ 18 OSIM S is the mean of all RM SIMS measurements, corrected for drift if necessary,
and δ 18 OLF is the mean of all laser fluorination (LF) measurements. IMF is calculated for
each RM and the ∆IMF is then calculated as the difference between the maximal and minimal
IMF value among the four RMs.
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UNIL RM
Date
15-April-2016
16-April-2016
28-October-2016
Average
UNIL RM
Date
16-April-2016
21-March-2018
Average
UNIL RM
Date
15-April-2016
21-March-2018
Average

δ18O

10,43
10,36
10,36
10,37

δ18O
5,67
5,63
5,64

δ18O
7,85
7,98
7,91

UNIL RM
Date
δ18O
15-April-2016
5,40
28-October-2016 5,23
Average
5,32

UNIL_WM1
1SD
± 0,1
± 0,01
± 0,1
± 0,06

n
1
2
2
5

UNIL_WM2
1SD
± 0,1
± 0,04
± 0,04

n
1
3
4

UNIL_WM3
1SD
± 0,05
± 0,08
± 0,09

n
2
2
4

UNIL_WM4
1SD
± 0,25
± 0,02
± 0,17

n
2
2
4

Table 4.2: Summary of the laser Fluorination session showing the δ 18 O of the white mica
RMs, given in ‰. The uncertainty is expressed as 1SD.

Two mounts containing all RMs were tested and four calibration sessions were performed
with varying analysis conditions (i.e. primary beam of 1, 1.5 and 2 nA; with a 10µm raster
and without raster), in order to reduce the IMF and find the optimal analytical conditions. A
∆IMF of 0.24 ‰was achieved with the optimal analytical conditions of 1.5 nA primary beam,
without raster. Other analytical conditions gave ∆IMF between 0.58 ‰and 0.71 ‰. Plots
of IMF versus major chemical exchange in phengite were tested (Tschermak exchange vector
and XM g ; Figure 4.2, C-D) in order to detect any chemical dependent mass fractionation.
However, no relationship between major element chemical composition and IMF was found in
the different sessions, even though there is a linear IMF dependency on XM g for biotite (Siron
et al., 2017). This could be explained by the fact that chemical variations in white mica are
quantitatively not as strong as in biotite for Mg and Fe for instance. An orientation test was
performed in order to track any IMF due to crystal orientation. One crystal oriented parallel
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Figure 4.2: A K - white mica classification triangle following Rieder et al. (1999) classification with muscovite end-member and the two theoretical aluminoceladonite and ferroaluminoceladonite end members. The triangle displays the potential compositional range of
natural phengites (Guidotti and Sassi, 1998) and the compositions of the white mica RMs
developed in this study are shown by symbols. B Orientation test performed on three grains
of UNIL WM1. One grain is oriented parallel to the C axis, the two others are perpendicular
to the C axis, with no constrain on the X-Y orientation. Error bars indicate 2SE, i.e. two
times the standard error on the mean of the 20 cycles measured for each data point. No IMF
has been detected, however the large scatter in δ 18 O in the crystals oriented perpendicular
to the C axis is due to their thin width and the presence of some epoxy between the mica
sheets, therefore some analyses were done slightly on epoxy. C and D IMF plots, where
IMF is calculated as IMF = δ 18 OSIM S - δ 18 OLF . IMF is plotted versus the major chemical components that are varying in phengites: the Tschermak exchange: SiIV (Mg,Fe)V I =
AlIV AlV I , and XM g ). No relationship between IMF and chemical composition of the white
mica can be deduced from these graphs. The difference between the largest and the smallest
values of IMF is 0.58 ‰with the optimal analytical conditions (see text for details).

to c axis and two others of the same species oriented perpendicular to the c-axis were tested
and no IMF was detected (Figure 4.2 B), although reproducibility was hampered by the very
narrow spatial extent of the sheet. This is similar to the orientation effect test performed on
biotite by Siron et al. (2017). We recommend using the chemically closest white mica specie
as RM when analyzing oxygen isotope compositions on unknown white micas.
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4.5.2

Monte Rosa white mica and quartz oxygen isotopes

δ 18 O of igneous white micas in the metagranite 1 are restricted to values between 9.8 ‰to
10.7 ‰(Figure 4.3). Metamorphic phengites δ 18 O compositions are slightly lower than igneous compositions, but similar in both metagranite 1 and metagranite 2 (9.1 - 10.4 ‰).
Whiteschists are characterized by lower δ 18 O compositions in white mica (5.2 - 7.3 ‰) compared to the two metagranites, but their δ 18 O range is wider.

Figure 4.3: Histograms of δ 18 O (‰) measured in white mica (left side) and quartz (right
side) in different microstructural domains of the whiteschist, the metagranite 1 and metagranite 2. The range of each class corresponds to two times the standard deviation (2SD)
of the RM analyses, corresponding to 0.17 ‰in phengite and 0.12 ‰in quartz. Whiteschist
δ 18 O in white mica and quartz have significantly lower oxygen isotopes compositions than the
metagranites. Metagranite 1 and 2 show overlapping δ 18 O compositions, however metagranite 2 δ 18 O in white mica and quartz are systematically at the lower range of the metagranite
values.

Quartz δ 18 O compositions in the metagranite 1 spread between 13.4 and 14.6 ‰. The centers
of the large igneous grains are closer to the lowest values of that range and the smaller
recrystallized grains as well as the outer parts of the large igneous grains are closer to the
upper end of that range. Quartz from the metagranite 2 are restricted to values between
13.2 and 13.5 ‰, represented by large crystals recrystallized into smaller grains. Whiteschist
quartz have δ 18 O compositions ranging from 9.1 to 10.6 ‰, that cannot be microstructurally
separated into different generations.
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Figure 4.4: δ 18 O of quartz versus δ 18 O of white mica plotted for pair of white mica and
quartz, measured in selected microstructural domains were the mineral pairs were interpreted
as being in equilibrium. Error bars show the uncertainty as 2 times the standard error on
the mean (2SE). Temperature isolines were calculated based on the fractionation coefficients
between quartz and phengite (Zheng, 1993). Whiteschist and metagranite data are dispersed
into two well separated clusters. In both whiteschist and metagranite, isotopic equilibrium
seems to be maintained as δ 18 O of quartz and white mica define a slight trend following
temperature isolines.

Temperatures have been calculated, based on fractionation coefficients between quartz and
muscovite or quartz and phengite (Zheng, 1993) for quartz-white mica pairs (Figure 4.4) in
microstructural equilibrium (Table 4.3). The results indicate temperatures between 380°and
540°C for the whiteschist. Error bars on temperature are rather large (≈ 100°C), mostly due
to the uncertainty related to the δ 18 O data (± 0.2 - 0.3‰, 2SE). Considering the microstructural position of each analyzed white mica (Figure 4.5A), we can distinguish two populations.
The first population is represented by larger phengite flakes, with higher δ 18 O compositions
(>6 ‰), indicating temperatures of 380°- 540°C. This temperature range is consistent with
previous temperature estimates of prograde to peak Alpine metamorphic conditions from the
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white mica

Metagranite 1
d18O_261017_16MR23@31
d18O_261017_16MR23@35
d18O_261017_16MR23@36
d18O_261017_16MR23@38
d18O_261017_16MR23@16
d18O_261017_16MR23@25
d18O_261017_16MR23@26
d18O_261017_16MR23@47
d18O_261017_16MR23@48
d18O_261017_16MR23@29
d18O_261017_16MR23@30

Species

δ18O 2SE Si (p.f.u)

muscovite
muscovite
phengite
phengite
phengite
phengite
phengite
muscovite
muscovite
phengite
muscovite

10,23
10,43
9,94
10,05
10,16
9,79
9,58
9,23
10,48
9,87
10,75

δ18O 2SE

T (°C)

± (°C)

3,02
3,01
3,06
3,04
3,13
3,13
3,12
3,05
3,03
3,13
3,12

d18O_261017_16MR23_qz@05
d18O_021217_MR8_16MR23@05
d18O_021217_MR8_16MR23@06
d18O_021217_MR8_16MR23@06
d18O_021217_MR8_16MR23@09
d18O_261017_16MR23_qz@10
d18O_261017_16MR23_qz@11
d18O_261017_16MR23_qz@13
d18O_261017_16MR23_qz@14
d18O_021217_MR8_16MR23@02
d18O_021217_MR8_16MR23@1

14,16
14,05
14,33
14,33
14,62
14,30
13,93
13,74
13,94
14,34
14,43

0,32
0,26
0,25
0,25
0,26
0,25
0,32
0,25
0,34
0,29
0,22

394
432
317
327
310
306
320
336
452
309
424

97
97
65
67
72
56
80
66
114
71
92

d18O_261017_14MR67@29 phengite
d18O_261017_14MR67@30 phengite
d18O_261017_14MR67@31 phengite
d18O_261017_14MR67@33 phengite
d18O_261017_14MR67@36 phengite
d18O_261017_14MR67@40 phengite
d18O_261017_14MR67@22 phengite
d18O_261017_14MR67@25 phengite
d18O_261017_14MR67@32 phengite
d18O_261017_14MR67@37 phengite
d18O_261017_14MR67@34 phengite
d18O_261017_14MR67@19 phengite
d18O_261017_14MR67@21 phengite
d18O_261017_14MR67@24 phengite
d18O_261017_14MR67@26 phengite
Mean Temperature of phengites with 3,38

6,88 0,25 3,40
6,90 0,19 3,41
6,92 0,23 3,42
6,36 0,31 3,42
7,27 0,22 3,32
6,25 0,16 3,34
6,77 0,29 3,42
6,91 0,22 3,42
7,08 0,26 3,43
7,01 0,25 3,43
6,92 0,25 3,42
6,74 0,25 3,26
7,09 0,21 3,38
6,79 0,30 3,46
7,09 0,23 3,42
Si (p,f,u)
3,46

d18O_261017_14MR67_qz@12
d18O_261017_14MR67_qz@12
d18O_021217_MR8_14MR67@10
d18O_261017_14MR67_qz@10
d18O_261017_14MR67_qz@06
d18O_261017_14MR67_qz@18
d18O_261017_14MR67_qz@14
d18O_261017_14MR67_qz@13
d18O_261017_14MR67_qz@11
d18O_261017_14MR67_qz@05
d18O_261017_14MR67_qz@10
d18O_261017_14MR67_qz@16
d18O_261017_14MR67_qz@16
d18O_261017_14MR67_qz@13
d18O_261017_14MR67_qz@13

10,26
10,26
10,17
10,12
10,18
9,92
9,70
10,06
9,90
10,58
10,12
9,78
9,78
10,06
10,06

0,26
0,26
0,20
0,28
0,28
0,22
0,24
0,29
0,22
0,24
0,28
0,26
0,26
0,29
0,29

428
430
445
380
497
391
495
461
513
403
452
477
536
442
489
456

98
88
87
96
120
65
127
109
119
87
111
114
127
119
123
91

Metagranite 2
d18O_261017_14MR25@19 phengite

9,48

d18O_261017_14MR25_qz@2

13,54 0,32

349

86

d18O_261017_16MR23@40 muscovite
d18O_261017_16MR23@32 muscovite

Whiteschist

10,26
10,09

0,29
0,28
0,25
0,25
0,31
0,20
0,29
0,27
0,25
0,28
0,30

quartz

0,20
0,27

0,27

3,17
3,04

3,39

d18O_021217_MR8_16MR23@04
d18O_261017_16MR23_qz@05

13,87 0,33
14,16 0,32

432
379

97
88

Table 4.3: White mica and quartz SIMS data used as pairs for temperature calculation,
based on δ 18 O fractionation coefficients from Zheng (1993).

literature (Chopin and Monié, 1984; Le Bayon et al., 2006). The second population is represented by smaller white mica crystals. This generation is structurally younger than the large
flakes, since they are partially replacing chloritoid crystals and are hence produced during
retrograde chloritoid breakdown. They have δ 18 O compositions < 6 ‰and are not microstructurally associated with quartz, therefore we cannot infer that they were in equilibrium with
quartz. Consequently, a temperature of crystallization for the retrograde event cannot be
determined, but it is reasonable to assume that the temperature range is between 540°C (i.e.
peak condition) and lower temperatures corresponding to greenschist facies conditions (i.e.
300°- 350°C). This interpretation is supported by white mica compositions (Figures 4.5B and
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4.6), with higher silica contents in phengites from the first population (3.25 to 3.46 p.f.u) and
lower silica content in the second generation (3.01 to 3.15 p.f.u).

Figure 4.5: BSE images showing δ 18 O data in ‰for white mica (orange) and quartz
(blue) as well as silica content (p.f.u.) of white mica. A δ 18 O (‰) of white mica and quartz
from the whiteschist (sample 14MR67). B Si (p.f.u.) content of white mica in whiteschist
(14MR67). C δ 18 O (‰) of white mica and quartz from the metagranite 1 (sample 16MR23).
D Si (p.f.u.) content of white mica in metagranite 1. Large igneous white mica denotes
from metamorphic overgrowths and fine grains younger generation. Mineral abbreviations
are: ab: albite; bi: biotite; chl: chlorite; ctd: chloritoid; gt: garnet; ign. wm: igneous white
mica; qz: quartz; tlc: talc; wm: white mica; zo: zoisite.

Quartz - white mica pairs in the metagranite 1 can be separated into two populations (Figure
4.5C): the igneous white mica and quartz pairs have δ 18 O compositions indicating a temperature range of 350°to 400°C (Figure 4.4), probably acquired during sub-solidus equilibration;
the metamorphic overgrowths and fine-grained white mica crystals indicate a temperature
range of 300°to 350°C. Silica content of white micas (Figures 4.5D and 4.6) are lower in the
igneous large crystals (3.01 to 3.12 p.f.u) and higher in the metamorphic generation (3.03 to
3.17), with the latter being consistent with greenschist facies conditions. Metagranite 2 is
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Figure 4.6: White mica oxygen isotopes compared to chemical variability of each sample.
Top: Silica (p.f.u.) against δ 18 O for metagranite 1 and 2. Bottom: Silica (p.f.u.) against
δ 18 O for whiteschist. Error bars indicate the uncertainty in 2SE.

characterized by metamorphic phengites, locally found as clusters, replacing previous igneous
biotites. The restricted spatial extent of these domains and the juxtaposition with plagioclase does not allow to find many quartz - phengite pairs that are undoubtedly in equilibrium.
One pair, consisting of a quartz grain in contact with a white mica from the outer part of
one of these replacement microstructures has been used for temperature estimates but will
not be discussed since one data is not enough to extrapolate. The temperature obtained is
350°C, which is in accordance with the other quartz - phengite pairs from the metamorphic
generation in metagranite 1. Silica content of phengites in the metagranite 2 are higher than
those in metagranite 1 and spread between 3.05 and 3.45 p.f.u (Figure 4.6). These phengites
originate from either the prograde destabilization of biotite, producing phengite and titanite,
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or comes from the retrograde re-equilibration of the prograde to peak phengites, or a combination of both. δ 18 O compositions for each white mica analyses were represented against
silica content (Figure 4.6), which is a typical indicator of metamorphic conditions in white
micas. The whiteschist oxygen isotopic compositions increase with silica content, whereas
metagranite δ 18 O decrease with increasing silica content. The whiteschist microstructurally
defined peak assemblage consists of phengites with a higher δ 18 O of 1 ‰to 2 ‰compared to
the retrograde white micas. Conversely, the two metagranites have metamorphic phengites
that are 1 ‰to 1.5 ‰lower than the igneous and lowest metamorphic grade generations. The
processes that are at the origin of this opposite trend are being discussed below.

4.6
4.6.1

Discussion
Whiteschist δ 18 O and timing of metasomatism

White mica and quartz oxygen isotope compositions are well distinguishable between the
whiteschist and metagranites. This, in combination with the restricted isotopic range of
quartz and white mica in the whiteschist, shows that neither igneous white mica nor magmatic
quartz from the granite survived the pervasive fluid fluxes during hydrothermal alteration.
Pawlig and Baumgartner (2001) suggested as a protolith for the Monte Rosa whiteschist
a rock made up of an assemblage of sericite, chlorite and quartz. Here, the homogeneous
δ 18 O signature of the big quartz crystals in whiteschist indicate that they have totally lost
their igneous signature, which suggests that quartz completely equilibrated, the earlier, with
the hydrothermal fluids. Quartz participates to one of the main prograde reaction at high
pressure, producing chloritoid and talc (Chopin, 1983):

Chlorite + Quartz = T alc + Chloritoid + H2 O

(4.3)

The chlorite breakdown reaction progressively consumes chlorite on the prograde path and
reaction 4.3 is responsible for the final chlorite breakdown towards the Alpine peak P-T
(Figure 4.7 left, highlighted field).
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Figure 4.7: Thermodynamic modelling of the stable assemblage of whiteschist sample
14MR67 in the system KFMASH, using Domino software and Berman database (Berman
(1988), 92 update). The composition used is (in mole): Si(66.02), Al(18.65), Fe(1.73),
Mg(9.69), K(3.91). Water saturated conditions were used, and quartz is ubiquitous in the
mineral assemblage and was therefore not represented. Left: pressure (P) and temperature
(T) diagram representing the stable assemblages. The peak pressure and temperature field
is highlighted in color and the dotted lines represent the silica content of the white mica
in the peak P-T field. The star represents the peak P-T conditions reached during Alpine
metamorphism of 2.2 GPa and 570°C, with the corresponding mineral mode: phengite: 27%,
chloritoid: 18%, talc: 10% and quartz: 45%. White dots represent the white mica data from
Figure 4.4, placed according to each calculated temperature from quartz-white mica pair and
the corresponding measured Silica content. Right: P-T diagram displaying the total water
content of solid phases. The peak P-T field coincides with a major dehydration reaction
along the prograde evolution of the rock.

This, and the fact that the high pressure mineral assemblage is well preserved, imply that
there are very few amounts of quartz that crystallized on the retrograde path, that could
fractionate oxygen isotopes and re-equilibrate during the post-peak history. Therefore, the
rather homogeneous isotopic compositions in δ 18 O of quartz and phengite and the presence
of quartz inclusions in the core of chloritoid with the same δ 18 O as the matrix quartz support
a metasomatic event prior to Alpine prograde metamorphism, as already stated by Pawlig
(2001).

4.6. DISCUSSION
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Effect of Alpine metamorphism and deformation on the isotopic
record

The metamorphic history of the whiteschist and metagranites are recorded by oxygen isotopes
as well as major element compositions and can be linked to microstructural domains. The
opposite trend in δ 18 O compositions versus silica content of phengite (Figure 4.6) in the
metagranites and whiteschist can derive either from closed-system temperature dependent
isotopic fractionation between the reacting minerals or, they can be induced by external fluid
influx with different isotopic signatures, which would impose their isotopic composition.
Igneous phengites from the metagranite 1 have globally higher δ 18 O signatures than metamorphic phengites in metagranite 1 and 2 (Figure 4.6). The preservation of the igneous muscovite
signature and decrease in metamorphic δ 18 O in phengite could indicate that the fluid/rock
ratio during metasomatism was not sufficient to significantly alter the granite, but probably
enough to induce local hydration of igneous phases such as plagioclase. This is also reflected
by the degree of recrystallization of metagranite 2 at high P: igneous biotite is completely
replaced by phengite, whereas igneous biotite is preserved in metagranite 1. The decrease in
δ 18 O with increase in silica could also be produced during the prograde dehydration reaction
that consumes biotite to form phengite and titanite. It has been shown that igneous biotite
has a lower δ 18 O composition than igneous muscovite (Shieh and Taylor, 1969) in granites
and the metamorphic phengite in equilibrium with the dehydrating biotite would thus obtain
a lower δ 18 O than the igneous muscovite, which is consistent with the trend shown by the
data.
The formation of retrograde white micas in the whiteschist is tightly related to chloritoid
breakdown, as shown by the microstructural record (Figure 4.5 A and B), showing white
micas that are replacing chloritoid. They are muscovites, with Si content between 3.00 and
3.15 and δ 18 O compositions between 5.2 ‰and 6 ‰(Figure 4.6). As they are not necessary
in isotopic equilibrium with quartz, the temperature cannot be determined and therefore we
have to consider a temperature ranging from peak conditions (550°C) to greenschist facies
conditions (350°C). Fluids in equilibrium with these muscovites would have a δ 18 O signature
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between 3.7 ‰to 6.9 ‰(Zheng, 1993). The very local character of the replacement reaction of
chloritoid by muscovite is most probably indicating low fluid/rock ratio during the post-peak
metamorphic history of the whiteschist. Under these conditions, the isotopic signature of the
muscovite is not reflecting the fluid composition but rather depends on the stoichiometry of
the reacting phases. Therefore, the fluid composition calculated above does not represent the
fluid that infiltrated the whiteschist and its origin cannot be a matter of speculation, since it
reflects rather closed-system re-equilibration during greenschist-facies conditions.
Thermodynamic calculations performed on the whiteschist composition, using water saturated
conditions, show that chloritoid stability field is large at medium to high P and T conditions
(Figure 4.7, left). At peak conditions, it is stable together with talc, phengite and quartz,
as observed in our sample (Figure 4.7, highlighted field). The observed mineral mode, as
well as the maximum measured Si content in white mica are modelled at 570°C and 2.2
GPa (black star), representing the peak Alpine T and minimum P. The total amount of
H2 O in the solid phases decreases towards the peak P-T conditions (Figure 4.7, right). This
means that the rock most probably experienced dehydration reactions on the prograde path,
whit a major dehydration happening at the formation of the peak assemblage, when the
remaining chlorite breaks down. On Figure 4.7 (left), the white micas in the whiteschist
for which a temperature was calculated (data in Fig 4) are represented (white circles) by
combining the calculated temperature and the respective Si content of each white mica (data
in Table 4.3). Most of the phengites have restricted Si contents between 3.38 and 3.46 p.f.u.,
although the temperature ranges from 380 and 540°C. Overall, the set of white micas shown
on Figure 4.7 are aligned in a way that could be interpreted as a line representing a P-T
path. However, the temperature error bars are large (≈ 100°C). The average temperature for
phengites having Si contents between 3.38 and 3.46 p.f.u. is 456 ± 91°C. This uncertainty on
the average temperature is as large as the uncertainty on each temperature data. Moreover,
the Si in phengite isolines have a very flat slope and are mostly dependent on P. In our
case, given the restricted compositional variation in Si of phengites, this result in a broad
range of temperature for a very restricted range of phengite compositions. Hence, combining
temperature and phengite composition on a P-T diagram results in a very uncertain apparent
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P-T path, that greatly depends on the temperature uncertainty and the slope of the Si isolines.
This could explain the discrepancy between the calculated T and the modeled peak T. Also,
Si in phengite is accurately representing P only in presence of a buffering assemblage, among
which K-feldspar, biotite and quartz; or garnet, kyanite and quartz; or talc, kyanite and
quartz (Massonne and Szpurka, 1997), which are not found in the whiteschist. Therefore,
even though the apparent P-T path seems reasonably in continuation with respect to the
position of the peak assemblage in the P-T field, it must not be taken too seriously and the
phengite-quartz thermometer should not be preferred for that purpose.
Consequently, the study of the Monte Rosa whiteschist and metagranites reveals three important points related to the formation and evolution of the whiteschist. First, a significant
difference in white mica and quartz δ 18 O between the metagranites and whiteschist, as well
as low and rather homogeneous quartz and white mica oxygen isotopes signatures in the
whiteschist, indicate that the metasomatic alteration of the granite happened before Alpine
high-pressure metamorphism, as already stated by Pawlig and Baumgartner (2001). Then,
temperature estimates from white mica and quartz pairs in the whiteschist indicate a prograde temperature equilibration up to 540°C, but with an uncertainty of ≈ 100°C and the
peak metamorphism was modelled at 570°and 2.2 GPa. Last, whiteschist experienced partial
retrogression in a closed-system, leading to the replacement of chloritoid by greenschist-facies
white mica and chlorite.

4.7

Conclusion

New natural white mica RMs covering the phengite solid solution have been developed for
in situ oxygen isotope measurements by SIMS. Four species, among them one muscovite
(UNIL WM1) and three phengites (UNIL WM2, UNIL WM3 and UNIL WM4) have been
selected that are suitable as RMs for SIMS analyses. Independent laser fluorination δ 18 O
values are: 10.37 ± 0.06 ‰for UNIL WM1, 5.64 ± 0.04 ‰for UNIL WM2, 7.91 ± 0.09 ‰for
UNIL WM3 and 5.32 ± 0.17 ‰for UNIL WM4. No compositional matrix effect has been
determined based on four sessions of SIMS calibration with varying analytical conditions,
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however a IMF variation of 0.24 ‰to 0.71 ‰was measured between the set of RMs, which
is most probably related to the analytical conditions used. UNIL WM1 was used to test the
crystal orientation dependency, however no orientation dependent IMF has been found. The
measurement repeatability is between 0.30 ‰and 0.40 ‰when using the optimal analytical
conditions of 1.5nA primary beam, without raster.

Three Monte Rosa samples, consisting of one whiteschist and two metagranite were selected for in situ SIMS oxygen isotopes measurement of white mica and quartz. Phengite
UNIL WM3 and Quartz UNIL-Q1 were used as RMs. δ 18 O compositions of white micas
range from 9.1 to 10.7 ‰in the two metagranites and from 5.2 to 7.3 ‰in the whiteschist.
Quartz δ 18 O compositions range from 13.2 to 14.6 ‰in the metagranites and from 9.1 to
10.6 ‰in the whiteschist. Whiteschist oxygen isotopes compositions in both white mica and
quartz are significantly lower than in the metagranite and are not overlapping, which suggests
that these minerals fully equilibrated with the late magmatic hydrothermal fluids responsible
for the metasomatic alteration of the granite, supporting previous interpretation on the origin
of the Monte Rosa whiteschist. Temperature estimates based on quartz - white mica pairs
allow to distinguish an episode of sub-solidus re-equilibration of the metagranite at 350-400°C,
followed by a metamorphic phengite growth at 300-350°C. The whiteschist temperature estimates are calculated based on the high-silica content phengites, indicating temperatures
between 380 and 540°C, that are attributed to the prograde to peak metamorphic conditions.
Retrograde fine-grained white micas partially replacing chloritoid crystals have lower δ 18 O
compositions than the peak phengites, that result from closed-system partial retrogression at
greenschist-facies conditions.

Our study demonstrated that oxygen isotope compositions of white mica and quartz in the
Monte Rosa whiteschist and metagranite recorded a major fluid event responsible for the
hydrothermal alteration of the granite into whiteschist, before the onset of Alpine orogeny.
The isotopic record was subsequently equilibrated only through recrystallization during Alpine
metamorphism, that happened under closed-system conditions.
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Abstract
Five new natural white mica reference materials (RMs) were developed for in situ H2 O content analyses by secondary ion mass spectrometry at the SwissSIMS laboratory of Lausanne
University, Switzerland. The white micas reference materials cover part of the muscovite
- phengite compositional range observed in nature and are suitable for analysis of natural
rock samples as well as individual minerals. The independent H2 O content of the reference
materials UNIL WM1 to UNIL WM5 was obtained by thermal conversion elemental analyzer
and corresponds to 4.35 ± 0.02, 4.33 ± 0.03, 4.30 ± 0.07, 4.50 ± 0.02, 4.42 ± 0.11 (wt %)
respectively. SIMS analyses of H2 O content revealed a matrix effect related to FeO content of
white mica (wt %). The compositional range in FeO of the reference materials that were calibrated for H2 O determination spread from 1.13 to 3.67 wt %. No crystallographic orientation
dependency has been observed at the level of precision allowed by these RMs. An analytical
precision of 0.02 to 0.08 wt % (1SE) is expected for the final uncertainty on measurements of
unknown white micas in natural samples.

5.1. INTRODUCTION
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Introduction

White micas structure is composed of two layers of interconnected hexagonal rings of tetrahedra, linked together by one octahedrally coordinated layer (TOT). The TOT are stacked
along the c axis bound together by interlayer cations (Bailey, 1984). Hydroxyl sites containing (OH)− groups are attached to each tetrahedral six-fold ring and can be replaced with
fluorine (F) or less commonly chlorine (Cl), sulfur (S) or oxygen (O2− ) (Papike, 1988). In
order to accommodate space for the octahedral coordination of the intermediate layer, the
two tetrahedral layers are slightly displaced, perpendicular to the c axis. The stacking order and displacement of the layers define the polytype of the mica. Most white micas are
either 2M1 or 3T polytype (Smith and Yoder, 1956). Phengite refers to a solid solution
series for white micas, ranging in composition from muscovite, KAl2 AlSi3 O10 (OH)2 to aluminoceladonite, KAl(Mg,Fe2+ )Si4 O10 (OH)2 (Guidotti and Sassi, 2002; Rieder et al., 1999).
Hence the most important substitution characteristic of the phengite compositional space
is the Tschermak exchange vector: SiIV (Fe2+ ,Mg)V I AlIV −1 AlV I −1 . Occasionally it is accompanied by the ferrimuscovite exchange vector Fe3+ AlV I −1 (Guidotti, 1984). Phengite is
commonly encountered in metamorphic rocks. It is stable under a wide range of pressure and
temperature conditions and represents a good petrogenetic indicator. Phengites with silica
content as high as 3.6 have been reported in the literature (Saliot and Velde, 1982; Evans and
Patrick, 1987). Phengite is present in many igneous and metamorphic rocks. It is stable over
a large range in pressure and temperature, ranging from greenschist facies to upper amphibolite facies, as well as blueschist to eclogite facies (Spear, 1995). It is a useful geochronometer
and can be studied by conventional or in situ laser ablation Argon-Argon dating (Kelley
et al., 1994; Müller, 2003), or by Rb/Sr geochronology (de Meyer et al., 2014; Skora et al.,
2015). Thermometric methods based on phengite include stable isotopes, with for instance the
quartz-phengite temperature dependent oxygen isotope fractionation, or the garnet - phengite exchange thermometer, based on the partition of Fe and Mg between the two minerals
(Green and Hellman, 1982). Pressure conditions can be deduced by studying compositional
aspects of phengite, such as the silica content, that is used as a geobarometer (Massonne
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and Schreyer, 1987; Massonne and Szpurka, 1997). Solid solution data for the phengite series
mica’s are available in databases for computational thermodynamic calculations (e.g. Berman
(1988); Holland and Powell (1998, 2002). Therefore, many geologic processes occurring in the
crust and subduction zones can be studied in phengite-bearing rocks combining white mica
compositional and isotopic characteristics. Thanks to its hydroxyl group, phengite is also a
suitable mineral to study fluid - rock interactions. The hydroxyl site is mostly filled with
OH− and F in white micas, however small amounts of Cl, O2− or vacancies are also reported
(Bailey, 1984). Although Cl content in phengite is usually low, less than 0.01 wt % (Guidotti,
1984), F can be as high as 0.25 wt %. Exceptionally high F amounts reaching 2.65 wt % have
been recorded in F-saturated assemblages (Guidotti, 1984; Guidotti and Sassi, 2002). O2− is
also known to replace (OH)− in micas but has not been extensively studied in white mica.
The most important exchange vector in the hydroxyl site is the halogen - OH exchange (Fleet,
2003). At low temperature, H2 O can also exchange with vacancies and hydronium (H3 O+ ) or
H2 O molecules can be found in the interlayer site, by exchanging against one of the interlayer
cation or for charge compensation (Loucks, 1991). Fluorine concentrations can be routinely
measured by Electron Probe Micro Analysis (EPMA) in white mica, while the chlorine concentrations are often too low for a direct quantification. However, H2 O cannot be measured
by EPMA. The main analytical techniques allowing H2 O characterization are Thermal Conversion Elemental Analyzer (TC/EA) on bulk mineral separates, in situ Fourier Transform
infrared spectroscopy (FTIR) or in situ Secondary Ion Mass Spectrometry (SIMS). Nevertheless, the last two require a systematic calibration based on independently characterized
H2 O content in reference materials and to our knowledge, no white mica reference materials
exist for H2 O measurement by SIMS or FTIR. In this contribution, we present a new set of
five natural muscovite and phengite reference materials (RMs) for in situ H2 O measurements
by SIMS. The homogeneity of all RMs has been determined, and potential matrix effect was
investigated.

5.2. ANALYTICAL METHODS

5.2
5.2.1
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Analytical methods
Sample preparation

Phengites investigated in this study are loose grains from rock separates or big pieces from
pegmatites, crushed into small flakes. Sample preparation is done by handpicking chips of 0.5
to 3 mm, then embedded in EpoFix resin. About 10 to 20 grains of each RM were selected
for homogeneity tests. They were mounted together with two grains of biotite UNIL B2
(Siron et al., 2017) which were used as internal RM for drift monitoring and correction. In
addition, calibration mounts were prepared with 4 to 7 grains of each RM together with one
biotite UNIL B2 grain to monitor drift, and two nominally anhydrous minerals: one quartz
UNIL Q1 (Seitz et al., 2017) and one orthopyroxene (OPX) to measure H2 O background.
Epoxy mounts were polished using first sandpaper to produce a flat surface and then diamond
paste, by successive stages of decreasing granulometry, from 15 µm to 0.25 µm. Topography of
the mount’s surface was checked using a contour GTK-A Brucker white light interferometer.
Mounts with relief higher than 5 µm were re-polished in order to minimize analytical variations
due to topography. Cleaning was done using soft tissue with ethanol and ultrasonic bath was
avoided. The epoxy mounts were cut to a thickness of ≈ 5 mm, then cleaned using dry ethanol,
oven-dried at 60°C during at least 24 hours and stored in a vacuum desiccator. Finally, the
mounts were either carbon coated before EPMA analyses or gold-coated for SIMS analyses,
with a gold thickness of 35 nm.

5.2.2

Electron Probe Microanalysis (EPMA)

SiO2 , Al2 O3 , MgO, FeO, TiO2 , Na2 O, Cao, K2 O, F and Cl were analyzed using a JEOL JXA8530F Hyperprobe EPMA at Lausanne University, Switzerland. Operating conditions were
15 kV and 15 nA, with a beam diameter of 5 µm. Natural minerals were used as standards.
Counting time of 15 s on background and 30 s on peak was applied for Si, Al, Mg, Fe, Ti, F,
Cl and 10 s on background and 20 s on peak for Na, Ca and K. Armstrong PRZ correction
was used for data reduction. Detection limits were 200 to 300 ppm for F and 30 ppm for
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Cl. Homogeneity of white micas was tested by doing 5 to 10 analyses distributed in space
between the core and the rim of 6 to 8 grains. Structural formulae were calculated on a basis
of 22 negative charges. No correction was attempted for Fe2+ /Fe3+ ratio.

5.2.3

Thermal Conversion Elemental Analyzer (TC/EA)

Independent H2 O content as well as δD (‰, WSMOW) of each white mica RM was measured by Thermal Conversion Elemental Analyzer (TC/EA) in the University of Lausanne,
Switzerland, using a Finnigan Delta Plus XL following the method described in Bauer and
Vennemann (2014). In-house standards biotite G1 (3.19 wt % H2 O; -66 ‰δD) and kaolinite
K17 (14.5 wt % H2 O; -125 ‰δD) were used for normalization. H2 O content (wt %) was
determined from the surface area below the hydrogen peak, corrected by the weight of the
analyzed material. Recent studies have shown that H2 O content as well as δD measurement
accuracy in sheet silicates may be hampered by several factors (Bauer and Vennemann, 2014;
Qi et al., 2017). In order to test the sensitivity and accuracy dependence of the H2 O and δD
determination on sample preparation, several batches of each white mica RM were prepared
using different methods. Inclusion-free white mica RMs were first carefully selected by handpicking. One set of samples was prepared by grinding the micas in reagent grade ethanol.
The powders were subsequently dried in an oven at 110°C during several hours to evaporate
ethanol. A second set of samples was prepared by grounding micas with deionized water and
dried in an oven at 110°C during several hours. A third set of samples consisted of fragments
of white mica crystals >500µm in size. These had been carefully selected by hand-picking
and not ground. They were dried in an oven at 110°C for 48 hours to remove adsorbed moisture. For each analysis, 2 to 2.5 mg of each white mica RM were loaded immediately after
drying into Ag cups that were closed by folding and stored in desiccators before analysis.
The conventional procedure after Sharp et al. (2001) was followed for all analysis, except for
6 batches of white micas powders and 2 batches of white mica grains, that have been heated
to 250°C, at vacuum conditions before analysis.
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16 O1 H
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Secondary Ion Mass Spectrometry (SIMS)

and

16 O

were measured using a Cameca IMS 1280HR instrument at the SwissSIMS

facility of Lausanne University, Switzerland. A focused high density primary Cs+ beam in
Gaussian mode was used, with operating conditions of 0.5 nA at 20 kV, allowing a spot size
of approximately 10 µm diameter and 1.5 µm depth. A 20 µm raster was set during the 240
s of pre-sputtering to avoid any surface contamination. Entrance slit of 50 µm and exit slit of
400 µm were set, that allow a mass resolution of ≈ 5000 (M/∆M). An electron gun was used
for charge compensation at the surface of the sample. Primary, secondary beam and electron
gun alignment were tuned once a week. In order to compare the impact of the normalizing
ion on the calibration curve of H2 O content, two different analyses setup were used. When
normalized to
both
28 Si

16 O1 H

16 O,

and

analyses were done in multicollection mode, by simultaneously analyzing

16 O

on Faraday cups. When

28 Si

was used as normalizing ion,

16 O1 H

and

were analyzed in monocollection mode by peak hopping. Background calibration of the

Faraday cup as well as trolleys position and optimization of the electron gun were done at
the beginning of each session. Analyses consisted of 240 s of pre-sputtering, followed by 1
min of automatic centering of transfer deflectors and 24 cycles with counting time of 8 s.
Two normalization schemes were tested,

16 O1 H/28 Si

and16 O1 H/16 O, in order to take into

account changes during the sputtering process. The uncertainty on the 24 cycles, commonly
referred as internal error, was usually in the order of 0.2 to 0.3 % (1SE). Each session started
with 4 to 6 analyses of UNIL B2 in order to check the measurement reproducibility and was
followed by blocks of 2-3 white mica RM analyses separated by one UNIL B2 analyses. A
chemically homogeneous and anhydrous orthopyroxene (OPX) was used as internal standard
for background intensity correction in each session.
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5.3

Results and discussion

5.3.1

Homogeneity tests

Calibration of SIMS analyses relies on reference materials of known composition. These RMs
need to be homogeneous within grains to be able to put a large number of SIMS analyses to
monitor drift over long sessions, but they also need to be homogeneous between grains since
part of the material is used to constrain its reference value through an independent method,
in this case TC/EA for H2 O content. Chemically homogeneous natural white micas covering
part of the phengite compositional range were selected as potential reference material for H2 O
content measurements using SIMS (Table 5.1), among which two muscovite, UNIL WM1 (Si =
3.08) and UNIL WM5 (Si = 3.13) and three phengites: UNIL WM2 (Si = 3.48), UNIL WM3
(Si = 3.35) and UNIL WM4 (Si = 3.41) (Figure 5.1).

Figure 5.1: Illustration of the chemistry of the RMs, plotted in the muscovite - aluminoceladonite and muscovite - ferro-aluminoceladonite diagram. The horizontal and vertical variations are represented by the XMg and Tschermak exchange vectors respectively.

Homogeneity of the potential RM was evaluated by measuring 16 O1 H/16 O by SIMS on 12 to 50
spots, randomly distributed between the core and the rim of 4-10 grains of each species. Five
to ten grains were systematically tested that way. The homogeneity of each RM is evaluated
from the relative variation in % of the measured

16 O1 H/16 O

signal intensity. The resulting
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SiO2
TiO2
Al2O3
FeO
MgO
CaO
Na2O
K2O
a
H2O
F
Cl
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UNIL_WM1
UNIL_WM2
UNIL_WM3
average (n=25) (1SD) average (n=25) (1SD) average (n=25) (1s)
46,35
0,18
51,49
0,17
49,31
0,53
0,44
0,09
0,52
0,03
0,30
0,07
35,26
0,09
24,42
0,20
28,28
1,14
1,13
0,06
2,91
0,11
3,67
0,29
0,84
0,06
4,04
0,08
1,52
0,21
0,00
0,01
0,00
0,00
0,00
0,00
0,81
0,03
0,18
0,04
0,11
0,04
10,58
0,05
11,33
0,05
11,58
0,10
4,35
0,02
4,33
0,03
4,30
0,07
0,15
0,04
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Total

99,91

Si (T)
Al (T)
sum T
Ti (M)
Al (M)
Fe (M)
Mg (M)
Mn (M)
Cr (M)
Ni (M)
sum M
K (I)
Na (I)
Ca (I)
sum I
OH (A)
F (A)
Cl (A)
Sum (A)
Tsch
X Mg

3,082
0,918
4,000
0,022
1,845
0,063
0,084
0,000
0,000
0,000
2,013
0,897
0,104
0,000
1,002
1,930
0,030
0,000
1,960
0,114
0,571

99,23
0,012
0,012
0,005
0,015
0,003
0,006
0,000
0,000
0,000
0,005
0,004
0,000
0,000
0,010
0,000

3,479
0,521
4,000
0,027
1,424
0,165
0,407
0,000
0,000
0,000
2,022
0,976
0,024
0,000
1,000
1,950
0,000
0,000
1,950
0,525
0,712

99,08
0,011
0,011
0,002
0,010
0,006
0,008
0,000
0,000
0,000
0,005
0,005
0,000
0,000
0,000
0,000

3,350
0,650
4,000
0,016
1,615
0,208
0,154
0,000
0,000
0,000
1,993
1,003
0,015
0,000
1,018
1,950
0,000
0,000
1,950
0,356
0,425

UNIL_WM4
UNIL_WM5
average (n=25) (1SD) average (n=25) (1SD)
51,02
0,26
46,34
0,08
0,20
0,01
0,34
0,01
27,04
0,42
33,30
0,09
1,66
0,08
1,93
0,05
3,76
0,24
1,36
0,02
0,00
0,00
0,00
0,00
0,53
0,06
0,59
0,02
11,05
0,12
10,60
0,05
4,50
0,02
4,42
0,11
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
99,76

0,036
0,036
0,003
0,058
0,016
0,021
0,000
0,000
0,000
0,009
0,005
0,000
0,000
0,000
0,000

3,407
0,593
4,000
0,010
1,536
0,093
0,374
0,000
0,000
0,000
2,013
0,941
0,068
0,000
1,010
2,000
0,000
0,000
2,000
0,437
0,801

98,81
0,018
0,018
0,001
0,025
0,005
0,024
0,000
0,000
0,000
0,010
0,008
0,000
0,000
0,000
0,000

3,126
0,874
4,000
0,017
1,775
0,109
0,137
0,000
0,000
0,000
2,037
0,912
0,077
0,000
0,990
1,962
0,000
0,000
1,960
0,186
0,556

0,005
0,005
0,001
0,011
0,003
0,002
0,000
0,000
0,000
0,004
0,003
0,000
0,000
0,000
0,000

Table 5.1: Composition of white mica reference materials (RMs, in wt %), measured by
EPMA. Structural formula (a.p.f.u) were calculated on a 22 charges basis. Uncertainties are
1 standard deviation (1SD). aH2 O contents are in wt %, measured by TC/EA.

relative variation of the

16 O1 H/16 O

(or

16 O1 H/28 Si)

intensity is 0.4 % for UNIL WM1, 3.0

% for UNIL WM2, 1.0 % for UNIL WM3, 1.2 % for UNIL WM4 and 1.3 % for UNIL WM5
(1SD).

5.3.2

Measurement of the H2 O content of white mica by TC/EA

The reference value for H2 O content of each white mica RM was determined during 4 different
sessions from batches prepared according to the methodologies outlined above. The results
are plotted on a measured H2 O versus δD plot (Figure 5.2). A clear difference in behavior
between powder and grain analysis was observed. The set of grains show variable but high δD
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Figure 5.2: A: Illustration of the H2 O (wt %) and δD determination by thermal conversion
elemental analysis, using different sample preparation methods. The horizontal line represents the δD value of water in Lausanne: -73.6 ‰. B: Zoom in the ”Dry, grains” values of
the above figure, used for absolute H2 O calculation. RMs are given by name.

signatures and low H2 O contents (wt %) that are consistent with the stoichiometric amount
of H2 O that white mica can incorporate in its structure. All powders, except the ones that
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have been heated to 250°C before analysis, show a trend towards lower δD and higher H2 O
contents. The powders prepared with deionized water have δD (‰) around -73.6 ‰, i.e.
the value of tap water in Lausanne (analyzed in our stable isotope laboratory). Powders
prepared with reagent grade ethanol have the lowest δD and highest H2 O content. All but
the heated samples have too high amounts of H2 O: they have more than the maximum
amount of H2 O that can be accommodated by the structure of white micas. Indeed H2 O
content was overestimated by 35 % for samples prepared with deionized water and by 70 %
when prepared with ethanol. These measurements highlight the potential problems due to
the combined effect of adsorption of atmospheric moisture and incomplete dehydration before
analysis of the powders. Powders have a larger surface area, and hence can adsorb more
water (Bauer and Vennemann 2014). This is especially visible when comparing the powders
and grains prepared in dry conditions (Figure 5.2). The dry powders still indicate a lower δD
signature and higher H2 O content than the grains. Therefore, we recommend not grinding
white micas for TC/EA analysis, but rather use fine grains. The H2 O content (wt %) used
as reference value for each white mica RM was established based on the data obtained on
grains and are shown in Table 5.2. The uncertainty on the reference H2 O content corresponds
to the standard deviation of the n TC/EA analyses. It is 0.02 % for UNIL WM1, 0.03 %
for UNIL WM2, 0.07 % for UNIL WM3, 0.02 % for UNIL WM4 and 0.11 % for UNIL WM5
(1SD), which makes them suitable reference materials for H2 O content measurements.

5.3.3

Measuring H2 O content with the SIMS

It is well established that instrumental mass fractionation (IMF) changes critically when
analyzing stable isotopes as a function of major element compositions of solid solution minerals
(Eiler et al., 1997; Riciputi et al., 1998; Page et al., 2010; Rollion-Bard and Marin-Carbonne,
2011; Ickert and Stern, 2013; Śliwiński et al., 2016; Manzini et al., 2017). While analyses
for concentrations are less critical due to the less stringent analysis requirement, the effect
is present for major and minor element measurements (Steele et al. (1981); Bulle and Layne
(2014), Siron et al. in press). For minor element analysis, matrix effect can result in non-linear
correlation between measured ion-intensities and reference values (Bulle and Layne, 2014), due
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Date
March 2018

UNIL_WM1
H2O (wt %)
1SD
4,35
± 0,02

n
3

Date
March 2018

UNIL_WM2
H2O (wt %)
1SD
4,33
± 0,03

n
3

Date
November 2017
March 2018
Average

UNIL_WM3
H2O (wt %)
1SD
4,27
± 0,01
4,38
4,30
± 0,07

n
2
1
3

Date
March 2018

UNIL_WM4
H2O (wt %)
1SD
4,50
± 0,02

n
3

Date
October 2017
March 2018
Average

UNIL_WM5
H2O (wt %)
1SD
4,36
± 0,10
4,50
± 0,02
4,42
± 0,11

n
3
2
5

Table 5.2: Summary of the Thermal conversion elemental analysis measurements performed on the white mica RM’s.

to changes in mineral structure (Ottolini et al., 2000). Alternatively, measured ion-intensities
can exhibit a strong relationship with the major element composition of the analyzed material
(Ottolini and Hawthorne (1999), Siron et al. in press). Normalization of the

16 O1 H

signal is

required in order to account for the possible change in yield due to sputtering and extraction
during the progress of the analysis.

28 Si

and

16 O

are most commonly used for normalization

of H2 O content measurements (Mosenfelder et al. (2011, 2015); Hu et al. (2014), Siron et al.
in press). Both normalizations were tested in this study. The advantage of using

16 O1 H/28 Si

is that silica content variations in white micas due to Tschermak exchange can be corrected by
multiplying this SIMS ratio by the SiO2 content (wt %) measured by EPMA. However, this
require acquisition in monocollection mode and peak switching between mass 17 (16 O1 H) and
28 (28 Si) during each analysis, increasing the time of analysis and often resulting in a bigger
internal uncertainty. Figure 5.3 presents data obtained for the

28 Si

intensity (counts per

second) and the SiO2 content (wt %) measured with the electron microprobe micro analyzer
(EMPA) for two white mica reference materials (UNIL WM1 and UNIL WM3), one OPX
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OPX
data
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Si
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SiO2 (wt %)
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Figure 5.3: Measured 28 Si counts per second versus SiO2 content (wt %) from EPMA
of two white mica RMs and the anhydrous OPX. The data reported as stars are analysis
obtained for white micas in a thin section. Note that there is no correlation for the mica
analysis, suggesting that silica analysis by SIMS are highly dependent on the composition
of other major elements. Hence we did not use 28 Si to normalize the 16 O1 H measurements.

and several white micas from a thin section mounted together (Figure 5.3). The relationship
between the 28 Si intensity and SiO2 content in wt % is not linear. Moreover, individual white
mica analyses show partial overlap in

28 Si

even though they have different SiO2 contents.

Therefore, we explored normalization with 16 O. In this case, oxygen content of white micas is
unknown, but variations should remain very low since F and Cl are usually low in white micas.
This normalization allows to measure simultaneously 16 O and 16 O1 H in multicollection mode,
greatly reducing the analysis time. The calibration session used to test the normalization is
shown in Figure 5.4, with 16 O1 H/16 O intensity data plotted against the duration of the session
(h) for all white mica RMs. Measurements are from one sample mount. In addition, one
orthopyroxene grain (OPX) was used for background monitoring. A plot of the

16 O1 H/16 O

intensity data from that session versus reference H2 O (wt %) is shown on Figure 5.5. The
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8
7.5
7
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time (h)
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Figure 5.4: Example of a typical session for the identification of the IMF, using all 5
RMs. UNIL WM3 is measured repetitively between each two analyses in order to monitor
drift, the reproducibility for this session is 1.15E−05 % (n=30), and OPX is used for 16 O1 H
background correction.

inverse correlation between

16 O1 H/16 O

ratio and H2 O content (wt %) for white mica RMs

indicates a potential matrix effect related to the major element composition. In order to
evaluate which element is responsible for the observed matrix effect,

16 O1 H/16 O

was plotted

against the major chemical substitutions taking place in phengite: FeO (wt %), SiO2 (wt %),
Tschermak exchange vector, and XMg (Figure 5.6). A positive correlation was found only
between FeO wt % and
16 O1 H/16 O

16 O1 H/16 O.

Other chemical components seem to be unrelated to the

intensity. One usual way to correct for this background effect is through analysis

of an anhydrous blank (Hauri et al., 2002; Koga et al., 2003), in our case orthopyroxene is
the closest match of the white mica structure and is used to correct for

16 O1 H/16 O

intensity

of each RM during the session. Additionally, the hydroxyl site of white mica can contain F,
Cl, O2− and vacancies, which would result in lower measured

16 O1 H/16 O

intensity compared

to a white mica with only OH− . In this case, instead of being aligned on a single line, the
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7.2
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4.4

4.45
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Figure 5.5: Mean of the measured 16 O1 H/16 O ratios of all five RMs from the session of
Figure 5.4, plotted versus their respective H2 O content (wt %). Error bars are 1SE. The
absence of a positive correlation suggests a bias due to compositional matrix effect.

data can be shifted downward along the
quality of the FeO versus

16 O1 H/16 O

16 O1 H/16 O

intensity axe and this would impact the

fit. In order to take into account the impact on the

fit of the variability in OH− fractions in the hydroxyl site, we tested a way to normalize the
16 O1 H/16 O

intensity by first subtracting the background OPX intensity and second, dividing

by the reference H2 O content (wt %) obtained via the independent method (TC/EA). This
ratio is plotted against FeO content (wt %) in Figure 5.7. There, a linear relationship arises
between the normalized measured intensity of the RMs and their FeO content, which defines
a slope that can be expressed as:

SIM S − RSIM S
RRM
OP X
ref
CRM

= a × F eORM + b

(5.1)

S is the average measured 16 O1 H/16 O intensity of each RM, RSIM S is the average
Here, RSIM
RM
OP X

measured

16 O1 H/16 O

intensity of the orthopyroxene reference material, Cref
RM is the average

reference H2 O content (wt %) of each RM, obtained via an independent method (TC/EA)
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Figure 5.6: Plots of 16 O1 H/16 O intensity normalized with H2 O content (wt %; from
TC/EA) for all five RMs (measured during the same session as for Figure 5.4 and 5.5),
versus components responsible for major chemical variations in the phengite series: FeO (wt
%); Tschermak, calculated as (Si + Mg + Fe2+ - 3) / 2; XM g , calculated as Mg/(Mg+Fe2+ )
and SiO2 (wt %). The positive correlation between FeO (wt %) and 16 O1 H/16 O is a good
evidence of the importance of FeO for matrix effect. Error bars are 1SE.

and FeORM is the iron content in wt % of each RM. Coefficients a and b are obtained by linear
regression, taking into account the uncertainty on each RM, that is the 1SERM . The uncertainty given was obtained by the propagation of the uncertainty of the SIMS measurement
as well as the uncertainty on the independent H2 O content determination. It is represented
by the vertical error bars on Figure5.6 and 5.7 and expressed as:

SIM S
1SERM = RRM

v
u
ref
SIM S
1SDRM
u 1SD√RM
√
u
df
df
× t( SIM S )2 + ( ref )2
RRM
CRM

(5.2)
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Figure 5.7: Calibration of the H2 O content from 16 O1 H intensity of each RM, OPX and
independent H2 O content as well as FeO (wt %). The fit parameters are used to calculate
unknown H2 O contents (wt %). Vertical error bars represent the propagated uncertainty of
the standard error on the mean of the SIMS analyses (1SE) and the standard error on the
mean of the TC/EA analyses (1SE). Horizontal error bars are 1SD.

S is the standard deviation of the m
1SDSIM
RM

16 O1 H/16 O

measurements of the RM; 1SDref
RM is

the standard deviation of the n measurement of the reference H2 O content (wt %) obtained
via the independent method (TC/EA) and df is the number of independent measurements
minus the number of parameters fitted.
Then, H2 O content (wt %) of unknown white mica analyses can be calculated using the
formula:

SIM S
Cunk
(wt%) =

SIM S − RSIM S )
(Runk
OP X
a × F eOunk + b

The final uncertainty on each H2 O wt % determination of unknown analysis will be:

(5.3)
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SIM S
1SEunk = Cunk

v
u
ref
SIM S
u 1SD√RM
1SDRM
√
SIM S
u
1SEunk
df
df
)2
× t( SIM S )2 + ( ref )2 + ( SIM
RRM
Runk S
CRM

(5.4)

S being the standard error on the mean of the 24 cycles of the SIMS spot analysis.
with 1SESIM
unk

The iron content of the RMs was obtained by EPMA analysis and assumed to be ferrous.
Nevertheless, white mica can incorporate a significant amount of ferric iron, leading to
Fe3+ /(Fe2+ +Fe3+ ) ratio of up to 0.5 (Fleet, 2003). The effect of the iron oxidation state
was not investigated in this stud. However, mica formula normalization using 6 cations was
tested in order to estimate the ferric iron content of the RMs. The results do not affect the
16 O1 H/16 O

intensity (see Appendix). White mica has several polytypes. For example, the

observed polytype (2M1 or 3T) of white micas seem to by mostly sensitive to the P and T
conditions at which they formed, not their chemistry (Sassi et al., 1994). At this point, we
have not determined the mica polytypes used here. Hence, we assume that the iron content
(FeO wt %) is the most likely cause of the matrix effect. Therefore, for SIMS analyses of H2 O
in white mica, we recommend using two RMs that bracket the FeO concentration range of
the unknown white mica.
The possible effect of crystal orientation on

16 O1 H/16 O

intensity has been investigated, but

not found based on the analysis of a total of 50 randomly oriented white micas of similar
FeO contents from two different thin sections. The resulting calculated (OH)− fraction in
the hydroxyl site was homogeneous in each sample, therefore we concluded that the crystal
orientation has not a strong effect on the resulting

5.3.4

16 O1 H/16 O

intensity.

Uncertainty on the H2 O content determination

There is an uncertainty related to each SIMS spot analysis, whose result is the average of
S
the 24 measurement cycles. This uncertainty, 1SESIM
unk , is typically in the order of 0.1 to

0.5 % relatively to the

16 O1 H/16 O

intensity, for white micas analyzed in this study. The

second source of uncertainty is the reproducibility of the RMs used to monitor drift during
√
S (1SDSIM S / df ). Depending on the stability during the session
a SIMS session: 1SESIM
RM
RM
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as well as the quality of the mount being analyzed, the uncertainty on the RM fluctuates,
which also affects the goodness of the fit of the compositional matrix effect. The last source
of uncertainty is related to the reference value obtained by TC/EA. This is expressed as wt
% and corresponds to 0.02 for UNIL WM1, 0.03 for UNIL WM2, 0.07 for UNIL WM3, 0.02
for UNIL WM4 and 0.11 for UNIL WM5 (1SD). For a good SIMS session, the propagated
uncertainty on the white mica RMs is in the order of 0.01 to 0.06 wt % (1SE). Depending
on the RM used for H2 O measurement calibration, the final uncertainty on the analysis of an
unknown white mica, that corresponds to the propagation of the three sources of uncertainties,
is typically < 0.08 wt % (1SE).

5.4

Conclusion

In this study we present five natural white mica RMs suitable for H2 O content measurement by
SIMS, which range in composition between muscovite (Si = 3.08) and phengite (Si = 3.48).
Accurate H2 O compositions of RMs were obtained by TC/EA measurement, after testing
several sample preparation methods. Accurate results were only obtained when analyzing
white mica gains <500 µm in size, previously dried in an oven at 110°C for 48 hours. On the
opposite, powders showed a moderate to strong atmospheric moisture adsorption, resulting
in an overestimation of the H2 O content of up to 70%. SIMS analyses were performed by
simultaneously analyzing

16 O1 H

and

16 O,

with

16 O

as normalizing ion. SIMS analyses are

not affected by crystal orientation. The uncertainty on the white mica RMs homogeneity is
between 0.02 and 0.13 wt % (1SE) for white mica analyzed individually and between 0.04
and 0.12 wt % (1SE) when analyzed together in one session. Iron content wt % is responsible
for a compositional matrix effect that has to be calibrated by analyzing at least two RMs
that bracket the range of FeO content of the unknown white micas. The FeO content (wt %)
of the white mica RMs ranges from 1.13 to 3.67, however relative sensitivity factor for H2 O
content is a linear function of FeO and hence can be extrapolated to slightly lower or higher
FeO contents of unknowns. The new white mica RMs are suitable for analysis of H2 O content
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in white mica from natural rock samples. They are available on request at the SwissSIMS
laboratory.
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Figure 5.8: Plots of 16 O1 H/16 O intensity normalized with H2 O content (wt %; from
TC/EA) for all five RMs (measured during the same session as for Figure 5.4 and 5.5),
versus Fe2+ and Fe2+ / Fe total. Fe2+ and Fe3+ were calculated on a 6 cations basis. Error
bars are 1SERM . Plots show no correlation between intensity and either Fe2+ or Fe2+ / Fe
total, confirming that Fe total is responsible for the observed composition matrix effect.
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Abstract
Pressure-temperature-time paths obtained from minerals in metamorphic rocks allow the geodynamic evolution of mountain ranges to be reconstructed under the conventional assumption
that rock pressure is static. This lithostatic pressure paradigm allows the metamorphic pressure to be directly converted into the burial depth of the rock and, hence, to quantify the rock’s
burial and exhumation cycle. In a coherent tectonic unit, considerably different metamorphic
pressures are frequently determined in adjacent rocks. We show with field and microstructural observations, phase petrology and geochemistry, that these pressure differences cannot
be explained by tectonic mixing, retrogression of high-pressure minerals or lack of equilibration of mineral assemblages. We propose that the determined pressure difference of 0.8 ±
0.3 GPa is due to deviation from lithostatic pressure. We show with two simple analytical
solutions for the deformation of mechanically heterogenous rock that such pressure differences
are mechanically feasible, supporting our interpretation of significant outcrop-scale pressure
gradients.
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Introduction

The Alps consist of an ordered stack of tectonic nappes. The studied field area is part of the
prominent Monte Rosa nappe, an internal, Penninic unit of the Western Alps. This nappe
belongs to the Briançonnais domain and represents the most distal European continental
crust involved in the Alpine orogeny (Steck et al., 2015) (Figure 6.1A). The nappe consists
of pre-Alpine paragneisses with a few intercalated metabasites and a K-feldspar phenocryst
rich Permian metagranite that was metamorphosed during the Alpine orogeny (Bearth, 1952;
Pawlig, 2001). The metagranite locally contains 10 to 50 meters large whiteschist bodies
(Figure 6.1C). The whiteschists are not xenoliths or pieces of the subduction channel that
could have been incorporated later by tectonic mixing (mélange) into the granite during the
Alpine orogeny. Instead, they were generated from metasomatic alteration of the granite by
late magmatic hydrothermal fluids, related to the cooling of the granite intrusion, before the
onset of Alpine orogenesis (Pawlig and Baumgartner, 2001). The granitic protolith of the
whiteschist and the late magmatic hydrothermal nature of the fluids are confirmed by whole
rock compositions as well as stable isotopes data, and the pre-Alpine age of the metasomatic
alteration is independently supported by radiogenic Sr isotopes data (Pawlig, 2001; Pawlig
and Baumgartner, 2001). This pre-Alpine metasomatic alteration of the granite established
the chemistry of the magnesium-rich sericite-chlorite schist and subsequent closed-system
Alpine metamorphism produced the whiteschist high-pressure mineralogy. The absence of
shear zones and faults related to the whiteschist outcrop imply tube-like chemical alteration
structures (Figure 6.1B) and the lack of any foliation associated in the whiteschist shows that
local deformation in the whiteschist pods post-dates Alpine peak pressure.
Peak Alpine metamorphism occurred at ca. 42 Ma (Lapen et al., 2007) and was followed
by rapid decompression (Skora et al., 2015). The Alpine history of the nappe has been
documented by numerous studies (Chopin and Monié, 1984; Dal Piaz and Lombardo, 1986;
Borghi et al., 1996; Keller et al., 2004; Le Bayon et al., 2006; Lapen et al., 2007; Gasco et al.,
2011). Peak pressures were first estimated between 1.2 and 1.6 GPa (Chopin and Monié,
1984; Dal Piaz and Lombardo, 1986; Borghi et al., 1996), corresponding to ca. 40 to 60
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Figure 6.1: A Simplified, modified tectonic map ((Dal Piaz et al., 2001; Steck et al.,
2015) of the Western Alps showing the location of the Monte Rosa nappe (MR). The square
indicates the studied region. B Illustration of the potential 3-D geometry of the whiteschist,
extrapolated from 2D field data. C Photo of the whiteschist body within the metagranite.
On top of the whiteschist stands a person for scale. The picture is oriented toward East.

km burial depth, assuming lithostatic pressure. The tectonic evolution of the Alpine region,
including the Monte Rosa nappe, has been reconstructed based on a wealth of structural
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field observations and explained by the orogenic wedge model (Platt, 1986). This model explains nappe formation and stacking by basal accretion and nappe exhumation by ongoing
stacking, subsequent backfolding and erosion. Wedge formation is mainly driven by compressive tectonic forces, with buoyancy forces playing a minor role only. Subsequently, pressure
estimates between 2.2 and 2.7 GPa (Le Bayon et al., 2006; Gasco et al., 2011) have been
determined for the Monte Rosa nappe, however, these high-pressure rocks of >2.2 GPa are
restricted to minor volumes of whiteschist within the metagranite and few mafic boudins in
the polymetamorphic basement (Le Bayon et al., 2006; Gasco et al., 2011). The lithostatic
burial depth >80 km associated with the >2.2 GPa pressure estimates for the Monte Rosa
nappe were used to reject the orogenic wedge model in favour of the subduction channel
model (Butler et al., 2013). This model explains nappes as buoyancy-driven plumes rising
along a subduction channel from depths >80 km (Butler et al., 2013, 2014). All the other
peak pressures lower than 2.7 GPa are traditionally explained either by a lack of equilibration
of the mineral assemblage during burial, due to slow reaction kinetics, or by complete retrogression of the high-pressure assemblage to lower pressure during exhumation. Obviously,
the lithostatic pressure assumption is crucial to all these arguments and understanding of
metamorphic pressure variations recorded in the Monte Rosa nappe - in fact in any orogeny
- is essential to determine the controlling forces and mechanisms of the Alpine orogeny.

6.2
6.2.1

Methods
Analytical methods

Major and minor element compositions of white mica were obtained using a JEOL 8200 Superprobe EPMA and a JEOL JXA-8530F HyperProbe EPMA at the University of Lausanne,
Switzerland. Operating conditions were 15 kV and 15 nA. Natural minerals were used as
reference material. Structural formulae were calculated on the basis of 11 oxygens. SIMS
analyses were made with a CAMECA IMS 1280 in the SwissSIMS facility of the University
of Lausanne, Switzerland. White mica reference materials consisting of natural white micas
from various compositions over the muscovite - celadonite end-members were developed for
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OH− measurement. A 0.5 nA Cs+ primary beam at 10kV was used and a spot diameter
of 10 µm was achieved. The absolute H2 O weight percent of the reference materials were
obtained using high Temperature Conversion Elemental Analyzer (TC/EA) at the Stable
Isotope Laboratory of the University of Lausanne. Cl and F contents of the reference materials and Monte Rosa phengites were measured using a JEOL JXA-8530F HyperProbe EPMA
at the University of Lausanne. The structural OH− content was calculated on the basis of 11
oxygens in the structural formula. The mole fraction of water in the white mica is calculated
using the OH− concentration (p.f.u.) divided by 2. Note that OH− contents ¿ 1 may result
from the accumulated uncertainty related to SIMS H2 O content measurement and electron
microprobe major elements measurement. BSE images were acquired on a Tescan Mira II
LMU field emission SEM at the University of Lausanne.

6.2.2

Thermodynamic calculations

Equilibrium phase diagram was calculated using DOMINO software (de Capitani and Brown,
1987) in combination with the internally consistent and entirely experimentally derived
Berman (1988) (92 update) database in the simple KFMASH system. The initial whiteschist
composition is (in wt %) K2 O: 3.02, Na2 O: 0.15, CaO: 0.22, FeO: 1.62, Fe2 O3 : 2.39, MgO:8,24,
Al2 O3 : 2.39, TiO2 : 0.47, SiO2 : 62.38, LOI: 4.02. The components Na2 O, CaO and TiO2 were
not considered, since they occur in small amounts (<0.5 wt%). All iron was considered as
ferrous, since Fe3+ is mostly accommodated in chloritoid structure. Talc activity was fixed
at 0.86 in the database, according to measured talc composition at the estimated peak. The
solution models used are Massonne and Szpurka (1997) for white mica, while the chloritoid, garnet, carpholite, chlorite and biotite solution models are from Berman (1988) (92
update). Silica in phengite from metagranites is obtained by thermodynamic calculations,
using Berman (1988) (92 update) database with the white mica solution model of Massonne
and Szpurka (1997). Silica isopleths are modelled at peak temperature of 550°C (average
temperature from published estimates: Chopin and Monié (1984); Dal Piaz and Lombardo
(1986); Borghi et al. (1996); Keller et al. (2004); Le Bayon et al. (2006); Lapen et al. (2007);
Gasco et al. (2011). Input composition is a bulk metagranite with (in wt%): K2 O: 4.57,
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Na2 O: 2.95, CaO: 1.69, FeO: 1.61, Fe2 O3 : 1.25, MgO: 0.85, Al2 O3 : 14.24, TiO2 : 0.48, SiO2 :
70.83, MnO: 0.05, P2 O5 : 0.20, H2 O: 1.08. CaO, P2 O5 , MnO and TiO2 were not considered
and iron is considered as all ferrous. Water-saturated conditions were used.

6.2.3

Fluid-overpressure calculations

Thermodynamic data were obtained with Theriak software (de Capitani and Brown, 1987)
and Berman (1988) (92 update) database, using the input composition of whiteschist used for
equilibrium phase diagram calculations in Figure 6.2A. Volume (V) and density (ρ) of solids
and fluid were calculated for specific pressure (P) and temperature (T) conditions. ∆Vr is
calculated as V1 -V0 and compressibility (β0 ) is calculated as β0 = (1/ ρ∗0 ) (ρ∗0 - ρ0 )/(P∗0 -P0 )
with ρ0 , ρ∗0 being densities at two different pressures P0 and P∗0 , respectively, in the same
stability field. V0 , V∗0 , V1 and ρ0 , ρ∗0 , ρ1 for reaction 1 were calculated at 400°C, 1.5 GPa
(0), 400°C, 1.6 GPa (0*) and 500°C, 1.5 GPa (1) and for reaction 2) at 560°C, 2.0 GPa (0),
560°C, 2.1 GPa (0*) and 560°C, 2.3 GPa (1).

6.2.4

Estimation of water activity

Water activity in a fluid phase or on the grain boundary could be estimated through the
reaction H2 O-phengite ⇒ oxy-phengite + H2 O. Nevertheless, the thermodynamics of this
reaction is not known, so that another approach had to be chosen. A necessary, but not
sufficient, requirement of phengite-fluid equilibrium is that the chemical potential of the
component H2 O is the same. Hence for two different phengites in equilibrium with two
f l1
phen2
fl
different fluids, we can write: µphen1
H2 O = µH2 O and µH2 O = µH2 O , where phen1 and phen2

denote the two different phengites, fl1 and fl2 the different fluids, and µ stands for the chemical
potential. Expanding the chemical potential of H2 O for each phase by introducing the activity
i
of the component, µiH2 O = µ0,i
H2 O + RTln aH2 O , where R is the gas constant, T the temperature,

and µ0,i
H2 O is the chemical potential of the pure H2 O fluid or pure H2 O phengite. This results
in the equation set:
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phen1
0,f l
f l1
µ0,phen
H2 O + RT lnaH2 O = µH2 O + RT lnaH2 O

(6.1)

phen2
0,f l
f l2
µ0,phen
H2 O + RT lnaH2 O = µH2 O + RT lnaH2 O

(6.2)

Subtracting equation 6.1 from equation 6.2 and rearranging and solving for the activity of
H2 O in fl2 results in:

afHl22 O = afHl12 O ×

aphen2
H2 O
aphen1
H2 O

(6.3)

Assuming Raoult’s law is valid for both phengites, the activities of water in the phengites
can be replaced by the mole fractions of water in the structural formula of these phengites.
A reference value of afHl12 O has to be obtained so that equation 6.3 is useful. In the absence
of thermodynamic data, we used the assumption that aphen1
H2 O is close to 1 for a pure water
fluid phase, where afHl12 O = 1. Experimental data is needed to verify this assumption. We
measured phengite compositions which have completely filled OH− sites in the whiteschists,
where water activity is close to unity. Hence, in a first approximation, we used:

phen2
afHl22 O = XH
2O

(6.4)

Assuming Raoult’s law applies is a key assumption here, since the minimum OH− content of
the hydroxyl site of white mica corresponding to a water activity of 0 is unknown. In addition,
the above derivation requires that the chlorine (Cl) and fluorine (F) concentrations are small.
In the present case they are 0 - 1800 ppm and 0 - 3000 ppm for Cl and F, respectively. A
further problem arises from the fact that we obtain pressure gradients in the metagranites. In
fact, equation 6.1 and 6.3 can only be reduced to equation 6.4 if the standard state chemical
potentials refer to the same pressure and temperature.
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Results

The peak pressure paragenesis in the whiteschist consists of chloritoid, talc, phengite and
quartz. Retrogression commonly produced kyanite, chlorite and white mica. Calculations
using the DOMINO software package (de Capitani and Brown, 1987) in combination with
the Berman internally consistent database (Berman, 1988) result in the observed assemblage
and correct phase compositions and modal abundances at 2.2 GPa for a temperature of 540
to 600°C and a water activity of 1 (Figure 6.2A).
This result is at the lower range of the previous published peak pressure estimates for this
rock (Le Bayon et al., 2006). Previous studies suggested water activities as low as 0.6 in
the whiteschist (Chopin and Monié, 1984; Le Bayon et al., 2006), which would influence the
position of the peak mineral assemblage in the modelled pseudosection. Therefore, water
activity was estimated in the whiteschist based on H2 O measurement in phengite by in-situ
secondary ion mass spectrometry (SIMS). Major elements as well as chlorine and fluorine
compositions were measured by electron probe microanalyzer (EPMA) and structural OH−
content is calculated as the proportion of OH− in the hydroxyl site (OH− /2), after normalizing
on a basis of 11 oxygen (see methods for details). Results from two whiteschist samples (Figure
6.2B) show a homogeneous and high OH− content in the whiteschist phengites, ranging from
0.93 to 1.05. For the range of compositions measured, this OH− content directly reflects the
water activity (see methods). Figure 6.2A shows the position of the peak assemblage for
H2 O activities of 1 (blue field) and 0.9 (green field). This confirms the assumption of water
activity close to 1, and hence the 2.2 GPa estimated for whiteschist. It also suggests the
presence of a water-rich fluid phase. The peak metamorphic assemblage in the metagranite
consists of phengite + titanite, which are partially replacing biotite, and fine-grained albite
+ zoisite ± phengite ± garnet intergrowth pseudomorphing igneous plagioclase (Figure 6.3
A, B). Retrogression and sluggish kinetics have conventionally been mentioned to justify the
absence of jadeite in the metagranite (Dal Piaz and Lombardo, 1986; Rubie, 1998; Proyer,
2003), which should be found for pressures >1.6 GPa at temperature of 550°C (Holland
(1980) and Figure 6.5). Jadeite results from the high-pressure destabilization of plagioclase
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Figure 6.2: A Whiteschist thermodynamic calculation in the system KFMASH, using
DOMINO software and the Berman Berman (1988) (92 update) database, with the peak
pressure-temperature field for water activity (aH2 O) of 1 in blue and aH2 O of 0.9 in green.
Water saturated conditions were used with the following composition in moles: Si (61.79); Al
(20); Fe (2.23); Mg (12.17); K (3.82). Mineral abreviations are: bt: biotite; car: carpholite;
chl: chlorite; crd: cordierite; cld: chloritoid; grt: garnet; ky: kyanite; opx: orthopyroxene;
tlc: talc; wm: white mica. Bold lines labelled with 1) and 2) indicate dehydration reactions
considered in the discussion. B OH− content of phengites in two whiteschist (WS) samples
versus silica (Si) content, p.f.u. C Silica (Si) content of white mica per formula unit (p.f.u.)
in metagranite is plotted versus the distance of the corresponding metagranite from the
whiteschist (WS) body. The maximum pressure for the corresponding Si content is indicated
assuming a temperature of 550°C and a water activity (aH2 O) of 1. D OH− content of
phengites in metagranites versus the distance of the corresponding metagranite from the
whiteschist (WS) body.
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Figure 6.3: A BSE image of pseudomorphic replacement of the igneous plagioclase by
fine-grained assemblage of albite, zoisite, and white mica. B In some places the igneous
plagioclase is partially preserved. Mineral abbreviation: ab = albite; ign. pl = igneous
plagioclase; wm = white mica; zo = zoisite. C Plane-polarised light microphotograph of
a thin section showing plagioclase pseudomorphs (ab and zo: dark fine-grained crystals)
partially replacing igneous plagioclase. D Same area as C, under crossed polarisers. Note
that the matrix albite in the fine-grained replacement texture has inherited the crystallographic orientation as evidenced by the twin planes. This confirms direct replacement of
igneous plagioclase by the albite, confirming that jadeite never formed. E Picture of a typical undeformed metagranite with large K-feldspars in a matrix of plagioclase, quartz and
biotite.

through the reaction: albite = jadeite + quartz (Holland, 1980). For plagioclase compositions
comprising small amounts of anorthite component, reaction products such as zoisite, kyanite,
quartz, garnet ± white mica start forming at lower pressure (Rubie, 1998). Interestingly,
jadeite has never been reported in the literature, nor have we observed it in the Monte Rosa
metagranite in any of the many thin sections studied. Instead, detailed studies reveal igneous
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twinning in relict pieces of igneous plagioclase and newly crystallised albite pseudomorphs
forming the groundmass of the zoisite-albite intergrowth (Figure 6.3 C, D). The mimicking
of the igneous twinning by the albite is evidence that albite is a direct replacement of the
plagioclase breakdown reaction, since albite inherited the same crystallographic orientation
in order to preserve the twins. If albite was a retrograde product after jadeite destabilization,
the crystallographic orientation of the plagioclase would be lost during jadeite growth. The
preservation of large pieces of igneous plagioclase as well as igneous twins indicates that albite
is a prograde high-pressure product after plagioclase destabilization. The presence of waterbearing minerals such as zoisite and white mica in these plagioclase pseudomorphs indicates
that water was available during the prograde reaction (Abart et al., 2014). If zoisite and white
mica were present before a potential jadeite formation, they would have participated in the
jadeite-producing dehydration reaction, hence, excluding sluggish kinetics as an explanation
for the absence of jadeite. Overall, these textural observations suggest that the granite was
not exposed to pressures larger than ca. 1.6 GPa.
Independent pressure estimates can be made using the silica (Si)-in-phengite barometer. Pressure was determined using the calibration of Massonne and Szpurka (1997) in five metagranite
samples along a profile towards one of the whiteschist bodies (Figure 6.2C). Phengites from
buffered textural domains were selected, that contain the assemblage K-feldspar, quartz,
biotite and phengite. The Si-content in phengites was determined for various pressure experimentally by (Massonne and Schreyer, 1987). Metagranites closer than 80 meters to the
whiteschist have not been analysed, since their high-pressure assemblage was strongly altered
during a late greenschist-facies retrogression associated with deformation. The resulting maximum Si-content of phengites increases from 3.42 to 3.54 Si p.f.u. in the metagranites towards
the whiteschist (Figure 6.2C). Assuming a water activity of 1 and a peak temperature of 550°C,
in accordance with whiteschist estimates as well as the average peak temperature from the
literature (Chopin and Monié, 1984; Dal Piaz and Lombardo, 1986; Borghi et al., 1996; Keller
et al., 2004; Le Bayon et al., 2006; Lapen et al., 2007; Gasco et al., 2011), pressure increased
consistently towards the whiteschist from 1.05 to 1.40 GPa. These pressure estimates are
consistent with the absence of jadeite in the metagranite.
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Figure 6.4: A Thin section image showing phengite rim around biotite. B and C show
the spatial variation of Si (p.f.u.) in phengite for two profiles from a metagranite sample
indicated in A). Profiles were measured in the reaction rims around biotite, from interior
towards the matrix. The maximum values of Si show a “plateau” shape. The variations are
interpreted to document prograde replacement of biotite by phengite, from the rim towards
the centre, with subsequent pressure decrease during the retrograde phase, close to the
biotite.

Profiles of Si-content across phengite domains (Figure 6.4) show an increase in Si content,
then a“plateau” and subsequent decrease, from the outside towards the biotite, which was
replaced by phengite during prograde reaction. The Si-content profile is reflecting part of
the prograde (increase in Si-content), peak (Si-content plateau) and retrograde (decrease of
Si-content towards biotite) pressure conditions of the P-T path, similar to the proposition of
Evans and Patrick (1987). We suggest that the maximum phengite Si per formula unit (p.f.u.)
corresponds to the highest-pressure conditions reached during the reaction. The shape of the
profile of Si-content, a plateau with decreasing Si-content away from the plateau, does not
support a retrogression event related to a pervasive fluid-flush event during exhumation at a
pressure of ca 1.4 GPa, since for such a retrograde fluid-flush event a profile with homogeneous
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Si-content should be recorded. Moreover, retrograde fluid infiltration at a pressure of ca 1.4
GPa would lead to the breakdown of talc in the whiteschist (Figure 6.2A), which is not
observed.
it is well established that phengite content in white mica depends on water activity (Massonne
and Schreyer, 1987). For a fixed phengite composition, pressure increases with decreasing
water activity. The influence of water activity variation in white mica on pressure for two
fixed Si contents was calculated, corresponding to the maximum values in phengites in the
farthest and the closest metagranite samples (3.42 and 3.54, respectively; Figure 6.5). Water
activities as low as 0.5 are still not sufficient to reach a pressure of 1.6 GPa required for jadeite
appearance and pressures are still significantly smaller than the minimum pressure of 2.2 GPa
determined for whiteschist. In order to estimate the actual water activity during equilibration
of the phengites, their H2 O content was measured by SIMS (Figure 6.2D). The results show
that all samples have OH− contents in the range of 0.81 to 1.05 in the phengites, with
no systematic trend. This OH− content directly reflects the water activity (see methods).
Note that the activities are considerably lower than in the whiteschists, opening up the
possibility that an actual fluid phase might have been absent. Nevertheless, the increase in
silica in phengite from the farthest to the closest metagranite from the whiteschist represent
an increase in pressure and not an artefact due to water activity variations. Hence, pressure
values along the sampled profile are increasing towards the whiteschist body and a pressure
gradient of ≈ 0.3 GPa is determined in the metagranite. Water activities close to unity argue
against an influence of mineral reaction kinetics on metamorphic pressure determinations.

6.4

Discussion

The presented results indicate that the metagranite never experienced a peak pressure of ≈
2.2 GPa estimated for the whiteschist. According to our results, there was a metamorphic
pressure variation at peak Alpine conditions between the metagranite and the whiteschist of ≈
0.8 GPa. Uncertainty on pressure estimates can be evaluated by propagating the uncertainties
related to the experimental determination of the reaction albite = jadeite + quartz, which

6.4. DISCUSSION

185

Figure 6.5: Variation of pressure estimates with varying H2 O activity in white micas for
3.42 Si p.f.u (red line) and 3.54 Si p.f.u (yellow line) assuming a constant temperature of
550°C. Calculations are based on experimental data (Massonne and Szpurka, 1997; Massonne and Schreyer, 1987). The blue dashed line corresponds to the minimum peak pressure
estimate for the whiteschist (Figure 6.2A) and the black dashed line corresponds to the pressure of the jadeite-in reaction (Holland (1980); calculated using Berman (1988) database).
The yellow and red curves represent the pressure estimate for the metagranite closest (yellow) and farthest (red) to the whiteschist. The grey field indicates the range in measured
phengite OH− content. Very low H2 O activities of 0.5 would still be insufficient to provide
pressure estimates >1.6 GPa in the jadeite stability field.

corresponds to ± 0.05 GPa (Holland, 1980), the uncertainty on the Si in phengite barometer:
± 0.03 GPa (Massonne and Szpurka, 1997) and the difference in the calculated positions of
reactions in whiteschists when using different thermodynamic databases: ± 0.2 GPa (Berman,
1988; Holland and Powell, 1998, 2002). The propagation of uncertainties results in a final
uncertainty of each pressure estimate for metagranite and whiteschist of ± 0.2 GPa which
√
yields an uncertainty of the pressure difference of ± 0.3 GPa ( 0.22 + 0.22 ). A pressure
difference of 0.8 ± 0.3 GPa indicates a significant deviation from the lithostatic pressure,
because metagranite and adjacent whiteschist were always at the same depth during Alpine
orogeny.
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Deviation from lithostatic pressure can result from differential stress in the rock and has been
suggested because of the expected locally high differential stress (>100s MPa) in a compressed
lithosphere (Petrini and Podladchikov, 2000; Moulas et al., 2013). Recently, a correlation of a
wide range of (ultra)high peak pressures with their associated pressures after decompression
(Yamato and Brun, 2016) suggests that rock pressure can indeed significantly deviate from
the lithostatic pressure. Furthermore, a detailed petrological and geochemical analysis of a
crustal shear zone (Chu et al., 2017) as well as a microscale observations of the conservation
of zonation in minerals (Tajčmanová et al., 2014, 2015) both suggest significant deviation
from the lithostatic pressure.
To test whether deviations from the lithostatic pressure in the order of 0.8 ± 0.3 GPa
are mechanically feasible, we apply a simple two-dimensional analytical model in which the
whiteschist is mimicked by an ellipse surrounded by a mechanically more competent material
representing the metagranite (Figure 6.6). The whiteschist formed from a metasomatically
altered granite, resulting in the shape of a tube in 3D, which reflects the original metasomatic
fluid pathway. Therefore, the elongated ellipse represents a section including the long axis
of the tube (plane x-z in Figure 6.1B) and not a section more or less orthogonal to the tube
(plane x-y in Figure 6.1B), which is observed in the field. The pressure in and around the
weak elliptical whiteschist inclusion can be estimated with an analytical solution based on
continuum mechanics, which is valid for plane strain and for both elastic and viscous deformation (Schmid and Podladchikov (2003); Moulas et al. (2014), Figure 6.6, Appendix 1).
Pressure is considerably higher in the whiteschist inclusion if it has an elongated geometry
(aspect ratio > ≈ 5; Figure 6.6B) and is compressed at a high angle (> ≈ 70°) with respect to
its long axis (Moulas et al. (2014), Figure 6.6B). If, for example, a far-field compressive total
stress with a mean stress of 1.4 GPa (centre of Mohr stress circle) and a differential stress of
1.4 GPa (diameter of Mohr stress circle) is applied with a compressive direction of 75°with
respect to the inclusion’s long axis, then there is a pressure (mean stress) of ca. 2 GPa in the
inclusion and a pressure of about 1.4 GPa in the surrounding medium (Figure 6.6). Significant
mechanical strength of the metagranite can be justified because field observations show that
large volumes of the metagranite have remained essentially undeformed during Alpine de-
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Figure 6.6: Calculated pressure (using solution of 28) for a weak elliptical inclusion within
a medium that is 100 times stronger. The model configuration represents a x-z section of
Figure 6.1B. A Colorplot of pressure field for a representative configuration. The pressure
in the elliptical inclusion is homogeneous. The aspect ratio of the ellipse is 8. Compression
direction is horizontal (parallel to width direction) and at an angle of 75°with respect to
the ellipse long axis. Far-field compressive stress has both a mean and differential stress
of 1.4 GPa. The elliptical inclusion (labelled “W”) represents the whiteschist and the surrounding medium (labelled “Granite”) the stronger metagranite. B Colorplot of pressure
in the inclusion as a function of inclusion aspect ratio and orientation of inclusion long axis
with respect to compression direction. Far-field compressive stress has both a mean and
differential stress of 1.4 GPa. The black circle indicates the configuration displayed in A).

formation (Figure 6.3E) whereas the surrounding Variscan basement was deformed (Bearth,
1952). Also, the abundance of centimetre-scale feldspar crystals (Figure 6.3E) suggests that
the effective compressive strength of the metagranite is not dominated by quartz but more
likely by the stronger feldspar (appendix 2, Rybacki and Dresen (2004)). The pressure perturbation modelled within the host metagranite at distances between 80 and 110 meters away
from the inclusion corresponds to a spatial variation of ≈ 0.2 GPa. It is either positive or
negative away from the inclusion outward, depending on the profile location. The pressure
gradient determined in the natural metagranite profile between 80 to 110 meters away from
the whiteschist tube is 0.3 GPa (Figure 6.2C). Therefore, the pressure gradient determined
in the host metagranite could well reflect heterogeneous pressure distribution in the strong
host. In the model, the pressure (mean stress) in the weak inclusion is significantly larger
than the average pressure in the metagranite but the differential stress in the weak inclusion
is small (<1 kbar). Phase equilibria models are based on data from experiments performed
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under hydrostatic stress, that is, no differential stress. The mean stress in rocks with small
differential stress is a good proxy for the thermodynamic pressure used in phase equilibria
models (Moulas et al., 2018). Consequently, the modelled mean stress in the weak inclusion
can be compared with the pressure estimate for the whiteschist based on phase equilibria
models.
The above model can explain pressure differences between strong metagranite and weak
whiteschist with an externally applied differential stress in the metagranite. Another possibility to generate pressure variations between whiteschist and metagranite is due to dehydration
rections occurring during prograde metamorphism in the whiteschist and the related volume
changes. The related volume changes could lead to a deviation from the lithostatic pressure
in the whiteschist. For example, we assume an undeformable and impermeable metagranite host, so that fluids released during dehydration of the whiteschist cannot escape. Also,
since the surrounding metagranite is undeformable, the total volume change, ∆Vtot , of the
whiteschist is zero during dehydration. ∆Vtot is the overall volume of reaction, composed of
the sum of the volume change due to reaction releasing fluids, ∆Vr , and the volume change
due to elastic compressibility, ∆Ve , of the whiteschist. All volume changes are normalized by
a reference volume, V0 . The pressure change, ∆P, due to elastic compressibility is quantified
by a compressibility, β0 , according to β0 ∆P = ∆Ve / ∆V0 . For ∆Vtot = 0, the ∆P can
then be related to ∆Vr by ∆P = - ∆Vr / (β0 V0 ) (see methods for details). Two major
prograde dehydration reactions take place in the whiteschist (Chopin, 1983): 1) at constant
pressure and increasing temperature: carpholite breakdown and appearance of chloritoid. 2)
at constant temperature and increasing pressure: chlorite breakdown and appearance of talc
(Figure 6.2A). The pressure change, ∆P is calculated for reaction 1) between 400°C, 1.5 GPa
and 500°C, 1.5 GPa, and for reaction 2) between 560°C, 2.0 GPa and 560°C, 2.3 GPa. A
pressure increase, ∆P, of 0.4 GPa (reaction 1) and 0.5 GPa (reaction 2) is is generated by the
dehydration reaction and this local pressure increase in the whiteschist could also contribute
to the pressure difference between whiteschist and metagranite. This model assumes that
shear stresses in the metagranite, caused by the pressure increase in the whiteschist, are below the yield stress so that fracturing in the metagranite does not occur, which is in agreement
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with field observations. Accordingly, fluids produced during dehydration must remain within
the whiteschist, which would imply a complete retrogression during the post-peak pressure
decrease. The above two simple mechanical models show that pressure variations between
metagranite and whiteschist in the order of 0.8 ± 0.3 GPa could result from externally applied
differential stress and/or elastic volume changes related to dehydration reactions.
The result of our study suggests that the peak pressure ≥2.2 GPa in the whiteschist cannot be
directly transformed into a burial depth for the entire Monte Rosa nappe. Indeed, the peak
pressure of ca. 1.4 GPa determined in the metagranite would indicate a more moderate maximal burial depth of ≈ 50 to 60 km of the Monte Rosa nappe. Such burial depths agree with
field-based structural restorations. We speculate that a high differential stress in the metagranite was transient in time and occurred during the compressive stage of nappe initiation,
which is at the onset of detaching the metagranite and surrounding Variscan basement from
the subducting European crust. The duration of the high differential stress episode was most
likely significantly shorter than the burial - exhumation cycle of the Monte Rosa nappe and
was supposedly short-lived (< 1 Ma). Hence the metagranite remained mostly undeformed
and differential stress was likely viscously relaxed during exhumation (Dabrowski et al., 2015).
We also speculate that dehydration reactions in the whiteschist could have contributed to the
pressure difference between the metagranite and whiteschist. The presented microstructural,
petrological and geochemical analyses do not support an Alpine state of lithostatic pressure
in the Monte Rosa nappe. A shift of the lithostatic pressure paradigm, which is currently
one of the fundamental pillars for geodynamic reconstructions, towards dynamic pressure in
collisional orogens seems more appropriate to explain the observed pressure variations in the
Monte Rosa nappe.
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6.6
6.6.1

Appendix
Appendix 1: Analytical solution for pressure field

The applied analytical solution (Schmid and Podladchikov, 2003) is based on Muskhelishivili’s method that uses complex variables to solve the governing bi-harmonic equations. The
solution is related to standard engineering solutions for stress concentrations around holes.
Such analytical solutions were originally derived for elastic materials but the solutions for
viscous material are mathematically identical if the shear modulus is replaced by a viscosity
and the strain by a strain rate. The applied analytical solution quantifies the stress and
pressure variation in and around an elliptical inclusion in a surrounding medium in two dimensions (2D). The inclusion can be mechanically stronger or weaker than the surrounding
medium. For elastic material the strength ratio between inclusion and surrounding medium
is determined by the ratio of the corresponding shear moduli whereas for viscous material
the strength ratio is controlled by the corresponding ratio of the viscosities. The solution is
scale independent and hence applies to inclusions of any size in the framework of continuum
mechanics. A far-field horizontal compressive stress state is applied to the medium and this
stress state is composed of a mean stress (negative pressure) and a differential stress.

6.6.2

Appendix 2: Differential stress estimates from anorthite flow laws

The experimentally derived flow laws (Rybacki and Dresen, 2004) for dislocation creep for
anorthite with wt% of H2 O of 0.004 and 0.07 have been used to plot the differential stress
versus temperature for a range of strain rates (Figure 6.7). For a temperature range between
500 and 600°C the differential stress calculation indicates that anorthite with wt% H2 O of
0.004, representing a “dry” feldspar specimen, would have differential stresses significantly
larger than few GPas and would fracture. Anorthite with wt% H2 O of 0.07, representing
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a “wet” feldspar specimen, exhibits differential stresses around 1 GPa for the considered
temperature range. If feldspar would have controlled the strength of the metagranite during
a transient deformation event associated with nappe initiation, then differential stresses could
have been ≈ 1.4 GPa as used in the analytical solution for the pressure field. For “wet”
feldspar the strain rates for stresses in the order of 1 GPa should be faster than ca. 10-12 s-1.
Therefore, the transient deformation phase of nappe initiation with high stresses should be
short ( 1 Ma) so that the metagranite remains little deformed. For example, for a strain rate
of 10-12 s-1 the strain after thousand years of deformation is only ca. 3% (strain rate times
duration). Moreover, the transition from semibrittle to viscous creep deformation presumably
occurs when the differential stress is equal to the effective confining pressure of the rock (socalled Goetze’s criterion (Kohlstedt et al., 1995)). Therefore, assuming a differential stress of
1.4 GPa in a rock with a confining pressure of 1.4 GPa is feasible and would correspond to
a stress state which is close to the onset of semibrittle deformation. The bulk strength of a
natural feldspar-rich granite during tectonic deformation is simply unknown and laboratory
derived flow laws for rock forming minerals can only provide estimates of the natural strength
and stress levels. Based on Goetze’s criterion and the presented flow laws for anorthite
differential stresses in the order of 1 GPa seem at least possible during a deformation phase
of few thousand years.
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This thesis aimed at understanding the significance of metamorphic pressure variations in
the coherent Monte Rosa nappe, in the Western Alps. Among the possible answers to this
problem, three main possibilities were explored (section 1.2): i) methodology, ii) kinetics and
iii) heterogeneous stress. Metamorphic, mechanical and lithostatic pressures were defined
and the results presented in this thesis allowed to understand how metamorphic reactions
and mechanics are related. The main results of the thesis are presented in the section 7.1 and
a final discussion highlighting the future needs is proposed in section 7.2.

7.1

Summary of the results and discussion

Field observations as well as a petrographic and geochemical studies allowed to confirm the
previous interpretations that the Monte Rosa granite is the whiteschist protolith. The results of this thesis show that the metasomatic fluid at the origin of the whiteschist chemistry
is a late magmatic hydrothermal fluid, that pervasively altered the granite along tube-like
structures or channels. The metasomatism of the granite hence pre-dates the onset of Alpine
metamorphism. Field observations also permitted to identify huge volumes of undeformed
porphyritic metagranite within the Monte Rosa nappe. These least deformed metagranites
contain the best-preserved high pressure paragenesis since deformation was essentially related to pervasive greenschist facies retrogression. Careful petrographic observations of the
high pressure paragenesis in the best preserved metagranite revealed that albite breakdown
conditions were never reached in these metagranites. Albite and zoisite pseudomorphs after
igneous plagioclase indicate that water was available during reaction. The preservation of
the igneous plagioclase twinning attests that the observed albite has effectively grown at the
expense of igneous plagioclase and not jadeite. These observations argue against sluggish
reactions kinetics in the metagranite.
One of the major technical point of the thesis concerns the development of a new set of white
mica reference materials (RMs) for in-situ SIMS measurement of 18 O and 16 O isotopes as well
as H2 O content. The set of RMs covers most of the phengite compositional range observed
in nature. Four RMs, among which one muscovite and three phengites were developed for
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oxygen isotopes measurement. Orientation tests as well as several calibration sessions did
not reveal any instrumental mass fractionation due to compositional matrix effect for oxygen
isotopes. The measurement repeatability allows a final uncertainty on d18 O data in the order
of 0.3 to 0.4 permil.
In-situ oxygen isotopes data on metagranites and whiteschist allowed to track the relative
chronology of fluid events and metamorphism. The results confirm a pervasive metasomatic
alteration prior to Alpine high-pressure metamorphism. Quartz - white mica thermometry allowed to constrain the temperature range in which high-silica content phengite from
whiteschist crystallized, between 380 and 540°C. Post-peak partial recrystallization of lowsilica content white micas in greenschist facies conditions were accompanied by localized fluid
infiltration. This study showed that large temperature uncertainties arise from white mica
and quartz pair thermometry, which do not allow the interpretation of temperature data
along a pressure - temperature path.
The RMs developed for oxygen isotopes measurement are also suitable for in-situ H2 O content
measurement by SIMS. The set of four RMs was completed by one additional muscovite
RM in order to better cover the phengite compositional range. Independent H2 O content
characterization by TC/EA revealed a high capability of atmospheric moisture absorption of
white mica powders, hence grains were used for H2 O content measurement. A calibration
session gathering all RMs showed a compositional matrix effect related to FeO content and a
calibration scheme was proposed. Final uncertainty on white mica unknown analyses are <
0.08 wt % H2 O (1SE) for analyses at 0.5 nA and 20 kV operating conditions and beam size
of approximately 10 µm.
In-situ H2 O content measurement were performed in several metagranites on a profile going
towards the Mezzalama whiteschist outcrop in order to track any variation in structural
OH− fraction in phengite that could be related to a water activity variation. For this, a
thermodynamic analysis is presented, that shows the aH2 O - Pressure relationship for fixed
silica contents. This relationship indicates an increase in pressure with a decrease in water
activity for a fixed silica content. However, water activities as low as 0.4 are required in
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the Monte Rosa phengites in order to reach the pressure at which jadeite forms and water
activities < 0.2 are required to reach the pressure recorded by whiteschists. SIMS data show
high OH− fractions of the hydroxyl site in phengites from all metagranites, suggesting high
water activities during the high-pressure metamorphism. This result confirms that pressure
estimates using the silica in phengite barometer are accurate in this case. Maximum peak
pressure of 1.4 GPa in the metagranite agrees with the absence of jadeite in the metagranite.

Alpine peak pressure and temperature conditions in the whiteschist were assessed by thermodynamic calculations. For consistency, the same database was used for both metagranite
and whiteschist calculations. The observed peak paragenesis is reproduced with the correct
mode at a minimum pressure of 2.2 GPa for a temperature range between 550 and 600°C.
In situ H2 O content SIMS data in high-silica content phengites from whiteschists show OH−
fractions in the hydroxyl site between 0.93 and 1, hence water activity was close to 1 at peak
conditions, in contrast with the 0.6 previously proposed in the literature.

The results of this thesis demonstrate that metagranites and whiteschists record a pressure
variation of approximately 0.8 GPa at peak conditions, that is not due to slow reaction
kinetics or retrogression. Based on these results, an alternative explanation for pressure
variation is proposed and tested with a mechanical model. The model setup consists of a
domain comprising an ellipsoidal inclusion within a host. Field observations of huge volumes
of feldspar-dominated undeformed metagranites suggest that they are capable of sustaining
large differential stress. On the opposite, whiteschist are dominated by white mica and talc,
that are weak phases. In the model, a viscosity ratio is set between the inclusion and the
host, in order to represent the strong metagranite and the weak whiteschist tube. The tube
is defined as an elongated ellipsoid at high angle to the horizontal and a stress of 1.4 GPa
is applied on both sides. The resulting pressure field indicates a significant overpressure
in the inclusion, reaching 2 GPa for an angle of 75°of the ellipsoid long axis. This model
confirms that large deviations from the lithostatic pressure result from heterogeneous stress
distribution between lithologies of contrasting mechanical properties, in specific inclusion host configurations.
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The direct implication of the results presented in this model is that the 2.2 GPa recorded by
the whiteschist does not represent the maximum burial depth, since in this case, the mean
stress applied is only 1.4 GPa. The corresponding depth would be comprised within crustal
depth in this case. This model highlights the importance of considering the host rather than
inclusion when attempts are made to relate pressure to depth. In the framework of the
Monte Rosa nappe, the highest pressures recorded in the literature are based on inclusions or
lenses, such as mafic boudins (Gasco et al., 2011) or whiteschist tubes (Le Bayon et al., 2006).
Obviously these lithologies are well suitable for geobarometric analyses and most of the time
they record the peak assemblage, contrary to most of the host lithologies, such as gneisses
or metasediments, that are often retrogressed. Usually, the highest pressure is recorded in
tiny rock volumes when compared to the nappe, as for example the coesite in the Dora Maira
whiteschist (Chopin, 1984) or in the Zermatt-Saas metasediments (Reinecke, 1991). Many
similar examples are found in the literature, where pressure determined on inclusions are
extrapolated to the nappe scale (see Schenker et al. (2015)). The results presented in this
thesis suggest that care is needed when interpreting such data. Another important implication
is that the metamorphic record of each single lithology is a specific answer to the local stress
state, therefore a heterogeneous metamorphic record for a nappe does not imply that pressure
determination is inaccurate and the Figure 1.3 appears not so strange anymore.
From the tectonic viewpoint, the results of this thesis imply that a deep subduction of the
Monte Rosa crustal unit is not necessarily required in order to reproduce the pressure record.
Moreover, a simpler model such as the orogenic wedge model would better fit the structural
reconstructions and the observation that the Monte Rosa nappe is coherent and large volumes
of undeformed rocks were preserved during burial and exhumation. The deep subduction
model is also questioned on the basis of several other arguments, such as i) the observation
that the Thetyan domain is an exhumed subcontinental refertilized mantle instead of a true
Penrose type oceanic domain (Lemoine et al., 1987; Mohn et al., 2010), restricted in spatial
extent, that strongly questions the efficiency of the slab pull process as a main trigger for
Alpine subduction ii) the absence of true arc magmatism related to subduction in the Western
Alps (Schenker et al., 2015) and iii) the recent exhumation rate estimates (Manzotti et al.,
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2018), that are much slower than the exceptionally fast rates required in order to exhume a
deeply subducted continental crust. Consequently,
Overall, the results presented in this thesis document the first field-based evidence of outcropscale pressure variations generated from heterogeneous stress conditions. This study highlights the importance of dynamic pressure in orogenic systems and points towards a far-field
stress controlled tectonic evolution of collisional orogens rather than gravitational body forces.

7.2

Perspectives

The development of white mica reference materials for both

18 O/16 O

and H2 O content mea-

surement represents a great technical step forward in our ability to study in-situ rocks reflecting complex metamorphic and structural evolution. This thesis presents a set of new white
mica RMs covering the phengite compositional range, which was ideal in the purpose of this
study. However, other compositional environments, such as certain mafic rocks, sometimes
contain sodium-rich minerals, among which paragonite is often encountered. Mafic rocks are
also carrying important information on their pressure and temperature evolution, especially
at high grade and therefore, there is a need for adapting the white mica RM range towards
the paragonite series.
In-situ H2 O content measurement in white mica by SIMS was developed and exploited in
this study in high pressure rocks, in order to track an eventual change in H2 O activity in
environments of different water saturation conditions. The results revealed rather high and
homogeneous OH− fractions in the hydroxyl site of phengites from both high pressure metagranites and whiteschists. This result allowed to assume that the H2 O content and H2 O
activity relationship follows Raoult’s law, which is reasonable but still remains unverified
since no experimental data exist on the activity coefficients. Therefore, there is a need to
experimentally determine H2 O activities in white mica, especially because the silica in phengite barometer is extensively used in metamorphic petrology. Another way to investigate in
that direction would be to study how much can the OH− content vary in high temperature
environments. White mica is involved in one of the most important dehydration reaction
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leading to partial melting at high temperature and dehydration reactions lead to a decrease
in H2 O activity. Hence it could be interesting to establish a range of OH− fractions in such
environments in order to assess whether a decrease in H2 O activity is traceable with the OH−
fraction in white mica.
From a more regional point of view, pressures are now consistently established in the metagranite and whiteschist together with the tectonic framework. Therefore, the Monte Rosa
nappe represents an ideal location where burial and exhumation rates could be obtained and
compared with existing data from the Gran Paradiso and Dora Maira. A peak metamorphic
age of 42.6 ± 0.6 Ma was determined (Lapen et al., 2007), however early greenschist facies
ages are well established in the Zermatt-Saas zone (Skora et al., 2015) but not in the Monte
Rosa nappe. The retrogressed parts of the Mezzalama and Vera whiteschist would be the
ideal candidates for this purpose, since zircon, apatite, allanite and monazite can be found in
these rocks and display interesting zonations as well as replacement textures.
The evaluation of pressure variations between a metagranite and whiteschist represents an
ideal case owing to the availability of geobarometric tools for these systems. Further investigations in locations where mafic boudins or enclaves are found within high pressure metagranites
in various geometrical relationship would consist another ideal case to confirm the importance
of heterogeneous stress distribution in inclusion-host systems at the outcrop scale. Also, a
further investigation of the role of fluids derived from dehydration reactions at high pressure
in contributing to the pressure build-up is essential.

Bibliography
Chopin, C., 1984. Coesite and pure pyrope in high-grade blueschists of the Western Alps:
A first record and some consequences. Contributions to Mineralogy and Petrology 86 (2),
107–118.
Gasco, I., Borghi, A., Gattiglio, M., 2011. P–T Alpine metamorphic evolution of the Monte
Rosa nappe along the Piedmont Zone boundary (Gressoney Valley, NW Italy). Lithos
127 (1–2), 336–353.

204

CHAPTER 7.

Lapen, T. J., Johnson, C. M., Baumgartner, L. P., Piaz, G. V. D., Skora, S., Beard, B. L.,
2007. Coupling of oceanic and continental crust during Eocene eclogite-facies metamorphism: Evidence from the Monte Rosa nappe, western Alps. Contributions to Mineralogy
and Petrology 153 (2), 139–157.
Le Bayon, R., de Capitani, C., Frey, M., 2006. Modelling phase–assemblage diagrams for
magnesian metapelites in the system K2 O–FeO–MgO–Al2 O3 –SiO2 –H2 O: Geodynamic consequences for the Monte Rosa nappe, Western Alps. Contributions to Mineralogy and
Petrology 151 (4), 395–412.
Lemoine, M., Tricart, P., Boillot, G., 1987. Ultramafic and gabbroic ocean floor of the ligurian
tethys (alps, corsica, apennines): In search of a genetic imodel. Geology 15 (7), 622.
Manzotti, P., Bosse, V., Pitra, P., Robyr, M., Schiavi, F., Ballevre, M., 2018. Timing of
detachment and rates of exhumation constrained by in in situ U-Th-Pb dating (monazite,
allanite, xenotime): The Gran Paradiso case. Vol. 20. pp. EGU2018–3936.
Mohn, G., Manatschal, G., Müntener, O., Beltrando, M., Masini, E., 2010. Unravelling the
interaction between tectonic and sedimentary processes during lithospheric thinning in the
alpine tethys margins. International Journal of Earth Sciences 99 (1), 75–101.
Reinecke, T., 1991. Very-high-pressure metamorphism and uplift of coesite-bearing metasediments from the Zermatt-Saas zone, Western Alps. European Journal of Mineralogy, 7–18.
Schenker, F. L., Schmalholz, S. M., Moulas, E., Pleuger, J., Baumgartner, L. P., Podladchikov, Y., Vrijmoed, J., Buchs, N., Müntener, O., 2015. Current challenges for explaining
(ultra)high-pressure tectonism in the Pennine domain of the Central and Western Alps.
Journal of Metamorphic Geology 33 (8), 869–886.
Skora, S., Mahlen, N. J., Johnson, C. M., Baumgartner, L. P., Lapen, T. J., Beard, B. L.,
Szilvagyi, E. T., 2015. Evidence for protracted prograde metamorphism followed by rapid
exhumation of the Zermatt-Saas Fee ophiolite. Journal of Metamorphic Geology 33 (7),
711–734.

CHAPTER

8

Appendix 1

205

206

8.1
8.1.1

CHAPTER 8.

Deformation in metagranites
Introduction

The Monte Rosa metagranite covers a significant area of the exposed portion of the nappe. It
originates from the intrusion of post-orogenic melts into the European crystalline basement
following the Variscan orogeny. The region then underwent a complex evolution, including
Mesozoic extension and subsequent regional metamorphism during Alpine orogeny, resulting
in the formation of a large basement fold nappe (Steck et al., 2015). Due to the superimposition of several metamorphic events, the Monte Rosa rocks show a complex structural and
metamorphic history, heterogeneously recorded in the different parts of the nappe (Bearth,
1952). The metagranite displays a great variety of deformation intensity, which is tightly
related to the extent of recrystallization during the different phases of the Alpine tectonic
evolution. Especially, large volumes of metagranite remained essentially undeformed during
the high-grade metamorphism related to the burial of these rocks at great depth. This chapter
aims first at presenting the petrological and textural characteristics of the different types of
metagranites encountered in the Monte Rosa nappe, with a focus on the Western part of the
nappe and second, to discuss the relationship with their metamorphic evolution.

8.1.2

Geological setting

The Monte Rosa is a basement fold nappe of the middle Penninic tectonic unit (Figure 8.1).
It belongs to the Internal Crystalline Massifs, together with the Gran Paradiso and Dora
Maira. It represents the southernmost tip of the European continental margin and its paleogeographic position is attributed to the Brianonnais microcontinent (Steck et al., 2015). The
nappe consists of a polymetamorphic basement, made up of a series of paragneisses, mainly
micaceous gneiss. Subordinate rocks include phengitic gneisses, mafic boudins, carbonates,
amphibole gneisses and micaschists (Bearth, 1952; Darbellay, 2005). The Monte Rosa basement experienced a pre-Alpine amphibolite-facies metamorphism at conditions of 0.5 to 0.7
GPa and 600°C (Ferrando et al., 2002) and locally, contact metamorphism related to the em-
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placement of the granite to granodiorite melts in the Permian. The intrusion was successively
dated at at 310 ± 50 Ma by Rb/Sr isochron method by (Hunziker, 1970), 260 ± 5 Ma by
U/Pb on monazite by Kppel and Grnenfelder (1975), 310 ± 20 Ma by Rb/Sr isochron by
Frey et al. (1976) and 269 ± 4 Ma by SHRIMP U/Pb on zircon by Pawlig (2001). Numerous
younger generations of aplite and pegmatite dikes crosscut the granite and propagate into the
country rock paragneisses.

Figure 8.1: Simplified tectonic and geological map of the Monte Rosa nappe (modified
after Steck et al. (2015). The study area is oulined by the black square.

The Alpine peak pressure and temperature conditions, estimated between 1.2 to 2.7 GPa and
450 to 650°C (Chopin and Moni, 1984; Dal Piaz and Lombardo, 1986; Borghi et al., 1996;
Keller et al., 2004; Le Bayon et al., 2006; Lapen et al., 2007; Borghi et al., 2011) were dated
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at 42.6 ± 0.6 Ma (Lapen et al., 2007), based on U-Pb on rutile in quartz - carbonate - white
mica - rutile veins in eclogites. The post-peak history is constrained by the greenschist-facies
retrogression of metasediments from the Schistes Lustrs, that shared a common exhumation
history with the Monte Rosa nappe, dated at 41 to 38.5 Ma by Rb/Sr on (Skora et al., 2015),
and exhumation ages between 38 and 32 Ma were obtained by monazite U-Pb dating on
basement metapelites (Engi et al., 2001). Apatite and zircon fission track ages from Hurford
et al. (1991) argue for a tectonically induced differential uplift of the Monte Rosa, SesiaLanzo, Dent-Blanche and Gran Paradiso units during the last 33 Ma. The Monte Rosa nappe
is structurally separated into an upper and lower unit by the Stellihorn shear zone, first
described by Bearth (1952), which is an Alpine mylonitised zone of ortho and paragneisses
(Steck et al., 2015), that acted during the NW-directed thrusting. The Monte Rosa nappe is
characterized by a gradient in metamorphic conditions during the Barrovian phase associated
with the uplift of the Lepontine dome.

8.1.3

Field observations and petrography

In this study, we use the term metagranite as a general name for all metamorphosed granites
for two reasons: i) in order to avoid confusion between the numerous names used in the
literature (orthogneiss, augengneiss, granite gneiss, gneiss, etc); and ii) the focus of this study
is set on the Southwestern extremity of the nappe, where granites are not strongly deformed.
The Monte Rosa metagranite is essentially a porphyritic K-feldspar granite, displaying a
slight foliation in the Western side of the Stellihorn shear zone (i.e. Zermatt valley, Ayas
valley and western side of the Monte Rosa massif in Macugnaga valley), whereas it becomes
increasingly affected by the deformation in the Eastern part of the Stellihorn shear zone. The
area of interest is set on the upper Ayas valley, where metagranites appear as large bodies
of porphyritic K-feldspar biotite granites. The deformation intensity is very heterogeneous
and therefore they appear either as foliated metagranites or undeformed metagranites. The
deformation intensity decreases away from the contact with the basement paragneisses in
the NW of the Mezzalama refuge, where metagranites are foliated, towards the SE. This
change in deformation intensity is most probably due to two reasons: i) the thickness of
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the paragneiss layer in this area. The paragneiss is very thin and therefore the deformation
related to the thrust between the Monte Rosa nappe and Zermat-Saas unit is well recorded.
ii) Paragneisses are more easily deformed than porphyritic metagranites due to the viscosity
contrast between the two rock types and therefore paragneisses record a stronger foliation.
This is also visible with dikes that are straight in the metagranite and become folded parallel
to the main schistosity as soon as they enter the paragneiss (North of Mezzalama).

Figure 8.2

A pronounced foliation is especially visible towards the contact with the paragneiss in the NW
of Mezzalama. However, deformation is present in the central part of the metagranite body as
well as on the southeast, but it is localized rather than penetrative. Metagranites appear as
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undeformed blobs surrounded by thin shear zones of strongly deformed metagranite, forming
an anastomosed frame (Figure 8.2 A). The width of these ductile shear zones is usually
comprised between a decimetre and a few centimetres and the deflection of the foliation is
seen on both sides of the shear zone, as visible on Figure 8.2 A. The undeformed metagranite
in the centre of these anastomosed regions can be either very slightly deformed (Figure 8.2
F), or undeformed (Figure 8.2 B). In the least deformed regions, the magmatic foliation of
the K-feldspar is sometimes still visible. From the centre of the anastomosed metagranite
towards the shear zones, the deformation slightly increases, as illustrated on Figure 8.3 A to
C.
Locally, metagranites were affected by a late deformation event associated with the backfolding of the Monte Rosa nappe. They appear as crenulated and folded, however these outcrops
represent a very small volume, which are restricted to a few observations, as for example
in the NE of the Mezzalama whiteschist body (Figure 8.2 E). The granitic body contains
numerous granodiorite and metasedimentary enclaves (Figure 8.2 C) as well as dikes. In the
Mezzalama area, dikes are leucocratic pegmatites and aplites (Figure 8.2 D). The porphyritic
undeformed metagranite contains igneous K-feldspar, plagioclase, biotite and quartz (Figure
8.3 A). K-feldspar is mostly oriented within the magmatic foliation and forms up to five
centimeters large elongated crystals. Igneous plagioclase is partially pseudomorphosed by a
high-pressure assemblage of fine-grained zoisite, albite ± white mica (Figure 8.4 A and B).
However, the polysynthetic twinning of the igneous plagioclase is still visible in some samples.
Locally, and as soon as a slight deformation affects the sample, plagioclase pseudomorphs are
recrystallized into a late greenschist-facies assemblage of clinozoisite, albite and white mica
(Figure 8.3 A to C). Igneous biotite is partially replaced by a fine-grained high-pressure assemblage consisting of phengite and titanite (Figure 8.4 C), forming rims around the igneous
biotite. Sometimes, sagenite needles develop in the core of the igneous biotite (Figure 8.4
C). The high-pressure partial replacement of biotite develops only in biotites in contact with
either plagioclase or K-feldspar. When biotite is included in quartz or is in contact with
quartz, no reaction is visible (Figure 8.4 D). In the more deformed samples, igneous biotite
can be almost completely replaced by white mica and titanite. Late biotite appears as ret-
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rograde product associated with the phengite and titanite in the deformed samples. Small
atoll garnets are observed as high-pressure phases in the plagioclase at the vicinity of biotite
(Figure 8.4 E). Accessory phases in metagranites are tourmaline, titanite, zircon, apatite,
iron oxydes and monazite. Non-porphyritic metagranites are observed at the contact with
the whiteschist bodies. They consist of plagioclase, quartz, white mica, garnet ± biotite.
They result from the partial alteration by the hydrothermal fluids related to the whiteschist
formation. The mineral assemblage of these metagranite records the late greenschist-facies
metamorphic conditions. Garnet as well as white mica are visible in the hand sample.
Pegmatites are coarse-grained and undeformed. They contain igneous K-feldspar, white mica,
quartz, ± plagioclase ± garnet. Rarely plagioclase is partially pseudomorphosed by a finegrained greenschist-facies sericite and clinozoisite assemblage, but most of the crystals are not
affected by this replacement. High-pressure minerals are absent. Quartz shows typical recrystallization textures, such as irregular grain boundaries and sub-grain domains. Accessory
phases include rutile, iron oxydes, apatite and zircon.
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