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Abstract

The Penninic domain represents a complex suture zone between the European foreland and the
overriding Austro- and South- alpine realm. This domain is made of pre-Triassic basements, of
Mesozoic to Tertiary cover series (often detached from their basement), and of ophiolites, in
which polyphase penetrative deformations and an intense metamorphism erase the primary
structural and sedimentological relations. This PhD work reports results (stratigraphic, tectonics,
geochemical and metamorphic) obtained from during the investigations of parts of the lower
Penninic units outcropping in the Lepontine Alps.

An area covering principally the High Val Formazza in Italy and the upper part of the Binntal in
Switzerland has been mapped in detail. These valleys show natural cross sections, differently
oriented, of six nappes belonging to the lower Penninic: the Camosci (newly defined here),
Antigorio, Lebendun, Monte Leone, and Pizzo del Vallone (newly defined here) nappes and the
Rosswald series. The stratigraphy, tectonic history and metamorphic grade of the various nappes
were investigated in details

The stratigraphic study of the Mesozoic cover series shows strong analogies as well as obvious
differences. However the stratigraphic section put in a paleogeographic order show the image of
a structured passive margin, now severely deformed. The T-MORB like signature of the basalts
present in the Pizzo del Vallone nappe reinforces this conclusion.

The Pizzo del Vallone, Monte Leone and Lebendun nappes show obvious similarities with the
prépiémontais and ultrabriangonnais series, favouring a paleogeographic position on the
northern margin of the Alpine Tethys. The Antigorio nappe was the shoulder, and the Camosci
nappe, situated north of the shoulder, marked the beginning of the southern part of the Helvetic
s.l. basin.

The superposed folds and the different schistosities highlight seven successive deformations. The
deduced regional structural model shows that the deformation D3 (dominant schistosity) and the
deformation D4 (crenulative schistosity) are the dominant structures. They follow the initial
thrusting of the various nappes and mark the end of the prochariage. The backfolding D5,
characterised by open folds, precedes a dextral shear movement D6. The latter obliterates most
of the structural relations with the Eastern Alps because it strongly reorients the structures
between the Morasco and Busin lakes. Finally the D7 folds, characterised by horizontal axial
surfaces, are probably coeval to the late vertical strain related to the late exhumation of the
Lepontine Alps.

The culmination of the amphibolitic Lepontine metamorphism was reach at the end of the
procharriage (D4). The metamorphic conditions were first identified by studying the
mineralogical assemblages and were then estimated using the software THERMOCALC (~580°C,
~9.6 kbar). An approximation of the metamorphic history is based upon the zoned garnets.
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Résumé

Les Alpes sont le résultat de la collision et de lempilement de plusieurs domaines
paléogéographiques. Parmi ceux-ci, le domaine Pennique inférieur, dont fait partie la zone
étudiée, est constitué de nappes de socle, de couverture Mésozoique & Tertiaire, et de roches
basiques.

Une cartographie au 1:10'000 et l'étude détaillée des métasédiments Mésozoiques a Tertiaire
montrent que six unités tectoniques appartenant au Pennique inférieur affleurent entre le Val
Formazza (ltalie) et le Binntal (Suisse). Ce sont les nappes de Camosci (nouvellement définie),
d'Antigorio, du Lebendun, du Monte Leone et de Pizzo del Vallone (nouvellement définie), et la
série de Rosswald.

L'étude stratigraphique des diverses couvertures mésozoiques montre que ces nappes, bien que
clairement différentiables, possédent des analogies frappantes. L'organisation des colonnes
stratigraphiques des nappes étudiées selon leur succession paléogéographique relative permet de
reconstruire un paléoenvironnement évoluant, dés le Lias inférieur, d'un rift vers une marge
passive structurée. Ce résultat concorde avec la mise en place en milieu continental des roches
vertes contenues dans la nappe de Pizzo del Vallone, ainsi qu'avec leur signature géochimique.
Celle-ci indique des tholéiites de type T-MORB, variablement enrichies en LREE.

Une étude stratigraphique comparative avec des séries Prépiémontaises & Ultrabrianconnaises
permet de déduire que les nappes de Pizzo del Vallone, du Monte Leone et du Lebendun
représentaient une partie de la marge passive distale nord piémontaise. La nappe d'Antigorio
formaient I'épaulement de la Téthys Alpine, et la nappe de Camosci, située au Nord de cet
épaulement, constituaient la partie la plus interne du bassin frangeant Helvétique s.1.

Sept phases alpines de déformation ductile ont été mises en évidence par I'étude des figures
d'interférence et des relations entre les différentes schistosités. Elles ont permis de présenter un
modele structural régional dans lequel le plissement principal D3 (structure dominante dans la
région) et la phase crénulative D4 suivent la mise en place initiale des différentes unités. Aprés le
rétroplissement D5, qui crée des plis ouverts caractéristiques, une phase de cisaillement dextre
D6 réoriente fortement les structures. Cette phase représente une complication importante dans
l'étude des relations avec les Alpes Orientales. Enfin des plis & surface axiale horizontale D7
indiquent un épisode tardif de compression verticale qui pourrait correspondre a l'exhumation
tardive des Alpes Lepontines.

L'ensemble des roches étudiées a subi un métamorphisme de faciés amphibolite. Les relations
texturales, les assemblages minéralogiques et la thermométrie montrent que le pic du
métamorphisme est associé a la fin du procharriage D4 avec des conditions P-T estimées a
~580°C, ~9.6 kbar. D'autre part une étude détaillée de la zonation chimique des grenats a
permis de proposer une histoire métamorphique pour l'ensemble de la région concernée i partir
d'une modélisation semi-quantitative.

- ii -



Riassunto

Le Alpi risultano dalla collisione e superposizione di numerosi domini paleogeografici, il
Pennidico fra questi ¢ il pitt difficilmente interpretabile. E costituito da falde appartenenti al
basamento e alla copertura Mesozoica, e di ofioliti nelle quali il forte grado di metamorfismo ha
sovente cancellato le strutture e le relazioni sedimentarie.

Questo lavoro esplicita i risultati ottenuti grazie ad un lavoro dettagliato di cartografia su un
settore situato principalmente in Alta Val Formazza (IT), ma con qualche passaggio nel Binntal
(Svizzera). Sei unita tettoniche appartenenti al dominio Pennidico inferiore affiorano in queste
regioni. Si tratta delle falde dei Camosci, d’Antigorio, del Lebendun, del Monte Leone e del Pizzo
del Vallone; a queste si aggiunge la serie del Rosswald. Un attenzione particolare & stata prestata
alla stratigrafia di queste falde, alla tettonica e al grado di metamorfismo da loro raggiunto
durante la fase detta “Lepontina”.

La ricostruzione stratigrafica dettagliata delle coperture mesozoiche mostra delle forti similitudini,
malgrado le differenze che sembrano scaturire da un esame poco approfondito. Mostrano pure
una struttura coerente e compatibile con una situazione paleotettonica del tipo margine passivo.

[ basalti contenuti nella falda del Pizzo del Vallone mostrano dei profili geochimici del tipo T-
MORB, dunque compatibili con una tale situazione.

Il confronto con le serie prepiemontesi e le ultrabrianzonesi mostra delle similitudini evidenti, che
permettono di concludere che le falde del Pizzo del Vallone, del Monte Leone e del Lebendun
hanno costituito una parte del margine passivo nord piemontese. La falda di Antigorio ha
costituito dunque la spalla geomorphologia e la falda dei Camosci, situata a nord della spalle, la
parte interna del bacino Elvetico s.l.

Sette fasi di deformazione duttile alpina sono state messe in evidenza dallo studio delle figure
dinterferenza e dalle relazioni fra le scistosita. Hanno permesso di presentare un modello
strutturale a scala regionale nel quale la fase di piegamento principale D3 (struttura dominante
nella regione) e la fase di crenulazione D4 seguono la messa in posto delle differenti unita. Dopo
la fase plicativa retrograda D5, che genera delle pieghe aperte caratteristiche, una faglia a
scorrimento orizzontale destra D6 cambia fortemente le orientazioni delle strutture fra Morasco e
Busin. La descrizione di questa fase & importante per stabilire una relazione con le unita
appartenenti alle Alpi orientali. Per finire delle pieghe con superficie assiale orizzontale D7
sottolineano un episodio tardivo di compressione verticale (collasso) che potrebbe essere
associato all’esumazione tardiva delle Alpi Lepontine.

L’episodio metamorfico Lepontino, caratterizzato da un facies anfibolitico, ha influenzato la
regione a partire dalla fine della fase di somascorrimento progrado (D4). Le condizioni di
pressione e temperatura sono dapprima state stimate grazie allo studio delle caratteristiche
chimiche delle fasi e degli assemblaggi mineralogici, e in seguito stabilite con precisione grazie ad
uno studio termobarometrico (580°C, 9.6kbar). La zonatura chimica dei granati ha permesso di
proporre una storia metamorfica (risultati semiquantitativi) della regione.
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Zusammenfassung

Die Alpen sind das Ergebnis der Kollision und Stapelung mehrerer paldogeographischer
Einheiten. Die komplexeste dieser Einheiten, das Penninikum, besteht aus tiberfalteten Decken
des Grundgebirges, mesozoischen Sedimenten und Ophioliten, deren primére Strukturen oftmals
durch den hohen Metamorphosegrad unkenntlich gemacht wurden.

Die vorliegende Arbeit ist das Ergebnis detaillierter geologischer Kartierungen im Bereich des
oberen Val Formazza (ltalien) und des angrenzenden Binntals (Schweiz). Im oberen Val
Formazza sind sechs tektonische Einheiten des unteren Penninikums aufgeschlossen. Es sind
dies die Camosci-, Antigorio-, Lebendun, Monte Leone- und Pizzo del Vallone-Decken sowie die
Rosswald Serie. Besondere Aufmerksamkeit wurde der Internstratigraphie dieser Decken und
ihrer tektonischen und metamorphen Entwicklung wéhrend der Bildung des Lepontins gewidmet.

Detaillierte stratigraphische Untersuchungen der verschiedenen mesozoischen, metasedimentéren
Einheiten zeigen, dass diese eindeutig unterscheidbar sind, jedoch bemerkenswerte Analogien
aufweisen. Der koharente Aufbau dieser Einheiten erlaubt weiterhin eine paléotektonische
Rekonstruktion, in der diese Einheiten das Ergebnis der Deformation und Metamorphose eines
liassischen, passiven Kontinentalrandes darstellen. Die chemische Signatur der intrusiven und
extrusiven Basalte der Pizzo del Vallone -Decke (T-MORB) unterstiitzt eine solche Rekonstruktion

Vergleiche mit den Einheiten des ,Prépiémont“ und des Ultrabrianconnais zeigen deutliche
Gemeinsamkeiten, welche den Schluss zulassen, dass die Pizzo del Vallone -, Monte Leone- und
Lebendun-Decken einen Teil des nord-piémontesischen passiven Kontinentalrands darstellen.
Die Antigorio-Decke stellt ein topographisches Hoch dar, wahrend die Camosci-Decke, im
Norden der Antigorio-Decke, als Internbereich des helvetischen Beckens s.1. interpretiert wird.

Im Zuge der vorliegenden Arbeit wurden sieben Phasen alpiner, duktiler Verformung aufgrund
ihrer Interferenzstrukturen und unterschiedlicher Foliationsbeziehungen festgestellt. Mit Hilfe
dieser Deformationsphasen gelang es, ein grossrdumiges strukturelles Modell zu erstellen, in
welchem die Hauptphase der Faltung D3 (welche die dominante Struktur der Region darstellt)
und die darauffolgende Ausbildung einer crenulierten Foliation D4 sich der Deckenplatznahme
anschliessen. Nach der Ruckfaltungsphase D5, welche sich in typischerweise offenen Falten zeigt,
wurden die Strukturen im Bereich zwischen Morasco und Busin im Zuge einer dextralen
Scherung D6 stark tiberpragt. Diese Deformationsphase erschwert die tektonische Korrelation
zwischen den Zentral- und Westalpen. Die jlingsten Strukturen sind Falten mit horizontaler
Achsenebene (D7), welche eine spéte Phase vertikaler Kompression (Kollaps), die mit der
Hebung und Ausbildung des Lepontischen Doms in Zusammenhang gebracht werden, darstellen.

Amphibolitfazielle Bedingungen herrschten wéhrend der Bildung des Lepontischen Doms im
gesamten Untersuchungsgebiet seit dem Ende des Deckenvorschubs (D4). Druck- und
Temperaturbestimmungen aufgrund der Mineralzusammensetzungen und Mineral-paragenesen,
sowie detaillierter geothermobarometrischer Untersuchungen ergaben ~580°C und ~9,6 kbar
wéhrend der Lepontinischen Phase. Aufgrund der chemischen Zonierung der Granate wird ein
semi-quantitatives Modell fiir die Druck-und Temperaturentwicklung des Untersuchungsgebietes
vorgestellt.
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Figure 2.7 Stratigraphic profiles of the Teggiolo cover (for the legend see figure 2.1). 23
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L1 for the lower Liassic rocks, L2 is for the middle Liassic rocks, L3-Aa for the upper Liassic-
Aalenian rocks, D2 for the Bajocian — Bathonian rocks, D3 for the Callovo-Oxfordian rocks, M
for the Malm rocks, K2 is for the Albian - Aptian rocks, and K3-T for the upper Cretaceous -
Tertiary rocks). 28
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BAUDIN et al. 1993) and D) the Niesen nappe after RINGGENBERG et al. 2002. 31

3 CRYSTALLIZATION-DEFORMATIONS RELATIONSHIPS
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Table 3.1 Variations in the minerals content of the extremely variable Sabbione metasandstone.34
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37
Figure 3.3 Barrowian sequence recorded in the garnet micaschist EC27 (671'420/135'330). 38
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4 THERMOBAROMETRIC INVESTIGATIONS

Figure 4.1 A) Texturally and chemically zoned garnet (Sample EC97, 670'090/141'650) in a garnet
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(1989). For EC137, I use the same average composition of amphibole than in THERMOCALC.
EC203 is a garnet amphibole micaschist that does not contain enough minerals in equilibrium
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Figure 5.1 Denomination of the various metabasalts: A) after LE MAITRE et al. 1989, B) after
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Figure 5.2 MORB normalized trace elements patterns for mafic rocks of the Pizzo del Vallone
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Figure 5.5 MORB (after PEARCE 1983 and 1982) and chondrite (normalization values are after SUN
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1975) C) and D) are for the earliest oceanic crust of the Alpine Tethys (BILL et al. 2001), E)
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6 TECTONICS

Figure 6.1 Superposed folds: A) in garnet micaschist (Holzerspitz series, 670'465/141'880), B) in
alternations of calcitic marble and quartzite (Camosci nappe, 668'820/141'629), C) L3 folded
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Figure 6.2 Stereographic projection of the stratigraphy and the axial surfaces (modified after
GEOrient 8.0, HOLDCOMBE 2001, http://www.earthsciences.uqg.edu.au/~rodh/index.html). 67

Figure 6.3 Stereographic projection of the lineations and the various axes (modified after GEOrient
8.0, HOLDCOMBE 2001, http://www.earthsciences.uq.edu.au/~rodh/index.html). 68

Figure 6.4 Superposed folds found: A) in the Holerspitz series (671'030/138'800) and B) in the
Pizzo del Vallone nappe (670'800/140'430). 69
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Figure: 6.9 Synthetic E-W cross-section of the eastern part of the studied area. The thickness of the
levels is exaggerated in order to highlight the structural relations. 1 represents the Busin area, 2
the Nefelgil area and 3 the Castel area. 75

7 DisCUSSION-CONCLUSION
Figure 7.1 Figure 2.10 is redrawn here in order to show a graphic summary. 78

Figure 7.2 A) Schematic sections of the Camosci nappe ordered following the field relationships
and B) Proposed model for the Camosci nappe (An: Antigorio basement, Ca: Camosci nappe,
Te: Teggiolo zone, UH: Ultra-Helvetic covers, Ve: Verampio basement). 82

Figure 7.3 Schematic reconstitution of the environment of deposition of the Holzerspitz series. 83

Figure 7.4 Cross-sections of the southern European margin at different time: A) Middle to Late
Triassic, B) Late-Liassic - Aalenian and C) Late Malm. The blocks are oriented according to the
present position of the various stratigraphic columns that I studied on the field. Shown inset are
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Figure 7.5 Schematic maps of the paleogeographic environment (Aa: Aar massif, Ad: Adula nappe,
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Figure 7.6 Stratigraphic columns of the southern European margin according to their
paleogeographic position (for the legend, see figure 10.1). The Triassic levels are highlighted in
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- Xiii -



1 Introduction

1 INTRODUCTION

1.1 GEOGRAPHICAL SETTINGS

The studied area consists of 75 square kilometres of mountainous territory situated between the
Toggia Lake, the Vannino-Busin area and Faldbach (Fig. 1.1). The greater part of the area lies
within the Italian High Val Formazza and a smaller part lies within the Swiss Binntal. The entire
region is situated in the Lepontine Alps. The studied terrain is shown in figure 1.1, which is part
of sheet 265 "Nufenenpass” of the "Landeskarte der Schweiz' 1:50'000. The Binntal can be
reached by road from Brig via the Gomsertal during the winter and in addition to this, in the
summer, it can be reached from the East via the Furka-, the Grimsel- or the Nufenen-pass. The
High Val Formazza is reached by road from Domodossola via the Val Antigorio. As several
walking paths exist (CROSA LENZ & FRANGIONI 1996), it is possible to reach the area on foot,
however, although very pleasant the walks across the mountains are fairly long.

The studied region lies south of the Nufenen massif, which is a watershed dividing the rivers
flowing northwards into the Rhone Valley from those flowing southwards, the Ticino and the
Toce, into the P6 Valley. It is delimited to the north by the divide line, which coincides with the
border between Switzerland and Italy between the Blinnenhorn and the Passo San Giacomo. All
the lakes of the area owe their existence directly or indirectly to the effects of glacial erosion; most
of them have been artificially enlarged in connection with a hydroelectric scheme.

In the entire region a local Valser German is spoken, along with ltalian in Italy. The older
population of the region are Valser people.

Lausanne
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Figure 1.1 Geographical situation.
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1.2 GENERAL GEOLOGICAL SETTINGS

1.2.1 General overview

The Alps are an arcuate mountain belt stretching from the Ligurian Sea to Vienna in Austria.
They are composed mainly of pre-Triassic crystalline basement gneisses and sedimentary
Mesozoic to Tertiary cover series, intensively folded and metamorphosed in some areas. The
Alpine belt is conveniently divided into several broad structural units: a foreland basin, the
Prealps nappes, the Helvetic and Ultrahelvetic nappes, the Penninic nappes (subdivided into
Lower, Middle and Upper domains) and the Austro- and South- Alpine domain (Fig. 1.2, 1.3).
This present superposition of the nappes results from the opening and closing of the Alpine
Tethys Ocean, which affected several paleogeographic domains. The following paleogeographic
domains are recognized on a transect in the western Alps (ESCHER et al. 1995), proceeding from
the North to the South: the European continental domain, the Valaisan sedimentary unit, the
Briangonnais exotic terrane, the Alpine Tethys oceanic domain and the Austro- and South-
Alpine continental domain (SPICHER 1980, ESCHER et al. 1993, 1997 and references herein,
STAMPFLI 1993, MARCHANT & STAMPFLI 1997, STAMPFLI et al. 1998, STECK et al. 2001). The
entire structure of the European Alps results from a SE-directed subduction of the Alpine Tethys
preceding the Tertiary collision between the European and Adriatic plates (MARCHANT 1993).

The studied area is situated in the Lower Penninic domain of the Central Alps and belongs to the
so-called Lepontine or Simplo-Ticino Dome.

1.2.2 The Central Alps

In order to understand the regional structural relationships better, the tectonic model proposed by
STECK et al. (2001) is briefly summarised as follows:

The formation of the Alps may be considered as a succession of three main stages (DAL PiAZ et
al. 1972, DEBELMAS et al. 1980, HUNZIKER et al. 1989, STECK & HUNZIKER 1994, RUBATTO et al.
1998, AMATO et al. 1999, GEBAUER 1999). The alpine orogenesis began in the Late Cretaceous
(eoalpine phase, 80 My—>60 My) with the subduction of the Austroalpine units. The first high-
pressure metamorphism, associated to this underthrusting, is followed by the rapid exhumation of
high-pressure rocks. The next mesoalpine phase (?50 My - 30 My) is characterized by the
closing and the subduction of the Alpine Tethys. This second subduction is responsible for the
second high-pressure metamorphism (50-40 My, Zermatt-Saas and Monte Rose nappes), which
is also followed by rapid exhumation of the subducted rocks. The nappe stacking then reached its
paroxysm and ends with a Barrovian metamorphism (middle-pressure metamorphism 38-25My).
The Penninic and Helvetic nappes were continuously created by detachment, accretion and
extrusion of the upper part of the European crust and Briangonnais terrane subducting below the
Cretaceous to early Tertiary orogenic wedge. From 34-30 My, the Alpine belt developed under
simultaneous NW- and SE- directed thrusting associated to dextral strike-slip shear faults. The
Oligocene magmatism (32-26 My) marks the limit between the mesoalpine and neoalpine phase
(30 My—> present). The uplift of the Lepontine gneiss dome started some 30 My ago, and was
concomitant with early south directed backfolding and backthrusting. It reached the Simplon
region some 18-15 My ago (HUNZIKER et al. 1992).
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Figuré 1.2 The Central Alps with the Lepontine Gneiss Dome and related deformational structures of
Oligocene-Quaternary age (after STECK & HUNZIKER 1994).

In the Alps, the peak of metamorphism, which post-dated the SE-directed subduction of the
nappes, is dated to 38 My (HUNZIKER 1969, HUNZIKER et al. 1992). In the Central Alps, this event
went on gradually to a second Barrovian metamorphism (—25 My), also called the Lepontine
metamorphism (WENK & KELLER 1969). The latter induced a concentric pattern of the regional
isograds (HUNZIKER et al. 1992 and references therein, TODD & ENGI 1997). This event has been
dated to 38-35 My by HUNZIKER (1969), and then JAGER (1973), to 27-20 My by KOPPEL &
GRUNENFELDER (1975), to 29-23 My by DEUTSCH & STEIGER (1985) and to 29.6-26.7 My by
VANCE & O'NIONS (1992). It is well preserved because of the late and quick cooling of the
Lepontine Dome. The existence of a first high pressure event in this region is still yet to be
proven; such relicts were found only up to now in the Campo Lungo area to the east (BECKER
1993), and in the Simplon region to the west (HAMMERSCHMIDT & FRANCK 1991).

1.2.3 The High Val Formazza - Binntal area

The studied area lies in the Lepontine Alps and belongs to the Lower Penninic domain (Fig. 1.3,
1.4). The Lepontine Alps extend, structurally, southward and above the external Aar-Gotthard
massifs and are delimited westwards by a major late extensional fault, the Simplon line (BEARTH
1956, HUNZIKER 1969, HUNZIKER & BEARTH 1969, STECK 1980, 1984, 1990, MANCKTELOW
1985 and 1990, MANCKTELOW & PAVLIS 1994), and southwards by the Insubric line. The eastern
limit corresponds to the Bergell intrusion (HANSMANN 1996).

The rocks consist of polymetamorphic refolded basement gneisses separated by thin
intercalations of Mesozoic to Tertiary cover series (STUDER 1844, GERLACH 1869, SCHARDT 1903,
SCHMIDT & PREISWERK 1908, ARGAND 1911). For instance ARGAND (1911) described from base
to top the following succession of pre-Triassic basements separated by sedimentary rocks for the
Lepontine Alps:

- nappe n°0: Verampio - nappe n°l: Antigorio — nappe n°2: Lebendun - nappe n°3:
Monte Leone — nappe n°4: Grand Saint-Bernard (here the Berisal)
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Figure 1.3 Tectonic sketch of the Central Alps (modified after SPICHER 1980, MANCKTELOW & PAVLIS 1994,
STECK et al. 1999 and 2001, and new fieldwork). (AA: Austroalpine, CE: external crystalline massif, He:
Helvetics, Ju: Jura, Mo: Molassic basin, OS: ophiolite and sediments of the Alpine Tethys, PB: Penninic
basements, Pr: Prealps, / Aa: Antrona nappe, An: Antigorio nappe, Be: Berisal series, SC: Sion-
Courmayeur zone (Valaisan), Gs: Geisspfad complex, MPN: middle penninic nappes, Le: Lebendun
nappe, ML: Monte Leone nappe, Sd: undifferentiated Mesozoic to Tertiary cover, SLF: Simplon Line, Ve:
Verampio nappe).
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Figure 1.4 General cross-section of the studied area; inset a larger scale section of the Alps. (ALC: Adriatic
lower crust, AM: Adriatic mantle, AUC: Adriatic upper crust, B: Briangonnais terrane, ELC: European lower
crust, EUC: European upper crust, M: Molassic basin, Sd: undifferentiated Mesozoic to Tertiary covers / An:
Antigorio basement, Ca: Camosci nappe, Le: Lebendun nappe, ML: Monte Leone basement, Ro:

Rosswald, Hz: Holzerspitz series, Te: Teggiolo cover, V: Pizzo del Vallone nappe). The arrows indicate the
polarity. F3 and F5 are described in the chapter VI.

4.
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Since ARGAND (1911) proposed his model, several geologists have mapped the Lepontine Alps
(HEIM 1922, BADER 1934, WENK 1955, JOOS 1969, HANSEN 1972, MILNES 1974, BOLLI et al.
1980, SPICHER 1980, STECK 1984, LEU 1986, STECK 1987, CANEPA 1993, STECK 1991, BIANCHI
et al. 1998, STECK 1999 and 2001). The succession of ARGAND (1911) is still accepted but the
names and tectonics limits vary greatly, according to the authors, especially where sedimentary
covers are concerned. Some comparisons have been made for the studied area (Tab. 1.1, 1.2).

The results of the detailed lithostratigraphic study, linked to the precise geological mapping
presented in this work, allow the following superposition, which will be exposed and defended in
this work (Chapter II and VII, Fig.1.4) to be deduced. At the base the normal limb of the
Antigorio nappe outcrops: it is composed of the Antigorio pre-Triassic basement gneisses and its
Mesozoic to Tertiary sedimentary cover called the Teggiolo zone. Above the Teggiolo zone lies in
a normal position the Mesozoic series of the Lebendun nappe. The latter is overlaid by the Pizzo
del Vallone nappe; this nappe is composed of Mesozoic to Tertiary sediments intruded by mafic
dykes and containing large discontinuous extrusive metabasaltic bodies. This newly described
nappe outcrops between the Lebendun nappe and the Monte Leone nappe-fold. The inverted
limb of the Monte Leone nappe, which begins with its Mesozoic and Tertiary cover series called
the Holzerspitz series, surmounts the Pizzo del Vallone nappe. On the northern patt of the area,
thanks to a structural discontinuity, the Camosci nappe and the Rosswald series are found.

Joos (1969) HaNSEN (1972) | CanEPA (1993) LEU (1986) BoLL et al. (1980) | This work
Monte Leone | Monte Leone _ _|Monte Leone | Monte Leone  _ |MonteLeone - |MontelLeone
Veglia zone Triassic levels Holzerspitz series
. Veglia zone Faldbach-Zone | Holzerspitz-Serie

Veglia zone Pizzo del Vallone
Lebendun M. Faldbach-Zone
_________ Monte Cazzola series | Sabbione-Zone nappe
Lebendun P+B -}:E—ES:%EE—CQV—Q L | Lebendun nappe Ilszt::ireldun- Lebendun nappe
Teggiolo zone _ | Teggiolo zone | Teggiolo zone _ _ __| Teagiolo-Zone _ Tegaolazone_
Antigorio Antigorio ~ | Antigorio Antigorio
Table 1.1 Nomenclature of the lower Penninic nappes (Verampio omitted) outcropping south of the rio del
Sabbione strike slip faults { = tectonic contact, - - -= stratigraphic contact, and in grey-shaded the
units considered as pre-Triassic basement by the authors).
Lithostratigraphy (this work) HANSEN (1972) | LEU (1986) BiancHI and al. | This work

{1998)

Calcschist Rosswald series Rosswald series

Dolomitic & calcareous series Bedretto zone Sabbione Zone Bedretto Zone

Camosci nappe

Graphitic & detritic series

Termen zone

Termen Zone Termen Zone

Table 1.2 Nomenclature of the lower Penninic nappes outcropping north of the rio del Sabbione strike slip
faults ( = tectonic contact).

1.3 BRIEF HISTORY

In the early studies (STUDER 1844, GERLACH 1869, SCHARDT 1903, STELLA 1903, LUGEON &
ARGAND 1905, SCHMIDT & PREISWERK 1908, ARGAND 1911), the Lepontine Alps were described
as a series of gneissose pre-Triassic basements separated by synclines of Mesozoic to Tertiary
sediments. Several geological questions were raised and can be sum up as follows:
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- understanding of the structural deformation in the Lepontine Alps as well as their associated
metamorphic crystallisation (WENK 1955, HIGGINS 1964, JOOS 1967 and 1969, HUNZIKER
1969, HANSEN 1972, STECK 1984, 1987 and 1990, LEU 1986);

- determination of the origin and the Paleozoic or Mesozoic age of the Lebendun paragneiss,
which is a thick series of conglomeratic gneisses exposed in a nappe structure for over 50
kilometres. (STUDER 1851, LUGEON 1901, SCHMIDT 1907, ARGAND 1911, BURCKHARDT
1942, NABHOLZ 1954, STAUB 1958, RODGERS & BEARTH 1960, HIGGINS 1964, JooS 1967,
LEU 1986, SPRING et al. 1992).

- study of the correlations at a greater scale between the Western and Eastern Alps (SCHARDT
1906, HEM 1922, JENNY 1924, PREISWERK and GRUTTER 1924, BOSSHARD 1925, NIGGLI et
al. 1936, STAUB 1958, SPICHER 1980). The Lepontine Alps represent the poorly understood
link between the Eastern and Western Alps. As the tectonic limits and the paleogeographic
signification were interpreted in different ways according to the various authors (Tab. 1.1,
1.2), several solutions were proposed.

- proposition of tectonic models, construction of detailed cross-section and dating of the
successive mineral crystallisation (HIGGINS 1964, HALL 1972, MILNES 1973, 1974A and
1974B, STECK 1984, 1987, 1990, MERLE 1987 and 1989, STECK et al. 1999 and 2001, LEU
1986, HUNZIKER et al. 1992, STECK and HUNZIKER 1994).

1.4 PROBLEMATIC AND GOALS

Initiation of this work followed two mutually exclusive observations:

- BOLLI et al. (1980) separated a green-rock bearing nappe from the Monte Leone cover (Tab.
1.1). Such a distinction was lately refuted by LEU (1986):

- PASTORELLI et al. (1995) and KNILL (1996) considered the Mesozoic green-rocks outcropping
respectively in the Geisspfad-Devero and Binntal areas as emplaced in the "Valaisan"
transform zone, or coeval to the opening of the "Valaisan" ocean (both term referring to the
plate limit which made the drift of the Briangonnais terrane possible). And yet the so-called
"Trilogie Valaisanne" series (BURRI 1979) was never described in these areas. Moreover at the
same time CANNIC (1996) dated the green-rocks supposed to belong to the Valaisan ocean in
France, and obtained a Paleozoic age.

These two observations were the starting point of this PhD. The latter focussed initially on
fieldwork and drafting of a detailed geological map. New goals were defined in due course
according to the field results. Finally, I decided to discuss the following topics:

- Geological goals: 1) detailed geological map
2) stratigraphic study of the Mesozoic series (Chapter II)
3) structural history (Chapter VI)
4) crystallisation-deformation relations (Chapter I1I)
- Mineralogical goals: 1a) geochemistry of the green rocks (Chapter V)
1b) dating of the green rocks
2a) P-T evolution (Lepontine thermal doming) (Chapter IV)
2b) dating of the Lepontine thermal doming
3) geochemistry of the micaschists
- Geodynamic goals: 1) restoring of the Helvetic passive margin (Chapter VII)
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2 STRATIGRAPHY

2.1 INTRODUCTION

The lower Penninic nappes are the deepest structural units outcropping in the Alps (Fig. 1.3);
they represent the southeastern continuation of the European plate (ESCHER et al. 1997,
MARCHANT & STAMPEL! 1997). The polymetamorphic refolded basement gneisses are separated
by thin Mesozoic to Tertiary cover series, all commonly grouped under the general term
"Biindnerschiefer" (GERLACH 1869, SCHMIDT & PREISWERK 1908, ARGAND 1911). The youngest
metasediments are not often preserved, but the study of the older Mesozoic rocks, presented
herein, provides enough information to infer their respective paleogeographic position and to
propose a coherent geodynamical model.

This chapter presents the systematic lithostratigraphic description of all the nappes studied during
this work, followed by a chronostratigraphic interpretation. The discussion paragraph (I1.7)
focuses on the specific problems, limits and characteristics of the Holzerspitz series, Pizzo del

Vallone and Camosci nappes; they are then compared to non-Simplo-Ticino units (paragraph
11.8).

General remarks:

- the thicknesses mentioned on the figures are always the thicknesses measured on the field;

- as no datable fossils were found, all levels are "dated" by comparison of their lithology with
other external nappes (paragraph 11.2.4, 11.3.6, 11.4.4, 11.5.3, 11.6.3 and I1.8);

- the Rosswald series is not described here. It is present on the geological map only as the
northern limit of the studied area. The reader interested in the subject should refer to BOLLI et
al. (1980).

2.2 THE HOLZERSPITZ SERIES (THE MONTE LEONE COVER SERIES)

2.2.1 Introduction and nomenclature consideration

The Monte Leone nappe consists of a pre-Triassic basement surmounted by its autochthonous
Triassic to Upper Cretaceous/Tertiary sedimentary cover called Holzerspitz series (Tab. 1.1).

As presented in the introduction (Tab. 1.1, paragraph 1.2.3) the name and the upper tectonic
limits of this cover differ according to the various authors (BADER 1934, STAUB 1956, JOOS 1969,
HANSEN 1972, STRECKEISEN et al. 1978, BOLLI and al. 1980, LEU 1986, JEANBOURQUIN & BURRI
1991, CANEPA 1993). For instance, CANEPA (1993) differentiated the various lithologies present
between the Monte Leone and Antigorio basements, but he interpreted the whole stack as a
single cover series folded in a giant synclinal structure.

The name chosen in the present study for the Monte Leone cover is the "Holzerspitz Series"
(BOLLI et al. 1980) because:

- the upper tectonic limit of BOLLI et al. (1980) and of this work are in agreement. However, I
have simply slightly changed the original definition by considering that the Triassic levels
form the lower boundary in stratigraphic contact with the basement;

- the series is well exposed at this locality, a mountain in the East flank of the Binntal.

=7
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The most commonly used term of Faldbach was rejected because:

- the upper tectonic limit as defined by LEU (1986) does not correspond to the upper limit
mapped in this work. The main differences are that; i) LEU (1986) incorporated the Rosswald
series and ii) did not separate the Pizzo del Vallone nappe

- the unit outcropping at the locality of Faldbach (a now destroyed alpine farm house), is the
newly defined Pizzo del Vallone nappe (paragraph 11.3.1).

2.2.2 Nappe structure

The Monte Leone cover is well represented only in its inverted limb. Indeed, the normal limb
systematically shows an extremely reduced or even absent cover series because of i) the thinning
due to alpine tectonics and ii) probable original stratigraphic hiatuses. The studied area
encompasses only the inverted limb. Consequently the studied sections are amongst the most
complete that one can log (Fig. 2.1).

2.2.3 Lithostratigraphic description

The main lithostratigraphic sections are shown in figure 2.1. These were logged over the whole
studied area (except column D which comes from the lower part of the Binntal) and show
significant lateral variations, both in thickness and in facies. Thus, instead of describing each
section individually, 4 groups are defined and described hereafter. Each of these groups is bound
by a characteristic unconformity respectively UC1, UC2 and UC3 (Fig. 2.10, paragraph 11.7.3).

Group Hz-l: lies in stratigraphic continuity directly on the pre-Triassic basement. The
representative succession of rocks is, from base to top, a white quartzite, a micaceous to quartzo-
dolomitic calcareous marble (—10-15% quartz + dolomite), a white and blue dolomitic marble
and lenses of gypsum. The quartzite bed is discontinuous, but where it outcrops, it is always in
contact with the Monte Leone basement gneisses. The calcitic marble and the dolomitic marble
alternate. The calcitic marble is always subordinated to the dolomitic marble and restricted to the
base of the group. The nature of the dolomitic marble changes upward: from blue platted at its
base, it becomes massive and white or cream, may contain discontinuous conglomeratic layers
(dolomitic pebbles in a dolomitic matrix) and is locally mineralised (KNILL 1996). The group Hz-I
ends with a garnet poor micaschist, which is not always present. Even if this group is always
figured on the representative stratigraphic columns (Fig. 2.1), it is locally totally eroded and group
Hz-1I or even Hz-lll lie directly on pre-Triassic basement.

Group Hz-II: begins with a conglomerate. At its base, the latter is monogenic and consists of
dolomitic pebbles in a dolomitic matrix. It evolves gradually upward into a polygenic
conglomerate formed by gneissic, quartzitic and dolomitic pebbles and its matrix becomes
increasingly quartzo- micaceous and sometimes a little bit calcareous. The pebble size then
decreases while the matrix becomes increasingly calcareous. It is followed by an impure marble
or calcschist, in turn surmounted by a garnet micaschist (see description in paragraph III.5). The
latter may disappear locally and emersion traces are then observed: a paleokarst is conserved in
the Holzerspitz section (Fig. 2.1C).

A)
Figure 2.1 A) Localisation of the
lithostratigraphic sections B) Lithostratigraphic —
sections  ordered  according to  their / fg,gff?‘l'j" B
paleogeographic position. UC1, UC2 and UC3 / / '\\‘
are explained in the paragraph I11.7.3 (Fig. 2.10). ﬁL
Section B comes from the lower Binntal (657'800 [ Hobspitseries 7
/ 134‘300) Monte Leone basement Z:r,
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Group Hz-III: is mainly a pile of polygenic conglomerates. In the first basal 10 metres, its matrix
is calcareous micaceous metasandstone, which quickly grade upward into a calcschist. At the
same time, the size and the proportion of pebbles decrease. All the lithologies of the two
underlying groups, as well as the basement, are represented in the pebbles. A conglomeratic
quartzitic metasandstone bed is interlayered in this succession (noted "rp" in figure 2.1). It has a
characteristic yellow patina and is very hard and massive. Its composition and aspect simulate a
regenerated Permian. The dolomitic, quartzitic and gneissic pebbles are badly sorted. The whole
succession ends with a quartzitic marble rarely conglomeratic (gneissic pebbles) that changes
gradually over a few metres into a garnet micaschist (see description in paragraph III.5)
containing hard nodules that I called "garnetite".

Group Hz-1V: consists of a thick pile of monotonous calcschist, which is conglomeratic at its base.
Pebbles of all the previous levels can be reworked, even though the dolomitic ones always
dominate. In the Holzerspitz section an epidotite was found (e on Fig. 2.1C). Upward, the
monotonous calcschist deposit is interrupted only by small to medium sized paleochannels, thin
layers of garnet micaschist or fine quartzitic metasandstone. The basal conglomeratic calcschist
was deposited in a fluvial setting, as shown by plurimetric to pluridecimetric paleochannels that
deeply cut into the group Hz-lll and which are particularly well preserved in the Turbeweng
section (Fig. 2.1D). Neither flysch nor wildflysch were observed at the top of this group, which
marks the upper limit of the Holzerspitz series.

2.2.4 Chronostratigraphic interpretation

Group Hz-l: it contains the Triassic rocks commonly found in the Alps (ELLENBERGER 1958,
MASSON et al. 1980, BAUD 1987 and reference therein, EPARD 1990 and SARTORI 1990). The
first white quartzite is classically attributed to the Late Permian - Early Triassic epoch: its presence
is a good argument in favour of the autochthony of the Holzerspitz series in relation to the Monte
Leone pre-Triassic basement. The next layers of a calcitic marble surmounted by a dolomitic
marble are specific of the studied area. They display neither Helvetic affinity (where such beds
are unknown, EPARD 1990) nor Brianconnais affinity (where similar beds have a thickness that
can easily reach 100 m, BAUD & SEPTFONTAINE 1980). This supposes a paleogeographic position
where both influences were recorded. POLACK (1983) has already described a similar Triassic
succession, but for the Verampio cover series (Fig. 7.6). The monogenic dolomitic conglomerate
(middle to upper part of Group H-I) is tentatively attributed to the late Ladinian — Carnian weak
extensional phase recognised in the Brianconnais domain (MEGARD-GALLI & FAURE 1988). The
terminal thin-bedded garnet micaschist has similarities with the non-metamorphic "Rhetian" facies
of the Western Alps.

Group Hz-II: the polygenic conglomerate of this group records a quite widespread extensional
episode, during which the basement was submitted to erosion. It was then followed, over the
whole area, by the deposition of an impure marble and a garnet micaschist, both of which reflect
a quiet, clearly marine depositional setting, as well as a temporary stop of the tectonics activity.
Such lithologies and depositional setting are well known and recorded everywhere in the Alps
and have a Late Liassic to Aalenian age (MASSON et al. 1980, BAUD 1987 and reference herein,
EPARD 1990 and SARTORI 1990). I propose a similar age for the calcitic marble and the garnet
micaschist, whereas the underlying conglomerate would correspond in age to the Liassic
extensional phase (nappe de la Bréche, STEFFEN et al. 1993). The important variation in
thickness and in facies of the group Hz-II has three causes:

- the highly variable paleogeography (extensional type setting), which implies important

lateral variations of detrital input. The paleokarst can be interpreted as a sign of the
emersion of tilted block geometry (paragraph 7.4, Fig. 2.1C);

-10-
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- the next erosive event, called UC2 (Fig. 2.1, 2.10) was so important that it could erode
the whole group Hz-II;

- later alpine deformation would stretch or constrict the cover differently according to its
variable competency.

Group Hz-II: a second important tectonic activity is reflected by the deposition of polygenic
conglomerates forming 100 m to 500 m wide lenses disposed longitudinally one after the other.
The basal limit UC2 shows evidence of aerial to subaerial erosion (fluviatile paleochannels and
karst) and is locally responsible for the disappearance of the group Hz-Il and Hz-IIl. An episode of
extensive karstification is known in the lower Dogger of the Internal Briangonnais (BAUD et al.
1979, HURLIMANN et al. 1996), and the "conglomérats du Lédery" were deposited at the same
time in the Niesen anppe; so I propose a similar age for UC2 (which would be an any case
younger than the Aalenian, Fig. 2.1). The change toward monotonous calcschist deposit, locally
conglomeratic, reflects a progressive decrease in the tectonic activity, only interrupted by an input
of terrigeneous clastics resulting in a regenerated Permian bed. The calcschists grade upward into
a pure calcitic (locally conglomeratic) marble: such a pure calcitic marble is generally attributed,
in the Alps, to the Malm epoch. The platform was then flooded and a graphitic shale (garnet
micaschist) was deposited. 1 attribute it to the middle Cretaceous epoch because this epoch is
marked by a globally high sea level and the whole Helvetic domain recorded, a southward trend
toward deeper facies (MASSON et al. 1980).

Group Hz-IV: its basal level UC3 is erosive (paragraph I1.7.3). The basal conglomeratic part
contains pebbles coming from all the previous described levels, but also an epidotite coming most
probably from the Pizzo del Vallone nappe. This suggests that rocks coming from other nappes
are reworked here as pebbles and point to a new type of tectonic activity (inversion?). The
following thick succession of calcschist proves a continual fine detrital input: the absence of a
specific marker level prevents me from proposing a better constricted age other than Late
Cretaceous to Tertiary.

2.3 THE Pizz0 DEL VALLONE NAPPE

2.3.1 Introduction and nomenclature consideration

It is the green rocks bearing nappe. The majority of authors did not separate this nappe from the
Monte Leone nappe. However LUTHY (1967) informally introduced the name of "Faldbach Zone"
for the latter. BOLLI et al. {1980) added a tectonic limit between the Faldbach Zone and the
Holzerspitz series. Later the name of Faldbach Zone became ambiguous, since LEU (1986) did
not accept the tectonic limit recognised by LUTHY (1967) and BOLLI et al (1980), but did use the
same name for the Monte Leone cover series. The main results of this work are:

- the green rocks bearing unit is separated from the Monte Leone cover series by a tectonic
contact;
- the mapped tectonics limits are in agreement with the work of BOLLI et al. (1980).

Instead of using BOLLI's nomenclature (the Faldbach zone having unfortunately two definitions)

this work introduces a new name, the Pizzo del Vallone nappe, whose upper and lower limit are
formally defined below.

-11-
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2.3.2 Nappe structure

The oldest levels outcropping over the studied area are either a cornieule or a dolomitic marble
attributed to the Late Triassic time. This means that this nappe is detached from its pre-Triassic
basement and is only made up of Mesozoic to Tertiary rocks (Fig. 2.2).

This nappe forms a "synclinal de raccord" between the Monte Leone and the Lebendun nappes
(Fig. 6.9): it lies in an inverted position below the Monte Leone inverted limb, and in a normal
position above the Lebendun nappe. The thickness of the nappe varies a lot, depending mainly
on the thickness of the magmatic bodies, the total amount of detrital input and the lateral
variations of facies. An ideal stratigraphic scheme, summarising all the relations observed on the
field, is presented in figure 2.2.

2.3.3 Lithostratigraphic description

Group V-I: the first levels consist either of a cornieule, of rare big lenses of gypsum, or of a
dolomitic marble. They are followed by an impure calcitic marble. The latter contains quartzitic
and dolomitic detrital grains in various proportion (—20-25% quartz + dolomite), and an
interbed of discontinuous light green micaceous quartzite rich in millimetric pyrite crystals.

Group V-II: A first conglomerate is then found mainly above an erosive contact, although locally
the observations of a progressively greater proportion of detritic grains in the underlying marble
could point to a more transitional contact. The conglomerate is best developed in the Faldbach
but also near the little lake situated between the Lago del Sabbione and the Gemelli di Ban
(670980 / 140'210). 1t is conglomeratic at its base and consists of a quartzitic dolomitic marble
containing dolomitic pebbles. It then evolves upward into a polygenic conglomerate (consisting of
gneissic, quartzitic and dolomitic pebbles), while the matrix becomes a quartzo-micaceous
microsandstone. This first detritic sequence is followed by another similar succession, also
beginning with a monogenic conglomerate. But the latter significantly consists of pebbles of
gneisses. The matrix is a quartzo-micaceous microsandstone, which becomes finer and more
mature upsection, finally giving way to a layer of fine blue micaceous quartzite. This sequence is
in turn followed by a conglomeratic quartzitic marble, consisting of dolomitic pebbles, detritic
dolomitic grains and 25 to 40 % of quartz grains. The whole unit ends with a non-calcareous
garnet micaschist (microquartzitic shale), rarely present over the mapped area because most of it
is eroded by time.

Group V-III: The next metasandstone, the "Sabbione metasandstone" (see description in
paragraph [I.3), is characteristic of the Pizzo del Vallone nappe. lt is easily recognizable due to
the presence of many ferromagnesian minerals, discontinuous stratiform fine levels of calcitic
marble or of quartzite, and metric paleochannels. This metasandstone is conglomeratic; it reworks
essentially dolomitic pebbles, a few pebbles of garnet micaschist, quartzite and gneisses may be
found locally. Its mineralogy is variable, but it mostly contains randomly oriented metamorphic
porphyroblasts of amphibole, kyanite, and staurolite... (paragraph III.3, Fig. 3.2). The Sabbione
metasandstone becomes finer and more mature upward (Fig. 2.2). This level was already
recognised by ETTER (1984) in the Toggia area.

The Sabbione metasandstone is, at its base, locally crosscut, at the same time as the underlying
marble, by mafic dykes; some cooling rims are preserved. These dykes are the first signs of a
magmatic activity, which becomes evident with the overlying extrusive discontinuous basaltic
bodies, capped by a metavolcanoclastic level interbedded in the upper part of the Sabbione
sandstone (see below).
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Figure 2.3 The Pizzo del Vallone nappe. A) Stratigraphic section of the upper part of the nappe (left side of
the Lago del Sabbione). B) Outcrop of the Sabbione metasandstone southeastern shore of the lago del
Sabbione. C) Outcrop showing the isoclinally folded contact between the Holzerspitz series (younger levels)
and the Pizzo del Vallone nappe (Group Hz-I and Hz-1I) on the left bank of the lago del Sabbione (668'480
140'450). D) Dykes in the quartzitic marble and the Sabbione metasandstone (left bank of the Lago del
Sabbione). E) View of the east shore of the lago del Sabbione. F) Synthetic section of the Pizzo del Vallone
nappe in the Faldbachtal. The legend is the same for figure 2.2; Hz: Holzerspitz series, V: Pizzo del Vallone
nappe.

A calcareous graphitic micaschist containing epidote or plagioclase porphyroblasts (graphitic
marlstone) overlies the Sabbione metasandstone. The contact between the two is clear-cut
(especially where the metasandstone laterally gives way to the metavolcaniclastic), although it
may be gradual at the decimetric scale. Locally the calcareous graphitic micaschist may smell foul
when hit with the hammer. It is overlaid by a quartzitic calcitic marble or by fine alternation of
thin beds of calcareous quartzite and of thin quartzitic calcitic marble that may change into a pure
calcitic marble. The contact with the calcareous graphitic micaschist is gradual.
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Group V-IV: two types of basal contact are observed: it is either clear-cut (erosive?), or gradual,
the underlying calcitic marble becoming micaceous and grading into a calcschist containing rare
dolomitic pebbles at its base. In both cases, the calcschist unit ends with a final calcareous
metaflysch: an impure greenish quartzitic marble alternates with a dark non-calcareous fine
micaschist (Fig. 2.3A+F).

2.3.4 The mafic bodies

The size and shape of the individual basaltic bodies differ, but the lithological igneous succession
is the same. The outcrops that show the best magmatic succession are located west of the Lago
del Sabbione, close to the Rifugio "Claudio e Bruno".

The oldest igneous rocks consist of dykes and/or sills (Fig. 2.3D) intruding the conglomeratic
quartzitic calcitic marble and the Sabbione sandstone, as well as rare epidotites. The latter is a
very fine-grained, almost aphinitic, massive and hard rock, which if not for its characteristic
pistache-green colour, can be mistaken in the field with a quartzite. Microscopically it is made of
submillimetric secondary pistachite and plagioclase minerals in granular texture. This rock is
interpreted as a metamorphosed vitric tuff. The basaltic bodies sensu strictu are recognizable
thanks to the presence of basal metacumulates (paragraph 1V.5), which display a more primitive
geochemical signature (paragraph V.2.3, Fig. 5.3A). The majority of the mafic bodies are
composed of fine-grained or microgabbroic metabasalt, metapillows, and some metabreccias (see
description in paragraph IIL.6, Fig. 2.3, 2.3E). The metapillows prove the submarine volcanic
emplacement. The field relations show evidences of multiple magma injections, but this is likely
to have occurred over a short period of time because no sediment were deposited in between.
The final volcanoclastics metasediments are either layered with the upper part of the Sabbione
sandstone, in which case the different stages of tectonic deformations are well recorded, or are
massive. A quartzitic matrix supports the amphiboles, epidotes and some plagioclase.

The term "mafic body" is used because of the discontinuity of the green rocks outcrops. Actually
this discontinuity may be stratigraphic (several lateral mafic suites pulses) and/or tectonic
(boudinage).

2.3.5 Lateral variations and continuation of the nappe in the Saflischpass—Rosswald area

The mafic bodies are best developed in the Sabbione area: their sizes decrease westward in the
Binntal and southward in the Vannino-Busin area, indicating that these two regions were
paleogeographically more distant from the magmatic centre. Similarly the Sabbione
metasandstone thickness decreases toward the Binntal area as if this region was
paleogeographically situated in a more distal position than the Sabbione area.

The mineralogy of the Sabbione metasandstone reflects the nature of the detritic supply, which
varies from terrigenous and calcareous (dolomitic and quartzitic) to volcanic (relative enrichment
in metamorphic ferromagnesian minerals which can be locally so important that the rock
simulates a mesocratic basalt). The metasandstone can evolve from one type to another in only a
few metres (e.g. from an essentially regenerated dolomite to a quartzo-micaceous rocks or from
the latter to a regenerated basalt).

The Sabbione metasandstone outcrops up to the Saflischpass, where it is associated to big lenses
of gypsum (similar situation as in the Toggia area) and to green rocks, which have preserved their
magmatic texture (paragraph V.2.2). It would be interesting to follow the Pizzo del Vallone nappe
westwards toward Visp, to see whether this nappe continues or whether it disappears, giving way
to the Monte Leone nappe.
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2.3.6 Chronostratigraphic interpretation

Group V-I and V-II: this nappe is detached from its basement, but comparisons with other
stratigraphic column show that it begins with the typical upper Triassic dolomitic marble now well
recognised in the Alps (BAUD & SEPTFONTAINE 1980, MASSON et al. 1980, EPARD 1990). Such an
argument suggests that the pre-Triassic basement of the Pizzo del Vallone nappe was of
continental nature.

The overlying impure calcitic marble, interbedded with impure quartzite (group V-II) can be
related to similar succession typical of the Liassic epoch (BAUD & SEPTFONTAINE 1980, MASSON
et al. 1980, DOLIVO 1982 and BUGNON 1986). The incoming of conglomerate is similarly typical
of the Prepiemontais Liassic succession. The graphitic garnet micaschist (microquartzitic shale)
can be linked to the Aalenian high-stand (JENKYNS 1988) during which similar deposit are known
almost everywhere in the Alps (schistes & miches...).

Group V-II: then the conglomeratic Sabbione metasandstone was deposited. The conserved
metapaleochannels indicate a relative shallow-water environment of deposition. The fact that the
Sabbione metasandstone becomes more mature and finer up sequence means that the basin was
gradually filled in. The magmatic activity is coeval to this sandstone deposit. It is therefore
younger than the Aalenian age since the Sabbione metasandstone was deposited after the garnet
micaschist attributed to the Aalenian age.

The deposition of a graphitic calcareous micaschist suggests that the environment became
flooded shortly preceding the onset of a carbonate platform, which allowed the pure marble to be
deposited. Such an evolution is consistent with the Late Dogger to Malm epoch. Indeed, at that
time the Alps were submerged and a carbonate platform developed nearly everywhere (BAUD &
SEPTFONTAINE 1980, MASSON et al. 1980, DOLIVO 1982, SARTORI 1990, HURLIMANN et al. 1996).
The graphitic calcareous micaschist and the pure calcitic marble are hence attributed to the
Callovo-oxfordian to Kimmeridgian age. This implies that the Sabbione metasandstone, as well
as the magmatic activity are older than the Callovo-oxfordian age; they are therefore attributed to
the Bajocian-Bathonian.

Group V-IV: the monotonous calcschist sequence, conglomeratic at its base and surmounted by a
calcareous metaflysch is attributed to the Cretaceous-Tertiary epoch. No specific levels permit the
attribution of a more precise age.

2.4 THE CAMOSCI NAPPE

2.4.1 Introduction and nomenclature considerations

HANSEN (1972), and later BIANCHI et al. (1998), distinguished a tectonic unit they called Bedretto
Zone (Tab. 1.2). Later PROBST (1980) and LEU (1986) showed that the Bedretto zone was in fact
composed of three tectonic units. For the first two tectonic units, LEU (1986) used the name of
Rosswald series (as defined by BOLLI et al. 1980) and of Termen Zone (LISKAY 1966). For the last
tectonic unit, LEU (1986) used the term Sabbione Zone (introduced by ETTER 1984).

In this work the Rosswald series corresponds tectonically, as well as stratigraphically, to the
definition of BOLLI et al. (1980) and LEU (1986). But this work shows that the Sabbione Zone
and the upper part of the micaschist of the Termen Zone of LEU (1986) are in stratigraphic
continuity and thus correspond in fact to a single tectonic unit. This single tectonic unit is defined
herein as the Camosci nappe (paragraph 11.4.3, 1.7.3). The name is derived from the "ghiacciao
dei Camosci" which corresponds to the western termination of the Camosci nappe.
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2.4.2 Nappe structure

The oldest levels of this nappe, outcropping over the studied area, are either a cornieule or a
dolomitic marble attributed to the Triassic (paragraph 11.4.4.). This nappe is detached from its
pre-Triassic basement and only made of Mesozoic sediments.

The tectonic limits of the Camosci nappe are discussed in the paragraph 11.7.2.

2.4.3 Lithostratigraphic description

I subdivided the Camosci nappe into 4 main units. They are called Dolomitic unit, Calcareous
unit, Graphitic unit and Detritic unit (Fig. 2.4, 2.8).

Dolomitic unit: a dolomitic marble that may contain a few phyllosilicates (—10%) outcrops
above the basal discontinuous cornieule. The dolomitic marble is locally mineralised (sulphides).
Up sequence the proportion of detrital quartz increases to reach 10 %. This succession either
continues with the progressive interfingering of a lustrous black micaschist or is capped by a
quartzitic to arkosic metasandstone, which is locally conglomeratic. The latter is light yellowish
and can locally record (e.g. in the "ghiacciao dei Camosci' area) as much as three superposed
schistosities (Fig. 3.1A). Its thickness varies from ~1m to ~100 m, mainly due to alpine folding.

Calcareous unit: the contact with the underlying Dolomitic unit is either gradual or clear-cut.
Whenever in contact with the lustrous micaschist (rare), the contact is clear-cut. But when it is in
contact with the metasandstone, a transitional passage from the metasandstone to a quartzitic
calcitic marble is observed over 5 metres. Upsection the marble becomes gradually purer until it
gives way to a pure calcareous recrystallised marble. The latter is laterally discontinuous but may
reach 20 metres in thickness at its most central part. The detritic fraction (quartz. dolomite, micas)
then increases again. Most of the marbles contain up to 20% of quartz and about 10% of
phyllosilicates. A quartzitic level follows which gradually interfingeres with subordinated thin
levels of calcitic marble. These marble interbeds progressively thicken and dominate upon the
quartzitic layers. The subordinated layers, the quartzite as well as the calcitic marble, are often
boudinaged probably due to the alpine deformations. A quartzitic calcitic marble surmounts this
series: the latter may contain discontinuous thin levels of quartzitic and dolomitic metasandstone.
A 1 m-thick discontinuous quartzitic level ends this Calcareous unit.

Graphitic unit: is characterized by important lateral variations of facies (Fig. 10.2).

The clearest succession is found in the western part of the nappe. A black graphitic
micaschist (metashale, see microscopic description in paragraph Ii1.4) containing porphyroblasts
of garnets, immediately follows the Calcareous unit; the contact is clear-cut. It may contain rare
thin levels of a calcareous graphitic micaschist (metamarls). BIANCHI et al. (1998) found various
heavily recrystallized bioclasts in the black micaschist.

The eastern part is more complex. A calcareous graphitic micaschist (metamarls, see
microscopic description in paragraph Il1.4) containing porphyroblasts of plagioclase or epidote
(paragraph II1.4) overlies the Calcareous unit. The contact is gradual: thin levels (3 cm) of
calcareous micaschist alternate with the calcitic marble; the latter becomes thinner upsection,
whereas the calcareous micaschist thickens. Some graded bedding can be observed, indicating
the local polarity (Fig. 2.4). Up sequence, thin levels of black micaschist are interbedded within
the calcareous micaschist.

The lateral transition between the western and eastern part of the Graphitic unit is made
over less than 2 m. A very hard and dark 50 cm-thick rock composed of graphite (50%),
carbonate (29%), muscovite (12%), opaque (8%) and some accessory minerals, represents the
transitional stage between the calcareous micaschist and the black micaschist.
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Detritic unit: the contact with the Graphitic unit is always clear-cut. Strikingly, the Detritic unit is
in contact only with the calcareous micaschist and never with the black micaschist. The detrital
input shows a clear evolution: the deposit begins with a hard, grey argillaceous-rich quartzitic
metasandstone that becomes richer in dolomitic detritic grains toward the top. It simulates a
paragneiss and contains locally centimetric pyrite crystals. This deposit suddenly ends with the
abrupt shedding of a very quartz- and clay- poor dolomitic metasandstone. The whole unit has a
maximum thickness of 20-25 m.

= Detrital -
n unit . Dolomitic
- metasandstone
2 s
= &= .
S5 C = Paragneissic
o.c =z metasandstone
g3 29
o
| O £23 | Black
| micaschist

~il Calcareous micaschist
| locally granoclassed

!
s L b

| Quartzite
{boudinaged calcitic levels)

Calcitic marble
(boudinaged quartzitic levels)

Calcareous
unit
("Liassic")

- _ More or less micaceous, dolomitic
- =1 | or quartzitic calcitic marble

Quartzo-arkosic

§ . *| micaschist
S
- . | | Metasandstone
| 1 | locally conglomeratic
| =
> S8 % | More or less quartzitic
S Sx= @ dolomitic marble
£ 6§ &
N g = Metacornieule

Figure 2.4 Synthetic section for the Camosci nappe (For the age attribution see the paragraph 11.4.4).

2.4.4 Chronostratigraphic interpretation

This nappe is detached from its basement, but comparisons with other sections show that this
lithostratigraphic column has a clear Helvetic s.l. affinity (Fig. 7.7, paragraph 11.8.2, MASSON et al.
1980, DoLIvO 1982, BUGNON 1986, LEU 1986 and EPARD 1990). Such an affinity implies that
the pre-Triassic Camosci basement was of continental nature. Following these comparisons, the
successive units can be correlated as follows.

Dolomitic unit: contains the stratigraphically lowest levels of this nappe. The cornieule is
discussed in paragraph I1.7.3. On the basis of facies comparison with the Helvetic domain, the
dolomitic marble would be the equivalent of Norian lithologies (e.g. Formation des Arandellys,
EPARD 1990) and the quartzitic metasandstone of the Rhetian (e.g. Formation de Besoéns,
EPARD 1990).

Calcareous unit: was probably deposited on a carbonate platform subjected to recurrent detrital
input. A more important detritic episode resulted in the deposition of two quartzitic levels. This
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episode points toward the erosion of a continental Triassic cover series and/or basement gneisses.
The comparison with Helvetic stratigraphic sections allows to propose a Liassic age for the
Calcareous unit. The two quartzitic levels would correspond to similar Helvetic deposit of
respectively Lotharingian and Domerian age (DOLIVO 1982, BUGNON 1986).

Graphitic unit: the environment of deposition deepened suddenly and the Camosci platform
flooded, resulting in the simultaneous deposition of marls and shales (calcareous micaschist and
black micaschist). Such a flooding surface is recorded everywhere in the Alps, and elsewhere in
the world (JENKYNS 1988). It is attributed to the Toarcian /Aalenian age.

Detritic unit: this unit ends the Camosci section. It reflects an erosion cutting in progressively
older deposits, initially reworking terrigenous elements followed by dolomitic levels. The
paragneissic metasandstone of the base of the unit is quite similar to the "Schistes mordorés"
(Bajocian-Bathonian age) of the Wildhorn and a Dogger age is attributed to the whole unit. Once
again Triassic levels are eroded.

The Camosci nappe would thus end with deposit of Dogger age. Why are younger levels not
present? Three solutions are envisaged:

- they were never deposited;
- they were later eroded;
- they were translated in a more external position of the Alps.

These points will be discussed in the paragraph VII.3.1.

2.5 LEBENDUN NAPPE

2.5.1 Introduction and nappe structure

For over half a century (SCHARDT 1903, ARGAND 1911, PREISWERK 1918, BURCKHARDT 1942,
Joos 1969 and LEU 1986), the Lebendun gneisses have been considered to form the pre-Triassic
basement of one of the great recumbent anticlines of the Pennine Alps (nappe n°2 of ARGAND
1911), and this despite the resulting contradictions.

In 1960, RODGERS & BEARTH proposed a different interpretation that resolved the incoherencies.
In their view this nappe was a series of younger Mesozoic "flysch-like sediments" associated to the
Biindnerschiefer, which was subsequently folded together with the Biindnerschiefer into a
recumbent syncline between the Antigorio and Monte Leone nappe. Recent studies confirmed
the Mesozoic age of this series on the basis of lithostratigraphic and structural arguments (SPRING
et al. 1992, CANEPA 1993, DELLA TORRE 1995, DELEZE 1999). DELLA TORRE (1995) and DELEZE
(1999) clarified the stratigraphy of the nappe. They divided it in three stratigraphic units called:
"unité du Lebendun basal", "unité du Lebendun conglomératique” and "unité du Lebendun
sommital". In the area of the present study only the "unité du Lebendun conglomératique” and
"unité du Lebendun sommital' outcrop (Fig. 2.5B). However, instead of using their
nomenclature, 1 will refer to the respectively equivalent term of "Paragneiss conglomeratici' and

"Scisti Bruni", both of which were previously defined just south-west of the present studied area
by CANEPA (1993).
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It is not clear, over the studied area, whether the Scisti Bruni are older or younger than the
coarser detritic paragneisses. However, in the Cristallina area, DELEZE (1999) found a clear
polarity argument showing that the "unité du Lebendun sommital” (equivalent of the Scisti Bruni)
is the younger unit. As I have made no convincing observations on the studied area, I have
therefore assumed the polarity proposed by DELEZE (1999).

2.5.2 Lithostratigraphic description

Paragneiss conglomeratici: is composed of paragneiss old sedimentary origin, which has a
variable granulometry. The basal part is finer than the upper part (Fig. 2.5). However,
everywhere, detrital grains (quartz, feldspath. micas...), and/or centimetric gneissic pebbles are
observable together; they are mainly badly to poorly sorted. This reconstituted gneiss is massive,
hard and light-coloured. Locally, decimetric grey layers, that record a greater proportion of
biotite, are interbedded. A very weak almost anecdotic fraction of the pebbles consists of calcitic
marble or dolomitic marble. HIGGINS (1964) and DELEZE (1999) also mentioned the presence of
sporadic metabasaltic pebbles. At the point 672'150/133'900 outcrops a 50 cm-thick by 30 m-
long discontinuous bed of white impure conglomeratic calcitic marble. The bed consists of 8% of
pebbles, sand-sized detritic grain (35-40%) in a sparitic matrix (55-60%). The pebbles consist
entirely of the same granitic elements than those found in the surrounding conglomeratic
paragneiss. The sand-size fraction consists of 60% of feldspar, 25% of quartz, and 10% of
metamorphic biotite and of 2% of accessory minerals. The plagioclase is remarkably fresh and
unaltered and often shows a preserved myrmekitic texture. Its lower and upper contacts are sharp
(Fig. 2.6C).

The contact between the Paragneiss conglomeratici and the Scisti Bruni is variable. It can be
gradual, schistose or abrupt. In the first case, the transition is observed over 2-4 metres, in which
the paragneiss becomes progressively richer in biotite, while the size and the quantity of pebbles
decrease rapidly until they disappear completely. Where the contact is schistose (e.g.
671'950/133'970), the Scisti Bruni and the paragneissic blend together; the contact is thus
difficult to place.

Scisti Bruni: are composed of fine detritic levels, which have a composition that evolves up
sequence. The first layers, composed of a light blue micaceous metasandstone, are the Scisti
Bruni s. str. (LEU 1986, CANEPA 1993). They have a brown-rusted patina due to the presence of
little grains of altered sulphide. Aligned authigenic pyrite minerals can reach 5-10% of the rock. A
small mineralisation consisting of several huge pyrite minerals, reaching 8 cm in size, aligned in
the schistosity was observed. A fine layering results from the alternance of quartz-rich and biotite-
rich thin beds, which induce differences in hardness and colour. Up sequence the metasandstone
gradually becomes carbonaceous and transforms itself into a calcschist. Dark graphitic garnet
micaschist are locally interbedded in the calcschist. Exceptionnally the calcschist may even turn
locally into a white-blue calcitic marble. Such a transition is readily observable on the left side of
the road, when going up, between the Cascata del Toce and the village called Riale. The
calcschist is generally rich in accessory minerals and contains randomly oriented porphyroblasts
of amphibole. The section ends with a light-green quartzitic marble interbedded with a more or
less dark micaceous calcschist.
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Figure 2.5 Lithostratigraphy of the Lebendun nappe. A) Synthetic section (this work). B) Type-section,
Lago Sfundau (DELEZE 1999).

2.5.3 Sedimentological and chronostratigraphic interpretation

Paragneiss conglomeratici: the granulometry of the paragneiss changes, but the nature of the
detrital supply remains the same through the whole unit. In the opposite case, if the source was to
be distant, this conglomerate would have been contaminated by or mixed with detrital supply
coming from of one or more others sources. The unique layer of conglomeratic impure calcitic
marble, interlaid in this sequence, displays all the characteristics of a debris-flow: very poor
sorting, matrix-supported pebbles floating in the middle of the bed and a sand-sized fraction
showing a very weak transport (sphericity, high proportion of unaltered plagioclase, perfect
preservation of original igneous texture). All the detritic elements, from the coarsest to the
smallest, point toward a single source, similar to that of the paragneiss. Hence the whole
sequence is interpreted as an important accumulation of successive debris-flows (absence of
granoclassed beds, absence of the Bouma sequences), with very little transport. The source was
most likely a Variscan or older granitic basement eventually intruded by basic intrusions and on
which must have rested a tegument of Triassic dolomite. The presence of the calcareous bed
points to a marine depositional setting as well as to some episodical carbonate construction. The
Paragneiss conglomeratici is of post-Triassic age because dolomitic marble is reworked within it
and was deposited during an active tectonic period. No further field criteria enable me to deduce
a more precise age; more precise age correlations are given in paragraph IL.8.
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Figure 2.6 Proposed environment of deposition for the Paragneiss conglomeratici of the Lebendun nappe.

Scisti Bruni: this succession was deposited in stratigraphic continuity. Although the deposition
from the debris-flow stopped rather abruptly, the input of detritic quartz grains continued. The
environment became weakly oxygenated or even anoxic: the Scisti Bruni s.s. probably results
from the metamorphism of silty sandstone deposited in an O,-poor marine environment. The
disappearance of pyrite and the transitional appearance of calcite up sequence point toward a
renewed oxygenation of the environment. With the exception of the discontinuous pure calcitic
marble, generally attributed to the Malm, no particular lithofacies is specific of a particular age.
The only possible suggestion is that this interbedded pure calcitic marble is Late Jurassic in age.

2.6 THE TEGGIOLO ZONE (THE ANTIGORIO COVER SERIES)

2.6.1 Introduction and nappe structure

The Teggiolo zone is the autochthonous cover of the Antigorio basement. Both terms are
encompassed in the Antigorio nappe (CASTIGLIONI 1958, SPRING et al. 1992, CANEPA 1993,
ESCHER et al. 1993, STECK et al. 2001).

Over the mapped area, the Antigorio nappe represents the structurally lowest nappe and only its
normal limb outcrops. The cover series begins here with a conglomeratic calcitic marble that
directly overlies the basement. A stratigraphic contact is suggested by the presence of reworked
basement gneisses in this first sedimentary deposit.
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In order to study older Triassic levels of the Teggiolo zone (i.e. the dolomitic beds), one section in
the Val Vannino was logged (Fig. 2.7A). Figure 2.7 shows the lateral lithofacies variations of the
nappe over an even broader area.

2.6.2 Lithostratigraphic description

Unit 1: does not outcrop over the mapped area, but it was studied in the Val Vannino (Fig.
2.7A). Two discontinuous white quartzite beds lie directly above the Antigorio gneisses. A
quartzitic dolomitic marble then follows, which contains some thin interbedded layers of a
quartzite similar to the lowest levels. Up sequence the quartzitic dolomitic marble changes into a
calcareous dolomitic marble. Then a discontinuous micaceous calcitic marble precedes brownish
calcschists, which are conglomeratic at their base: they contain dolomitic grains and pebbles and
belong either to unit 2 or 3.

Unit 2: begins with a conglomeratic slightly micaceous calcitic marble that lies directly on the pre-
Mesozoic basement (Fig. 2.7B). It is overlaid by a micaceous quartzite that contains gneissic
pebbles at its base. Its oxide content, although weak, is sufficient to give the rock a dark patina.
The upper contact of this unit is abrupt, while the lower is locally erosive. Although the intense
alpine deformations flattened the contacts, signs of erosion are visible along the lower contact.

Unit 3: is made of the alternating thin quartzite and even thinner calcitic quartzite.
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Figure 2.7 Stratigraphic profiles of the Teggiolo cover (for the legend see figure 2.1).
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Unit 4: begins with a thickness of 5 m of calcschist that is conglomeratic at its base. The latter
contains often-refolded gneissic pebbles. It is surmounted by a 10 m thick sequence of quartz-rich
calcschist interbedded with thin micaceous quartzite. It is followed by a very thick monotonous
series of calcschist. This calcschist may be locally rich in detrital quartz (up to 30%), or
interbedded with pluridecimetric beds of non-calcareous garnet micaschist. The unit ends with
the apparition of gneissic boulders that can reach 3 m in width. CARRERAS & JEQUIER (2002)
described a terminal block-supported wildflysch, in the area of the Tamierpass (not present in the
studied area), in which the blocks are reworked blocks of the Lebendun Paragneiss
conglomeratici (Fig. 2.7C).

2.6.3 Chronostratigraphic interpretation

Unit 1: the first quartzite indicates that the Teggiolo zone is autochthonous. The next alternance
of quartzite and of quartzitic dolomitic marble, as well as the absence of a calcitic marble,
suggests a Helvetic affinity (MASSON et al. 1980, EPARD 1990). But the pure dolomitic marble
(Norian age), which follows these deposits in the Helvetic domain, is absent here. Correlations
with sections studied by DELLA TORRE (1995) and CARRERAS & JEQUIER (2002) determine the
Helvetic affinity of this cover. In the Val Bavona, for instance, DELLA TORRE (1995) observed a
complete sequence, with similar alternance overlaid by pure dolomitic marble (Fig. 2.7D).
Therefore the levels are attributed to the pre-Norian Triassic epoch. In the Teggiolo zone
important lateral variations of thickness characterise the Triassic levels: they are either absent
(eroded) or can reach 40 m in thickness (Fig. 2.7C).

Unit 2: where it lies directly in contact with the Antigorio gneisses (Fig. 2.7B, 2.7D), it reworks
the latter, proving that the cover is autochthonous. This unit is very thin (>5 m) and the
micaceous calcitic matrix points toward a marine depositional setting.

Units 3+4: simulate a flysch formation, rarely interrupted by thin conglomeratic calcschist levels.
No clues exist that enable the possibility of dating this succession. CARRERAS & JEQUIER (2002)
described a pure calcitic marble that lies between units 2 and 3. They attributed it either to the
Liassic epoch or to the Malm epoch, but clearly favour the second solution. This would imply that
unit 3 and 4 are younger than Malm. Its resemblance with Group Hz-IV of the Holzerspitz series
and with Group V-IV of the Pizzo del Vallone nappe is also an argument in favour of a
Cretaceous to Tertiary age attribution.

2.7 DISCUSSION

2.7.1 Why has the Pizzo del Vallone been separated from the Holzerspitz series?

The Holzerspitz series and the Pizzo del Vallone nappe show striking similarities, as well as some
significant differences (Fig. 2.1, 2.2). For instance, only the Pizzo del Vallone nappe contains
green rocks. The main observations that lead, stratigraphically, to the individualisation of these
two nappes are exposed as follows:

- during mapping, it was difficult but important to decipher whether the various
conglomerates should be differentiated and then how to differentiate them. With this aim
in mind, the nature of the pebbles of each level was systematically noted along with the
mineralogy of the matrix. During this process, the Sabbione metasandstone stood out as
a very specific and characteristic formation. Its association with the green rocks and its
richness in ferromagnesian minerals were helpful characteristics. This metasandstone was
never observed in the Holzerspitz series;
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- the green rocks never outcrop close to the Monte Leone basement. They never intrude
the pre-Triassic Monte Leone gneisses or the Triassic levels that are directly in contact
with the Monte Leone gneisses. They are always separated from the Monte Leone
basement by an entire cover series. Field mapping shows that the green rocks are
systematically associated to the Sabbione metasandstone, and this over the whole area
(Annexe 2A);

- discontinuous levels of cornieule and dolomitic marble, both attributed to the Triassic
epoch, always outcrop in the same structural position between the Monte Leone pre-
Triassic gneisses and the Sabbione metasandstone. This cornieule and the dolomitic
marble are always in tectonic contact with the upper part of the group IV of the
Holzerspitz series. Moreover the recurrence of a Triassic series inside the younger
calcschists cannot be stratigraphic. Such outcrops were observed, for instance, in both
sides of the southern part of the Lago del Sabbione, or close to the Rifugio Somma
Lombardo.

In conclusion, the green rocks are always associated with the Sabbione metasandstone. The
green rocks and the Sabbione metasandstone are separated from the Monte Leone basement by
the Holzerspitz series and by a second series of Triassic rocks (the base of the Pizzo del Vallone
nappe). The Monte Leone nappe and the Pizzo del Vallone nappe are two different nappes,
separated by a tectonic contact. The Pizzo del Vallone nappe is structurally situated under the
Monte Leone nappe: its older levels are always in contact with the youngest levels of the
Holzerspitz series.

The Monte Leone nappe and the Pizzo del Vallone nappe must be separated. Nevertheless the
similarities of the stratigraphic sections indicate a close paleogeographic origin. Since only the
Pizzo del Vallone nappe contains green rocks, it would seem that it was the nappe closest to the
magmatic activity.

2.7.2 Limits of the Camosci nappe

In this work, the Camosci nappe has been individualised from the Rosswald series and
Holzerspitz series. The following arguments were decisive.

Contact with the Holzerspitz series: the tectonic contact is locally underlined by cornieule. It
was reactivated at some point by the late rio del Sabbione strike-slip fault which is the most
striking structural feature of the area. All the previous authors acknowledged this tectonic limit.

Contact with the Rosswald series: the calcschists of the Rosswald series are in contact with the
Dolomitic unit of the Camosci nappe (Fig. 2.8, 2.9). The contact between these two lithologies is
often outlined by a cornieule, whose nature is not obvious. The cornieule can either underline a
thrust plane or can be caused only by a random Quaternary surface alteration. Here I clearly
favour the first hypothesis (the cornieule as being the result of an alteration developed
preferentially on a thrust plane, Fig. 2.8A) because:

- the alpine schistosity is recorded by the matrix and is concordant with the local schistosity
(e.g. with outcrops lying at, or within less than 10 m from the cornieule). The schistosity
clearly predates the alteration;

- since the rocks are younging upward from the Dolomitic unit to the Detritic unit as
discussed in paragraph 11.4.3 and 11.4.4, the adverse hypothesis of a stratigraphic contact
between the Dolomitic unit and the calcschists would result in a stratigraphic
improbability (Fig. 2.8B). It would indeed imply that the calcschists are older than the
Dolomitic unit, i.e. of a pre-Triassic age. Yet these calcschists are generally accepted as
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having a middle to upper Mesozoic age (e.g. PANTIC & GANSSER 1977). Besides, a lower

pre-Triassic ca 1.2 km-thick calcschist unit has never been described anywhere;

-historically, the Bedretto Zone corresponds to the whole undifferentiated succession, with
the dolomite and the marble considered as Triassic and the remaining lithologies as
Jurassic (HANSEN 1972). This scenario would imply two series too radically different on

both sides of the implied Triassic anticline (Fig. 2.8C).

LEU (1986) proposed a tectonic contact between the Calcareous unit and the Graphitic unit on
the basis of facies correlation with the micaschist of the Termen Zone (LISKAY 1966, Fig. 7.6). As
described in the introduction (paragraph 11.4.1) this contact is clearly gradual especially where the

calcareous facies of the Graphitic unit is present (interfingering of calcareous marble, Fig. 2.4).

A) presence of a tectonic conlact B} no tedlonic contact: Dolomitic, C) undiscriminated Biindnerschiefer
Cakareous and Graphiltic unils
distinguished from the cakeschists

Bedretto zone

S Graphilic unit (G)

Caleareous unil (C)

Cornleule[m"mm“ unit (D)

Caleschists (Cs)

Figure 2.8 Schematic sketches showing the relation between the calcschists, the Dolomitic unit and the

position of the cornieule. A), B) and C): three hypotheses discussed in the text.
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Figure 2.9 Some sections logged along the Camosci thrust plane (for the legend, see figure 2.4).
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2.7.3 General stratigraphic comparisons between the studied nappes

All these nappes (the Monte Leone, Pizzo del Vallone, Lebendun, Antigorio and Camosci
nappes) have important similarities but significant differences too.

In the studied area, all nappes contain (Fig. 2.10):

- Triassic levels (except for the Lebendun nappe, but SPRING et al. (1992) and DELEZE
(1999) described such levels); this proves that these covers were deposited on a
continental basement;

- more or less well-developed monogenic to polygenic conglomerates. The great
abundance of granular to plurimetric pebbles of Triassic rocks and older basement
gneisses is a common important point between all these nappes. It proves that a
continental basement and a Triassic cover were submitted to erosion. Three situations are
envisaged:

- the erosion of an unknown distant basement supplying all the detritic material;

- the erosion of their own basement (for instance the Monte Leone and Antigorio
basement) supplying enough material;

- a combination of these two solutions.

Nevertheless, the presence of both monogenic to polygenic conglomerates and regenerated
detritic layers ("Permian”) shows not only that the nappe originated from an active
depocentre basin but that the deposits were very proximal (conglomerate-rich fans) and close
to abrupt reliefs.

The main differences can be summarized as follows:

- only the Camosci nappe shows a clear Helvetic s.l. affinity. Comparisons with typical
Helvetic covers (Fig. 10.6, MASSON et al. 1980, DOLIVO 1982, BUGNON 1986, EPARD
1990) suggest a Triassic to Dogger age for this nappe (paragraph 11.4.4);

- only the Monte Leone and the Antigorio nappes include a preserved pre-Triassic
basement, above which lies the autochthonous sedimentary cover series (respectively the
Holzerspitz series and the Teggiolo zone). Their basement-cover contact shows that the
Triassic levels are often eroded. The other nappes are detached; thus, it is impossible to
decipher if the oldest levels were ever deposited, or if they were eroded as well;

- only the Pizzo del Vallone nappe contains intrusive and extrusive green rocks. This
indicates that it laid very close to the centre of magmatic activity;

- the Lebendun nappe and the Teggiolo zone contain principally gneissic pebbles while the
Holzerspitz series and the Pizzo del Vallone nappe contain principally dolomitic pebbles.
The Teggiolo zone is also the series with the most important lower Mesozoic hiatus;

- the youngest levels of the Camosci nappe is missing, but the youngest levels of the
Holzerspitz series and of the Pizzo del Vallone nappe is equally missing. No terminal
wildflysch was ever observed.

The detailed lithostratigraphic study associated to the chronostratigraphic interpretation suggests
correlations between all these nappes (Fig. 2.10). As the nappes supposedly arise from a close
paleogeographic position (they form stacked tectonic units displaying numerous lithostratigraphic
similarities), | based my correlations upon two criterions:

- presence of conglomeratic levels;
- deposition of a calcitic marble and of a graphitic micaschist.
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Three major unconformities, called UC1, UC2 and UC3 can be recognized laterally. Two sections
were added (DELEZE 1999, JEQUIER & CARRERAS 2002) because they supplied useful
information, which enable correlations to be made.

Following the chronostratigraphic interpretations, the UC1 and UC2 unconformities are
attributed respectively to the middle - upper Liassic epoch and to the Bajocian-Bathonian times
(Fig. 2.1, 2.2, paragraph 11.2.4, 11.3.6). They are best observed in the Monte Leone and Pizzo del
Vallone nappe.

The UC1 unconformities are recognizable only in the Monte Leone and Pizzo del Vallone
nappes. It is followed by the deposition of a basal monogenic conglomeratic sandstone that
grades into a polygenic conglomeratic sandstone (Fig. 2.1, 2.2). UC1 is responsible for the lateral
erosion of the Lower Liassic and/or Triassic levels. In the Monte Leone nappe, for instance, the
dolomitic marble thickness varies from 100 m to 0 m.

The second unconformity, UC2, is the main one. It is recorded in all nappes and often erodes the
UC1 unconformity, as well as the Triassic levels. In the Pizzo del Vallone nappe, UC2 is the lower
limit of the Sabbione metasandstone deposit (Fig. 2.2, 2.10). The L1 and L3-Aa levels (Fig. 2.10)
are mostly eroded, except in the lowest outcropping unit, the Camosci nappe, where they are
well preserved (Fig. 2.4).

The depositional sequence between UC2 and UC3 shows the evolution of an active depocentre
that became starved, inactive and finally flooded (Fig. 2.1, 2.2, 2.10).

The third unconformity, UC3, is recorded by all the nappes in which this young sequence is
present (Fig. 2.10). UC3 is clearly erosive (Fig. 2.1B). Once again the palecenvironment is
tectonically active. In the Holzerspitz series, for instance, there is at least one bloc of epidotite,
which is probably reworked from the Group V-III of the Pizzo del Vallone nappe (paragraph 11.2,
11.2.4).

The presence of these unconformities, the lateral variations of facies as well as the high amount
of conglomeratic levels points to a paleogeographic environment of extensional tectonic and of

tilted blocks. Moreover an active centre of tholeiitic basaltic volcanism erupted in this region
(Chapter V).

Fig. 2.10 Synthetic stratigraphic columns of the studied area, ordered according to their paleogeographic
position. The syn-rift sequence is coloured in greyish. The major unconformities are noted UC1, UC2 and
UC3 (see text). The letters T, L1, L2, L3-Aa, D2, D3, M, K2 and K3-T delimit coeval levels (Tr is for the
undifferentiated Triassic rocks, L1 for the lower Liassic rocks, L2 is for the middle Liassic rocks, [.3-Aa for
the upper Liassic-Aalenian rocks, D2 for the Bajocian — Bathonian rocks, D3 for the Callovo-Oxfordian
rocks, M for the Malm rocks, K2 is for the Albian - Aptian rocks, and K3-T for the upper Cretaceous -
Tertiary rocks).
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2.8 STRATIGRAPHIC COMPARISONS WITH PENNINIC UNITS OUTSIDE OF THE SIMPLO-
TICINO DOME

The stratigraphic study shows that these nappes are rich in conglomerates. However, the two
structurally lowest nappes, the Camosci and Antigorio nappes, contain fewer conglomerates than
the Pizzo del Vallone, the Monte Leone and the Lebendun nappes. Several other nappes of the
Alps are conglomerate-rich. Some are described here after.

2.8.1 Nappes with a similar internal organisation

The Bréche nappe (SCHARDT 1893) lies in the French and Swiss Prealps. It consists of Mesozoic
sediments that were deposited within the most internal parts of the Brianconnais platform; this
part cotresponds to a rapid transition between the European thinned crust and the partly
oceanised Alpine Tethys domain (STEFFEN et al. 1993). A detailed sedimentological study
indicates the existence of both marginal and basinal deposits (Fig. 2.11A+B). The sediments
were most probably deposited in a pull-apart rift system which evolved into a continental margin
(Early Jurassic to early Cretaceous). Current bedding and detritic grain analysis reveal several
supply areas from the west to the north.

The Starlera nappe (BAUDIN et al. 1995) is a cover, which is now completely detached from its
basement (Fig. 2.11C). It outcrops in the middle Penninic zone of eastern Switzerland. This
nappe comes from a more internal part than the Tambo and Suretta nappes and was emplaced
during an early Alpine phase of thin-skinned thrusting. As it is hardly distinguishable from the
"Schistes Lustrés" of the Avers nappe, the authors envisaged an emplacement inside the Avers
sedimentary basin.

The Niesen nappe is a lower Penninic nappe found in the Swiss Prealps (BADOUX & HOMEWOOD
1978). The petrology of the reworked elements as well as current directions enable the deduction
that this nappe has been deposited south of the shoulder of the Helvetic margin in a proximal
position. It was deposited during the Aalenian to Bathonian age in a deep-sea fan environment
related to the Alpine Tethys Ocean passive margin (RINGGENBERG et al. 2002). The last level of
this nappe, the Niesen flysch (ACKERMANN 1986) was deposited during the major movements of
the Late Cretaceous inversion processes.

LEFEVRE (1982) described the internal Briangonnais and the Ultrabrianconnais (MORET 1954,
DEBELMAS & LEMOINE 1957) in the Cottiennes Alps. He showed that the Ultrabrianconnais is
characterized by a Norian to upper Bathonian erosion and hiatus (sub-aerial erosion, dissolution
and block falls), and a transgressive Malm often deposited directly upon the Werfenian quartzite.
This erosion cleared away 800 m to 1000 m of middle-upper Triassic and locally much of the
lower Triassic and Permian, providing a large amount of material to the pré-Piémontais nappes.

2.8.2 Comparisons

The Starlera, Breche and Niesen nappes have i) a paleogeographical common point: they were
deposited on the northern margin of the Alpine Tethys, and ii) sedimentological similarities: they
contain huge quantities of breccias. The Niesen nappe was probably deposited in a more
external position than the Startera and Bréche nappes. The nature of the matrix varies from
principally calcareous (Bréche nappe and Starlera nappe, associated to the Brianconnais terrane)
to highly quartz-rich (Niesen nappe, associated to the Helvetic realm).

Two main detrital events are recognizable: Liassic-Dogger and Cretaceous-Tertiary. However,

these main events are subdivided, for instance, STEFFEN et al. (1993) described four characteristic
events in the lower Breccias of the proximal Bréche (Fig. 2.11A).
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Figure 2.11 Schematic stratigraphy of various prépiémontais nappes. A)+B) STEFFEN et al. 1993, C)
BAUDIN et al. 1993) and D) the Niesen nappe after RINGGENBERG et al. 2002.

The Monte Leone, Pizzo del Vallone and Lebendun nappes have similar internal structures.
Indeed they all contain thick series of conglomerate. The chronostratigraphic attributions point
toward a possible Liassic, Dogger and Cretaceous to Tertiary age, respectively for the successive
conglomeratic episodes (Fig. 2.10). Moreover the Lebendun nappe is analogous to the Niesen
nappe, while the Monte Leone nappe is similar to the Starlera and Bréche nappe. The internal
organisation of the Pizzo del Vallone nappe is also similar but in addition it contains green rocks.
Comparisons with the Ambin massif would be more appropriate (ALLENBACH & CARON 1986).

These comparisons indicate that the lower Penninic Monte Leone, Pizzo del Vallone and
Lebendun nappes are comparable to sedimentary sequences directly related to the opening of
the Alpine Tethys. The Antigorio nappe has a somewhat reduced or even absent Triassic to
Dogger succession (Fig. 2.7, 2.10, CARRERAS & JEQUIER 2002) reminiscent of the series of the
Ultrabriangonnais nappes (LEFEVRE 1982); the Antigorio nappe could be a longitudinal
paleotectonic equivalent of the Ultrabriangonnais nappes.

[ would like to stress here, that the Camosci nappe seems to be particular in so much that it has a
unique Helvetic s.l. affinity. At the same time it is the most external tectonic unit.
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3 CRYSTALLIZATION-DEFORMATION
RELATIONSHIPS

3.1 INTRODUCTION

The crystallization-deformation results proposed here are based upon microscopic observations
of thin-sections. As these were made from oriented samples, the microscopic structures observed
can be directly linked to large-scale structures. The successive phases of deformation are
described in the chapter VI, but as not all deformation were penetrative, only the three have been
recognised in thin sections: they are the two penetrative schistosities S2 and S3, and a crenulative
cleavage S4 (Fig. 3.1). The metamorphism (Chapter IV) during which the various porphyroblasts
crystallized began during S4 (dynamic) but went on after 54 (static): it is so coeval to post S4.
This metamorphism is also called the Lepontine metamorphism.

Figure 3.1 A) Fine alternations of muscovite- and quartz-rich layers (upper part of the detrital unit of the
Camosci nappe, sample EC269, 672'760/143'060). The main schistosity S3 was refracted according to
vatiations in bedding competence and has been refolded by the following crenulation phase S4. B) Impure
quartzite in the dolomitic unit of the Camosci nappe may have recorded 3 phases of deformation (Sample
EC231, 669'300/142'120). The microlithons are crenulated.

As the observed deformation phases postdated the nappe stacking, there is no sense in
presenting the results nappe by nappe. To avoid useless repetitions, the results have been here
summarised and classified according to lithologies. Only the lithologies useful for the
metamorphic study are here presented, although completed by some observations or important
points.

3.2 THE DOLOMITIC MARBLE

Except in the Lebendun nappe, this lithology is common at the base of all nappes. Where the
dolomitic marble is pure, no useful conclusions can be drawn: the dolomite grains recrystallized,
more or less obscuring all previous fabrics. However, the dolomitic marble often contains a small
fraction of quartz, which allowed the tremolite to grow in some places. The first occurrence of
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tremolite approximately coincides with the beginning of the amphibolite facies and tremolite-
bearing marbles are characteristic for the lower to middle amphibolite facies (BUCHER & FREY
1994). Although dolomite recrystallization erased evidence of successive earlier schistosities, the
random orientation and unpredictable distribution of tremolite indicate that this crystallization
was late and contemporaneous with the peak of temperature of the Lepontine metamorphism.

3.3 THE SABBIONE METASANDSTONE

The Sabbione metasandstone, as noted in paragraph 11.3.3, is an extremely variable unit; its
chemistry and mineralogy may change in a few meters depending on the source of the detrital
components, the tectonic activity and the magmatic influx. As result, the dolomitic conglomerates
can change laterally into a fine micaceous quartzite or may incorporate discontinuous fine bands
of pure calcitic marble. Such variations allowed a wide variety of minerals to crystallize (Tab.
3.1). For instance, an originally aluminous quartzitic matrix containing dolomitic pebbles is now
composed by dolomite, kyanite, quartz, biotite and epidote. Such associations are restricted to
limited areas, and are atypical, but permit the pressure-temperature conditions reached by the
metasandstone to be relatively precisely determined (paragraph IV.2). The first two schistosities
are normally difficult to see, because they are obscured by the relatively large minerals, which
grew after S4 (Fig. 3.2). However, where S2 and S3 have been observed, it is clear that the
metamorphic conditions were prograde until the metamorphic peak. The minerals, which formed
synchronously with the peak of temperature of the Lepontine metamorphism are randomly
distributed, include garnet, staurolite, kyanite, tremolite, tschermakitic hornblende and
tschermakite. These minerals are all typical of the middle amphibolite facies.

Quartz Carbonate Feldspath Epidote White micas
>1-70 0-45 0-25 1-30 >1-50
Biotite Chlorite Amphibole Garnet Staurolite
1-50 0-15 0-50 0-4 0-2

Kyanite Rutile Tourmaline Opaque Accessory
0-15% >1-2 0-5 >1-4 >1

Table 3.1 Variations in the minerals content of the extremely variable Sabbione metasandstone,

Biotite
/S

Epidote Feldspath

r niﬁ.t“

,,.
A
ity

Figure 3.2 Late porphyroblasts, coeval to
the Lepontine metamorphism (Chapter
V), are well developed and randomly
oriented in the Sabionne metasandstone
(sample EC186, 668215/140545). They
overprint the main schistosity here
outlined by chlorite.
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3.4 THE VARIOUS MICASCHISTS OF THE CAMOSCI NAPPE

Three kinds of micaschist outcrop in the Camosci nappe: the lustrous micaschist of the Dolomitic
unit, and the two micaschists of the Graphitic unit (paragraph I1.4.3). They all have rather similar
mineralogy but significantly different modal percentages of each mineral (Tab. 3.2). Moreover,
only the calcareous micaschist contains calcite, although in varying proportions.

The Rhetian schists are essentially fine-grained micaschists that are foliated because of their high
content in graphite and phyllosilicates. Their association with dolomitic marble creates marked
contrasts in colour. They are rich in muscovite, biotite and quartz, and contain micro-
porphyroblasts of epidote surrounded by two schistosities (S2 and S3), and micro-porphyroblasts
of staurolite overgrowing the main schistosities (Tab. 3.3). The crenulation cleavage has not been
recorded in these samples. They have a strong resemblance to the black micaschist, but the
absence of garnet as well as the association with dolomitic marble is characteristic.

The black micaschist splits into foliated compact bands several centimetres thick. When it
contains a greater proportion of quartz it is harder. It may be lighter on fresh surfaces than where
weathered but, even with a hand lens, the minerals are undistinguishable because of their small
size and dark colour. Only garnets are identifiable on fracture due to their brilliant lustre or on
weathered surfaces where they stand out because of their greater hardness. Most outcrops are
metres sized overhangs due to the steep dip and resistance to erosion. In thin sections staurolite
and, to a lesser extend, garmet clearly overgrow the crenulated S2 and S3 schistosities.

The calcareous micaschist is not particularly useful for metamorphic investigation but, as it is
directly associated to the black micaschists and as it develops particular mineralogical
associations, it is briefly described here. Theses micaschists outcrop on the east side of the
Camosci nappe demonstrating the existence of lateral variations in the sedimentary facies.
Moreover they also exhibit internal compositional variations. The porphyroblasts type varies:
both plagioclase and epidote have been seen, probably depending on whether the rock
chemistry is more sodic or ferric, but the two never coexist. In the valle di Morasco, where the
calcareous micaschists are thickest, the carbonate content may increase and at the same time
carbonaceous microturbidites appear. In that case both porphyroblastic phases disappear,
suggesting that the calcium was completely used up by the growth of calcite, because of the lack
of aluminium. Such variations are similar in the basal alternations with the quartzitic marble,
where important structural observations can be made; the schistosities are refracted and the
lineations refolded (paragraph V1.3.4)

The crystallization-deformation relationships show prograde conditions. Garnet, biotite,
muscovite and plagioclase all crystallized during S2 and S3. Only garnet and staurolite clearly
overgrew all the three schistosities, although some others minerals have a thin border
overgrowing the crenulated S3 fabric. Primarily, S4 only crenulated the two earlier schistosities
and little neocrystallization occurred during this phase. Some garnets and biotite porphyroblasts
show sign of rotation contemporaneous with S4 formation: the wavelength of folds in S3 varies
from outside to inside the garnet or biotite porphyroblasts. A few late chlorite grains are the only
indication of the onset of the retrograde metamorphism after the growth of staurolite, a typical
mineral of the amphibolite facies. The micaceous quartzitic metasandstone from the detrital unit
(paragraph 11.4.3) contain amphiboles, which grew during the metamorphism, also indicating that
the Camosci nappe, despite its northern situation, also reached the amphibolite facies.

More precise investigations have been done on sample EC179, a black micaschist; they are
presented in chapter IV.
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Rhetian schists Black micaschist Ca'llcare(.)us
micaschist

Graphite 5-9% 10-15% 2-8%
Quartz 6-15% 30-50% 10-35%
Muscovite 60-65% 10-30% 4-20%
Biotite 6-20% 6-18% 5-15%
Plagioclase >1% >1% 1-30%
Epidote >1% >1% 1-35%
Carbonate >1% >1% 1-50%
Staurolite 4-6% 2-3% 0%
Garnet >1% 3-10% 0%
Opaque 1% 3-6% 2-8%
Tourmaline |[0% 1% 1%
Chlorite 1-3% 0% 0%
Rutile 0-2% >1% 1%
Accessory >1% >1% >1%

Table 3.2 Percentage of the minerals in the various micaschists of the Camosci nappe.

Dt
Minerals Size (mm) S2 S3 54
Garnet 25 | | | -
Biotite OV I e | S E———
Muscovite R R | et | -
Quartz >3
Plagioclase 1-7
Opaque ->2 S I |
Rutile S [ ol (NS W—— "
Chlorite >1 ] s - ol
Epidote ->7
Staurolite 1-2 S
Carbonate ->3
Accessory ->1 R S i
Graphite
Tourmaline ->1 ! P—

Table 3.3 Summary of the crystallization-deformation relationships observed in the various micaschists of
the Camosci nappe (S2 and S3 are the first two penetrative schistosities, S4 the crenulative schistosity, and
Dt the Lepontine metamorphism).

3.5 THE GARNET MICASCHISTS

The Holzerspitz series and the Pizzo del Vallone nappe contain levels of garnet micaschist.
Obviously each level recorded the same metamorphic history (Tab. 3.4); however, kyanite only

appears in the micaschist sampled south of the lago del Sabbione, south of the kyanite-in isograd
(Fig. 3.6).

Except in the micaschists containing kyanite, the garnets porphyroblasts are both texturally and
chemically zoned (Fig. 4.1). The garnet cores are free of inclusions but towards the rim the
garnets incorporate thin, refolded graphitic layers and fine-grained quartz. The transition is clear-
cut, but irregular and simulates a flower-shaped transition, caused by the garnets overgrowing
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arcuate graphite accumulations termed cleavage domes (FERGUSON et al. 1980). This texture has
also been observed in the garnetites (CARRUPT & RICE, in prep). Localized microprobe profiles
show a continuous chemical zoning across this boundary (Fig. 4.1), indicating that garnet growth
was uninterrupted; it first pushed back the graphite and then included it. The Fe/(Fe+Mg) ratio
indicates that garnet grew during prograde metamorphic conditions and the bell-shaped profile of
spessartine is typical of the staurolite zone (SPEAR 1993). The grossular percent varies more than
that of other oxides. The garnets in sample EC27, a micaschist containing well-developed kyanite
crystals (Fig. 3.3), have a weak chemical zoning, proving either that they have crystallized late but
continuously or, and more likely, that they have been rehomogenized.

Plagioclase grains (commonly 1-4mm) contain inclusions and are generally zoned; the anorthite
percentage initially decreases and then increases. Most crystallized during the static phase and are
in equilibrium with late assemblage. The smaller plagioclases, which predate the crenulation
schistosity S4, are free of inclusions and aligned in the principal schistosity S3. Biotites crystallized
in several stages too, but have only preserved their textural zoning (Fig. 4.1). No chemical zoning
has been observed, demonstrating that they are fully recrystallized. The relationships and textures
of white micas indicate at least 3 stages of crystallization. Staurolite is either situated close to the
garnets and/or associated with biotite and/or kyanite; it has never been found as an inclusion.
The refolded thin layers of graphite it overgrew prove its post S4 crystallization age. The
hornblende found in EC137 also overgrew S3 and S4. Zoned epidote, (piemontite to
clinozoisite,;, and pistachitey;,) are randomly distributed among quartz, muscovite and
plagioclase; they crystallized before S4 and probably before S3. Some prograde chlorites have
been preserved as inclusions in ECB16, EC27 and EC31, constraining the prograde P-T path.

? | Dt
Minerals Size {(mm) % ->82 | S3 S4
Garnet 2-15 720 b L
Biotite 2-7 7-10 |-———A-----
Muscovite >4 15-30 }o-memm e
Quartz >3 20-25
Plagioclase 1-4 015 | @
llmenite >3 0-2 -t ] ) ST
Rutile >2 01 | ---- S e e
Chilorite >2 04 .
Epidote >1 0-2 | ==——sesasilassnatanca
Staurolite 1-3 0-4 R —
Kyanite >5 0-3 R
Amphibole ->22 0-1 i
Graphite 0-3
Tourmaline >1 <1 ——

Table 3.4 Grain size and modal percentage of the minerals, and observed relationships between
deformation and mineral crystallization in garnet micaschists. (52 and S3 are the first two penetrative
schistosities, S4 the crenulative schistosity, and Dt the Lepontine metamorphism).
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Figure 3.3 Barrowian sequence recorded in the garnet micaschist EC27 (671'420/135'330).

3.6 THE MAFIC ROCKS

Mafic rocks were only found in the Pizzo del Vallone nappe. They are massive, generally hard
and of course green, except for the differentiated metabasalts, which are richer in plagioclase.
The schistosities are differently recorded depending on the texture of the original rock. Different
textures, such as coarse-grained (microgabbroic), fine-grained, cumulate with phenocrysts have
been recognized in the various metabasalts (Fig. 3.4). The microscopic texture of these rocks is
nemato(porphyro)blastic with oligoclasic to andesitic poikiloblasts of plagioclase. The proportion
of amphibole-epidote-plagioclase is variable (Tab. 3.5), and depends on the more or less good
preservation of the various schistosities. However S3 is always more or less visible.

Several generations of zoned amphiboles have been distinguished (Fig. 3.5). Amphiboles of pre-
S2 age are randomly distributed but lie oriented in the principal schistosity S2. Most of the
amphiboles, however, are coeval of D3 and D4. Younger amphiboles have a more marked and
intense colour. Indeed the few amphiboles contemporaneous of D4 have a dark blue-green
colour indicating that metamorphic conditions increased from D2 to D4, to reach the peak. In the
sample EC57, some dark kaersutite amphiboles remain, these being relicts of the primary
magmatic mineralogy (paragraph IV.5). As EC57 has not been completely overprinted during
metamorphism, ghosts of olivine, now completely replaced by dolomite, can be seen. Epidote is
present but to a lesser extend than in the Sabbione and Vannino areas or in the Binntal, showing
the existence of a metamorphic gradient. However in altered chilled margins, the epidote coupled
with plagioclase or green biotite can form up to the 80% of the rocks. Rutile, the Ti-bearing
mineral, is also variable and is either present in the rock with a modal percentage around 3-5%,
or it is wholly absent.
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2 Dt

Minerals Size max. T | T

(mm.) ->S82 S3 5S4
Amphibole 2*0.6 5-88
Plagioclase 0.7 2-32 ' i
Epidote 0.8 038 | '
Biotite 3*1 0-25 i {
Opaque 0.6 0-5 .,
Garnet 0.8 0-2 |
Rutile 04 0-5 ‘ |
Chlorite 2*0.3 0-50 S
Quartz 0.3 0-4 R
Carbonate 3*1.8 0-15 ‘
Accessory 0.3 ->4

Table 3.5 Summary of the crystallization-deformation relationships observed in the metabasalts (S2 and S3
are the first two penetrative schistosities, S4 the crenulative schistosity, and Dt the Lepontine
metamorphism).
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Figure 3.4 The boundary between the metabasalt and the volcanoclastic sediments of the Pizzo del Vallone
nappe (Sample EC238, 668'900/141280), with a well-developed S4 crenulation. D4 refolded the
amphibole rich layers (S3) but allowed biotite crystals (S4) to crystallize in the volcanoclastic layers.
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Figure 3.5 Variations of composition of the amphiboles depending on their crystallization age. D3, D4 and
Dt are roughly situated to see the general prograde trend. (EC104 is a fine-grained metabasalt collected in
the Sabbione area, ECB3 is a fine-grained metabasalt collected in the Binntal, EC83 is a
metavolcanoclastite rich in amphibole collected in the Sabbione area, and EC56 a differentiated
metabasalt collected in the Sabbione area, close to the sample EC104).

3.7 DISCUSSION

The textures differ according to the mineralogy of the samples: micaceous quartzites are
lepidoblastic, the metabasalts are nematoblastic, containing variable amounts of poikiloblasts of
plagioclases and the garnet micaschists are granolepidoporphyroblastic. Despite these differences
several common points exist in most of the investigated samples.

S2 is a slaty cleavage generally fully transposed (and thus lost) during later cleavage forming
events but conserved and recognisable in relic fold hinges. It is still quite well preserved in
micaceous quartzites (Fig. 1B) and graphite rich layers, where the S3 overprint was not very
strong. S3 is the main schistosity; it is parallel to bedding, except of course in D2 fold hinges or
where it is refracted (Fig. 3.1A). Where S2 has been preserved, S3 clearly crenulates S2 and
microlithons are observable (Fig. 3.1B); in such case, S2 and S3 are approximately equivally well
developed in the rock. Otherwise, S2 probably disappeared during S3 growth by solution
transfer, recrystallization and grain growths (PASSCHIER & THROUW 1998). S3 is preferentially
best developed in more pelitic samples and its intensity may change abruptly at lithological
boundaries. The development of S4 varies depending on the rocks type (Fig. 3.1B, 3.4); D4
crenulated or only folded the previous schistosities depending on the competency of the rock.
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The peak of temperature of the Lepontine metamorphism which caused much porphyroblastesis,
occured after D4 (Fig. 3.2, Tab. 3.4) although, in detail, the crystallization had already began
during D4. Porphyroblasts overgrowing S4 not deflect this fabric and there are no strain shadows.
However, deflection of S4 and folded S3 are visible inside the porphyroblasts, although rarely.
Microprobe profiles across such porphyroblasts (Fig. 4.1) show no abrupt changes of
composition, proving that growth was continuous contemporaneously with and after D4.

The minerals coeval to D3, D4 and Dt respectively show well-preserved prograde conditions in
all rock-types. The kyanite zone is reached in metapelite and the amphibolite facies in
metabasalts, with tschermakite crystallizing, in the southern part of the area. The kyanite isograd
crosscuts thrustings (Fig. 3.6) again demonstrating that the Lepontine metamorphism was late, as
shown by the structural study. A more precise quantification of the P-T conditions is given in
chapter IV.

— kyanite-in
O Staurolite-bearing rocks
O Kyanite-bearing rocks

Figure 3.6 Localisation of the kyanite-in isograd.
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4 Thermobarometric investigations

4 THERMOBAROMETRIC INVESTIGATIONS

4.1 INTRODUCTION

Oriented samples from the Holzerspitz series, the Pizzo del Vallone and Camosci nappes, with a
mineralogical assemblage suitable for determining P-T values and no mineral texture indicating
disequilibria, were investigated. All samples were replaced in the structural frame to ensure that the
same metamorphism was always measured: the last static phase Dt occurring after nappes
emplacement (paragraph 1ll.1, V1.3.4, Tab. 3.3, 3.4, 3.5).

The various graphitic aluminous garnet micaschists of the Holzerspitz series (Fig. 2.1) were
investigated (ECB16-EC27-EC31-EC97-EC137). As the principal levels of the Pizzo del Vallone
nappe are of detrital nature, a discontinuous micaschist (EC204) as well as metabasalt bodies
(ECB3-EC104) and volcanoclastic metasediments (EC83-EC152-EC232) were analysed to
determine the consistency of the results between the pelitic and mafic sequences. Only one
micaschist of the Camosci nappe (EC179) was investigated because it is the only one that has a
suitable mineralogical assemblage.

The nappes are characterised by several superposed deformations. The relations of crystallisation-
deformation are summarised in chapter Il (Fig. 3.3, 3.4, 3.5) and the tectonics is presented in
chapter VI (Fig. 6.1, 6.2, 6.3, 6.4). However, a short summary is useful here.
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Figure 4.1 A) Texturally and chemically zoned garnet (Sample EC97, 670'090/141'650) in a garnet
micaschist of the Holzerspitz series. B) Microprobe profile across the garnet.
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The earliest recognisable schistosity is rarely visible but is even so attributable to the isoclinal folds
F2. A second folding phase, the main phase, produced the isoclinal folds F3. lts associated
schistosity S3 is strongly penetrative, printed over all the area and moreover parallel to the
stratification, except of course in fold hinges F3. The next folding phase D4 induced a crenulative
cleavage S4. Few minerals crystallised during this phase, but it hardly distorted the previous
structures. The studied phase Dt acted during and after D4. It permitted well-developed
porphyroblasts to overgrow the schistosities and thus, preserve older structures. This phase is
essentially static, but small rotations of garnets are visible (Fig. 4.1). The main porphyroblasts
coeval to Dt are garnet, staurolite, kyanite and tschermakite crystals. This assemblage is typical of
the amphibolite facies. The area initially underwent the chlorite and garnet zone, in other words
the greenschist facies, and later reached the staurolite and kyanite zone, that is to say the
amphibolite facies (Fig. 3.3). The last backfoldings distorted previous structures and most probably
the isograds as well. Only rare fibres of retrograde chlorite crystallized after Dt.

4.2 ANALYSES

4.2.1 Preliminary considerations

A first pressure-temperature quantification has been done using the conventional calibrations, for
instance the garnet-biotite thermometer (SPEAR 1993, and references therein). However,
depending on the chosen calibration, the results varied a lot (Tab. 4.1). Moreover, SPEAR (1993)
demonstrated that the presence of a third mineral might interfere in the cation exchange. For
instance, the presence of staurolite changes the relation between garnet and biotite.

Sample |Assemblage [Ps |Ts |Taus [P | T

EC179 |Gt-Bt-St 515 9.5 |540
ECB16 |Gt-Bt 6.9 |480 88 |572
EC97 Gt-Bbt-St 7.75 |510 |588 |89 |547
EC31 Gt-Bt-St-Ky [8.1 |550 |637 |9.6 |574

EC27 Gt-Bt-St-Ky [6.0 [625 |678 |7.6 |594

Tab.4.1 Comparison of the values (without the calculated errors because not provided by all methods, see
Table 4.2) obtained by different methods: Pg-Tg: pressure, temperature respectively after a chosen
calibration proposed by the SPEAR's software / T, temperature after FED'KIN & ARANOVICH's equation
(1991) / Pyy,-Tyy;: pressure and temperature after THERMOCALC.

Due to the two above-cited reasons, pressure and temperature were determined by a second
method, which considers all of the contemporary equilibrated minerals. 1 used the software
THERMOCALC  version 2.75, along with HP98 (HOLLAND & POWELL 1998
http://www.esc.cam.ac.uk/astaff/holland/thermocalc.html), an internally consistent thermo-dynamic
dataset

THERMOCALC considers the whole mineralogical assemblage (HOLLAND & POWELL 1998). It
calculates all possible reactions using the end-members of the equilibrated minerals (calculated by
the software AX, HOLLAND & POWELL 1999) and propagates the error by the least square method
and the average P-T method (HOLLAND & POWELL 1994). Optimal P-T conditions are, thus,
determined for the equilibrium (Annexe 4A, Tab. 5.2). Moreover, the calculated errors on P and T
allow the construction of an ellipse of errors (HOLLAND & POWELL 1994).
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N° P(Ax) | T(Ax) |ofit |fit (66%) | P AP T AT corr react. | Alt.

EC179 |92 [540 [1.42 |1.29 95 (23 540 58 -0.207 |9 2730
ECBl16 |84 [570 |1.45 |1.30 88 |14 |572 52 0.954 8 2656
EC97 9.2 |570 |154 |1.11 89 |13 |[547 51 0.821 6 2505
EC31 94 |590 |1.49 |1.05 96 |0.7 |[574 20 0.286 7 2440
EC137 |10.1 |600 |142 |1.18 98 |13 [590 41 0.820 10 2550
EC27 8 500 ([1.45 |0.86 76 [0.7 |594 19 0.293 7 2510
EC204 |94 (610 |149 |144 95 |[1.1 |[618 20 0.586 7 2040

Table 4.2 Results provided by THERMOCALC for X (Hy0)=0.8. The columns P{Ax) and T(Ax) are the
parameters enter in the DosAx program (http://www.esc.cam.ac.uk/astaff/holland/ax.html); AP and AT are
the errors calculated on P and respectively T by THERMOCALC, “Corr” is the coefficient of correlation;
"React.” represents the number of linearly independent reactions considered by THERMOCALC; and "Alt." the
altitude of sampling.

All the equilibrated phases, as well as others, were analysed to determine the precise
chemistry/mineralogy of the rocks. For each sample an average of the composition of the borders
of all equilibrated phases was made. At the same time, controlling that the standard deviation of
each oxide measured is not too great ensured that the minerals are chemically in equilibrium

(Annex 4A). To determine the metamorphic history, the garnet zoning was also investigated (Fig.
41,4.3).

Acquisition was carried with the use of the Camera SX50 microprobe of the University of
Lausanne. The measured minerals are garnet (Gt), biotite (Bt) and muscovite (Ms), plagioclase
(FP), ilmenite (Ilm), rutile (Rt), quartz (Q), epidote (Ep), amphibole (Amph), chlorite (Chl),
staurolite (St) and kyanite (Ky). In order to take into account a maximum number of oxides,
several petrogenetic grids were used:

- KMASH, KFASH and KFMASH calculated for Q-Ms-H20 in excess (Jean-Claude Vannay,
personal communication)

- CKNASH (SPEAR 1993) where the stability domains of white micas and epidotes is
represented.

4.2.2 Thermobarometric results: the garnet micaschists

The investigated metapelites all plot together in the zone of coexisting epidote and staurolite,
according to the mineralogical assemblage (Fig. 4.2, Tab. 3.4).

EC27 is a good example. In fact, it preserved a good sequence of barrowian metamorphism (Fig.
3.3) and its anorthite content, at around 86%, is high. This signifies that here the mineralogical
observations are extremely well concordant with the petrogenetic grid. Indeed EC27 plots in the
coexisting garnet-staurolite-kyanite field (Fig. 4.2) but mostly along the reaction curve that
produces Ca-rich plagioclase through the breakdown of epidote. EC27 and EC137 were collected
close to each other. But EC27 was sampled five metres westward of a thrust plane. So the pressure
differences between these two samples may be explain by the proximity of this thrust plane; the
latter allowed EC27 to react longer during the retrograde history, probably due to fluid circulation.

EC97, EC31 and EC137 are aligned on the same north-south cross-section. A small increase of P-
T from north to south, that is to say from an external to a more internal position, is calculated. This
small increase is coherent with the structural considerations. Indeed the static metamorphism Dt
occurred before the onset of backfoldings; thanks to the present cross-section of the Alps (Fig. 1.4)
it is possible to form a good idea of the nappe stack at this time. A slight increase of the P-T
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conditions southward is, thus, coherent due to the slight increase of the thickness of the nappe
stack southward.

ECB16, EC97 and EC204 are roughly aligned on the same west-east cross-section. The
temperature, and in a lesser way the pressure, increase respectively from EC97 and ECB16 to
EC204 according to their structural position. Moreover the axes are strongly east pitching in the
area where EC204 was collected, and EC204 was collected at a lower altitude than the two other
samples.

Sample EC179 has a great ellipse of error because it does not contain plagioclase and so the
pressure cannot be constrained well. However, as it contains staurolite in equilibrium it is obvious
that only the right part of the ellipse (staurolite in), the part that is consistent with the P-T values
obtained for the other investigated samples, has a signification.
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Figure 4.2 P-T calculated by THERMOCALC (Tab. 4.2) for the analysed samples. Jean-Claude VANNAY

(personal comm.) calculated the reactions for the KFASH, KMASH and KFMASH systems, SPEAR (1993) for
the CKNASH system. The minerals abbreviations are in annexe 4B.

_46 -



4 Thermobarometric investigations

4.2.3 Thermobarometric results: metabasalts and volcanoclastic metasediments

In the various metabasalts, the number of minerals in equilibrium is unfortunately too low to
obtain enough linearly independent reactions in order to use THERMOCALC. However, it is
sufficient to determine that the assemblage coeval of the peak of the Lepontine metamorphism is
characteristic of the amphibolite facies (Tab. 3.5).

In the investigated metabasalts, Ti is above all contained by rutile and amphiboles. So the
thermometer based on the Ti-content of amphiboles (COLOMBI 1989) should provide good results,
because no mineral is susceptible to have a Ti-cation exchange with the amphiboles. The obtained
temperature for EC83-EC104-EC152-EC203 and EC232 are coherent within themselves (Tab.
4.3A) and coherent with the temperature obtained for the micaschists. For instance, the closing
temperature of EC137 was calculated by THERMOCALC and by the Ti-content thermometer (Tab.
4.2, 4.3A). The results are reproducible. Likewise EC137 and EC152, which were collected
relatively close one another, on both side of the Holzerspitz — Pizzo del Vallone tectonic contact
plane, give similar results.

In some samples, several generations of amphiboles are preserved. The Ti thermometer was
applied to amphiboles coeval to $2, S3 and S4. The results show that the amphiboles crystallised
from S2 to the end of Dt in an environment of increasing temperature (Tab. 4.3B).

Several minerals containing Al are likely to disrupt the use of the barometer, which is based on the
Al-content of amphibole (ANDERSON & SMITH (1995). However, I decided, all the same, to use it
on the amphiboles coeval to the late Lepontine metamorphism Dt. It was not applied to older
amphiboles due to the mobility of this cation. The results are again consistent with those obtained
for the micaschists (Tab. 4.2, 4.3A).

A) EC83 EC104 |EC203 |ECI52 |EC232 |EC137
T° eamm_ | 578 573 583 613 582 593

P omn | 10.7 9.7 105 9.9 93 10.0

B) ECB3 (54) | EC83 (S3) | EC104 (S3) |[EC232 (S2) [EC232 (S3)
T v | 548 547 537 520 565

Table 4.3 A) P-T obtained for the rim of the porphyroblasts (end of Dt, Tab. 3.5) after COLOMBI (1989). For
EC137, 1 use the same average composition of amphibole than in THERMOCALC. EC203 is a garnet
amphibole micaschist that does not contain enough minerals in equilibrium for applying THERMOCALC. B)
Temperature calculated for the amphiboles respectively coeval to S2, S3 and S4.

4.2.4 P-T paths from garnet zoning (Gibb's modelling)

The quantification of the P-T values of the peak of metamorphism Dt is good, coherent and
moreover reproducible. But as the garnets in the metapelites are, as said above, chemically well
zoned (Fig. 4.1), it was possible, thanks to a backward process known as Gibb's modelling (SPEAR
et al. 1984, SELVERSTONE et al. 1984), to calculate the successive P-T conditions recorded by the
garnets. To do this the degree of freedom of the system must be less than the number of variables:
so only ECB16, EC31 and EC97 are usable (Fig. 4.3 and Annexe 4C). To obtain better curves
and to avoid mixing two different thermodynamic datasets, three P-T values were calculated with a
Spear's software (Tab. 4.1). As the calculation is based on the final coeval mineral assemblage, the
software has complete control upon the successive mineral assemblage, that it recalculated each
time the curve crosscut a reaction curve, for instance the breakdown of staurolite. Consequently
the successive P-T values obtained are only semi-quantitative. Thus, the history and the
interpretation of the relative shape of the curves correspond to the relative history.
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P..x is reached before T, As a consequence it appears that dP/dT varies according to the
grossular variations (Fig. 4.1, Annexe 4C). Firstly, the garnets recorded a compressive regime,
visible because of the near isothermal increase of pressure until P,,, was reached. Then, a
relaxation or decompression allowed the temperature to increase contemporaneously with a slight
decrease in pressure. The resulting P-T curves are simple, but coherent with the P-T path that
could be envisaged for such an environment of tectonic exhumation (SPEAR 1993).

end of Dt
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Figure 4.3 Gibb's modelling for the sample ECB16, EC97 and EC31 (after SPEAR et al. 1984). The results
are reported on a petrogenetic grid proposed by SPEAR (1993).

4.2.5 Concluding remarks

The micaschists, metabasalts and volcanoclastic metasediments give consistent results for the last
static phase of crystallisation. The obtained P-T values are well constrained and coherent with the
observed mineralogical assemblage:

- EC137 has been investigated twice, and the two methods give the same results;

- a slight increase in the values is detectable from north to south;

- the calculated metamorphic P-T path is consistent with the idea that I had for this region
and it is also coherent with the models that I have for an environment of tectonic
exhumation.
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4.3 COMPARISONS

Previous workers have already established the metamorphic values reached during the Lepontine
metamorphism for a larger area (KLAPER & BUCHER-NURMINEN 1987, KAMBERS 1993, TODD &
ENGI 1997, DELEZE 1999). Nevertheless, the P-T values they proposed for the High Val Formazza
and Binntal do not correspond with the mineralogical assemblage they described (Fig. 4.4, 4.5).
DELEZE (1999) is the exception: the values he proposed for the Cristallina region are higher than
those of all other authors. However, it is hazardous to compile or compare P-T values provided by
different authors. But, with the help of THERMOCALC 1 recalculate the P-T values for some rocks
published with their chemical composition (Fig. 4.4, 4.5, Annexe 4D). TODD & ENGI (1997), who
proposed a metamorphic map of the whole Lepontine Alps, published so few chemical
compositions, | can only recalculate the P-T values for one sample, that of Ma9464. Fortunately
this rock was sampled near the area investigated by DELEZE (1999), and located not far from his
sample called M36.
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Figure 4.4 The P-T values calculated by THERMOCALC for MA9464 (TODD & ENGI 1997) and for M36
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Figure 4.4, 4.5 reports some P-T values calculated by the above-cited authors and the P-T values
recalculated with THERMOCALC. The sample mineralogical assemblage does not correspond to the
mineralogical assemblage read on the petrogenetic grid. For instance, when the sample Ma9464
contains staurolite crystals, the P-T values determined by TODD & ENGI (1997) are too low to
allow the staurolite to crystallise.

KAMBERS (1993) studied an area close to the one I studied. In the same way and for the same
reasons | recalculated the P-T values for some samples he investigated (Fig. 4.5, Annexe 4D). All
the samples contain epidote crystals but when plotted on a petrogenetic grid none are in the
epidote stability field. THERMOCALC provides better-constrained values; they are more consistent
with the petrogenetic grid.
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Figure 4.5 P-T values recalculated for some samples of KAMBERS (1993). Jean-Claude VANNAY (personal
communication) calculated the reactions for the KFASH, KMASH and KFMASH systems, SPEAR (1993) for

the CKNASH system. The mineral abbreviations are in annexe 4B.
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4.4 CONCLUSION

4 4.1 Discussion

The P-T conditions reached at the end of Dt in the micaschists, metabasalts and volcanoclastic
sediments are similar. Nevertheless the absolute values are greater than previously calculated for
this area. These differences suggest three possible propositions:

1) a different metamorphism was investigated. Such a proposition seems improbable
because the used minerals for determining the P-T values are identical, and in this work
only the borders were taken into account;

2) the samples record and preserve the metamorphic history differently depending on the
area where they were collected. In this case correlations and comparisons would only have
a limited signification;

3) the choice of the method is crucial. Actually it represents an important step.

The new calculated P-T values from this work are not likely to contradict previous predictions
about the concentric pattern of the isobars and isotherms in the Lepontine Alps (HUNZIKER et al.
1992, TODD & ENGI 1997). But the absolute values must be recalculated to erase the
incoherencies between the observed mineralogical assemblage and the calculated P-T conditions
(Fig. 4.4, 4.5). At least in the studied area, the reached pressure was higher than 9 kbar.

4.4.2 And the structural framework!

Thermobarometry is a wonderful tool. However, even if the results are consistent and
reproducible, they must be integrated into the structural framework in order to permit the detection
of incoherencies. To test the results, I used different cross-sections of the Central Alps (ESCHER et
al. 1988, 1993, 1997 and MARCHANT & STAMPELI 1997), and consider that this metamorphism
occurred during Middle to Late Oligocene (JAGER 1973, KOPPEL & GRUNENFELDER 1975,
DEUTSCH & STEIGER 1985, VANCE & O’NIONS 1992, HUNZIKER et al. 1992).

The inverted limb of the Monte Leone nappe is presently situated more or less 27 km below the
top of the nappe stack. It was buried slightly more deeply before the backfoldings. Younger
movements along the old discrete Simplon low angle normal fault (30° SW) are calculated to be of
at least 15 km (HUNZIKER & BEARTH 1969, MANCKTELOW 1985, GRASEMANN & MANCKTELOW
1993).

Therefore, 27 km added to 7.5 km (=15 km*sin30°) signifies that the area was around 35 km
below the surface when the peak of metamorphism occurred. Considering an average density of
2.65g/cm?® for the overlying sedimentary-ophiolitico-gneissose column, the pressure supported by
rocks situated in the inverted limb of the Monte Leone nappe was at least 9 kbar. Considering a

gradient of 0.27 kbar/1 km, gradient commonly accepted for such an environment, 1 obtain 9.3
kbar.

Taking 35 km as the depth range from which the present studied area was exhumed since the start
of the uplift/cooling cycle, in other word after T, leads to time-averaged rates of uplift for the
Oligocene-Neogene ranging from 1.06 km/1 My to 1.52 km/1 My. These values are in general
agreement with present day uplift rates for this region (GUBLER et al. 1981). So structural,
geophysical and thermobarometric investigations lead to similar conclusion.
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4.4.3 Summary

During the Lepontine metamorphism, the studied area reached ~580°C and ~9.6 kbar. The
metamorphic conditions increase slightly from the north to the south of the area according to the
structural position, and the mineral isograds crosscut the thrusting plane. The kyanite-in isograd
(Fig. 3.6) is similar to the one proposed by KLAPER & BUCHER-NURMINEN (1987). Staurolite is
found in all nappes outcropping south of the Rosswald series. Two micaschist were collected in the
Teggiolo zone. They were not investigated because the garnet was not in equilibrium: its outer rim
reacted with the matrix.

The thermodynamic history preceding the Lepontine metamorphism Dt is well recorded in the
garnet. P, was reached before T,,,. Py, corresponds to the end of the NW-directed thrusting
(Fig. 4.3), that is to say to the end of D4. The temperature was equilibrated after the pressure.

4.5 SPECIAL OBSERVATION

Some cumulates are still recognizable at the base of the basaltic bodies of the Pizzo del Vallone
nappe (paragraphs 11.3.3, V.2.2): large crystals of dolomite replace previous crystals of olivine in a
dark green matrix. In the matrix, the magmatic core of some amphiboles was preserved: in fact,
they are Ti-rich amphiboles called kaersutite.

The thermometer based on the Ti-content of amphiboles (COLOMBI 1989) applied to these
kaersutites shows that these amphiboles most probably crystallised during the magmatic activity.
The temperature of crystallisation varies from 425° C to 1400° C: the borders having recrystallized
during the alpine metamorphism(s).
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Figure 4.6 Histogram of the calculated
temperatures of crystallization for the
amphiboles of EC57 (COLOMBI 1989).
The original core of some amphiboles
is preserved.
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5 GEOCHEMISTRY

5.1 INTRODUCTION

The mafic rocks of the Pizzo del Vallone nappe were analysed to determine their nature(s) and
their paleogeographic setting.

Major, minor and trace elements for all samples were analysed at the "Centre d'Analyses
Minérales" (CAM) of the Lausanne University (UNIL) by X-ray fluorescence (XRF) methods using
a Philips PW 1400 spectrometer (Sc-Mo tube). Major and minor elements were measured on
glass beads and common trace elements on powder pellets. The spectrometer calibration was
based on international standards from the U.S. Geological Survey, ANRT-France and NIM-South
Africa. Rare Earth Elements (REE) were analysed by a VG Plasma Quad Inductively Coupled
Plasma/Mass Spectrometer, in the XRAL Laboratories, Toronto, Canada. A Na,O, fusion
technique was used to ensure total dissolution of the sample.

5.2 BASIC ROCKS OF THE Pi1zz0 DEL VALLONE NAPPE

5.2.1 Introduction

The stratigraphic study of the Pizzo del Vallone nappe indicates the presence of both dolerites
and large extrusive basaltic bodies respectively intruded or interbedded within the sedimentary
cover series. The thickness and the width of the mafic bodies are extremely variable (paragraph
11.3.4,111.6, V.2.3).

In order to highlight, or not, a possible evolution of the geochemical signature at outcrop scale
but also at map scale, samples were collected over the whole area. However, as the Sabbione
metasandstone was recognized in the Saflischpass, I also collected some mafic rocks outcropping
around the Saflischpass in order to make comparisons on a larger scale; indeed the Saflischpass
represents the westward continuation of the Pizzo del Vallone nappe.

The collected rocks may be subdivided into seven groups:

1) mafic rocks of the Vannino-Busin area: EC132-EC152-EC153-EC154-EC226;

2) mafic rocks of the Binntal area: ECB1-ECB2-ECB3-ECB19-ECB42;

3) mafic rocks of the Saflischpass: ECR12-ECR14-ECR15;

4) dolerites (EC185-EC199-EC200) and cumulate (EC57) of the Sabbione area;

5) mafic rocks of the Sabbione area: EC40-EC41-EC42-EC43-EC44-EC45-
EC49- EC55-EC58-EC71-EC74-EC85-EC87-EC103-EC196-EC197;

6) cooling rim and reaction border of the Sabbione area: EC167-EC188;

7) differentiated basalts of the Sabbione area: EC56-EC192.

Such distinctions have been made because the location is primordial in order to detect eventual
lateral magmatic variations at map scale. Moreover, as most of the green rocks outcrop in the
Sabbione area, finer subdivisions were made for this area.
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The sample EC132 is a volcanoclastic metasediment that simulates a green rock; its mafic detritus
fraction is high (%Cr = 59 ppm). As it is the "more basic" rock that | have found in the Vannino
area, it was also analysed, postulating that the ratio between the typical magmatic elements
should be preserved.

5.2.2 Outcrops of mafic bodies

The mafic rocks are already described in the paragraph 11.3.4 and II.6. Therefore, only some
important field observations are reported here.

The intrusive dykes are recognisable due to preserved cooling rims, chilled margins, reaction
borders and bedding unconformities; they are easily observable at the base of the basic bodies. A
volcanoclastic sequence covers the extrusive basaltic flows suggesting the rapid cooling of the
mafic rocks, a phenomenon expected in such an extrusive environment. No evidence of contact
metamorphism in the sediments overlying the mafic bodies is observed. All the mafic rocks
belong to the same magmatic suites.

The Vannino-Busin area: the mafic rocks form only restricted outcrops scattered within the
Sabbione sandstone. They are fine- to medium- grained, and it is not uncommon to see 1 cm
long crystals of biotite, coeval to the static metamorphic event and randomly oriented in the
matrix, inserted between the amphibole crystals.

The Binntal area: the outcrops of green rocks are thin and continuous over long distances. The
collected samples contain medium-sized amphiboles floating in a fine-grained matrix principally
made of epidotes and feldspaths.

The Saflischpass area: the basalts from the Saflischpass form pluridecametric mafic bodies
confined and wrapped by the Sabbione metasandstone, which is in contact with two big lenses of
gypsum. Some basalts have conserved their magmatic texture (STRECKEISEN et al. 1998): indeed
variolite, hyaloclastite, metapillows are currently still observable proving that they emplaced in an
aquatic environment. The basaltic rocks are rich in medium-sized amphiboles and green biotites
floating in a plagioclase rich matrix.

The Sabbione area: the biggest mafic bodies outcrop in the Sabbione area. They are made up of
various metabasalts, principally made of amphiboles and plagioclase, and to a lesser extent of
epidotes, biotites and titanite:

- common fine-grained basalts;

- basalt with a microgabbroic texture;

- cumulate: the primitive shape of the cumulative olivines (EC57) is still well recognizable
even if brownish crystals of Mg-calcite replace them now;

- dolerite: beautiful minerals may crystallize at the contacts between the dolerites and the
dolomitic pebbles of the Sabbione metasandstone;

- fine-grained pillow-lavas, although well deformed.
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Figure 5.1 Denomination of the various metabasalts: A) after LE MAITRE et al. 1989, B) after PEARCE 1984,
E) after WINCHESTER & FLOYD 1976, D) after PERFIT et al. 1980 E) after PEARCE 1982 (VAB: volcanic-arc
basalt, WPB: within-plate basalt) and F) after PEARCE 1983.

_55-



5 Geochemistry

5.2.3 Major and trace elements

As no bimodal distribution is obvious (Annexe 5A, Fig. 5.1), a correlation matrix was calculated
(Annexe 5.C) to highlight the correlated elements. It is a pre-requisite to detect possible element
mobility of the green rocks deformed and metamorphosed during an orogenesis before studying
the element behaviour. Four groups of correlated elements were deduced: TiO,-Al,0,-Ga-Pb-Sr-
Y-S, K;0O-Ba-Rb, MgO-Cr-Ni-Co-Hf, and SiO,-La-Nb-Zr-Th-Ce-Nd-U. Fortunately the elements
presumed to have the same magmatic behaviour are correlated; they were not disturbed by the
metamorphism. Hf is the exception; this incompatible high field strength element (HFSE) is
strangely correlated with transitional and compatible elements. So either it had an uncommon
behaviour (in which case more specific analyses have to be done) or the source is enriched in this
element, or more likely it was measured wrongly. For some samples the loss on ignition (L.O.) is
high and associated with enrichment in CaO and depletion in Na,O and K,O, suggesting a
chemical metasomatic change in connection with a hydration event.

The studied rocks are basaltic to andesite-basaltic tholeiites (Fig. 5.1A+B) that are quartz
normative, or hypersthene to hypersthene-olivine normative (KELSEY 1965 and COX et al. 1979);
however, the mobility of alkalis implies that these results should be considered cautiously. Some
basalts, enriched in Ti (Fig. 5.1B+C), are ferrobasalts. The Ti/Zr ratio allows the distinction of the
basic from evolved melts (Fig. 5.1E): only points plotting above the line separating the basic from
the evolved melts should be used to distinguish basalts (PEARCE et al. 1981).

The samples crystallise from a basaltic liquid that evolved (Fig. 5.1). So the dolerites, the
cumulate, the basalts and the differentiated basalts were systematically plotted in the various
diagrams to see the evolution. The magmatic differentiation occurred by olivine fractionation,
and in a lesser way by Ca-clinopyroxene and plagioclase fractionation (Fig. 5.1D). This
conclusion is confirmed by the study of the Al,O,/TiO, and CaO/TiO, ratios (SUN & SHARASKIN
1979). These mafic rocks are tholeiites (Fig. 5.1C), which have a T-MORB-like composition (Fig.
5.1F, 5.2); they represent a cogenetic magmatic series.

The dolerites and the cumulative basalt (EC57) are well distinguishable from the common and
more differentiated basalts due to strong depletion in incompatible elements. The Cr and Ni
depletion is easily observable and attributable to the olivine and clinopyroxene fractionation (Fig.
5.2, Annexe 5A). The Cr-depletion and Nb/Ce enrichment in the samples EC56-EC192-EC132
may be interpreted either by a great fractionation of the initial magmatic liquid (EC56-EC192) or
by an important contamination by detritic fractions (EC132).

The multi-element diagrams normalised to MORB (Fig. 5.2) highlight the following significant
points for the green rocks outcropping in the Sabbione area:

- the common basalts from the Sabbione area (Fig. 5.2B-D) have a flat profile from Nb to Sc,
only showing weak Cr (and strangely Hf!) enrichments;

- the differentiated basalts (Fig. 5.2D) have strong enrichments in Th-Nb-Ce and Ti-Sc-Cr
depletions. The liquid probably fractionated and underwent a weak crustal contamination.
Moreover some zircons were dated, and all are inherited, proving the existence of crustal
contamination (CARRUPT 2002, CARRUPT et al. in prep.);

- the cumulate EC57 (Fig. 5.2A) is enriched in Cr (and Hf!) but depleted in all others elements
relatively to MORB, precisely because of its cumulative nature. Nevertheless the typical flat
profile from Nb to Sc is also recorded;

- the dolerites (Fig. 5.2A) have a signature similar to the cumulative basalt but which is
intermediate between the cumulative and common basalts. The incompatible elements (Nb-
Ce) are present in greater quantity than in the cumulate EC57.
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The cooling rim and reaction borders will not be discussed here precisely because of the

contamination that obviously occurred during their emplacement
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Figure 5.2 MORB normalized trace elements patterns for mafic rocks of the Pizzo del Vallone nappe.
Normalization values are after PEARCE 1983, Sc and Cr from PEARCE 1982. In A) are the dolerites and the

cumulate, in B) to D) are the common and differentiated basalts, in E) F) and G) are the basalts from
respectively the Vannino-Busin area, the Binntal area and the Saflischpass.
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The basalts from the Binntal (Fig. 5.2F) have a similar geochemical signature to those of the
Sabbione area: the flat profile from Ce to Sc is observable. Nevertheless they may be poorly
enriched in Nb; this indicates further fractionation or crustal contamination. The basalts from the
Vannino-Busin area (Fig. 5.2E) are all highly enriched in Nb and Ce and to a lesser degree in P
and Zr (4 HFSE); this tendency towards E-MORB may suggests a slight plume influence or a
greater fractionation for these ferrobasalts. The signature of the basalts of the Saflischpass is
transitional between those of the basalts from the Vannino-Busin and the Binntal areas.

5.2.4 Rare earth elements

The multi-element diagrams normalised to Rare Earth Elements (REE) (Fig. 5.3A) highlight the
following significant points for the green rocks outcropping in the Sabbione area:

- the common basalts (Fig. 5.3) have a rather flat profile from light REE (LREE) to heavy REE
(HREE);

- the cumulative basalt EC57 and the dolerite EC200 have the identical flat profile but are
depleted in all REE; these two samples have a more primitive composition (less olivine
fractionated);

- the differentiated basalts are strongly enriched in LREE, suggesting crustal contamination and/or
a more advanced fractionating stage: the Eu negative anomaly specifically favours plagioclase
fractionation. EC 196 has a transitional signature between the common and differentiated
basalts.

The basalts from the Busin and Binntal areas also have a flat profile from LREE to HREE,
although a weak enrichment in La and Ce is detectable. EC132 (volcanoclastic metasediment)
and two ferrobasalts of the Busin area (Fig. 5.1A) are enriched in LREE.

The common flat profile from Gd to Lu visible on all patterns implies the absence of residual
garnet in the source. Moreover, it suggests a similar magmatic source for all these mafic rocks.
For the common basalts of the Sabbione, Binntal and Busin areas, the (La/Sm)y ratios vary from
0.75 to 1.5. The latter ratio indicates a T-MORB or continental tholeiitic affinity. The LREE
enrichments are due to fractional crystallisation and/or to crustal or lithospheric contamination of
the magma.
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Figure 5.3 Chondrite normalized REE patterns for A) basalts of the Sabbione area, B) the Vannino-Busin
and Binntal areas. Normalization values are after SUN & MACDONOUGH (1989).
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Figure 5.4 A) Diagram proposed by BREWER et al. (1992) which allows the localisation of the sample
compared with the Bulk Earth composition, the E-MORB, the Oceanic Island Basalt (OIB) and the Post-
Archean Average Shale (PAS), B) Batch melting trends for garnet and spinel peridotite calculated using the
partition coefficients, modal abundances and primitive (PM) and depleted (DMM) mantle trace element
ratios of MCKENZIE & O'NIONS (1991). Arrows denote the effect of decreasing melt fraction. Median
composition of the CLM (MCDONOUGH, 1990), lower (LC), upper (UC) and bulk continental crust (CC)
(TAYLOR & MCLENNAN, 1981) are shown for comparison.

In conclusion, the olivine and Ca-clinopyroxene fractionation explains the evolution from
dolerites and/or cumulative basalts to the common basalts found everywhere. Further plagioclase
fractionation and crustal / lithospheric contamination explain the evolution from the common
basalt to the more differentiated basalts. As the investigated rocks belongs to the same cogenetic
series, the source is supposed to have a stable signature across the supposed short-time episode
of magmatic activity. The common flat profile from Nb to Sc, when normalized to MORB, as well
as the common flat profile from La to Lu, when normalized to chondrite, show that the source
had a composition close to that of an enriched mantle.

To explain the LREE enrichment, various degrees of fractionation and a second contamination
with crustal or lithospheric material enriched in LREE (Fig. 5.4A, 5.4B) are invoked. The
evidence for contamination is clear (inherited zircons) but it is not so easy to distinguish whether
this contamination was due to interactions of magma directly with the crust or whether the
magma was derived from a mantle already contaminated by crustal material, for example during
a previous subduction event.

5.3 COMPARISON WITH PREVIOUS WORKS DONE IN THE LEPONTINE ALPS

Several authors (PASTORELLI 1994, PASTORELLI et al. 1995, KNILL 1996, BIANCHI et al. 1998 and
BIANCHI et al. 2001) have already investigated the green rocks present in the Mesozoic sediments
outcropping below the Monte Leone basement gneisses. They obtained geochemical signatures
that are identical to those presented here (flat profiles) but their interpretations are different.
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PASTORELLI (1994) and PASTORELLI et al. (1995) included in the Monte Leone nappe, the Monte
Leone basement gneisses, the ultramafic Geisspfad complex and a Mesozoic sedimentary cover
which locally contains basaltic rocks. They interpreted the Geisspfad peridotite as a slice of
subcontinental mantle, emplaced at the earth surface during pre-Alpine rifting. This extensional
tectonics was accompanied by intrusion of MORB-type magmas along the contact between the
mantle and the upper crust (basalts and gabbros) but also in the Mesozoic sedimentary cover
(synsedimentary volcanic activity). According to the authors this area underwent evolution as a
passive continental margin (active tectonic depositional environment that enhanced the erosion
of Triassic beds) of the North Penninic Ocean, in other words the Valais Ocean.

KNILL (1996) analysed the metabasalts intruded in the Mesozoic sedimentary cover in the
Binntal, to understand the relations they have with the polymetallic sulfide mineralization, which
is well developed in the Triassic dolomitic marble of the Monte Leone nappe. He attributed these
Mesozoic basalts to the Triassic epoch (because the Mesozoic amphibolites occur close to or in
contact to the mineralised Triassic dolomitic marbles) and interpreted their geochemical
signatures as typical of fast spreading ridges. Thus he concluded that the rifting of the North
Penninic Ocean started in its western part in Triassic time. Besides, KNILL (1996) assumed that
the ophiolites of Visp belong to the Mesozoic cover of the Monte Leone nappe.

For BIANCHI et al. (1998) the Monte Leone cover series is defined by a basal Triassic part
(gypsum-anhydrite, dolomitic marbles and local quartzite levels), locally absent, and by a
calcschist sequence representing a high energy depositional environment: the mafic bodies are
associated with this sequence. They interpreted the chemical analyses as showing a basaltic-
tholeiitic trend with a WPB affinity and presumed these basalts to be of Early Jurassic age.
BIANCHI et al. (2001) specified that the volcanic activity occurred during Late Triassic — Early
Liassic time.

It seems clear that we all agree on one point: the green rocks of the High Val Formazza — Binntal
area are either intrusive or extrusive, and linked to a rifting event. However, I do not agree about
the age of the magmatic activity, and/or about the rifting event.

The proposition made by KNILL (1996) is highly improbable. Although the basalts intrude the
Triassic rocks, this does not necessarily imply that they are Triassic in age; in fact, the basalts also
intruded younger levels (paragraph 11.3.3, V.2.2, calcschist sequence of BIANCHI et al. 1998). So
the occurrence of Mesozoic amphibolites close to or in contact with the mineralised Triassic
dolomitic marbles is not an argument in favour of a Triassic magmatic activity, but rather
younger than Triassic. The magmatic activity should at least be attributed to the Early Liassic
epoch; moreover it is probably younger (I1.3.3, 11.3.6). Indeed as described in this work, and in
Bianchi et al. (1998), the extrusive rocks are found in levels younger than Triassic.

KNILL (1996) and PASTORELLI (1994) postulated this magmatic activity as the result of the North
Penninic Ocean rifting. This interpretation is improbable because where it is dated, the volcanic
activity of the North Penninic Ocean is older than Triassic (CANNIC 1996, GIROUD & MEILHAC
2002). Where its age is deduced from the stratigraphical study and field investigations, it is
attributed either to a pre-Triassic age (GIROUD & MEILHAC 2002) or to the Cretaceous age
(ANTOINE 1971, 1972 and LOUBAT 1968). In addition, the field relations show that the basalts of
the North Penninic basin are always associated to dark graphitic and siliceous schists, relations
never described in the Mesozoic metasediments outcropping below the Monte Leone crystalline
basement. The present work associates the green rocks to the Alpine Tethys rifting (or Piemont-
Ligurian).
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To understand the evolution of the European-Briangonnais margin and to discuss the tectonic
and magmatic evolution of the Piemont-Ligurian basin, BIANCHI et al. (2001) investigated four
sectors of the Western Alps: the Bourg d'Oisans basin (Dauphine-Alps), the Lepontine domain
(south European continental margin, Nufenen-Sabbione area), the southern Italian Cottian Alps
(Prepiemontais), and the Versoyen zone (North Penninic basin). However, these areas did not
belong to the same rifting event. Moreover, the proposition of a Late Triassic — Early Liassic
volcanic activity is highly improbable because the green rocks are not associated to the Triassic
dolomitic marble of the Monte Leone nappe, but to the "calcschist sequence" (BIANCHI et al.
1998, paragraph 11.3.3, 11.7.1, Fig. 2.9).

5.4 COMPARISONS WITH BASIC ROCKS RELATED TO INITIAL STAGES OF RIFTING

Over the studied area no true N-MORB has been analysed, and a T-MORB like signature is not
characteristic of a single tectonic environment. For instance FIECHTNER et al. (1992), who studied
continental tholeiites related to the initial opening of the Atlantic Ocean in the Atlas rift system in
Central Morocco, remarked that most of the tholeiitic basalts plot in the field of ocean ridge or
sea-floor basalts, even if they are continental tholeiites. So in order to better constrain the
paleogeographic position of the Pizzo del Vallone nappe, I have compiled data from different
parts of the world related to an initial stage of rifting. The next paragraphs briefly sum up the
geological settings of these latter zones.

In eastern Canada, two periods of magmatism are associated with the early Mesozoic continental
rifting prior to the opening of the Central Atlantic Ocean (PE-PIPER et al. 1992, Fig. 6.5A, 6.5B).
The Anisian to Early Hettangian rifting was accompanied by minor alkalic dykes (Coastal New
England (CNE) province), when basins formed by extension and were filled by thick terrigenous
clastics and evaporites; the igneous activity was of such a limited extent that it is missing in most
places. The Late Hettangian to Bajocian postrifting phase (Eastern North America (ENA) dolerite
province) was accompanied by both flows and dykes penetrating up to 400 km landward of the
hinge line; the lava flows may locally overlie an angular unconformity. Basalts from the CNE
province are mildly alkaline to transitional olivine normative diabase, and the mafic rocks from
the ENA province are tholeiitic basalts (most are quartz normative and some are olivine
normative). The total volume of observed early Mesozoic magmatic products is small, and was
probably emplaced over relatively short time intervals. The next incipient formation of oceanic
crust in the Bajocian was marked by local development of thick volcanogenic sequences at the
ocean-continent boundary.

In the Prealps, the Gets wildflysch (BILL et al. 1997, 2000) contains remnants or relics of an
embryonic oceanic crust of the Alpine Tethys (Fig. 5.5C, 5.5D). The Gets wildflysch with its mafic
and ultramafic lenses is an ophiolitic mélange, inferred to come from a proximal part of the
accretionary prism at the foot of the active SE margin of the Alpine Tethys Ocean. The chemical
features of these two groups are consistent with those of basalts related to the onset of oceanic
spreading, an embryonic stage of the opening of the Alpine Thetys.
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Figure 5.5 MORB (after PEARCE 1983 and 1982) and chondrite {normalization values are after SUN &
MACDONOUGH 1989) normalized patterns for the mafic rocks of various regions. A) and B) are for the
North America margin (PE-PIPER et al. 1992, PE-PIPER & JANSA 1986, SMITH et al. 1975) C) and D) are for
the earliest oceanic crust of the Alpine Tethys (BILL et al. 2001), E) and F) are for the Red Sea axial trough
(ALTHERR et al. 1988).
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The Red Sea is an embryonic ocean, which offers the chance to study the transition from a
continental to an oceanic rift. The Red Sea axial trough magnetic anomalies suggest that sea-
floor spreading began in an area around 17°N and from there propagated to the north; presently
the northern part has not yet reached the sea-floor spreading stage (Fig. 5.5E, 5.5F). The
presence of a large mantle plume affects the chemical composition of basalts from both the
central and southern part of the axial trough. It allows N-MORB to crystallise already in the
central part, which is most advanced in the transition from a continental to an oceanic crust from
a petrological point of view only. Here, only the basalts coming from the northern part of the Red
Sea are interesting for a comparison. Because the sea-floor spreading stage in that area as not
started yet, basalts tend to be more differentiated than in the central segment and are olivine or
quartz normative. After ALTHERR et al. (1988) the variations of the chemical composition, from
alkaline to tholeiitic basalts, are caused by different degrees of partial melting within the mantle
source, which is heterogeneous on a small scale but homogeneous on a large scale: the
increasing degrees of partial melting of the enriched components become more diluted by the
depleted components.

The common basalts of the Pizzo del Vallone nappe have a rather flat profile from Ce to Cr when
normalized to MORB (Fig. 5.2B, 5.2C, 5.2D, 5.2F), and from Sm to Lu when normalized to
chondrite (Fig. 6.3). Such a signature is comparable with the signature of the basalts of the
eastern North America margin, the Gets nappe and the northern part of the Red Sea. The multi-
element diagrams normalised to MORB (Fig. 5.5A, 5.5C, 5.5E) show that the profile are flat in
their second part, but may also display a negative Y and Yb anomaly and/or enrichment in Nb,
P, Zr (and Hf) suggesting a crustal contamination. The enrichment in Sr, K, Rb and Ba may be
linked to crustal contamination but also to their high mobility under various alterations episodes.
The pattern of the curves suggests an overall T-MORB affinity.

The REE chondrite-normalized patterns show that most of the samples have a first flat to steady-
decreasing LREE spectrum, and a second flat HREE spectrum: the normalized values are
between 10 and 50 (Fig. 5.3, 5.5B, 5.5D, 5.5F). Some basalts have a particularly strong LREE
enrichment suggesting crustal contamination, and some basalts of the Gets nappe have a low
HREE content suggesting the presence of residual garnet in the source and/or a small degree of
partial melting. The Nd positive anomaly associated to the Sm negative anomaly is in favour of
orthopyroxene crystallization. The basalts are T-MORB-like basalts, which underwent a more or
less great degree of partial melting.

5.5 DISCUSSION

The green rocks of the Pizzo del Vallone nappe have a geochemical signature similar to the
geochemical signature of syn-rift basalts. They are basaltic tholeiites evolving into andesite-
basaltic tholeiites, which have a T-MORB-like affinity. Many chemical details can be related to
variations in the percentage of olivine, clinopyroxene and plagioclase fractionation, and/or to
variations in the percentage of contamination (either within the continental crust or within
inhomogeneous subcontinental lithospheric mantle, DUNCAN 1987, DUPUY et al. 1988). Here it is
difficult to determine in what degree the geochemical composition variability represent variations
in fractionation, in crustal contamination or in partial melting, because the chemical composition
of the magmatic minerals is unknown.

The stratigraphic records are consistent with active tectonic extensional rifting. In fact, the
Sabbione metasandstone (paragraph 11.3.3) that contains principally Triassic pebbles recorded an
extensional event and was deposited before and during the magmatic activity. The total amount
of magmatic rocks is low, localized for its major part in the Sabbione area, and probably
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emplaced over a short time interval. PE-PIPER et al. (1992) mentioned the same characteristics for
the Mesozoic magmatic products on the eastern Canadian margin; SMITH et al. (1975) added that
dykes might extend several kilometres into the subsiding basins, and are most commonly
between 60 and 600 metres long and no thicker than about tens of meters. Generally, they are
approximately conformable to the bedding and are finer grained towards the borders. Sometimes
thick basalt flows may overlay the dykes and sills. These descriptions are concordant with the
observations made for the Pizzo del Vallone nappe. Indeed the shapes of the basaltic outcrops
vary from Busin to the Binntal, likely depending on the orientation of the basaltic bodies relative
to the topography, and according to the alpine deformations. Moreover, the presence of an
upper volcanogenic level is also concordant (although not exclusive) with the onset of oceanic
spreading (PE-PIPER et al. 1992).

The geochemical signature of the green rocks and the stratigraphic records favour a rifted margin
(CARRUPT et al. 2002). Indeed the association of detrital levels (mainly the Sabbione sandstone)
with magmatic rocks having a T-MORB-like signature can be easily explained, invoking an active
extensional tectonic event associated with a magmatic event. Moreover, the presence of a basal
Triassic level in the Pizzo del Vallone nappe suggests that the nappe originated from a continental
crust (paragraph II.3); this fact associated with the absence of ultrabasic rocks prove that the
studied magmatic bodies do not represent an ophiolitic sequence. The results of the geochemistry
associated to field observations show that the mafic rocks evolve first by mineral fractionation
and then in a lesser way by crustal contamination. The presence of pillow specifies the
submerged nature of the environment of extrusion, and the final volcanoclastic sequence
interbedded with the upper part of the Sabbione metasandstone are in favour of a shallow water
depth.
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6 TECTONICS

6.1 INTRODUCTION

The aim of this chapter is to describe the successive phases of deformation that affected the area,
in order to determine the successive positions of the nappes through time. The tectonics results
are not the only elements considered; the stratigraphical results (paragraph 11.7.3, 11.8) allows the
evolution across time of the area to be determined rather precisely.

6.2 METHODOLOGY

The tectonics results proceed from the systematic measurement on the field of the stratification
S0, schistosities, the axial surfaces, the fold axes, the various lineations (Fig. 6.2, 6.3) and from
the study of superposed folds (Fig. 6.1, 6.4). The construction of cross-sections (Fig. 6.5) allows
to better understand the succession of deformations (Fig. 6.6), as well as to correlate the small to
large structures, and in order to discover a possible cause for them. However some investigated
folds were impossible to associate to a precise deformation. Indeed the characteristics of the
deformations are sometimes similar because they were all reoriented by the younger
deformations, and thus, in the absence of superposed folds, some folds become indistinguishable.
Moreover transitional stage most likely existed between the successive deformations.

A late fracturing is visible over the entire area, but it will not be discussed here even if it is
responsible for some present instabilities; it can be related to the continuing Alpine deformation.

6.3 RESULTS

The orientation of the stratification SO varies greatly over the area (Fig. 6.2, 6.5, 6.7, 6.8, Annexe
6A, 6B), clearly showing that this region has been refolded several times.

6.3.1 First deformation D1:

This deformation is the oldest recognized phase. Neither schistosity nor folds can be associated to
it. On the field it is recognizable through the presence, over the whole area and in all lithologies,
of elongated eyes of quartz or discontinuous quartz veins parallel to the stratification (LISKAY
1965, DELEZE 1999). They are folded by the following deformation, and thus recorded good
superposed folds (Fig. 6.1).

6.3.2 Second deformation D2:

Centimetre to decimetre isoclinal to closed synschistose (S2) folds characterise the deformation
D2. S2 is parallel to SO apart from those close to the fold hinges. But, as few hinges remain
recognizable, most of the time due to the refolded eyes of quartz, it is not easy to determine if a
lineation is associated to this deformation. The axes A2 and the axial surfaces SAZ were
reoriented by the following deformations (Fig. 6.2 S2, 6.3 A2). I identified this deformation
mainly in the Pizzo del Vallone nappe and in the Holzerspitz series in the Sabbione area. A lot of
structures are understandable in this area because it represents a tectonic knot.
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6.3.3 Third (main) deformation D3:

This deformation is characterised by synschistose (S3) isoclinal to tight folds (Fig. 6.2 S3, 6.3 A3).
The shape varies according to the competency of the lithology. The associated mineral lineation
L3 is underlined by phyllosilicates, quartz, amphiboles (hornblende) and calcite depending on the
rock chemistry. The fold size varies from centimetres to decametres. Except for obviously those
close to the hinges, the schistosity S3 is parallel to the stratification. Thin levels of graphite
underlined mostly S3. This deformation is the main one, and it is recorded over the whole area.

6.3.4 Fourth (crenulative) deformation D4:

The folds coeval to this deformation are similar and accompanied by a crenulative schistosity S4,
penetrative in the sediments but rough in metabasalts and gneisses (Fig. 6.2 S4, 6.3 A4). A
lineation of intersection with S3 and SO is often visible but a mineral lineation L4, underlined by
phyllosilicates, is rarely observable, except in the micaschists. The size varies from decimetres to
hectometres. Sometimes the folds are limited, at their base, by a thrust plane. The dip and dip
direction of axial surfaces and axes are similar to those of D2; the differentiation between the
folds F3 and F4 is only possible on the field, and is easier where superposed folds are observable
(Fig. 6.4). The folds are similar but also submitted to a weak flexure slip detectable when
analysing the behaviour of the principal lineation L3 (Fig. 6.1C): for instance: SA4=308/70 \
A4=65—256 with L.3=100/54 \ 060/24 \ 040/70 \ 072/16 remaining in the plane: 154/80, and
so a=068/24 (a is the direction of tectonic transport, MCCLAY 1987).

These four deformations developed during the "procharriage"; thus the following deformations
recorded the "retrochariage" history (backfolding). The amphibolite thermal metamorphism
(TODD & ENGI 1997, this work) is coeval to- and postdates the deformations D4 (Tab. 3.3, 3.4,
3.5).
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Figure 6.1 Superposed folds: A} in garnet micaschist (Holzerspitz series, 670'465/141'880), B) in
alternations of calcitic marble and quartzite (Camosci nappe, 668'820/141'629), C) L3 folded by D4
(Camosci nappe, 671220/142620).
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Figure 6.3 Stereographic projection of the lineations and the various axes (modified after GEOrient 8.0,
HOLDCOMBE 2001, http://www.earthsciences.ug.edu.au/~rodh/index.html)
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6.3.5 Fifth (backfolding) deformation D5:

The backfolds are similar to concentric (depending on the lithology the interlimb angle o varies
from 35° to 75°) and can be considered as cylindrical at a local scale (Fig. 6.2 S5, 6.3 A5). Their
sizes vary from decimetres to hectometres. Field measurements indicate that these folds were
created under similar folding because the recumbent lineation L3 remains in a plane (for
instance: SA5=110/52 and A5=30-060 with L3=052/08 \ 070/02 \ 100/04 remain in the
plane: 075/04, and so a=146/02; MCCLAY 1987). No schistosity is coeval with this phase except
in the more schistose rocks. Rare fibres of chlorites, crystallising in the metabasalts or
retromorphosing some biotites or amphiboles in various lithologies, marked the beginning of the
retromorphosis history. This deformation postdates the peak of metamorphism and strongly
reorients all the previous structures (Fig. 6.2, 6.3).

These backfolds are visible everywhere, but particularly in the Binntal where plurihectometric
folds are easily seen in the landscape thanks to the presence of white dolomitic marbles. Another
hectometric fold F5 is also clearly observable from the south, in the Corno di Nefelgiti. The
orientations of the axes and axial surfaces (Fig. 6.2 S5(N-S), 6.3 A5(N-S)) are very different than
those of the backfolds in the Binntal, Toggia or Sabbione areas (Fig. 6.2 S5(E-W), 6.3 AS(E-W)).
The structural study near the lago di Morasco clearly shows that they are backfolds F5 (Fig. 6.7)
reoriented by the deformation D6. Excepted in the Nefelgiti area, the folds have a south-
vergence. The study of the regional deformation allows the correlation of this phase with the
Berisal syncline active after 12 My (STECK & HUNZIKER 1994 and STECK et al. 2001).

10m.
unpz

85
Figure 6.4 Superposed folds found: A) in the Holerspitz series (671'030/138'800) and B) in the Pizzo del
Vallone nappe (670'800/140'430).
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6.3.6 Sixth (shearing) deformation Dé:

This deformation is a large dextral shearing phase understandable when following the axial trace
of the backfolds (Fig. 6.7A). The induced folds are open to closed, and moderately to steeply
sloped (Fig. 6.2 S6, 6.3 A6). A weak schistosity is associated when the folds developed in
schistose rocks. These folds are especially well observable in the Morasco area, and in a lesser
way along the Nefelgilt valley and around the Corno di Ban. The parameters of the deformation
change, obviously due to the different orientations (RAMSAY 1967) of the stratification (especially
due to the backfolds) before the shear acted. The complementary part of this shearing zone
should be found just southward or southeastward of the investigated area, where the stratification
becomes steeper, or in the Wandfluhorn area (HUNZIKER 1966).

6.3.7 The late deformation D7

This late ductile deformation D7 is a sort of collapse that marks the end of the retrocharriage. The
axes and axial surfaces are subhorizontal and the opening angle o is around 150°. So the only
effect of these decametric folds is to gently reorient the stratification and the axial surfaces of the
preceding deformations.

6.3.8 Brittle dextral transform faults

Two dextral transform faults exist in the north of the area; they extend from the Gries Valley
towards the Blinnenhorn (Annexe 6B): they are called the Rio del Sabbione strike slip faults. It is
most likely a fault that ends eastward in a horse tail type zone. They are easy to follow on the
map thanks to the stratigraphical study and the geological mapping, but they outcrop in few
places. The very low number of observations (4) does not permit the rotational component to be
determined but of course one does exist. The measurements are follows: F=338/88, f=24-068,
south up \ F=342/76, f=02—>070, south up \ F=348/68, f=10-071, south up \ F=350/76,
f=06—082, south up / with F=fault and f=fiber.

6.3.9 Different natures of tectonic contact

Three different tectonic contacts were found over the area:

- underlined by cornieule: the Monte Leone - Pizzo del Vallone thrust as well as the
Camosci - Rosswald thrust can be followed because of the presence of Mesozoic
cornieule representing the oldest level of the Pizzo del Vallone and Camosci nappes
respectively. These thrust planes were most likely to be the place where the main
movements occurred, certainly several times and in various directions during history;

- underlined by a transform fault: the Holzerspitz - Camosci tectonic contact is essentially
due to the Rio del Sabbione strike slip faults. The latter continue and are responsible
westward for the Rosswald — Holzerspitz and Rosswald - Pizzo del Vallone tectonic
contacts, and eastward for the Pizzo del Vallone — Camosci tectonic contact (Annexe
6.B). They then disappear eastward within the Lebendun nappe;

- nothing special: the shorter mapped thrust is the Antigorio — Lebendun thrust. However
on the field the latter is not recognizable: indeed all seem to conform, and could be in
stratigraphic continuity. So this thrust was placed simply to agree with previous works,
centred on this contact (DELLA TORRE 1995, SPRING et al. 1992).

6.3.10 Remark

Around the Punta Lebendun, the Hohsandhorn and the Holzerspitz, old faults outcrop (Fig. 6.5,
Annexe 6.B). They are refolded but recognizable thanks to the non-symmetrical splitting of the
stratigraphical succession, and the displacement of the basement against the cover. They
probably represent small-scale synthetic or antithetic faults that developed within the already
differentiated tilted-blocks coeval to the Alpine Tethys rifting (Paragraph 7.4).
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Subduction
Thrusting

Deformation 2

(Ro) Rosswald series

(V} Pizzo del Vallone nappe
(Hz) Holzerspitz series

(ML) Monte-Leone basement
(Le) Lebendun nappe
(An+Te) Antigorio nappe
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Figure 6.6 Proposed schematic evolution of the area based on field observations (not to scale; UH:
ultrahelvetic covers). The paleogeographic interpretation is explained in paragraph 7.2.
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6.4 DISCUSSION

The Pizzo del Vallone nappe is of more internal origin than the Monte Leone nappe (that is to
say this cover deposited south of the Monte Leone cover) even though the Pizzo del Vallone
nappe outcrops now below the Monte Leone nappe (Fig. 6.9). When drawing the successive
deformations (Fig. 6.6), it appears that the tectonic results associated to the stratigraphical
constraints give a coherent history.

No relics of the eoalpine stage were found in this region. The oldest deformations still recorded
are contemporaneous of the initial stages of procharriage that is to say the mesoalpine phase.
The procharriage happened in four successive stages (D1, D2, D3 and D4) that developed under
shearing deformations.

The neoalpine phase began with the backfolding D5, well marked in the landscape especially by
big folds. On a regional map (Fig. 1.2) the axial surface trace of this fold 12-11 My old (STECK &
HUNZIKER 1994) can be easily followed from the Berisal area to the Lago del Sabbione. This
trace then curves due to the arriving deformations resulting from the dextral shear zone D6 that
strongly reorients all the previous structure in the eastern part of the studied area (Annexe 6B).
Indeed the N-S orientations of axes and of the stratigraphy SO in the Nefelgit-Vannino area are
results from it. This shear zone represents an initial complication in the correlation between the
western and eastern part of the Central Alps, and it is likely that other(s) shear zone(s) also
exist(s).

STECK (1984) mentioned that the Wandfluhhorn antiform refolded the main alpine schistosity,
and developed after the metamorphism culmination, and that it is likely to be contemporaneous
of an early backfolding. So this fold has probably formed before the deformation D5. It would be
interesting to study the field relations between D4, D5 and the Wandfluhhorn antiform.

B Rosswald series
Pizzo del Vallone nappe
[ Holzerspitz series

B Lebendun nappe
(%3 Camosci nappe

............
........

Figure 6.7 3D diagram for the area (not to scale): A) schematic sketch of the refolded backfold D5, B) area
viewed from southwest, C) area viewed from east.
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6 Tectonics

The dextral rio del Sabbione faults D7 are clearly visible in the valle del Gries where triple points
are noticeable. The terminal collapse D7 is difficult to place, but it is probable that it acted before
but also after the dextral shear zone D6. In conclusion it appears that the main dextral shear
zones of the central Alps acted quite far away from the mapped area, but even so the dextral
constraint affected the entire Lepontine dome, because they surround it.

To conclude the structural history, the consistency between the observations and the
interpretations was tested. To do so, firstly, I constructed, a hand-made history to highlight the
observed heterogeneities (Fig. 6.6), and then a second succession was calculated by a computer
program (REY 2001) to see if the anticipated structures really were plausible (Fig. 6.8). Indeed it
is not easy to draw three or more phases of folding manually and in addition the result is not
guaranteed. Strictly speaking, the calculated block-diagram (Fig. 6.8) will not represent reality,
but reflects the observed geometry. To have an idea of the approximate values of the axial
surfaces and axes of the D5 and D4 deformation I successively unfolded the zone and
recalculated the values by approximating the deformation; they were supposed to be similar. As
D4 is similar to isoclinal, it is unfortunately impossible to calculate an approximation of the
original values of the D3 and D2 deformations; this is why I used the statistical values calculated
by GEOrient 8.0 when doing the stereographic projections (Fig. 6.2, 6.3;
http://www.earthsciences.ug.edu.au/~rodh/index.html). The calculated values provided to the

computer are as follows: SA5: 345/40, A5: 04—070, SA4: 150/52, Ad: 11->065. The result is
that both reconstructions are coherent, but above all they are also consistent with the constructed
cross-sections (Fig. 6.5), 3D-diagram (Fig. 6.7), and the observed superposed folds (Fig. 6.1,
6.4). The geometry is similar and the vergences are coherent.

SA2 :128/30

A2 :00->068 Be
SA3 :14040 3
A3 :15->068

SA4 :150/52

A4 :11->065 B
SA5 :345/40

A5 :04->070 D2

Figure 6.8 Bloc diagram calculated by a computer program (Shear2F, REY 2001) with the localisation of
the various axial traces.

-74 -



6 Tectonics

6.5 REMARK ABOUT THE PI1ZZO DEL VALLONE NAPPE

The Pizzo del Vallone nappe lies below the Holzerspitz series in an inverted position. In the
Binntal and Sabbione areas its inverted flanks does not completely outcrop because either the
erosion is not advanced enough or late tectonic discontinuities hide the primary links. The
relations between the Lebendun and Pizzo del Vallone nappes, however, are observable from the
Busin area up to the Castel region: the Pizzo del Vallone nappe lies in a normal position above
the Lebendun nappe. Moreover when following the Pizzo del Vallone — Lebendun thrust it seems
clear that the levels of the Pizzo del Vallone nappe are faintly discordant with the thrust (Fig. 6.9),
suggesting a synclinal closure southward.

The structural and stratigraphical relations suggest a more external position for the Lebendun and
Monte Leone nappes relative to the Pizzo del Vallone nappe. To explain such relations, the latter
must have initially overthrust the Holzerspitz series and then the southern part of the Lebendun
cover (Fig. 6.6), before being folded several times.

W

(3)

.............

...........

L | SO L It £ L
+ B Lebendun nappe
Bl Holzerspitz series
Monte-Leone basement

' Pizzo del Vallone nappe
- Calcareous marble
u Calcareous micaschist

. | Sabbione metasandstone

Figure: 6.9 Synthetic E-W cross-section of the eastern part of the studied area. The thickness of the levels is
exaggerated in order to highlight the structural relations. 1 represents the Busin area, 2 the Nefelgit area
and 3 the Castel area.
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7 DISCUSSION - CONCLUSION

7.1 SUMMARY OF THE MAIN RESULTS

This chapter will focus on the principal conclusions obtained from the stratigraphic
(lithostratigraphic description and chronostratigraphic interpretation), the metamorphic (P-T
values reached at the end of the Lepontine metamorphism), the geochemical (type of volcanism)
and the structural (Alpine deformations) studies.

7.1.1 Stratigraphic and geochemical studies

The Pizzo del Vallone nappe is a newly defined nappe. It consists of a Mesozoic series (Fig. 2.2)
completely separated from its pre-Triassic basement. The lithostratigraphic section is
characteristic of the typical succession described on tilted blocks adjoining an axial rift valley. The
green rocks are continental tholeiites, which have a T-MORB like signature; they are variously
enriched in LREE (Fig. 4.3A+B).

The Monte Leone Mesozoic to Tertiary cover, called the Holzerspitz series, is characterized by
important lateral variations of facies (Fig. 2.1). The basal quartzite is in favour of the autochthony
of the Holzerspitz series in relation to the Monte Leone crystalline basement. However, the
Triassic levels (Group Hz-l, Fig. 2.1) are atypical: they have a transitional signature between the
common Triassic levels of the Helvetic s.l. realm (EPARD 1990) and of the Briangonnais platform
(BAUD & SEPTFONTAINE 1979, JAILLARD et al. 1986) or even of the Austro-alpine domain
(DRUCKMAN et al. 1982, CONTI et al. 1994, VENTURINI et al. 1994). Several discontinuous detritic
levels containing mainly dolomitic pebbles reveal (Fig. 2.1) that this cover was deposited in a
high-energy environment, crosscut by rivers and affected by extensional tectonics.

The lithostratigraphy of the Lebendun nappe shows the most striking differences when compared
to the other nappes (Fig. 7.1). Thus it is not surprising that it created great controversies between
authors during the XXth century (paragraph 1.3). Even if the major part of this nappe simulates a
granite or an orthogneiss, it is in fact a Mesozoic detrital stacking miming a Paleozoic basement
(RODGERS & BEARTH 1960, Fig. 2.5). Active normal faults continuously creating space allowed
the deposition of such a thick and very coarse detrital sequence. Thanks to the presence of very
rare calcareous debris flow, the whole series can be consistently interpreted as a fan.

The Teggiolo zone also varies laterally (Fig. 2.7). But in contrast to the Holzerspitz series, or the
Pizzo del Vallone nappe, it contains fewer conglomeratic layers; the latter are dominated by the
quartzitic and gneissic detritism. A basal quartzite confirms the autochthony of this cover
relatively to the Antigorio basement. The Triassic levels are almost always absent, most probably
due to erosion and, when preserved, have a Helvetic s.l. affinity. The major part of the section is
made of a thick monotonous succession of calcschist, which was deposited after UC3.

The Camosci nappe is separated from its pre-Triassic basement, the latter being admittedly of
continental nature. This nappe has a clear Helvetic s.1. affinity: Triassic, Liassic and Dogger layers
are easily recognisable (MASSON et al. 1980, EPARD 1990). However, the levels younger than
Dogger are missing, most likely transported during the Alpine orogenesis into a more external
position, probably in the Prealps in or close to the Infra-Niesen zone (for instance, La Lenk
nappe, LEMPICKA MUNCH 1996, Fig. 7.7). The internal lateral variations of facies (Fig. 7.2) imply
a deposition in a paleoenvironment of tilted blocks.
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Figure 7.1 Figure 2.10 is redrawn here in order to show a graphic summary.
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The major discontinuities UC1, UC2 and UC3 (Fig. 7.1) are best observable, and were initially
defined in the Holzerspitz series and in the Pizzo del Vallone nappe, but they are also recorded in
the other nappes.

The two principal conglomeratic levels are younger than UC1, which is attributed to the Middle-
or to the Late Liassic epoch, and younger than UC2, attributed to the Dogger epoch.

The conglomerates, which were deposited above UC3 (attributed to the Upper Cretaceous), are
different. The proportion of pebbles is of lesser importance than the proportion of pebbles found
in the conglomerates that were deposited above the discontinuities UC1 and UC2. Moreover, the
tectonic process responsible for this detritism is different because for the first time lithologies of
others nappes are reworked as pebbles (Fig. 2.1). These conglomeratic levels most likely result
from tectonic inversion processes.

The studied nappes have the following characteristics (paragraph 11.7.3):

- important lateral variations of facies and of thickness;

- richness in monogenic and polygenic conglomeratic levels;

- atypical, reduced or eroded Triassic sequence (except for the Camosci nappe);

- they are bound by the same unconformities noted UC1, UC2 and UC3 (Fig. 7.1);

- the Pizzo del Vallone nappe contain tholeiitic green rocks typical of a rifting magmatic
activity.

Such characteristics suggest a paleogeographic environment of tilted blocks, or a by-pass type
margin. The geochemical results show that these tilted blocks are associated to lithospheric
extension linked to intra-continental rifting.

7.1.2 Results of the stratigraphic and geochemical comparisons with others areas

The studied nappes have lithostratigraphic sections that show strong similarities with nappes
deposited on the northern part of the Alpine Tethys (paragraph I1.8).

The Pizzo del Vallone nappe is similar to the more internal nappes of pré-Piémontais origin
outcropping in the Ambin masssif (ALLENBACH & CARRON 1986). The green rocks found in the
Pizzo del Vallone nappe have a geochemical signature comparable to and typical of the
geochemical signature of mafic rocks found in a syn-rift sedimentary sequence (paragraph V1.4,
ALTHERR et al. 1988, SMITH et al. 1975, PE-PIPER & JANSA 1986, PE-PIPER et al. 1992, BILL et al.
1997, 2000). The green rocks form a cogenetic series, which evolved by olivine, plagioclase and
clinopyroxene fractionation (paragraph V.2). The more differentiated basaltic end-member are
contaminated and enriched in L-REE (crustal contamination). Some comparisons with rocks
having a similar geochemical signature are proposed in chapter V (paragraph V.4), but further
comparisons could be envisaged, such as the southeastern Brazilian margin (FODOR & VETTER
1984), the Iberian abyssal plain (CORNEN at al. 1996), and the Labrador Sea (CLARKE et al.
1989).

The Monte Leone nappe resembles best, the Bréche nappe (STEFFEN et al. 1993), the Starlera
nappe (BAUDIN et al. 1995), or the more external nappes outcropping in the Ambin massif
(ALLENBACH & CARRON 1986), that have a pré-Piémontais origin.

The Lebendun nappe is similar to the Niesen nappe at least in facies (SCHARDT 1983, BADOUX &
HOMEWOOD 1978, RINGGENBERG et al. 2001).
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The Antigorio nappe is similar to the Ultrabrianconnais nappes (LEFEVRE 1982). Indeed the
oldest Mesozoic sediments are mostly absent or extremely reduced.

The Camosci nappe has a clear Helvetic s.l. affinity (Fig. 7.7). The Dolomitic and Calcareous
units are typical of the Helvetic basin (MASSON et al. 1980, DOLIVO 1982, BUGNON 1986, EPARD
1990).

7.1.3 Structural study

Several ductile deformations affected the region. The oldest recorded deformations are likely
coeval to the initial stages of procharriage (mesoalpine phase). No relic of a previous deformation
associated to a high-pressure deformation coeval to the subduction was found. The procharriage
happened in four successive stages and was followed by the backfolding D5 (neoalpine phase),
which is easily recognisable in the landscape thanks to hectometric folds. The following dextral
shear zone phase strongly incurved the previous structures and complicated the understanding of
the structural relationships between the Central and Eastern Alps; the structure of the whole
Lepontine Alps mainly results from the existence of several dextral shear zones (STECK &
HUNZIKER 1994 and references herein). The folds coeval to D7, the final folding, were probably
induced by the late vertical decompression that allowed the late exhumation of the Lepontine
Alps.

7.1.4 Metamorphic study

The Lepontine metamorphism is in part younger, in part coeval to the deformation D4. The
metamorphic assemblage finished crystallising after the end of the procharriage under the
amphibolite facies, more precisely under ~580° C - ~9.7 kbar. Thus, only few places preserved
the sedimentological information. The hard nodules scattered in the garnet micaschist or in the
cooling rims are good examples of preserved primary sedimentological and igneous texture. No
relic of a first high-pressure metamorphism was found.

7.2 PALEOGEOGRAPHIC SUCCESSION

Even if the region was strongly deformed and metamorphosed, it is possible to establish the
paleogeographical succession of the studied nappes. From the internal to the external part it was
as follows (Fig. 7.2):

Camosci — (Verampio) Antigorio — L.ebendun — Monte Leone - Pizzo del Vallone - Rosswald
This paleogeographic succession was established considering the following points.

The normal limb of the Pizzo del Vallone nappe lies structurally above the Lebendun nappe and
its inverted limb lies below the Monte Leone nappe (Fig. 1.4). Moreover its internal structure
shows that the youngest levels are always located southward in contact with the Monte Leone
nappe (paragraph VIIL.5). This implies an initial decollement and overthrusting of the Pizzo del
Vallone nappe above the Monte Leone and the Lebendun nappes (Fig. 6.6).

The Monte Leone nappe is structurally the highest nappe. Even if the dolomitic pebbles
dominate, the Holzerspitz series is richer in quartzitic or gneissic detritic input than the Pizzo del
Vallone nappe. This is interpreted as the Holzerspitz series having a more proximal position than
the Pizzo del Vallone nappe. Its lithostratigraphic section is transitional between those of the Pizzo
del Vallone and the Lebendun nappes, although it shows more similarities with the Pizzo del
Vallone nappe.
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The Lebendun nappe contains the thick and monotonous unit of Paragneissic conglomeratici
that resembles a thin succession found in the Monte Leone cover and which is attributed to the
Dogger (paragraph 11.2.3, Group Hz-lll (1p), Fig. 2.1). They derive from the same source and
may be issued from the same detritic episode, even if the latter is far less developed in the
Holzerpsitz series, where the conglomeratic quartzitic metasandstone is thinner and more mature.
As this detritic episode was not recorded by the Pizzo del Vallone nappe, this suggests that the
source was situated north of the Lebendun nappe, that the Holzerspitz series was mainly a by-
pass area and that the Lebendun nappe was the main depocentre. DELEZE (1999) noticed a
similitude of the detrital elements found in the Paragneiss conglomeratici with the Maggia pre-
Triassic basement.

The Antigorio nappe was a structural high, which separated the Helvetic s.l. basin from the very
distal European margin (Lebendun, Monte Leone and Pizzo del Vallone nappes, Fig. 7.4, 7.5), at
least from the Liassic to the Dogger epoch (Fig. 2.7, 7.1, 7.7). The presence in the terminal
wildflysch of reworked pebbles derived from the Lebendun nappe (CARRERAS & JEQUIER 2002) is
an argument in favour of a more external position for the Antigorio nappe in relation to the
Lebendun nappe (the inversion basin presumably lies to the north of the inverted blocks).

The Camosci nappe is interpreted as being the most external nappe due to its structural position
and its clear Helvetic s.l. affinity (paragraph 11.4.3, 11.8.2, Fig. 2.4). It comes from under the
Lebendun and the Antigorio nappes (Fig. 1.4).

The Rosswald series outcrops only on the northern part of the area, in front of all the above-cited
nappes, and never below (Fig. 1.4). This favours a more internal origin for this nappe, and the
Alpine shortening made it overthrust the other nappes. However, only a detailed geological
mapping of the nappes outcropping above the Monte Leone nappe will allow the origin of this
nappe to be deduced more precisely. Its age is unknown, but the nappe could represent a late
Cretaceous or a Tertiary Alpine flysch.

The present superposition (Fig. 1.4) is the result of a tectonic juxtaposition, and it cannot be
excluded that important parts of the margin were lost forever during the subduction (STAMPFLI et
al. 1998). Indeed the tectonic sketch of the Swiss Alps (SPICHER 1980) suggests that nappes may
be missing between the Antigorio and Lebendun nappes in the studied area (Fig. 8.6, 7.4D).

7.3 GEOMETRIC CONSIDERATIONS

7.3.1 The Camosci nappe

The lithostratigraphic study shows that lateral variations of facies are common in the Camosci
nappe (paragraph 11.4.3, Fig. 2.4). The goal of this paragraph is to provide a model for that
phenomenon in agreement with the field relationships, and to provide an interpretation. The
differently observed successions are summarized in figure 7.2.

From sections A to D (Fig. 7.2) no particular problem appears in reference to the position and the
order of the various schematic sections; only the stratigraphical gap between the Dolomitic and
Graphitic units is impossible to evaluate. So the age attribution for the base and top of the
Graphitic unit in section A and B are arbitrarily chosen. But as these columns show only relative
chronostratigraphic relations, the approximation does not create incoherency.

The interpretation becomes more difficult with the appearance of the submittal Detritic unit.
Indeed, it represents the last recognized unit (Fig. 2.4), and it is always only in contact with the
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calcareous micaschist and never with the black micaschist (paragraph 11.4.3). So three
explanations (sections E1 to E3) are possible:

-section E3: the Detritic unit was deposited over the calcareous micaschist but after a
sedimentary hiatus;

-section E2: the Detritic unit was deposited in continuity above the calcareous micaschist;
-section E1: the Detritic unit was deposited in continuity above the calcareous micaschist
and moreover eroded its top.

In all three sections, the Detritic unit was deposited in stratigraphic continuity, but a sedimentary
hiatus cannot be excluded for section E3 nor an erosive base that eroded the top of the Graphitic
unit in section E1.

These three solutions are not mutually exclusive and could coexist in different parts of the basin.
The favoured solution is the following (Fig. 7.2). The Detritic unit was deposited perhaps
everywhere but above all in a proximal position. It probably eroded the older levels. Its richness
in detrital dolomite in its upper part not surprisingly coincides with the area of preferential alpine
detachment plane.

?
E2]
A) [ﬁ] ' == [0 B =T (i
B E= === [ (= BZ
A Ll [ B E B R |
D0 VA A G
A B G D El E2 E3
7 L P micaschist o
’Il‘ Dolomitic unit 'EE hollomellanocrat Detritic unit
. 87 == calcareous Triassi
B) [[:]:[ICa]careous unit & E micaschist g;ig;gist'c
Camosci nappe 5

A —p—- Sy —r ————

Verampio basement

Figure 7.2 A) Schematic sections of the Camosci nappe ordered following the field relationships and B)
Proposed model for the Camosci nappe (An: Antigorio basement, Ca: Camosci nappe, Te: Teggiolo zone,
UH: Ultra-Helvetic covers, Ve: Verampio basement).

_82.



7 Discussion - Conclusion

The abrupt variation of facies (Fig. 2.4, 7.2) between the western and eastern part of this nappe,
i e. between the calcareous micaschist and the black micaschist, probably reflects a series of
transgressive or flooding surfaces recording eustatic sea-level variations (paragraph 11.4.3). The
calcareous micaschist was deposited in a more proximal position than the black micaschist, since
the latter are devoid of any carbonate. Moreover as the more proximal Detritic unit is only in
contact with the calcareous micaschist, this also argues in favour of a more proximal position of
the latter in relation to the black micaschist (paragraph 11.4.3, 11.4.4).

The unfolding of the Camosci nappe, therefore, provides the succession of the schematic sections
proposed in the figure 7.2. The fact that the micaschist facies of the graphitic unit are structurally

in the most external position led me to orient the "Camosci tilted block" as shown in the figure
.2

7.3.2 The Monte Leone nappe

The lithostratigraphic description shows that the Holzerspitz series is characterized by important
lateral variations of facies and by great quantities of conglomeratic levels (paragraph 11.2.3).
Moreover, the three discontinuities UC1, UC2 and UC3 are recognizable.

The stratigraphic sections presented in figure 2.1, linked to the observations made at the outcrop
scale and from the map allow me to deduce that the Holzersptiz series was deposited on a
northward-dipping surface represented by the crystalline basement of the Monte Leone nappe
(Fig. 7.3). Once again a tilted blocks model is proposed, based on the following relationships:

- the thickness of the Group Hz-l varies a lot over the mapped area. Moreover, the
thickness of this group also clearly decreases toward the Saflischpass, to the west-
southwest.

- the thickness of the Group Hz-II decreases toward the south;

- the amount of pebbles in the basal conglomerate of the Group Hz-ll regularly decreases
toward the paleosouth;

- the quartzitic metasandstone of the Group Hz-lll either overlies the thick succession of
conglomeratic levels and calcschist, or unconformably overlies the Group Hz-Il toward
the south;

- a calcitic marble was deposited upon the quartzitic metasandstone only southward.

N
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Figure 7.3 Schematic reconstitution of the environment of deposition of the Holzerspitz series.
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7.3.3 The Pizzo del Vallone, Lebendun nappes and Antigorio nappes

The same type of considerations for the Monte Leone nappe (thickness variations, proximal
versus distal position) can be made for the Pizzo del Vallone nappe. They lead to the conclusion
that the Pizzo del Vallone nappe was deposited on a north-dipping tilted-block of continental
origin.

The Lebendun nappe is reduced over the mapped area in relation to its westward continuation;
only the paragneiss conglomeratici and the Scisti Bruni are present. Although it was impossible to
specify the original dip orientation of the Lebendun block, if the working hypothesis of a
depositional setting similar to the Monte Leone nappe is accepted, the Lebendun block (Fig. 7.4)
was nevertheless oriented by analogy with the Monte-Leone and Pizzo del Vallone tilted blocks.
Indeed, the Lebendun nappe has an origin close to the one of the Monte Leone nappe, that is to
say south of the Antigorio basement.

The Teggiolo zone contains the most reduced cover series, with very few preserved levels
younger than UC3. This suggests that it was a structural high separating the south-dipping tilted
blocks to the South, from the north-dipping tilted blocks to the North, whose infill shows affinities
with the Helvetic s.l. basin. The Antigorio block is hence regarded as the shoulder of the Alpine
Tethys (paragraph VIl.4, Fig. 7.4, 10.5, SPRING et al. 1992).

7.4 PALEOGEOGRAPHY

It is now established that the studied nappes have a present superposition that is the result of the
Alpine orogenesis. Despite the high metamorphic grade it was possible to describe the
environment of deposition, to deduce the relative paleogeographic succession of these nappes
(paragraph VII.2) and to propose a model in which the Mesozoic to Tertiary metasediments were
deposited during an extensional phase linked to a rift in a paleoenvironment of tilted blocks
(paragraph VII.3). It was shown that the Camosci nappe has a Helvetic s.l. affinity, the Antigorio
nappe has an Ultrabriangonnais affinity, and the Pizzo del Vallone, Monte Leone and Lebendun
have a Prépiémontais affinity. This clearly indicates that the studied area lay north of the Alpine
Tethys ocean and represents a complete south European passive margin segment, including part
of the most internal rim basin, the rift shoulder as well as proximal to distal oceanward-facing
tilted block series (paragraph VII.3)

Before formulating conclusions, I have to specify that I prefer envisaging a simple
paleogeography and a slightly more complicated tectonic history than to complicate the
paleogeography in order to simplify the tectonic history. Indeed, creating new ocean(s) implies
creating two more passive margins for which there are no known evidence (paragraph VII.5).

These results together allow me to draw the time evolution of the internal European margin (Fig.
7.4), east of the pre-drift oriental termination of the Brianconnais terrane (Fig. 7.5). To visualize
the relations on a greater scale, I used and modified the paleogeographic reconstruction
proposed by STAMPFLI et al. (2001). Two schematic paleogeographic maps (Fig. 7.5) were added
to situate the nappes cited in this manuscript, along with some others as well, in order to establish
an idea of their relative paleogeographic position at the time of Dogger and Early Cretaceous
epochs respectively.

As it is most likely that some parts of the European margin were lost forever during the

subduction (STAMPFLI et al. 1998), [ have added some unknown blocks to the margin between
the Antigorio and Lebendun blocks (Fig. 7.4D). Indeed, the tectonic sketch of the Central Alps
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(SPICHER 1980) suggests that nappes outcropping eastward, such as the Maggia or Adula nappes,
are missing in the studied area.

7.5 THE VALAISAN CONTROVERSY

Some authors (LEU 1986, PASTORELLI et al. 1995, KNILL 1996) suggested that the green rocks of
the Pizzo del Vallone nappe were somehow linked to two other well-known metabasaltic bodies
of the Western Alps; the metapillow lava of Visp (Sion-Courmayeur zone, BURRI 1958, 1979,
BURRI et al. 1993, 1994) and the Petit-Saint-Bernard suite (Complexe du Versoyen, ANTOINE
1971, 1972, CANNIC 1996). All these occurrences of metabasic rocks were interpreted as being
related to the opening of a very oblique ocean (sometimes seen as deep California Baja-type
pull-apart oceanic domain, KELTS 1981) called the Valaisan ocean or North Penninic ocean.
Although such a transform zone was invoked (and is necessary) to permit the eastward
movement of the Brianconnais terrane, the Pizzo del Vallone green rocks cannot be linked to the
Visp and Petit-Saint-Bernard occurrences.

- the mafic rocks of the Petit-Saint-Bernard are now dated to the upper Paleozoic (294+1
My, U-Pb on zircons, CANNIC 1996, and 296+30 My, U-Pb on zircons, GIROUD &
MEILHAC 2002), whereas the green rocks of the Pizzo del Vallone nappe are clearly
Mesozoic;

- the green rocks of the Petit Saint-Bernard are always associated to black, non or very little
calcareous schists. Such an association was never observed in the studied area, where the
green rocks are associated with proximal marine, mainly terrigenous detritics;

- in the Petit-Saint-Bernard area (France), a very characteristic sedimentary unit, the "Flysch
de la Tarentaise" is overthrust by the mafic rocks of the "Complexe du Versoyen"
(ANTOINE 1971, 1972, CANNIC 1996). This sedimentary unit can be followed up to the
Visp area, and is known in Switzerland as the "trilogie valaisanne" (BURRI 1979). This
"trilogie valaisanne" was typically associated to the hypothetic "Valaisan ocean".
However, it does not exist at all in the studied area;

- the Rosswald series only outcrop in front of the studied area and never below (Fig. 1.4).
As previously stated (paragraph VI1.2), this series is the most internal nappe outcropping
over the mapped area. Its lithological succession shows some similarities with Group Hz-
IV and Group V-IV in so far as that they are all flysch s.s. (probably Late Cretaceous to
Tertiary in age). Moreover, the Rosswald series is identical to the "flysch de Saint-
Christophe", which is a formation of the "trilogie valaisanne" (Sion-Courmayeur zone).
The Rosswald series seems, thus, to be linked to the Valaisan sedimentary unit and is
rooted south of the studied area.

Figure 7.4 Cross-sections of the southern European margin at different time: A) Middle to Late Triassic, B)
Late-Liassic - Aalenian and C) Late Malm. The blocks are oriented according to the present position of the
various stratigraphic columns that 1 studied on the field. Shown inset are the paleoreconstruction of
STAMPFLI et al. (2001) to have an idea of the paleogeographic evolution of this margin (Ab: Alboran, Ad:
Adria s.str., Ap: Apulia s.str., Br: Briangonnais, BY: Beyshehir, Ca: Calabride, Da: Dacides, Db: Dent
Blanche, Gt: Getic, He. Helvatic rim basin, Hr: Hronicum, IA: Izmir-Ankara, Ky: Kabylies, Lg: Ligerian, Li:
Ligurian, Lo: Lombardian, Me. Meliata, Mg: Magura margin, Mk: Mangyshlak, MS: Margna-Sella, Pa:
Panormides, Pal.T: Paleotethys, sB: sub-Betic rim basin, Se: Sesia, Si: Sicanian, SM: Serbo-Macedonian,
TD: Trans-Danubian range, Ti: Tirolic-Bavaric, Tt: Tatric, Tz: Tizia, Va: Valais, Ve: Veporic). D)
interpretation of the whole southern European margin, including the parts that were lost forever during the
subduction. Actually present day passive margins are made of a greater quantity of tilted blocks between
the oceanic part and the shoulder (An: Antigorio basement, Ca: Camosci nappe, V: P. del Vallone nappe,
Le. Lebendun nappe, ML: Monte Leone basement, Hz: Holzerspitz series, Te: Teggiolo zone, UH: ultra-
Helvetic covers, Ve: Verampio).
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Figure 7.4: conlinued
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A) Dogger: onset of the

spreading of the Alpine B S
Tethys _. AW '

B) Middle Cretaceous: senestral

drift of the Briangonnais terrane

Shoulder

European continental
Units (+ passive margin)

Continent-Alpine Tetht%s EEEEEES Valaisan sedimentary unit
m transition (Prepiemontais [2 2 (UFper Paleozoic-Dogger sediments
included) = of the Sion-Courmayeur zone)

- Alpine Tethys - Briangonnais terrane

Figure 7.5 Schematic maps of the paleogeographic environment (Aa: Aar massif, Ad: Adula nappe, An:
Antigorio nappe, Ar: Aiguilles Rouges massif, Av: Avers nappe, Br: Bréche nappe, Ca: Camosci nappe,
Gp: GeisspfadGs: Gastern massif, Gt: Gotthard massif, Hl: Houiller basin, ML: Monte Leone nappe, Le:
Lebendun nappe, Lv: Leventina nappe, Ma: Maggia nappe, MB: Mont Blanc massif, MC: Mont Chetif
basement, ML: Monte Leone nappe, MR: Mont Rose nappe, Ni: Niesen nappe, Po: Pontis nappe, Ro:
Rosswald series, SC: Sion-Courmayeur zone without the Valaisan sediments, Sch. Schams nappes, Si:
Simano nappe, SM: Siviez-Mischabel nappe, So: Sosto Schists, St: Starlera nappe, Su: Suretta nappe, Tb.
Tambo nappe, V: Pizzo del Vallone nappe,Ve. Verampio nappe, VST: Valaisan trilogy, X: X-basement
(ESCHER et al. 1995).
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Figure 7.6 Stratigraphic columns of the southern European margin according to their paleogeographic
position (for the legend, see figure 10.1). Keys to paleontological data: 1.=Saxoceras or Schlotheimia
(indicating an Hettangian age); 2.=Arietitidae (Sinemurian); 3.=Hildoceras bifrons (Toarcian);
4.=Peltoceras and Peltoceratoide (Oxfordian); 5.=Leitoceras (Aalenian); 6.=Protopeneroplis and
Archeosepta platierensis and Bositra buchi (Bathonian); 7.=Protopeneroplis striata and Archeosepta
platierensis (Bathonian).
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Figure 7.6: continued
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7.6 ON A GREATER SCALE

This study leads up to the paleogeographic reconstruction of the very distal south European
passive margin linked to the Alpine Tethys rifting. The Camosci nappe is the most external nappe
outcropping over the studied area, but it is also the most internal nappe of the Helvetic s.l. rim
basin that laid north of the Antigorio rift shoulder (Fig. 7.1, 7.4, 7.5).

To conclude this PhD work, a bibliographic research was done to establish a schematic overview
of the southern European margin on a greater scale. Indeed, the juxtaposition and the
comparisons of several stratigraphic sections allow some of the non-Brianconnais cover series
now outcropping in the Prealps (Submédiane, Niesen and Infraniesen zones) to be resituated in
their paleogeographic position and also to clarify certain points in the Helvetic domain (Helvetic
s.l. nappes, Fig. 7.6). We can, thus, imagine how the margin may have looked before the alpine
deformations (structural highs and basins alternated, Fig. 7.7):

- the nappes, which were deposited on the northern (St-German in DOLIVO 1982, Bachalp
in BUGNON 1986) and southern (La Lenk nappe in LEMPICKA MUNCH 1996, the Camosci
nappe this work) sides of the Helvetic basin s.l., are more similar, but slightly different
from those which were deposited in the deepest central part of the basin (the Urseren
zone in WYSS 1986, the Nufenen zone in SCHAEDLI 2000, the Termen zone in LISKAY
1966 and the Bex nappe in GRAF 1994). This means that the more internal Ultrahelvetic
covers resemble the more external Helvetic covers best (Lotharingian and Domerian
quartzite, Fig. 7.6, 7.7);

- the Camosci nappe has clear affinities with La Lenk nappe (LEMPICKA MUNCH 1996), in
other words with the Infra Niesen zone. They were probably deposited very close to one
another. The weak metamorphic grade recorded in the La Lenk nappe also implies that
this nappe came from the internal Ultrahelvetic basin (LEMPICKA MUNCH 1996);

- the Niesen nappe has a controversial paleogeographic origin. However, the stratigraphic
similarities (BADOUX & HOMEWOOD 1978, RINGGENBERG et al. 2001) with the Lebendun
nappe, as well as its structural position, imply that these two nappes have a close
paleogeographic origin. Moreover, the Niesen nappe underwent a weak anchizonal
metamorphism (LEMPICKA MUNCH 1996) also suggesting an internal origin.

With reference to the studied area, the Infra-Niesen zone (La Lenk nappe, LEMPICKA MUNCH
1996) was deposited immediately north from the Camosci nappe, and the Niesen nappe has to
be rooted in a paleogeographic position similar to that of the Lebendun nappe, in-between the
Monte Leone and the Antigorio nappes.

The remaining question is, what was deposited south of the studied area?

The Submédiane zone (MCCONNEL & DE RAAF 1929) is an upper Cretaceous to Eocene chaotic
wildflysch outcropping in the Prealps. However, it is not clearly rooted now. The only conclusion
that seems clear is that it has a more internal origin in relation to the Niesen nappe. The following
points help to constrain its origin:

- WEIDMANN et al. (1976) noticed the presence in the melange of slices coming from
various units (Niesen and Préalpes Médianes nappes), the most abundant blocks consist
of upper Jurassic pelagic limestone interbedded with calcareous debris flows. This, added
to the similarity of some slices with Ultrahelvetic, north Penninic or Subbriangonnais
facies, allowed the authors to root this zone between the Briangonnais and Ultrahelvetic
nappes (already proposed by BADOUX 1965), in the southern part of the Sion-
Courmayeur zone.
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- STAMPFLI (1993) considered the Submédiane zone as coming from a continent-ocean
transition zone that was situated south of the south Helvetic margin. Moreover he
proposed to link the Trom spilites to the Valaisan event, whereas the reworked ultrabasic
pebbles are likely coming from the erosion of a lower part of the oceanic Alpine Tethys
crust.

- GRAF (1994) has compared the reworked material of the Submédiane zone with those of
the external Préalpes Médianes Plastique nappe. He concluded that the two nappes are
coeval and similar, but at the same time different. He proposed that the Sub-Médiane
zone was deposited in a basin less subjected to tectonic activities and in a lateral rather
different environment than the external Préalpes Médianes nappes.

All this information implies that the Submédiane zone was probably deposited north of the
Subbriangonnais but south of the studied region. It could be interpreted as the accretionary prism
that developed north of the Briangonnais terrane, thus, explaining the great diversities of tectonic
slices found in it.

The Sion-Courmayeur zone is the most important tectonic element coming from the transform
zone associated to the eastward Briangonnais terrane drift, often called the Valaisan ocean
(paragraph VIL.5, TROMPY 1955, BURRI 1958, ANTOINE 1972, JEANBOURQUIN & BURRI 1991).
The Pierre Avoi unit, youngest unit of the Sion-Courmayeur zone, is middle Eocene — Oligocene
chaotic melange (BAGNOUD et al. 1998).

The Submédiane zone and the Pierre Avoi units i) are both contemporaneous of the early
underthrusting of the European margin under the Briangonnais terrane, ii) and represent both the
accretionary prism. In relation to the studied area and from the above-mentioned relationships,
the Submédiane zone and the Pierre Avoi unit originated south from the Pizzo del Vallone
nappe. In fact, the Rosswald series was deposited south from the Pizzo del Vallone nappe, and is
identical to the "flysch de Saint-Christophe", which belongs to the Sion-Courmayeur zone
(paragraph VIL2, VIL5). Following this statement, the Sion-Courmayeur zone originated south
from the Pizzo del Vallone nappe, and the Submédiane zone originated even further south.

The studied area represents the south European passive margin, with elements from the rift
shoulder up to the very distal blocks, which recorded the opening of the Alpine Tethys. The late
Briangonnais drift affected a domain located southward but is not recorded in the mapped area.
The beginning of the northward convergence of the Briangonnais during the Late Cretaceous
time is recorded by the UC3 unconformity (inversion processes, Fig. 7.1).

The studied area is, therefore, directly linked to the opening of the Alpine Tethys, but the late
Briangonnais drift separated it from the Alpine Tethys. Indeed, the studied area was
paleogeographically situated, since the Late Cretaceous time, in-between the Sion-Courmayeur
and the Infraniesen zone.

7.7 FINAL WORDS AND PERSPECTIVES

Up to now the metabasalts of the studied area were mostly considered as relicts of the northern
transform zone associated to the Briangonnais terrane drift (PASTORELLI et al. 1995, KNILL 1996),
and were attributed to the Monte Leone autochthonous cover (LEU 1986, BIANCHI et al. 1998).
However, this study supplies facts against these interpretations; previous authors have previously

proposed, although somewhat partially, the same conclusions (JOOS 1969 and BOLLI et al.
1980).
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The important conclusions highlighted by this work can be summarised into the seven following
points:

1- the Antigorio nappe, which represented the Alpine Tethys rift shoulder, has a very
reduced cover series over the mapped area. The thickness of the levels, which were
deposited before the unconformity UC3 (attributed to the Late Cretaceous or Tertiary
epoch) is of 3 m, whereas the thickness of the levels younger than UC3 reaches more or
less 300m;

2- the cover series, which were deposited south of the Antigorio shoulder (Lebendun
nappe, Holzerspitz series and Pizzo del Vallone nappe), have a specific stratigraphic
signature characterised by a great abundance of conglomeratic levels. Geometric and
stratigraphic reconstructions are systematically in agreement with a deposition in a half-
graben setting (tilted block);

3- the Pizzo del Vallone nappe, newly defined here, is the only nappe that contains
intrusive and extrusive mafic rocks; they are continental tholeiites with a T-MORB like
signature contemporaneous to the deposition of the Sabbione metasandstone attributed
to the Dogger. The green rocks were emplaced during the Alpine Tethys rifting;

4- the Camosci nappe, newly defined here, has a clear Helvetic s.|. affinity. It is the most
external nappe outcropping on the mapped area; the beginning of mapping in the
Rosswald-Saflischpass area shows that the Pizzo del Vallone nappe could be rooted on
the Eisten gneiss;

5- the Lepontine metamorphism began before D4 (dynamic) and continued after D4
(static). Modern methods of investigation permitted the P-T conditions of ~580°C ~9.6
kbar, reached during the peak of metamorphism, to be determined. Such values are
higher than previously established;

6- a late dextral shear zone noted D6 and well observable in the Morasco area, strongly
incurved the previous structures. The latter were rotated from a general WSW-ENE trend
to a NNE-SSW trend thus complicating the tectonic correlations between the Western and
Eastern Alps. The axial traces of the backfolds D5, for instance, are incurved (Annexe
6B): the axes have a WSW-ENE orientation in the Binntal and Sabbione areas, but they
have a NNE-SSW orientation in the Vannino and Busin areas.

The lower Penninic nappes outcropping in the Binntal — Val Formazza area formed the very
distal south European passive margin linked to the opening of the Alpine Tethys rifting. Such
results, admittedly resolve some problems, but also create new ones. The following specific points
could be interesting to pursue:

1- continuation of the mapping of the Pizzo del Vallone nappe to determine its longitudinal
extension;

2- the study of the relations (if possible) between the Pizzo del Vallone nappe and the Bosco
series, series that also contains green rocks;

3- the pursuit east of the axial trace of the Berisal synform, in order to understand its relations
with the Wandfluhhorn antiform;

4- an attempt to possibly discover new Mesozoic volcanic rocks, that could contain datable
zircons;

5- and the dating of the Mesozoic rocks via isotopic methods.
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Annexes

Annexe 4A Microprobe analysises (activities calculated by Thermocalc)

BIOTITE ECB16  StDev ECHI6 | ECY7  StDev ECY7 | EC31  StDev EC31 | EC137 _ StDev EC137 EC27 SiDev ECAT | EC179  SiDev EC179 | EC204  SiDev EC204
Si02 a3t .44 3735 0.40 37.12 0.49 36.57 2.06 4710 0.76 a5.50 0.5 37.08 0.65
TiO2 151 0.12 1.49 0.24 113 0.17 0.80 0.42 1.52 0.16 1.56 0.05 1.29 0.28

Al203 18.90 0.32 19.15 0.77 19.51 0.64 20.25 3.22 1911 118 19.05 032 19.45 122
Cr203 0.05 0,02 0.06 0.02 0.04 0.01 0.05 0.02 0.04 001 0.06 0.03 0.05 0.03
FeO 15.10 0.54 15.82 0.60 15,87 0.55 17.68 338 15.96 1.72 19.22 0.43 1531 0.82
MnO 0.09 0.02 001 0.01 0.04 0.02 0.03 0.02 0.05 0.03 0.03 0.02 0.02 0.03
MgO 12,86 048 12.42 0.59 12.45 0.34 10.25 2.02 12.24 0.98 10.20 0.27 13,13 0.69
Na20 0.17 0.06 0.39 011 0.35 0.06 0.10 0.07 0.20 0.09 0.46 0.10 0.37 0.37
K20 9.03 0.26 8.82 0.16 871 0.19 1131 0.59 9.00 0.33 2.01 0.29 887 0.74
Nbs analysis 43 23 25 69 19 34 19
a(phl) 0.092 0.0166 0.083 0.0159 0.088 0.0163 0.072 0.0147 0.082 0.0158 0.050 00120 0.097 0.0170
a(ann) 0.023 0.0070 0.026 0.0078 0.027 0.0079 0.048 0.0117 0,028 0,0081 0.051 0.0121 0.023 0.0072
a(east) 0.069 0.0143 0.066 0.0141 0.068 0.0143 0.061 0.0134 0.065 0.0139 0,049 0.0119 0074 0.0150
MUSCOVITE | ECHIG  SDev ECBLG6 | ECY9Y  SiDew ECOY | EC31  StDhev EC31 | EC137  SiDev EC137 EC27 StDev EC27 | ECI?Y  SiDev EC179 | EC204  Sthev EC2(M
Si02 4781 1.38 6.9 0.55 47.20 0.79 46.64 0.39 46.78 1.86 47.19 0.26 46,59 1.55
TiO2 0.36 0.10 0.39 0.08 0.36 0,07 0.50 0.08 0.45 019 031 0.05 0.25 013
Al203 33.24 168 33.83 1,03 33.60 0.99 3433 0.57 33.53 2.15 34,58 0.46 38.03 1.90
FeO 1.28 0.19 1.25 0.23 1.09 0.16 143 0.25 0.94 021 1.43 0.13 0.63 029
MnO 0.01 001 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
MgO 1.52 049 1.38 030 1.41 0.28 118 0.15 0.74 0.35 1.08 0.17 0.32 028
Ca0 003 0.06 001 0.01 0.02 0.01 0.01 0.04 0.07 0.12 0.01 0.01 0.36 0.25
Na20 0.76 0.20 1.36 017 1.33 0.14 0.46 0.05 0.94 0.18 1.03 0.06 4.64 1.93
K20 1008 024 9.16 0.16 9.12 0.16 10,78 0.22 10.73 073 9.52 0.24 4.02 3.06
Nbs analysis 40 10 19 80 13 10 29
a (mu) 0.66 0.066 0.65 0.065 0.65 0.065 0.72 0.072 075 0.075 0.68 0.068 0.69 0.0694
a(pa) 0.751 0.0751 1,10 0.1103 1.06 0.1056 0.603 0.0603 0,967 0.0967 1.07 0.1073 0.80 0.080
afcel) 0.045 0.0112 0.037 0.0096 0.039 0.0100 0.032 0.0087 0.023 0.0067 0.028 0.0078 - -
0.0349 0.00924

GARNET ECBI16 _ SiDev ECB16 | EC97  SiDev EC97 | EC31  SiDew EC31 | ECI37  SiDew EC137 EC2? StDev EC27 | ECI79  Sthev EC179 | EC204  StDev EC204
Si02 37.88 0.16 37.52 0.22 37.58 015 317 015 arrz 021 36.99 033 37.67 0.23
TiO2 0.10 012 0.08 0.07 0.07 0.02 0.09 0.04 0.09 0.02 0.06 0.03 0.08 0.03
Al203 21.04 0.11 20.71 0.20 2082 0.19 20,99 0.10 20.94 0.17 20.55 0.09 20.82 0.07

Cr203 0.04 0.02 0.04 0.02 0.04 0,02 0.04 0.02 0.04 002 0.05 0.03 0.04 0.02
FeO 3059 048 32.00 0.42 32.21 0.51 31.03 0.29 30,55 547 34.49 0.84 3245 035
MnO 1.03 0.14 0.39 0.06 0.26 0,11 0.37 0.05 0.59 0.41 1.92 0.10 0.15 0.09
MgaO 2.40 0.21 2.64 0.33 2,82 0.42 3.31 0.08 3.68 040 2.36 0.10 3.43 024
Ca0 8.00 0.60 7.11 0.78 6.94 0.76 7.24 0.27 6.10 0.56 3.67 0.78 587 0.55

Nbs analysis 50 48 43 29 28 24 23
afpy} 0.00257 0.001148 00031  0.00134 0.0035 0.00153 0.0056 0.00229 0.0070 0,00274 | 0.00163 0,000762 0.0053 0.00218
afgr) 0.013 0.00469 0.0093  0.00347 0.0089 0.00334 0.0108 0.00393 0.0078 0.00301 0.0014 0.00066 0,0059 0.00237

a(alm) 0.26 0.039 0.29 0.043 0.29 0.043 0.25 0.037 0.27 0.040 0.40 0.060 0.30 0,045
a(sps) 0.000011  0.0000061 . . . - - 0.0000020 0.00000118 |0.000076  0.000042 . -

STAUROTIDE BT Sinew ECO7 | ECI1 Sildew 5031 5 ob Sihey EC27 | EC179 Siew ECLTY | EC204  SiDev EC204 | FL278  Sifww EC2TA

B 20 023 A040 029 2181 .16 2 03z 2795 naz FrE 028
Tio2 0.47 021 0.55 008 0.68 0.08 0.58 0.15 0.57 008 0.60 003
Al203 54.47 038 53.99 040 5347 024 53.62 053 53.78 035 54.46 021
FeO 10.86 047 12.24 014 12.18 028 1413 014 12.60 025 10.58 023
MnO 0.03 0.02 0.12 0.03 0.20 0.02 0.09 003 0.03 0.02 0.02 0.02
MgO 160 on 1.72 0.16 185 017 1.56 010 2.04 011 137 008
Zn0 2.87 015 117 0.06 0.99 0,09 0.72 009 0.89 010 2.62 020
Nbs analysis 12 12 11 19 28 15

a(mst) 0o0is  0,00096 0.0018 0.00091 0.0025 000119 0.00082 0.00045 0.0026 0,00124 0.0013 0.00067

afst) 039 0.078 0.40 0.079 0.36 0073 0.48 0.095 0.36 0.072 043 0.087

FELDSPATH | ECBIG  SiDuw ECBIG | BC97  Sthew EC9Y | EC31  SiDev ECAL | ECI3Y SiDew ECIS7 | EC27  Sibev EC27 EC204 Sl EC20I | EC27d  Sitew BCUIE

Se02 5937 100 [CIEE] aad 043 .52 G252 FRY] 4752 158 62 4% na B6LO0 056
ARO3 2551 0.65 24.52 0.26 24,59 0.24 2338 155 33.54 117 2338 0,67 2388 040
FeQO 0.04 0.05 0.09 0.05 0,05 004 007 008 0.03 0.03 006 0,07 014 018
Ca0 7.10 0.66 6.08 0.24 6,05 033 506 093 16.84 124 4.42 041 5.53 0.30
Na20 7.45 0.38 812 0.20 a16 023 845 069 1.98 075 886 037 850 018
K20 0.14 0.13 0.06 0.02 0.05 002 024 007 0.03 0,02 013 020 0,07 003
Nbs analysis 27 20 21 44 18 43 30
afan) 0.55 0.0273 0.46 0.0267 045 00271 038 00292 0.86 0.0430 033 0.0296 0.44 00277
a{ab) 0.66 0.0330 0.7 0.0357 0,72 00358 075 00374 0.35 0.029% 0.78 0.0391 074 0.0370
EPIDOTE ECHIG Sthiew 6 JECL Stk BELTO ECBI6 Sy CHIG ILMENITE | ECI79  SiDey EC1TY | FCH1G - SiDev ECB1G
SioR 3845 .56 ansa 0.3 : P 02 S0 0.0 [AXiE] [iXiX] a01Es
TIO2 0.19 003 0.14 001 . 0.10 0.03 Tio2 52.88 07 53.51 13724
AlRO3 28.96 038 26.80 050 8 22.99 0.30 AR03 0.01 0,01 0.01 0.0087
Cr203 0.01 001 0.01 001 FeO 16.31 031 0.03 0.02 Cr203 0.04 003 0.06 0.0470
FeO 5.54 034 6.79 161 MnO 0.05 003 21.65 0.44 FeQ 46.68 044 45.92 0.7061
MnO 0.05 004 0.22 011 MgO 8.36 018 0.17 0.02 MnO 0.40 004 0.25 0.0150
MgO 0.05 002 0.18 013 Ca0 10.62 034 17.58 0.49 MgO 0.07 002 0.53 01315
Ca0 2344 019 2094 015 Na20 148 015 0.01 0.01 Cab 0.02 002 0.06 0.0241
Nbs analysis 22 18 K20 0.48 007 0.02 0.01 Nbs analysis 10 12
alcz) 0.62 0,062 046 0046 Nbs analysis 28 19 alilm) 0.98 0.098 0.96 0.096
alep) 033 0.033 0.37 0037 aftr) 003931 0009828 0.056 0.0119 a(hem) : - :
aflep) 0.0075 000251 0o 0.00329 afact) 000083 0000478 0.0097 0.00366 a(pni) 0.0086 00028 00052 00018
als) 0013 0.0045 0.056 0.0118 a(gelk) 0.0025 0.0019 0.020 00058
afparg) 01910 00477
a{gl) 001789  0.005467

af-) = activity of the pure pole

StDev = Slandard Devialion
Nbs = Number of
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Annexes

Annexe 4B Personal adaptation and abbreviations

I chose XH20 = 0.8 because the proximity of calcschist, marble,... certainly induced a probable
presence of XCO2 in the metamorphi fluids, and because the presence of non-negligible
quantities of graphite in the micaschist proves that C is present in the rock.

alm: almandine, amph: green amphibole, an: anorthite, ann: annite, as: aluminosilicate, bt:
biotite, cd: cordierite, chl: chlorite, cld: chloritoide, ep: epidote, fcd: ferrocordierite, FP: alkaline
feldspath, fst: ferrostaurolite, gph: graphite, gt: garnet, ilm: ilménite, ky: kyanite, lws: lawsonite,
marg: margarite, ms: muscovite, phl: phlogopite, q: quartz, ru: rutile, st: staurolite, zo: zoisite.

Annexe 4C Gibb's modelling

Sample EC97 Steps | Dagrossular  Dalmandin  Dspessartin 510°C  7750kbar Xanorhtite
Minerals: Quartz, Water, Garnet, Biotite, Plagioclase, 0.0209 -0.0011 -0.0010 496.4 8272.8 23%
Muscovite, Staurotide, Epidote, Chlorite Staurotie out, chlorite in
System: Si, Al, Mn, Fe, Mg, K, Ca, Na, H 2| 0.0209 -0.0131 0.0007 484.2 9009.2 17%
Phases: 50 Garnet: Xpyrope = 0.1096 3| 0.0145 -0.0038 -0.0049 475.3 9500.5 14%
Xalmandin = 0.7216 4| -0.0075 0.0059 0.0015 478.3 9128.4 16%
Xspessartin = 0.0132 51 0.0114 -0.0076 0.0028 469 9358.8 14%
Xgrossular = 0.1753 6| 0.0040 -0.0044 0.0060 462.8 9204.9 14%
7/
8
9
10

—_

51 Biotite: Xphlogopite = 0.6021 -0.0014 0.0001 0.0031 461.8 9008.4 14%
Xannite = 0.3975 0.0125 -0.0128 0.0061 451.5 9239.4 12%
XMnBiotite = 0.0003 -0.0196 0.0156 0.0024 461.2 8350.2 16%
48 Plagioclase: Xalbite = 0.7068 0.0161 -0.0146 0.0051 448.7 8739.3 13%

Xanorthite = 0.2932 11| -0.0176 0.0069 0.0087 457.7 7900 16%

45 Muscovite: Xmuscovite = 0.8188 12| 0.0079 -0.0057 -0.0001 452.6 81719 15%

Xparagonite = 0.1812 13| -0.0092 0.0056 0.0026 457.2 7740.5 17%

12 Staurotide: XMgStaurotide = 0.2070 14] 0.0054 -0.0164 0.0129 452.6 7802.8 16%

XFeStaurotide = 0.7904 15| 0.0021 -0.0082 0.0105 447 7514 16%

XMnStaurotide = 0.0026 16| -0.0078 -0.0017 0.0098 449.3 7009 18%

30 Epidote: Xclinozoisite = 0.6200 17| -0.0088 -0.0115 0.0217 449 8 6285 21%

Xepidote = 0.3800 18| 0.0008 -0.0129 0.0064 455.6 6749 20%

14 Chlorite: ~ XMgChlorite = 0.5816 19| 0.0005 -0.0020 0.0123 443.6 5863 22%

XFeChlorite = 0.4167 20f -0.0144 -0.0060 0.0225 4439 4756.5 28%

XMnChlorite = 0.0017 21| -0.0015 -0.0081 0.0103 440.1 4465.4 29%

T° initial: 510°C 221 -0.0074 -0.0340 0.0444 433.2 3397.8 40%

P initial: 7750kbar 23] -0.0063 -0.0373 0.0491 417.7 1932.1 57%
Sample EC31 Steps | Durossular Dalmandin _ Dspessartin _ 550°C __8000kbar Xanorhtite

Minerals: Quartz, Water, Garnet, Biotite, Plagioclase, 1| 0.0234 0.0029 -0.0032 492.6 8206.4 20%

Muscovite, Staurotide, Epidote, Chlorite 2| 0.0294 -0.0080 -0.0001 468.9 9389.7 27%

System: Si, Al, Mn, Fe, Mg, K, Ca, Na, H 3| 0.0080 -0.0005 0.0019 459.1 9534.5 11%

Phases: 50 Garnet: Xpyrope = 0.1282 4| -0.0039 0.0101 0.0029 455.7 8749.2 12%

Xalmandin = 0.7249 5] 0.0015 -0.0068 0.0138 448.7 8254.5 13%

Xspessartin = 0.0091 6 -0.0236 -0.0403 0.0711 453.5 5410.9 24%

Xgrossular = 0.1549 7] -0.0069 -0.0876 0.1204 418.3 1749 58%

51 Biotite: Xphlogopite = 0.6033
Xannite = 0.3959
XMnBictite = 0.0008
48 Plagioclase: Xalbite = 0.7072
Xanorthite = 0.2938
45 Muscovite: Xmuscovite = 0.8144
Xparagonite = 0.1856
12 Staurotide: XMgStaurotide = 0.2063
XFeStaurotide = 0.7801
XMnStaurotide = 0.0136
30 Epidote: Xclinozoisite = 0.8
Xepidote = 0.2
14 Chiorite: XFeChlorite = 0.4167
XMgChlorite = 0.5816
XMnChlorite = 0.0017
T° initial: 550°C
P initial: 8000kbar
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Annexe 4C Gibb's modelling

Sample ECB16 Steps | Dgrossular  Dalmandin  Dspessartin =~ 480°C  6900kbar  Xanorhtite
Minerals: Quartz, Water, Garnet, Biotite, Plagioclase, 1| 0.0328 -0.0189 0.0018 464.6 8104 15%
Muscovite, Staurotide, Epidote, Chlorite 2 0.0011 0.0012 0.0003 463.7 8027 15%
System: Si, Al, Mn, Fe, Mg, K, Ca, Na, H 3| -0.0080 0.0111 0.0021 466.4 7292 18%
Phases: 50 Garnet: Xpyrope = 0.0.0997 4 -0.0019 0.0073 0.0048 4649 6624 20%
Xalmandin = 0.6816 5] 0.0201 -0.0291 0.0168 453.7 7100 17%
Xspessartin = 0.0216 6| 0.0043 -0.0086 0.0168 447.7 6369 18%
Xgrossular = 0.2007 7| -0.0084 -0.0264 0.0375 447 5538 22%
51 Biotite: Xphlogopite = 0.6179 8| -0.0015 -0.0267 0.0335 442.6 4846 24%
Xannite = 0.3798 9 -0.0089 -0.0172 0.0321 439.3 3777 31%
XMnBiotite = 0.0022 10| -0.0044 -0.0111 0.0149 439 3520 34%
48 Plagioclase: Xalbite = 0.6497 11} -0.0030 -0.0036 0.0086 437.6 3168 38%
Xanorthite = 0.3503 12|  0.0084 -0.0085 -0.0040 438.9 3088 36%
45 Muscovite:  Xmuscovite = 0.9868
Xparagonite = 0.0132
30 Epidote: Xclinozoisite = 0.6900
Xepidote = 0.3100
14 Chlorite: XFeChlorite = 0.4072
XMgChlorite = 0.5895
XMnChlorite = 0.0033
T° initial: 480°C
P initial: 6900kbar
Annexe 4D P-T recalculated by Thermocalc by varying X(H20)
BGR2, Gotthard Massif
XH20 sigfit fit P T DT corr, React.
1 1.37 0.93 7 544 33 0.915 11 "com." = the correlation c«
0.8 1.37 0.94 6.9 534 32 0913 11 "React." = the number of
0.6 1.37 0.95 6.8 526 32 0912 11 reactions found by The
Kambers obtained P=5kbar and T=530°C
BGR17, Nufenen Zone
XH20 sigfit fit P T DT corr, React,
1 1.54 1.33 8 579 62 0.939 6 "cor." = the correlation c
0.8 1.54 1.34 79 570 61 0.939 6 "React." = the number of
0.6 1.54 1.35 7.8 562 60 0.939 6 reactions found by The
Kambers obtained P=4,8kbar and T=480°C
BGR36, Corno Schuppe
XH20 sigit fit P T DT corr. React
1 145 0.58 9.4 627 80 0.988 8 "con." = the correlation ¢
0.8 1.45 0.61 9.6 625 80 0.988 8 "React." = the number of
0.6 1.45 0.63 9.7 622 80 0.988 8 reactions found by The
Kambers obtained P=6kbar and T=520°C
BGR39, Bedretto Zone
XH20 siafit fit P T DT corr. React
1 1.54 0.68 94 583 82 0.949 6 "cort." = the correlation c:
0.8 1.54 0.68 9.6 580 81 0.95 6 "React." = the number of
0.6 1.54 0.68 9.7 577 80 0.952 6 reactions found by The
Kambers obtained P=6kbar and T=525°C
M36 (X:685'920/Y:148'105), Maggia Nappe
XH20 sigfit fit | T DT corr. React
1 1.61 0.37 9.2 615 21 0.242 5 "corr." = the correlation c
0.8 1.61 0.45 8.8 595 20 0.224 5 "React." = the number of
0.6 1.61 0.54 85 578 18 0.219 5 reactions found by The
Déléze obtained P=104+2kbar and T=580+60°C.
Ma9464 (X:682'980/Y:145'000), Maggia Nappe
XH20 sigfit fit P T DT corr, React.
1 1.54 1.36 8.8 608 60 0.76 6 "corr." = the correlation ¢
0.8 1.54 1.38 8.7 600 59 0.759 6 "React." = the number of
0.6 1.54 14 8.7 592 58 0.757 6 reactions found by The

Todd & Engi obtained P=5,67+0,5kbar and T=502+22°C
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Annexe 6.A 1) Block diagram with the tectonic limits. The mapped area is delimited in black
(modified after SPICHER 1980, STECK et al. 1999, and this work).

(a: Blinnenhorn, a : Ofenhorn {Pta Arbola), 4 : Nufenenstock, 4 : Monte Giove)

N
Annexe 6.A 2) Relief map of the area with: f
- some lineaments

- SOme axes =>
- some dips-dips directions of the siratification
(A : Blinnenhorn, 4 : Ofenhorn (Pta Arbola)
A : Monte Giove).
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