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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.
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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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nappe. 22
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Figure 2.7 Stratigraphic profiles of the Teggiolo cover (for the legend see figure 2.1). 23

Figure 2.8 Schematic sketches showing the relation between the calcschists, the Dolomitic unit and
the position of the comieule. A), B) and C): three hypotheses discussed in the text. 26

Figure 2.9 Some sections logged along the Camosci thrust plane (for the legend, see figure 2.4). 26

Figure 2.10 Synthetic stratigraphic columns of the studied area, ordered according to their
paleogeographic position. The levels attributed to the Aalenian age are coloured in brown, the
syn-rift sequence is in a yellowish colour (except for the calcareous levels which are in blue).
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, 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

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. 31

3 CRYSTALLIZATION-DEFORMATIONS RELATIONSHIPS

Figure 3.1 A) Fine alternations of muscovite- and quartz-rich layers (upper part of the defrital unit of
the Camosci nappe, sample EC269, 672'760/143'060). The main schistosity S3 was refracted
according to variations 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. 33

Table 3.1 Variations in the minerals content of the extremely variable Sabbione metasandstone.34

Figure 3.2 Late porphyroblasts, coeval to the Lepontine metamorphism (Chapter IV), are well
developed and randomly oriented in the Sabionne metasandstone (sample EC186,
668215/140545). They overprint the main schistosity here outlined by chlorite. 34

Table 3.2 Percentage of the minerals in the various micaschists of the Camosci nappe. 36

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). 36

Table 3.4 Grain size and modal percentage of the minerals, and observed relationships between
deformation and mineral crystallization in garnet micaschists. (S2 and S3 are the first two
penetrative schistosities, S4 the crenulative schistosity, and Dt the Lepontine metamorphism).

37
Figure 3.3 Barrowian sequence recorded in the garnet micaschist EC27 (671'420/135'330). 38

Table 3.5 Summary of the crystallization-deformation relationships observed in the metabasalts
(S2 and S3 are the first two penetrative schistosities, 4 the crenulative schistosity, and Dt the
Lepontine metamorphism). 39

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. 39



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).

40
Figure 3.6 Localisation of the kyanite-in isograd. 41

4 THERMOBAROMETRIC INVESTIGATIONS

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. 43

Table 4.1 Comparison of the values (without the calculated errors because not provided by all
methods, see Table 5.2) obtained by different methods: PS-TS: pressure, temperature
respectively after a chosen calibration proposed by the Spear's software / TGt-St: temperature
after FED'KIN & ARANOVICH'S equation (1991) / PTh-TTh: pressure and temperature after
THERMOCALC. 44

Table 4.2 Results provided by THERMOCALC for X (H20)=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. 45

Figure 4.2 P-T calculated by THERMOCALC (Tab. 5.2) 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 5B.

46

Table 4.3 A) P-T obtained for the rim of the porphyroblasts (end of Dt, Tab. 3.5) after COLOMBI
(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

for applying Thermocalc. B) Temperature calculated for the amphiboles respectively coeval to
52,53 and S4. 47

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). Curve A is proposed by
SPEAR (1993) for a similar tectonic environment. 48

Figure 4.4 The P-T values calculated by Thermocalc for MA9464 (TODD & ENGI 1997) and for
M36 (DELEZE 1999). These two samples were sampled not too far away from one another.
The P-T values calculated by the authors are also reported on the grid. 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 5B.

49

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 5B.

50
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. 52
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5 GEOCHEMISTRY

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

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. 57
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). 58

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. 59

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). ‘ 62

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
by D4 (Camosci nappe, 671220/142620. 66

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

Figure 6.5 A), B) and C) Differently oriented cross-sections: more cross-sections are presented in
annexe 8D. D) location of the cross-sections. 71

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 X.2. 72
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. 73

Figure 6.8 Bloc diagram calculated by a computer program (Shear2F, REYy 2001) with the
localisation of the various axial traces. 74
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