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The Pyramids of Giza, Egypt. 

The pyramids of Menkaure's three queens in front of the pyramids of Menkaure, 

Khafre and Khufu. Pyramids of Giza are the only one of the Seven Wonders of the Ancient 

World to survive. This is why it has been said: everything fears time, but time fears the 

Pyramids.  
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Figure caption: 
 

 

Fig.1.1: a) Tectonic sketch map of the western and central Alps. b) The location and 

accessibility of Gran Paradiso massif. 

 

Fig.2.1: Plate-tectonic evolution of the Alpine region from Permian to Tertiary. 

Africa/Europe relative plate motions are from Dewey et al., (1989), based on analysis of 

Atlantic magnetic anomalies and transform faults. (a) Pre-Triassic configuration: Africa, 

Europe, Iberia, and Adria all form parts of pangaea, surrounding a gulf of the Thethys 

ocean. (b) Late Jurassic: opening of the southern and central Atlantic is transferred 

eastwards to open up the Neothys Basin between Africa and Europe. Adria remains attached 

to Africa. (c) Mid-Cretaceous: Adria starts to rift away from Africa, and convergence begins 

on its northern margin. This causes high-P/low-T metamorphism of crustal rocks, now 

found in the internal zones of the Alps. (d) Late Cretaceous: Adria moves northwards away 

from Africa and towards Eruope, forming an accretionary wedge on its northern margin. (e) 

Oligocene: Collision starts between Adria and Europe, to form the present collisional chain 

of the Alps (after Platt, 1997). 

 

Fig.2.2: Main tectonic and Palaeographic units of the Alps. 

 

Fig.2.3: Simplified geological map of western Alps. Cross-section SE-NW indicating of the 

geophysical-geological transect of the western Alps in Fig.2.4 from Schmid and Kissling 

(2000). 

 

Fig.2.4: The schematic geophysical-geological sections through the western Alps. (ECORS-

CROP) After Schmid and Kissling (2000). 

 

Fig.2.5: Tectonic map of the Gran Paradiso massif.     

 

Fig.3.1: Graphical representation of strain ellipsoids: the Flinn diagram. A) Different 

ellipsoids are described using the value K = (a-1) / (b-1). B) If the volume is not constant, 
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Figure caption 
 

the line a = b (1+ ∆) divides the field of flattening strain. After Flinn 1962, and Ramsay, 

1967. 

 

Fig.3.2: (a, b and c) Maps showing localities of finite-strain samples.  

 

Fig.3.3: (a) XZ section of moderately deformed augengneiss SSE of Pont; note that feldspar 

porphyroclasts with axial ratios of up to ∼4 are not parallel to main-phase foliation. (b) 

Quartzite conglomerate from base of Zermatt-Sass zone E of Lillaz; most clasts are parallel 

to foliation. (c) Mylonitic deformation of augengneiss leading to platy gneiss; sample GP02-

106. (d) Weakly deformed metagranite E of Ceresole; large feldspar clasts are at high angle 

to foliation. (e) Dynamically recrystallized feldspar porphyroclasts indicating top-W shear 

sense; both microphotographs are from sample GP02-80A. (f). Recrystallized feldspar 

porphyroclasts and mica fish indicating top-W shear sense; sample GP02-102. 

 

Fig.3.4: (a) Lineation map for Gran Paradiso massif and contact between Gran Paradiso 

massif and Zermatt-Saas zone near Lillaz (b); arrow heads indicate plunging direction. 

 

Fig.3.5: Modified AKF diagram showing fundamental phase relations in the system K2O-

MgO-Al2O3-SiO2-H2O relevant to Phengite solid solubility. Abbreviations: Ea eastonite, 

Ms Muscovite (after Massonne and Schreyer 1987). 

 

Fig.3.6: Phengite chemistry: a) compositional variation of Si and Al. b) Relationship 

between Mg and Si contents. c) Relationship between Mg/Mg+Fe and Si contents. d) 

Histogram of white mica analyses showing uni-modal distribution of Si contents. 

 

Fig.3.7: Lower-hemisphere equal-area projections for maximum extension direction (X): a) 

conglomerate samples (contours start at 5% and increment every 5%), b) augengneiss 

samples (contours start at 1% and increment every 1%), c) Erfaulet samples (contours start 

at 5% and increment every 5%), and d) all samples (contours start at 1% and increment 

every 1%). Red squares in the stereographic projections represent mean values of tensor 

averages.   
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Fig.3.8: Lower-hemisphere equal-area projections for intermediate direction (Y): a) 

conglomerate samples (contours start at 5% and increment every 5%), b) augengneiss 

samples (contours start at 1% and increment every 1%), c) Erfaulet samples (contours start 

at 5% and increment every 5%), and d) all samples (contours start at 1% and increment 

every 1%). Red squares in the stereographic projections represent mean values of tensor 

averages. 

 

Fig.3.9: Lower-hemisphere equal-area projections for maximum shortening direction (Z): a) 

conglomerate samples (contours start at 5% and increment every 5%), b) augengneiss 

samples (contours start at 1% and increment every 1%), c) Erfaulet samples (contours start 

at 5% and increment every 5%), and d) all samples (contours start at 1% and increment 

every 1%). Red squares in the stereographic projections represent mean values of tensor 

averages. 

 

Fig. 3.10: (a) Flinn diagram (Flinn 1962) showing relative strain or strain symmetry as 

obtained by Rf/φ  (black squares) and Fry (open dots) analysis. (b) Rf/φ and Fry data from 

same samples connected by tie lines; grey sample points indicate data from metasediments. 

(c) SX vs K showing positive correlation. (d) SY vs K showing pronounced negative 

correlation. (e) SZ vs K depicting no obvious correlation. 

 

Fig.3.11: (a) Maps showing Nadai strain magnitude (Et) for each sample and contours of Et 

for Gran Paradiso massif (a), contact of latter with Zermatt-Sass zone (b) and contact with 

the western part for Gran Paradiso (c). Assuming constant volume deformation Nadai strain 

magnitude represents square of deviatoric strain (Et = E d
2). Cross section B-B’ in Fig. 12 is 

indicated. 

 

Fig.3.12: Cross section B-B´ showing contoured Nadai strain magnitude and its relation to 

nappe contact within Gran Paradiso massif and between latter and Zermatt-Saas zone; 

highest Nadai strains occur within Gran Paradiso unit. 

 

Fig.3.13: (a) Maps showing K value for each sample and contours of K value for Gran 

Paradiso massif (a) and contact of latter with Zermatt-Sass zone (b), and contact with the 

western part for Gran Paradiso (c).  Cross section C-C’ in Fig. 14 is indicated.  
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Fig.3.14: Cross section C-C´ showing contoured K value and its relation to nappe contact 

within Gran Paradiso massif and between latter and Zermatt-Saas zone; K values >1 are in 

general restricted to Erfaulet unit. 

 

Fig.3.15: Isocon diagrams after Grant  (1986) comparing trace element and major oxide 

concentrations of deformed samples to that of least deformed sample (GP01-23A) (RXZ 

ratios of samples are shown); element concentration is scaled to 0-100 wt% or parts per 

million. Solid line represents 1:1 correspondence between concentrations of deformed and 

almost undeformed samples; dashed line represents averaged estimate of volume loss based 

on enrichment of Zr (open circles), Al2O3 (open triangles) and TiO2 (open squares). 

 

Fig.4.1: Schematic nappe sequence in northern part of Western Alps and maximum PT 

conditions for Gran Paradiso and Erfaulet units; emplacement of higher pressure Gran 

Paradiso unit onto Erfaulet unit demands that 4-11 km of vertical section was removed 

during nappe emplacement. 

 

Fig.4.2: Schematic illustration of the three exhumation processes: normal faulting, ductile 

flow and erosion (After Ring et al. 1999). 

 

Fig.4.3: Plots of model results for tensor average strains, illustrating the exhumation and 

strain history for proportional strain rates, respectively; depth of initial accretion is 46 km; 

residence time within a steady-state wedge is 6myr. 

 

Fig. 5.1: Cross section E-W showing broad domal structural; Erfaulet unit forms base of 

exposed section and crops out in major valleys. 

 

Fig. 5.2: Schematic structural model for occurrence of slightly constrictional strain in 

Erfaulet unit. Early S1 foliation parallel to tectonic contact between Gran Paradiso unit and 

Erfaulet unit is folded and forms gneiss-cored fold nappe of Vissers & Compagnoni (1984); 

S2 foliation is generally subparallel to S1, which explains flattening strain, but in hinge 

zones of F2 folds S2 is at high angle to S1 leading to local constrictional strain. 
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Abstract 
 

 
Abstract: 
 

A finite-strain study in the Gran Paradiso massif of the Italian Western Alps has 

been carried out to elucidate whether ductile strain shows a relationship to nappe contacts 

and to shed light on the nature of the subhorizontal foliation typical of the gneiss nappes in 

the Alps. The Rf/φ and Fry methods used on feldspar porphyroclasts from 143 augengneiss 

and 11 conglomerate samples of the Gran Paradiso unit (upper tectonic unit of the Gran 

Paradiso massif), as well as, 9 augengneiss (Erfaulet granite) and 3 quartzite conglomerate 

samples from the underlying Erfaulet unit (lower unit of the Gran Paradiso massif), and 1 

sample from mica schist. Microstructures and thermobarometric data show that feldspar 

ductility at temperatures >~450°C occurred only during high-pressure metamorphism, when 

the rocks were underplated beneath the overriding Adriatic plate. Therefore, the finite-strain 

data can be related to high-pressure metamorphism in the Alpine subduction zone. The 

augen gneiss was heterogeneously deformed and axial ratios of the strain ellipse in XZ 

sections range from 2.1 to 69.8. The long axes of the finite-strain ellipsoids trend W/WNW 

and the short axes are subvertical associated with a subhorizontal foliation. The strain 

magnitudes do not increase towards the nappe contacts. Geochemical work shows that the 

accumulation of finite strain was not associated with any significant volume strain. Hence, 

the data indicate flattening strain type in the Gran Paradiso unit and constrictional strain 

type in the Erfaulet unit and prove deviations from simple shear.  

In addition, electron microprobe work was undertaken to determine if the analysed 

fabrics formed during high-P metamorphism. The chemistry of phengites in the studied 

samples suggests that deformation and final structural juxtaposition of the Gran Paradiso 

unit against the Erfaulet took place during high-pressure metamorphism.  

On the other hand, nappe stacking occurred early during subduction probably by 

brittle imbrication and that ductile strain was superimposed on and modified the nappe 

structure during high-pressure underplating in the Alpine subduction zone. The 

accumulation of ductile strain during underplating was not by simple shear and involved a 

component of vertical shortening, which caused the subhorizontal foliation in the Gran 

Paradiso massif. It is concluded that this foliation formed during thrusting of the nappes 

onto each other suggesting that nappe stacking was associated with vertical shortening. The 

primary evidence for this interpretation is an attenuated metamorphic section with high-

pressure metamorphic rocks of the Gran Paradiso unit juxtaposed against the Erfaulet unit. 
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Abstract 
 

Therefore, the exhumation during high-pressure metamorphism in the Alpine subduction 

zone involved a component of vertical shortening, which is responsible for the subhorizontal 

foliation within the nappes. 
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Zusammenfassung 
 

 
Zusammenfassung 
 

Eine Verformungsstudie im Gran Paradiso Massif der italienischen westlichen Alpen 

ist durchgeführt worden, um aufzuklären, ob duktile Verformung ein Verhältnis zu den 

Deckenkontakten hat und Rückschlüsse auf die Natur der subhorizontal Schieferung, die für 

die Gneisdecken in den Alpen typisch ist, erlaubt. Die Rf/φ und die Fry Methoden wurden 

auf 143 Augengneis-, 11 Konglomerat- und 1 Glimmerschiefer-Probe der Gran Paradiso 

Einheit (obere tektonische Einheit des Gran Paradiso Massif), sowie 9 Augengneis (Erfaulet 

Granit) und 3 Konglomerat-Proben der darunter liegenden Erfaulet Einheit (unterere Einheit 

des Gran Paradiso Massif) angewendet. Mikrostrukturen und thermobarometrische Daten 

zeigen, dass Feldspatduktilität bei Temperaturen von ~450°C nur während der 

Hochdruckmetamorphose auftrat. Folglich können die Verformungsdaten auf die 

tektonischen Prozesse während der Hochdruckmetamorphose in der alpinen 

Subduktionzone bezogen werden. Der Augengneis wurde heterogen verformt und axiale 

Verhältnisse de Verformungsellipse in XZ-Schnitten reichen von 2.1 bis 69.8. Die langen 

Achsen der Verformungsellipsoide sind W/WNW orientiert und die kurzen Achsen sind 

subvertikal. Die Verformungsbeträge erhöhen sich nicht in Richtung zu den 

Deckenkontakten. Geochemische Daten zeigen, dass die Verformungs-akkumulation nicht 

mit bedeutenden Volumensverschiebungen verbunden war. Folglich zeigen die Daten an, 

dass die Verformungsgeometrie oblat in der Gran Paradiso Einheit und prolat in der Erfaulet 

Einheit war und somit von einfachen Scherung abwich. 

Zusätzlich wurde Elektronmikrosondearbeien durchgeführt, um festzustellen, ob sich 

die analysierten Strukturen während der Hochdruckmetamorphose bildeten. Die Chemie 

von Phengiten lässt vermuten, dass Deformation und abschließende strukturelle 

Nebeneinander-stellung der Gran Paradiso Einheit gegen die Erfaulet Einheit während der 

Hochdruck-metamorphose stattfandt. 

Da die Verformungsdaten keinerlei Beziehung zu den Deckenkontakten zeigen, wird 

angenommen, dass sich die Deckenkontakte früh während der Subduktion vermutlich durch 

spröde Imbrikierung bildeten. Diese Deckenkontakte wurden dann durch duktile 

Deformation während des Hochdruckmetamorphose durch Unterplattung in der alpinen 

Subduktionzone heterogen überprägt. Die Akkumulation der duktilen Verformung während 

der Unterplattung kann nicht mit einfacher Schereund beschrieben werden und beinhaltete 
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Zusammenfassung 
 

eine Komponente vertikaler Verkürzung, die die subhorizontale Schieferung im Gran 

Paradiso Massif verursachte. Es wird gefolgert, dass sich diese Schieferung während der 

Decken-überschiebungen bildete.  
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Chapter 1: Introduction 
 

 
1. Introduction 

 
 
1.1  General considerations: 
 

This study is a contribution to the understanding of the structure and kinematic 

evolution of the Gran Paradiso massif within the Western Alps of Italy. It has been achieved 

through field work and subsequent investigations with emphasis on acquisition and 

interpretation of finite strain and exhumation data. Corroborative microprobe analytical 

studies were also carried out. These were performed on phengite micas from widespread 

augen gneisses that form an integral part of the Gran Paradiso massif.  

Though the Gran Paradiso and adjacent areas were subjected to wide ranging 

geological investigations e.g. (Compagnoni et al. 1974; Compagnoni & Prato 1969; 

Vearncombe 1983,1985; Benciolini et al., 1984; Dal piaz and Lombardo, 1986; Goffé and 

Chopin, 1986; Pognante et al., 1987; Ballévre, 1988; Biino and Pognante, 1989; Borghi et 

al., 1992; Compagnoni et al. 1994), they, still, represent key regions wherein much can be 

learned with reference to the geotectonic evolution of the Alpine Orogen in general and that 

of the Western Alps in particular. A number of finite-strain studies from natural shear zones 

show oblate geometries (Coward 1976; Choukrone & Gapais 1983, O’Hara 1990, Bailey et 

al. 1994, Ring 1999). These oblate fabrics may result from volume loss in simple shear 

zones or from true flattening with or without volume loss (Ramsay & Wood 1973; Simpson 

& DePaor 1993). A quantification of finite strain, the degree of non-coaxiality and volume 

strain is needed to evaluate the significance of such oblate strain geometries and how they 

may related to the flat-lying foliation characteristic for the nappes in the internides of the 

Alps. 

Other major problems include the stage of orogeny at which nappes form and what 

the relationship is between finite strain and nappe contacts. Common wisdom is that the 

bases of nappes are high-strain zones and that therefore the accumulation of large finite 

strains and nappe emplacement is intimately related. In the Alps, nappe contacts are, at least 

in part, major lithologic boundaries and the occurrence of Permo-Mesozoic sediments 

between gneiss units is often used to map nappe boundaries. The contact between the 

oceanic Zermatt-Saas zone and the continental Gran Paradiso massif is also a major 

lithologic boundary. 
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Chapter 1: Introduction 
 

Feehan & Brandon (1999) have pointed out that the orientations of finite strains have 

a strong influence on the relation between ductile thinning of the overburden and 

exhumation. The exhumation of deeply subducted crustal material, especially during plate 

convergence, is one of the key geodynamic problems of mountain belt geology (Platt 1993). 

The key geodynamic problem for exhumation is thus that HP rocks need to move rapidly 

upwards within a zone of continuing convergence (subduction regime). Exhumation occurs 

through three processes: erosion, normal faulting, and ductile thinning. The processes are, 

also, of significance with respect to the formation of orogenic topography in addition to 

their contribution to synorogenic sedimentation (Ring et al. 1999). Ring et al. (2001b) 

showed that nappe emplacement will, in general, result in higher PT conditions in rocks of 

the lower plate, an inference which  is in contrast to the commonly applied ‘rules’ of thrust 

faulting; in the latter case  rocks with higher metamorphic grade should be tectonically 

above lower grade ones. In the author’s opinion, however, is that the occurrence of high-

grade on low-grade rocks requires that crustal shortening and nappe stacking is associated 

with reduction of the overburden (exhumation) of the overriding nappe.  

In a detailed furtherance, however, the current work focuses on the timing of the 

nappe stacking in the Gran Paradiso massif as well as the relationship between the nappe 

contacts therewithin. It enables an assertive opinion that nappe stacking during high-

pressure metamorphism in the Alpine subduction regime(s) was not triggered through 

simple shear. It has, rather, involved a component of vertical shortening, which is 

responsible for the development of subhorizontal foliation within the nappes. 

In broad terms, the current documentation encompasses 6 consecutive chapters. 

Each of these concerns itself with a particular theme and all are corroborative to each other. 

Chapter 1 includes: location and accessibility of the area under consideration, objectives and 

aims of the study, and an outline pertaining to the finite strain and exhumation of the Gran 

Paradiso massif. Chapter 2 focuses on the geological background of the European Alps. 

Emphasis, however, has been placed on the Western Alps in general and the Gran Paradiso 

massif in particular. In addition, the history of deformation and metamorphism of the Gran 

Paradiso has been introduced. Within the scope of Chapter 3, methods of the finite strain 

analysis and results are presented. Chapter 4 deals with the implication of the finite strain 

data with respect to the exhumation of the Gran Paradiso massif and adjacent rock units. 

Whereas Chapter 5 highlights a discussion and summary, Chapter 6 is a conclusion for this 

dissertation. 
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1.2  Location and Accessibility: 
 

The Gran Paradiso is a subcircular massif in the western Alps of northern Italy. It 

stretches for some 40 kilometres in diameter, and is bounded by latitudes 45°24´ and 

45°48´N and longitudes 6°57´ and 7°33´E (Fig. 1.1). The massif is of mainly difficult 

access. It is reachable through railway net systems, highways and a wide range of motorable 

country tracts that criss-cross the western Alps of Italy and adjacent areas at large. In the 

field, however, rough topography is not uncommon. This may hamper accessibility; in 

particular rugged glaciated peaks that may reach about 4000 metres above the sea level. 

In order to achieve the objectives of the current work (outlined earlier), the Gran 

Paradiso massif was subjected to a number of field excursions. These were undertaken 

between 2001 and 2003 in the following sequence: 

           -    The first trip was from 24/8/2001 to 1/9/2001. 

- The second trip was from 14/6/2002 to 10/7/2002. 

- The third trip was form 21/7/2003 to 28/7/2003. 
During the specified period of time some 167 samples were collected from the Gran 

Paradiso massif and environs. The purpose of the sampling was to perform petrographic, 

geochemical and strain analyses.  

 

1.3 Scope of present work: aims and objectives: 
 

Though the geology, structural framework, geochemistry and geochronology of the 

Gran Paradiso massif was reported upon by many authors, there still remain some 

uncertainties concerning the significance of pertinent, complex structural features. In 

essence, a common feature of the interiors of the Pennine gneiss nappes in the Western 

Alps, and also of the interiors of many other orogens, is that they have a penetrative 

subhorizontal foliation subparallel to the tectonic contacts with the under- and overlying 

nappes. In most cases, this foliation formed during thrusting of the nappes onto each other 

suggesting that nappe stacking was associated with vertical shortening. This observation 

contrasts with the widely held opinion that nappe formation in orogens is by simple-shear 

deformation.  
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In this dissertation the structure of the Gran Paradiso massif that consists of two 

subunits (Gran Paradiso and Erfaulet) and of the adjoining unit (Zermatt Saas zone), is 

discussed in detail. A conspectus of the objectives and aims of the study includes the 

following aspects:  

(1) To study finite-strain in the Gran Paradiso massif and adjacent areas within the realm 

of the Italian Western Alps. (2) To elucidate whether ductile strain thereabout shows a 

relationship to nappe contacts. It is also aimed at shedding some light on the nature of the 

subhorizontal foliation typical for the Pennine gneiss nappes. (3) To investigate the 

relationship between thrusting and exhumation processes with reference to two structurally 

juxtaposed subunits (Gran Paradiso and Erfaulet). P-T data show that there is a crustal 

section of about ~11 km which is missing between the Gran Paradiso and Erfaulet subunits. 

Furthermore, to estimate the role of vertical ductile shortening and contributed to 

exhumation during nappe stacking. (4) To assess the difference in results of strain type 

between the Gran Paradiso and Erfault units. 
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Fig.1.1: a) Tectonic sketch map of the western and central Alps. b) The location and 

accessibility of Gran Paradiso massif. 
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2. Geological Overview 
 

 

2.1. The History of the European Alps  

 
The European Alps have been studied for at least 150 years, longer than any other 

orogen in the world. It forms part of extensive arcuate mountain chain and young 

extensional basins created in the Mediterranean region during convergence between the 

African and European plates. Available data about the tectonic evolution of this orogen (e.g. 

Trümpy, 1980; Coward and Dietrich, 1989; Pfiffner, 1992; Platt, 1997) reveal that the 

history of the Alps began early in Mesozoic time, when most of the continental masses of 

the world were joined together in the supercontinent Pangea. During the Triassic, much of 

the Western Europe lay in the continental interior and experienced desert conditions. The 

associated deposition of continental clastics and evaporates was to play an important role in 

later Alpine tectonism. Farther south, in the shallow seas bordering the great oceanic gulf 

known as Tethys (Fig.2.1a). As a result of the break up of the Pangea and the separation of 

Laurasia and Gondwana the central Atlantic began to open in the early Jurassic. Associated 

strike-slip between the Iberia and Africa/Adriatic plates gave rise to the South Pennine 

(Piemont or Ligurian) ocean, which formed the westernmost part of Tethys (Fig.2.1b). The 

Alpine orogeny is a result of the closure of this ocean.  

The northern margin of the South Pennine Ocean was a classic passive continental 

margin that extended from southeastern France through Switzerland to Austria. The 

southern margin of the South Pennine Ocean in the region of the Alps was the rifted border 

of a continental block known as Adria. Adria is the continental crust that underlies the 

present shallow Adriatic Sea and adjacent areas, including northern Italy.  

During the Mesozoic, Africa (including Adria) moved southeast and then east 

relative to Europe, rotating slowly counterclockwise (Fig.2.1c). About the middle of the 

Cretaceous, Africa started to move northeast relative to Europe, and subduction of the 

Neotethys began at the northern margin of Adria (Fig.2.1d). From this time on the Alps 

began to evolve by the progressive subduction and accretion of sediment and crustal slices 

from the floor of the Neotethys. By early Tertiary time, the Neotethys had closed, and the  
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Fig.2.1: Plate-tectonic evolution of the Alpine region from Permian to Tertiary. 

frica/Europe relative plate motions are from Dewey et al., (1989), based on analysis of 

tlantic magnetic anomalies and transform faults. (a) Pre-Triassic configuration:

A

A  Africa, 

urope, Iberia, and Adria all form parts of pangaea, surrounding a gulf of the Thethys 

cean. (b) Late Jurassic:

E

o  opening of the southern and central Atlantic is transferred 

astwards to open up the Neothys Basin between Africa and Europe. Adria remains attached e

to Africa. (c) Mid-Cretaceous: Adria starts to rift away from Africa, and convergence begins 

on its northern margin. This causes high-P/low-T metamorphism of crustal rocks, now 

found in the internal zones of the Alps. (d) Late Cretaceous: Adria moves northwards away 

from Africa and towards Eruope, forming an accretionary wedge on its northern margin. (e) 

Oligocene: Collision starts between Adria and Europe, to form the present collisional chain 

of the Alps (after Platt, 1997). 
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European continental margin entered the subduction zone (Fig.2.1e). This marks the start of 

continental collision, and shortening and deformation of both margins and of the oceanic 

domains between them continued until the Pliocene to the recent (Platt, 1997).  

From the structural point of view, the Alps can be divided into several regions with 

different structural styles and histories of deformation. These differences reflect differences 

in stratigraphy, tectonic setting, and the physical conditions and duration of deformation. 

The main tectonic and palaeogeographic domains of the Alps, from bottom to top, are the 

Helvetic unit, the Penninic unit, and the Austroalpine / South Alpine units (Fig.2.2). The 

Insubric line marks the boundary between the Southern Alps and the Austroalpine 

(+Pennine) domain. In the western and central Alps, the Penninic domain is extensively 

exposed, while in Eastern Alps this domain is hidden beneath the Austroalpine and 

reappea

ran Paradiso and Dora Maira. The Internal Crystalline Massifs are overlain by the oceanic 

derived units of the Piemonte Zone (Castelli and Compagnoni, 1994) (Fig.2.2). 

Remnants of the South Pennine are represented by ophiolitic rocks occurring in 

different structural units of the Alpine nappe pile, e.g. the Zermatt-Saas and Antrona 

ophiolites (Bearth, 1953, 1962, 1967, 1973; Gosso et al., 1979; Milnes et al., 1981; 

Beccaluva et al., 1984; Platt 1986; Pfeiffer et al., 1989; Polino et al., 1990). The restoration 

of the paleogeography of the Alpine units is a longstanding problem due to polyphase 

deformation and metamorphism during the complex Alpine history. Most authors agree that 

two partly oceanic basins existed in the Penninic zone in Jurassic to Cretaceous time, the 

north Penninic or Valaisan basin and the South Penninic. The basins were separated by the 

Briançonnais continental fragment (Platt, 1986; Froitzheim et al., 1996; Froitzheim, 2001). 

The Valaisan basin consisted of thinned continental and possibly oceanic crust (Trümpy,  

rs only in the two windows the Engadine and Tauern windows. The Helvetic and 

Penninic units represent the shelf, slope and adjacent ribbon continents related to the 

European continental margin and the oceanic domains, whereas the Austroalpine nappes 

and South Alpine units are related to the overriding African plate (e.g. Hsü, 1989). The 

Helvetic domain is subdivided in a series of nappes. It consists of a Variscan crystalline 

basement and a post-Variscan, mainly Mesozoic sedimentary cover. The crystalline 

basement, which consists of Variscan (or older) is exposed in the so-called External 

Crystalline Massifs. The Penninic domain is a composite realm, which includes both 

continent and ocean-derived units. The continental units are the external Briançonnais Zone 

or Grand Saint Bernard composite nappe, and the Internal Crystalline Massifs Monte Rosa, 

G
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Fig.2.2: Main tectonic and Palaeographic units of the Alps. 
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1980; Polino et al., 1990; Stampfli, 1993; Stampfli and Marchant 1997).  On the other hand, 

the Ligurian basin separated the Briançonnais and the African continent to the south 

(Bearth, 1967, 1973; Dal Piaz, 1974; Platt 1986; Polino et al., 1990). 

 

2.2. Structure of the western Alps: 
 

In the previous discussion, it has been explained that the closure of Neotheys by SE-

directed subduction, the accretion of crustal fragments during this convergence and complex 

interleaving of different tectonostratigraphic units by regional overthrusting and extension 

have resulted in the formation of the Alpine Orogen (Platt, 1986; Coward and Dietrich, 

1989; Schmid et al., 1996; Pfiffner et al., 1997; Schmid and Kissling, 2000; Stampfli, 2000). 

In the metamorphic areas of the western Alps, components of the European (Briançonnais) 

microcontinent (Penninic Domain), the Adriatic microcontinent (Austroalpine Domain) and 

the interjacent oceanic plate (south Penninic) are exposed (Fig.2.3). Penninic and 

Austroalpine basement rocks contain evidence of pre-Alpine metamorphism. However, all 

three major units have locally developed eclogite-facies rocks of the Alpine age that 

developed during subduction (Ernst and Dal Piaz, 1978).  

The Western Alps are separated from the Central Alps by the Simplon line (Bearth 

1956), which is a moderately southwest-dipping, ductile shear zone that has been active 

between 18 and 12 Ma (Mancktelow 1990). Further southwest, the Austroalpine and upper 

Pennine nappes of the Dent Blanche/Monte Rosa region were displaced across the 

extensional Aosta fault towards the northeast, relative to the upper Penninic units of the 

Gran Paradiso area in the footwall of the fault (Fig.2.3). Like the Simplon fault, the Aosta 

fault cuts structures, which are due to Cretaceous and Paleogene deformation. Therefore, the 

Aosta fault is also of late Alpine age and probably formed during the same extensional event 

as the Simplon fault (Ring 1994; Bistacchi et al. 2001). 

In the following, a brief description of each major tectonic unit of the western Alps 

from bottom to top is given, based mainly on Escher and Beaumont (1997).  

 

European margin: The External massifs and their cover (extending northward 

underneath the Molasse basin) and the Helvetic cover nappes, whose crystalline substratum 

has to be looked for within the deepest part of the Lepontine dome (lowest Penninic 

nappes). The External massifs are updomed basement nappes (i.e Mont Blanc massif,  
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Fig.2.3: Simplified geological map of western Alps. Cross-section SE-NW indicating of the 

geophysical-geological transect of the western Alps in Fig.2.4 from Schmid and Kissling 

(2000). 

 
11



Chapter 2: Geological Overview
 

Aiguilles Rouges massif, Belledonne massif, Pelvoux and Argentera massifs) consisting of a 

polymetamorphic basement intruded by Variscan granitoids (Figs.2.3, 2.4). Most Alpine 

structu

under greenschist facies conditions in the external parts, whereas in the more internal parts 

amphibolite facies is recorded. The later backfolding was characterized by retrograde 

greenschist facies metamorphism (Escher and Beaumont, 1997; Pawlig, 2001). During 

formation of the basement nappes, the cover was detached, displaced towards the northwest 

and is now forming the Helvetic cover nappes. Triassic evaporites served as detachment 

horizons. 

 

Valais Ocean: Remnants of the Valais oceanic lithosphere and associated 

sediments, i.e. the Sion-Courmayeur zone, are found in a discontinuous zone at the 

boundary between nappes derived from the European crust and those of the Briançonnais 

microcontinent (Fig.2.4). The ductile oceanic sediments of the Valais accretionary prism 

must have formed a weak structural link between the European and Briançonnais nappe 

piles (Trümpy, 1980; Platt, 1986; Polino et al., 1990; Escher and Beaumont, 1997; Pawlig, 

2001). The Valais Ocean opened near the Jurassic-Cretaceous boundary and the remnants of 

this ocean presently define a northern Alpine suture zone, which closed during the Late 

Eocene. Those remnants are mainly made up by calcschists, schists, limestones, quartzites 

and conglomerates with locally occurring mafic to ultramafic rocks.  

 

Briançonnais microcontinent: The basement nappes derived from the Briançonnais 

upper continental crust form a central zone between the Valais and the Piemont ophiolitic 

nappes (Platt, 1986; Froitzheim et al., 1996; Froitzheim, 2001) (Figs. 2.3 and 2.4). The 

Briançonnais microcontinent basement is preserved in the form of the Tambo-Suretta, 

Maggia and the Grand St. Bernard nappe in the eastern, central and western Penninic realm 

respectively. The Grand St. Bernard nappe is separated into several independent nappes, the 

Zone houillère, the Pontis and the Siviez Mischabel nappes, and the Mont Fort nappe 

(Ballèvre and Merle 1993).  

The more internal part of the Briançonnais nappe pile observed in the Western Alps 

is characterized by three large basement nappes, the Dora Maira massif, the Gran Paradiso 

res show an initial N- to W- vergence, whereas later backfolding (S-vergence) is only 

observed southeast of the Aiguilles Rouges massif. The Alpine deformation took place 
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Fig.2.4: The schematic geophysical-geological sections through the western Alps. (ECORS-CROP) After Schmid and Kissling (2000). 
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massif and Monte Rosa nappe. The massifs form windows within the South Pennine oceanic 

units (Piemont Zone); therefore, they are regarded as internal massifs. They commonly 

consist of voluminous, Carboniferous and Permian granites intruded into mica schists 

(Bearth, 1952; Compagnoni et al., 1974; Dal Piaz and Lombardo, 1986; Chopin et al., 1991; 

Paquette et al., 1999; Brouwer, 2000; Bertrand et al., 2000). Partially, remnants of a post 

Variscan cover are still attached to the basement rocks of all three massifs (Bearth, 1952; 

Vialon, 1966; Compagnoni et al., 1974; Bearth and Schwander, 1981; Dal Piaz and 

Lombardo, 1986; Borghi et al., 1996; Froitzheim, 2001). All three continental basement 

units were deformed and metamorphosed under high to partly ultrahigh pressure 

metamorphic conditions during the Alpine orogeny implied by occurrences of eclogites and 

partially coesite relics (Dal Piaz, 1966; Wetzel, 1972; Klein, 1978; Chopin, 1984; Dal Piaz 

and Lombardo, 1986; Massonne and Chopin, 1989; Chopin, et al., 1991; Schert et al., 1991; 

Henry et al., 1993; Gebauer et al., 1997; Brouwer, 2000; Pawlig, 2001). 

 

Piemont-Liguria (South Penninic) Ocean: Remains of the Piemont oceanic domain form 

an important and continuous zone separating the Briançonnais units from the Austroalpine 

unit (Figs. 2.3 and 2.4).The Piemont unit comprises rocks of ophiolitic affinity that can be 

subdivided into two main lithotectonic units; the structurally lower Zermatt-Saas Zone, 

metamorphosed at eclogite facies conditions, and overlying blueschist facies Combin Zone. 

The Combin zone is separated from the underlying Zermatt-Saas zone by the Combin fault 

(Ballèvre and Merle 1993; Ring 1995). 

The Zermatt-Saas zone is made up of serpentinite, metagabbro, metabasalt, 

metachert, conglomerate and Bündnerschiefer (e.g. Bearth 1976). PT conditions in the 

Zermatt-Saas zone have been estimated at 550-600°C and 18-20 kbar (Reddy et al. 1999); 

rare lenses of ultrahigh-pressure rocks yielded 590-630°C and 26-28 kbar (Reinecke 1991). 

The oceanic Antrona zone contains ophiolitic rocks similar to those of the Zermatt-Saas 

zone and is hence correlated to that zone (e.g. Pfeiffer et al. 1989). 

The heterogeneous Combin zone marks the boundary between the Austroalpine units 

and the underlying Pennine nappes, the Zermatt-Saas Zone, (e.g. Bearth 1976; Marthaler & 

Stampfli 1989). It contains continent-derived Permo-Triassic to Liassic metasediments 

overlain by calcschist (Bündnerschiefer) and metavolcanics with interbedded manganiferous 

metachert, which collectively indicate a deep oceanic setting (Dal Piaz & Ernst 1978). Two 

main units characterize the Combin Zone. The first one is made up by marly metasediments, 
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mainly calcschists, which were derived from basaltic volcanics and gabbros as well as some 

serpentinites and Mn-quartzites indicating the origin from an oceanic unit. According to 

Sartori (1990), this unit is referred to as the Tsatè nappe and is probably the remnant of an 

accretionary prism that was formed during the subduction and closure of the oceanic 

domain. The other one is a sedimentary sequence ranging from Permian siliceous 

conglomerates to Triassic quartzites and dolomitic marbles deposited on top of a continental 

crust. Also some calcareous sequences of presumed Jurassic age are present (Ballèvre and 

Merle, 1993). 

 
Austroalpine and south Alpine nappes: The continental Austroalpine units can be 

separated into the Dent Blanche nappe and the tectonically underlying Sesia zone (Ballèvre 

et al. 1986) (Fig. 2.3). The base of the Sesia zone represents part of the pre-Alpine 

Austroalpine basement thrust westwards over the Penninic basement and Piemonte oceanic 

material (Compagnoni, 1977). Three main lithotectonic units have been recognised in the 

Sesia Zone (Compagnoni et al., 1977).  

The Eclogite Micaschist Complex is a several kilometre thick unit comprising pre-

Alpine high-grade paragneiss with marbles, amphibolites and granulites intruded by 

Variscan gabbros and granites and metamorphosed at eclogite facies (Vuichard and 

Ballevre, 1988; Pognante, 1989). The eclogite facies assemblages (T~ 500-600°C, P>13 

kbar) are locally overprinted by a later, greenschist facies metamorphism (Compagnoni et 

al., 1977).  

The Gneiss Minuti Complex contains fine-grained quartz-feldspar schists, with 

augen orthogneiss, micaschists and metagabbros. These represent pre-Alpine lithologies 

overprinted by Alpine greenschist facies metamorphism and deformation. The contact of the 

Gneiss Minuti Complex and underlying Piemonte oceanic unit is a high-strain zone 

accommodating top-to–SE extension after earlier thrusting (Wheeler and Butler, 1993; 

Reddy et al., 1999b).  

The Seconda Zone Diorito Kinzigitica (IIDK) forms the structurally highest unit in 

the Sesia Zone and comprises pre-Alpine amphibolite facies rocks similar to those found in 

the Ivrea Zone (Compagnoni et al., 1977). This pre-Alpine metamorphism is also 

overprinted by a localised low-greenschist facies metamorphism, evident within shear zones 

close to its margins (Lardeaux et al., 1982; Ridley, 1989), which is of Alpine age (Reddy et 

al., 1996; Pickles et al., 1997). 
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Further west, the Austroalpine basement forms the Dent Blanche nappe (Fig.2.3). 

The Dent Blanche nappe is subdivided into the high strain Arolla schist, which preserves 

Alpine greenschist facies metamorphism and is thought to correlate with the Gneiss Minuti 

Complex (Ballèvre et al. 1986).  

The Southern Alps are separated from the other Alpine complexes described above 

by a major tectonic feature, the Insubric Line, which is replaced eastward by the Giudicaria 

Line and Alpine Dinaric line (Frey, et al., 1974). The south Alpine continental lithosphere 

of the Western Alps is mainly represented by the Ivrea and Strona-Ceneri Zones, which are 

separated from the Sesia Zone to the north by the Canavese Line. The Ivrea zone is a 

subvertical cross-section from the Moho to the continental crust (Mehnert, 1975; Henk et 

al., 1997). Gneisses that contain partially mafic and ultramafic rocks displaying granulite 

facies metamorphism can be found (Zingg et al., 1990). The mid-crustal upper part, the 

Strona-Ceneri Zone, is formed by a monotonous series of paragneisses, schists and minor 

amphibolites. An early, eclogite-facies metamorphism took place before the Ordovician and 

was followed by two medium-grade metamorphic overprints in early Ordovician and in 

Variscan time. Near the contact to the Ivrea Zone, the Strona-Ceneri Zone also experienced 

an early Permian heating event, which is represented by several granite intrusions (Pawlig, 

2001). 

 

2.3. Gran Paradiso massif: 
 

Petrological work in the Gran Paradiso massif in western Alps was pioneered by 

many authors (Compagnoni et al. 1974; Compagnoni & Prato 1969; Vearncombe 1983, 

1985; Benciolini et al., 1984; Dal Piaz and Lombardo, 1986; Goffé and Chopin, 1986; 

Pognante et al., 1987; Ballévre, 1988; Biino and Pognante, 1989; Borghi et al., 1992; 

Compagnoni et al. 1994). The Gran Paradiso massif consists of two subunits (Fig.2.5). (1) 

The upper Gran Paradiso unit (also known as polymetamorphic complex) is made up of 

metasediments (Gneiss Minuti) into which the granitic precursor of widespread augengneiss 

is intruded during the Permian (Bernard 2000). (2) The tectonically underlying Erfaulet unit 

(monometamorphic complex) comprises metaconglomerate,  metapeli te and 

metagranite/augengneiss. Compagnoni et al. (1974) assigned a Late Carboniferous and/or 

Permian age to the conglomerate. In the southwestern part of the Gran Paradiso massif, the 

Bonneval gneiss crops out below the Gran Paradiso unit. It is a commonly mylonitic,  
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Fig.2.5: Tectonic map of the Gran Paradiso massif. 
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banded gneiss derived from Permian volcanics and sediments (Bertrand 1968). The 

Bonneval gneiss is separated from the augengneiss by a fault zone in which dolomite, 

cargneu

of the western Alps using 

geother

, which are higher 

than th

ne. By using the maximum celadonite content (Si=3.6 at pfu) of potassium 

hite micas in the phengite-quartz-K-feldspar-biotite assemblage (Massonne and Schreyer, 

schists (Chopin, 1981), Massonne and Chopin (1989) estimate two groups of pressures of 

le, anhydrite and Bündnerschiefer occur (Bois & Fabre 1956). The structural studies 

suggest that The Bonneval gneiss was part of the Gran Paradiso nappe during Alpine 

orogenesis (Vearncombe 1985). 

The monometamorphic complex (the lower Erfaulet unit) separated from the 

polymetamorphic complex (the upper Gran Paradiso unit) by a subhorizontal overthrust 

contact (Compagnoni et al. 1974). This contact cuts the Erfaulet unit and Gran Paradiso unit 

at a very low angle (Vissers, and Compagnoni, 1984). Compagnoni et al. 1974 suggested 

that the complicated geometry of the porphyritic metagranites (augengneisses) and 

associated polymetamorphic metasediments resulted from the deformation related to 

overthrusting. 

Borghi et al. (1996) reported a summary on the reconstruction and interpretation of 

the P-T history of the eclogitic Penninic units 

mobarometers to determine peak metamorphic conditions. In the Gran Paradiso 

massif, pressure is in the range 8 to 15 kbar and temperatures are between 400 and 550°C 

(Vearncombe 1983; Benciolini et al., 1984; Dal piaz and Lombardo, 1986; Goffé and 

Chopin, 1986; Pognante et al., 1987; Ballévre, 1988; Biino and Pognante, 1989; Borghi et 

al., 1992; Compagnoni et al. 1994). Biino and Pognante (1989) suggested for the eclogite 

facies metamorphic peak P between 12 and 20 kbar and T around 500°C

ose proposed by most of previous authors (Benciolini et al., 1984; Dal piaz and 

Lombardo, 1986; Pognante et al., 1987; Ballévre, 1988). However, these physical 

parameters are in good agreement with the estimates of Goffé and Chopin (1986), and with 

the estimates of 500±50°C and 10-16 kbar of Le Goff and Ballévre (1990) based on 

geothermobarometry of albite-garnet orthogneiss modelled in the KCFASH system 

(Compagnoni et al. 1994).  

On the ground of different lines of petrological and textural evidence, Le Goff and 

Ballévre (1990) conclude that the Gran Paradiso Massif was submitted to lower pressures 

than the Sesia Zo

w

1987) and taking a peak metamorphic temperature of 500±50°C from the chloritoid-bearing 
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11.6±1 and 14.4±1 kbar, Erfaulet and Gran Paradiso units respectively. This was suggested 

as evid

ages for zircon from the correlative Dora 

Maira m

ence of at least two major nappe units in the Gran Paradiso massif (Compagnoni et 

al. 1994). In addition, Borghi et al. (1992, 1994) showed that during the Alpine orogeny, 

maximum metamorphic conditions of both units were different: peak PT conditions of the 

Gran Paradiso unit were 12-14 kbar and 500-550°C, whereas high-pressure metamorphism 

of the Erfaulet unit occurred at 11-13 kbar and 450-500°C. 

The cumulative evidence summarized above indicates that the Gran Paradiso unit 

was subjected to eclogite metamorphism of T= 500°C and P= 12-14 kbar, i.e. P-T 

conditions very close to the low-albite breakdown reaction to produce jadeite + quartz. 

Therefore, the rare occurrence of jadeite in the Gran Paradiso may be explained either with 

a slightly higher or lower temperature in different parts of the massif, or with the lack of 

jadeite because of reaction kinetic factors (Le Goff and Ballévre, 1990).  

The metamorphic evolution after the high-pressure overprint was similar in both 

units (Gran Paradiso and Erfaulet units) indicating that they were juxtaposed during and/or 

soon after the peak of high-pressure metamorphism. There are no age data, which constrain 

high-pressure metamorphism or associated deformation in the Gran Paradiso massif. 

Available Sm/Nd data for pyrope and the U/Pb 

assif have been interpreted to date the high-pressure event at 38-40 Ma (Tilton et al. 

1991). Zircon and apatite fission-track ages of ~30 Ma and 24-19 Ma, respectively (Hurford 

and Hunziker,1989) indicate cooling after the greenschist-facies overprint in the Gran 

Paradiso massif. 

 

2.4. Review of deformation history of the Gran Paradiso massif and adjacent 

areas: 
 

In the Gran Paradiso massif, some authors show that the Gneiss Minuti was intruded 

by porphyritic granite during late Variscan times. Total Pb zircon dates range between 301 

and 350 Ma, and reflect crystallization of the granite (Pangaud et al. 1957; Buchs et al. 

1962; Chessex et al. 1964). These dates are likely affected by inherited zircons. Recently, a 

269±6 Ma SHRIMP U-Pb crystallization age of zircons from augengneisses in the south-

western part of Gran Paradiso was published (Bertrand et al. 2000). This intrusion age of the 

Gran Paradiso granites coincides nicely with the magmatic age of similar granites in the 
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Dora Maira massif, commonly considered structurally and palaeogeographically equivalent 

to the Gran Paradiso massif, which has recently been determined at 275 Ma by SHRIMP 

(Gebau

 1981; 

Vissers

liation is subparallel to 

the axi

er et al. 1997). During Alpine times, the granitic rocks were transformed into 

augengneisses. Callegari et al.1969; Compagnoni and Prato 1969, reported intrusive 

contacts between the augengneisses and the Gneiss Minuti as well as Compagnoni et al 

1974 show this contact between the augengneisses and metabasites, which confines the age 

of the metabasites to the upper Carboniferous or lower Permian, and demonstrates that the 

high-pressure assemblages found in the metabasic rocks must be related to Alpine 

metamorphism. 

During this metamorphic evolution the rocks involved were intensely deformed, 

leading to the development of various generations of deformational structures. These were 

investigated by many authors (e.g. Milnes, 1978; Platt and Lister, 1978; Milnes et al.,

 & Compagnoni, 1984; Vearncombe, 1985; Massonne and Chopin, 1989; Borghi et 

al. 1994). In particular, Vissers & Compagnoni (1984) advocate successive and/or 

overprinting structures that range from D1 to D5. Two of these (D1-D2) predate the main 

phase; D3 comprises the main-phase structures, whereas D4 and D5 are superimposed on the 

main-phase foliation. 

In accord with the work of Vissers & Compagnoni (1984), it may be summarized 

that D1 structures include few tight cm-scale folds of a compositional layering refolded by 

D2 folds. They occur in the polymetamorphic metasediments of the Gran Paradiso unit, 

which indicates that the polymetamorphic metasediments were deformed before they were 

intruded by multiple generations of porphyritic granites. Moreover, Vearncombe (1985) 

reported that within metagabbro and metalavas in the Zermatt-Saas Zone, a series of less 

deformed pods unaffected by the extensive D2 deformation are recognised. Within these 

pods, rare eclogites, omphacite-bearing rocks as well as glaucophane eclogite are preserved. 

The glaucophane needles within the pods are usually aligned and constitute a foliation (D1) 

that predates the nappe pile. 

Tight to isoclinal D2 folds refolded by D3 folds occur at various localities in the 

basement, the Combin zone, and the Zermatt-Saas Zone with its contained ophiolites. The 

D2 folds display a shallow W-ward plunging axis. A penetrative fo

al planes of these folds. The Zermatt-Saas Zone often posses an LS fabric with the 

elongation lineation running approximately E-W. Despite difficulties in deducing the age of 

particular fabrics in the Zermatt-Saas Zone, it is suggested that much of this fabric is D2 in 
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origin (Vearncombe, 1985). The Combin zone also possesses a prominent LS fabric, which 

parallels that in the basement and Zermatt-Saas Zone. The Sesia zone, especially that region 

adjacent to the Zermatt-Saas Zone, has a weak, usually planar fabric. In the augengneisses, 

local relics of a pre-mainphase gneissic layering presumably represent D2 structures.  

ards the D3 finite extension direction. 

Quartz

.  

Two generation of structures (D4 and D5) are superimposed on the main-phase 

liation. The D4 generation of structures comprises centimetre to millimetre scale ductile 

hear zones, which deform the main-phase foliation either in single or in conjugate sets, the 

tter in a symmetric arrangement with respect to this foliation (Vissers & Compagnoni, 

984). They indicate deformation with a component of finite extension subhorizontal to the 

ain-phase foliation (Platt & Vissers, 1980) and represent the effect of high-strain D3 

deformation. 

The D5 generation of deformational structures includes a moderately south-dipping 

crenulation cleavage parallel to the axial planes of minor folds, which affect the main-phase 

foliation and the quartz mylonites (Vissers & Compagnoni, 1984). These structures are rare 

and mainly occur in a domain underneath the augengneisses of the major fold structure. 

The third Alpine deformation is a major phase of folding. The D2 fabric is folded, D2 

folds are locally refolded and a new axial planar D3 fabric developed. Greenschist facies 

minerals usually define this fabric. In the metasedimentary rocks, the morphology of the 

foliation varies from a differentiated layering, with relics of crenulations in quartz rich 

microlithons, to a pervasive schistosity. In many localities, the gneissic layering in the 

augengneiss can be shown to be continuous with the D3 axial-plane foliation in the 

metasediments. Locally, WNW-trending extension lineations developed in the plane of the 

main-phase foliation. D3 fold axes commonly are subparallel to these lineations, which 

possibly indicate a reorientation of the fold axes tow

 mylonites occur in layers subparallel to the main phase foliation. The mylonite zones 

could reflect the effects of ongoing D3 deformation localized in quartzite layers or, 

alternatively, be referred to a younger deformation episode, which predates D5 described 

below. The main-phase (D3) foliation is commonly defined by oriented blue-green 

amphibole, epidote and chlorite, indicating greenschist-facies conditions during the 

development of the D3 structures and suggesting a pre-D3 age of the Eoalpine relics, which 

are mostly observed as inclusions in garnet porphyroblasts. Greenschist metamorphism in 

the Gran Paradiso massif is characterized by the widespread blastessis of albite and chlorite, 

and concomitant replacement of the Eoalpine mineral assemblages

fo

s

la

1

m
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They might correspond to the doming of the main-phase foliation. Extensional shear bands 

in Zermatt-Saas Zone of 980) are grouped in this 

vent (Vearncombe, 1985). The D4 and D5 generations of deformational structures 

pparently postdate major albite growth, suggesting, that these structures developed in the 

volution. 

Vissers & Compagnoni (1984) suggest that structural analysis indicates that the 

geom

 

the type described by Platt and Vissers (1

e

a

waning stages of the Alpine metamorphic e

etry of the rocks of the Gran Paradiso unit primarily results from large-scale folding 

and concomitant development of the axial-plane (main-phase) foliation. The large-scale 

folding is related to individualisation of the Gran Paradiso unit, that is to say that the Gran 

Paradiso unit is a gneiss-cored fold nappe. Furthermore, the main-phase structures postdate 

the Eoalpine HP assemblages and predate widespread porphyroblastesis of albite. The data 

suggest individualisation of the Gran Paradiso unit between the Eoalpine HP metamorphism 

and greenschist facies overprint. This result correlates well with the timing of nappe 

development in the Zermatt-Saas Fee area (Dal Piaz et al., 1972). 
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3. Strain and Structural analysis 
 

 

3.1 Definition and strain parameter: 
 

Strain is the geometrical expression of the amount of deformation caused by the action 

of a system of stresses on a body. In other words, strain can be defined as the change in size 

and shape of a body resulting from the action of an applied stress field. The strain is 

homogeneous if the changes in size and shape are proportionately identical for each small 

part of the body and for the body as a whole. Also, the strain is inhomogeneous if the 

changes in size and shape of small parts of the body are proportionately different form 

lace-t t from that of the body as a whole. Strain is expressed as dilation 

lso, they determined the symmetry of strain (oblate vs prolate) and the type 

f strai ). Strain may be measured in two ways: 

 line segment than for a long one (Park, 1983). Two 

 (S) and the extension (e).  

ngth and ιi the undeformed length. 

d ιf the new length of a line. Note that a positive value of e 

me. Changes in shape 

here Ψ e. 

p o-place and differen

(volume change) or distortion (shape change), or as a combination of these processes.  

Many authors presented the parameters of strain and show the quantity of the 

deformation. A

o n (constrictional vs flattening

(1) Linear strain: The change in absolute length is an inadequate measure of the 

deformational state of a line segment, because for a given change in length, the intensity of 

the change is much greater for a short

measures in common use are the stretch

 S = ιf / ιi  
where ιf is the ratio of the deformed le

 e = ( ιf – ιi) / ιi 
where ιi is the original length an

is an elongation whereas a negative value of e is a shortening. 
(2) Shear strain: A body can also change shape without changing volu

are described by changes in the angle between pairs of lines that are initially perpendicular. 

γ = tanΨ  

w  is the deflection of an originally right angl
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Principal strain axes consist of three mutually perpendicular axes X, Y and Z, which are 

paralle intermediate, and least elongation of the 

 strain ellipsoid are maximum, intermediate and 

 shape taken 

al sphere of unit radius.  

process is generally known 

ge in orientation has occurred, the strain is described as 

imple shear.  

: Changes in volume commonly shape changes during deformation, and if 

n cause misleading estimates of the principal strain ratios. 

ndeformed states respectively. 

ince the volume of the strain ellipsoid is 4/3л (X * Y * Z) derived from a unit sphere of 

neous strain can be distinguished by particular ratio of the 

, 1983). In the general case, the three axes are unequal 

) X > Y = Z   prolate strain ellipsoid 

 ellipsoid 

This ty

 extended and Z is shortened.  

A convenient way of representing the various strain states is to use the Flinn diagram (Flinn, 

1962). . 3.1a), the ratios of the principal strains are taken, such that 

  = X/Y = (1+ ex) / (1+ ey) or   a = Sx / Sy 

l respectively to the directions of greatest, 

strain parallelepiped. In addition, the

minimum axes X = 1 + ex, Y = 1 + ey and Z = 1 + ez   respectively, which is the

up by a deformed infinitesim

If the orientations of the principle strain axes X, Y and Z have not changed during the 

deformation, the strain may be described as irrotational and the 

as pure shear. Where a chan

rotational and the process is known as s

Volumetric strain

these are not recognized they ca

The volume change (∆V) is given by: 

 ∆V = (Vf / Vi) / Vi

where Vf and Vi are the volumes in the deformed and u

S

volume 4/3 л.  

 Sv = Vf / Vi = Sx * Sy * Sz 

Three special cases of homoge

principal strains X, Y, and Z (Park

and X > Y > Z. The special cases are: 

(a

This type of strain involves uniform extension in the X direction and equal shortening in all 

directions at right angles to it. 

(b) X = Y > Z   oblate strain

pe of strain involves uniform shortening in the Z direction and equal extension in all 

directions at right angles to it. 

(c) X > Y = 1 > Z   plane strain 

This type of strain is distinguished by the intermediate principal strain axes remaining 

unchanged (i.e. Y has unit length). X is

In this diagram (Fig

a
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and  

b = Y/Z = (1+ ey) (1+ ez)   or   b = Sy / Sz 

and a is plotted against b (Park, 1983). 

The different shapes of ellipsoids are distinguished using the value K, such that 

 K = (a –1) / (b –1). 

Fig.3.1a is constructed assuming a constant volume since the line K = 1 will only pass 

through the origin when the volume change ∆ = 0. When ∆ ≠ 0  

 1+ ∆ = (1+ ex) (1+ ez) 

(since (1+ ey) = 1 for K = 1 ellipsoids) 

    = a / b 

 ∴a = b (1+ ∆) 

Thus for a volume change of ∆, the line a = b (1+ ∆) represents plane strain and divides the 

constrictional from the flattening fields (Fig.3.1b). 

The various strain states can be described as follows: 

 

a) K = ∞                Axially symmetric extension 

b) 1< K < ∞          Constrictional strain 

c) K = 1                Plane strain 

d) 0 < K < 1          Flattening strain 

e) K = 0                 Axially symmetric flattening  

 

In this way the shape of an ellipsoid can be described using only the value of parameter K, 

and constrictional and flattening strains can immediately be distinguished by whether K is 

greater than or less than 1. 

The Nadai strain magnitude is defined by an orthogonal coordinate system using the 

l principal strains E , E  and E . The distance from the origin provides an invariant 

 

Et = (Ed
2 + Ev

2) 1/2 

 

natura X Y Z

measure of the total strain magnitude (Et), which can be decomposed into two orthogonal 

components: volume (Ev) and deviatoric (Ed) strain. Ev and Ed are independent of the 

rotational component of deformation. 
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Fig.3.1 : Graphical representation of strain ellipsoids: the Flinn diagram. A) Different 

ellipsoids are described using the value K = (a-1) / (b-1). B) If the volume is not constant, 

strain. After Flinn 1962, and Ramsay, the line a = b (1+∆) divides the field of flattening 

1967.  
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3.2 Field investigations and sampling: 
 

It has been introduced earlier that in total about forty-five days between 2001 to 

2003 were spent in the field. Emphasis was given to collection of deformed rock samples, 

which were designated for strain analysis studies to be carried out subsequently in the 

laboratory. 

167 samples were collected from the Gran Paradiso Massif (for sample localities 

refer to Fig. 3.2). The Rf/φ and Fry methods used on feldspar porphyroclasts from 143 

augengneiss and 11 conglomerate samples of the Gran Paradiso unit (upper tectonic unit of 

the Gran Paradiso massif), as well as, 9 augengneiss (Erfaulet granite) and 3 quartzite 

congl

hist 

samp

s an polished cuts and making scanned images from 

em. The tracings were then digitised. A least squares best-fit ellipse was calculated for 

ell as its relative position and orientation.  

f

omerate samples from the underlying Erfaulet unit (lower unit of the Gran Paradiso 

massif), and 1 sample from mica schist. The Fry method was applied to eight samples (one 

mica schist sample, four conglomerates and three augengneiss samples) for comparing the 

results with those obtained by the Rf/φ method. The feldspar grains from one mica sc

le have been analysed by the Fry method to see whether the strain recorded in the 

metasediments is of the same magnitude as those in the augengneiss and conglomerate. 

Sample preparation for the Rf/φ and Fry analyses involved cutting large (20-30 cm) 

hand samples along three mutually perpendicular faces subparallel to the XY, YZ and XZ 

principal planes, mark feldspar grain

th

each marker outline as w

A suite of 10 whole rock samples was crushed to obtain powders for undertaking 

chemical analysis. The powder material was used to prepare glass fusion discs as well as 

pressed powder pellets as would be described in detail later. The selection of the rock 

samples was based, essentially, on their varying degrees of deformation. Major- and trace 

element analyses were performed by using the standard XRF (X-ray fluorescence 

spectroscopy technique).  

 
3.3 Techniques used in strain analysis: 
 

To quantify the finite strain in the Gran Paradiso massif, feldspar grains and 

conglomerate closes have been analysed by the R /φ and Fry techniques (Fry 1979; Ramsay 
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1967; Ramsay & Huber 1983). Two-dimensional strain measurements were made on XY, 

XZ and YZ sections (X ≥Y≥ Z, finite strain axes) in order to estimate the three dimensional 

strain geometry. Finite strains determined with the normalized Fry technique were primarily 

used to check the Rf/φ estimates. The Fry strains are thought to represent the matrix strain, 

whereas the Rf/φ strains describe the fabric ellipsoid or clast strain (Ramsay & Huber 1983; 

Ring 1

s (1984). 

of both deformed and undeformed Gran 

samples were measured employing the XRF technique. These have to be 

taken to determine the analysed fabrics 

etamorphism. The association of high-Si phengite with the K-

feldspar, phlogopite and quartz represents one of those recently recognized mineral 

at characterise high pressure, low temperature metamorphism in subduction 

(Masso e & Schreyer 1987).  

 
.3.1 Rf/φ Method: 

e strain analysis through the Rf/φ method would have meaningful 

results,

998). For Rf/φ analysis on feldspar, the long and short axes of up to 40 grains per 

section were measured and mean aspect ratios for each section were calculated. Tectonic 

strains were determined from the chi-squared minima of the Rf/φ analyses (Peach & Lisle 

1979). For Fry analysis, the central points of more than 100 feldspar grains per section were 

used to calculate strain. The strain estimates were used to calculate the finite-strain ellipsoid 

according to the modified least-square technique of Owen

In order to calculate deformation-related volume change, major and trace element 

concentrations (in wt. % and ppm respectively) 

Paradiso rock 

recognized otherwise misleading estimates of the principal stretches would be incurred.  

Electron microprobe work was then under

formed during high-P m

assemblages th

zones nn

3

In order that th

 it is imperative to demonstrate that the measured objects deformed homogeneously 

with their matrix. The Rf/φ technique is, in fact, based on calculating the theoretical 

distribution of final ellipticities and orientations that result from imposing different strains 

on objects that have a known initial ellipticity and orientation. The finial ellipticity Rf and 

the orientation φ of a deformed object depend on the initial ellipticity Ri, on the initial 

orientation θ of the undeformed object, and on the ellipticity Rs of the imposed strain ellipse. 

In order to evaluate the initial feldspar fabric, the strained distributions of the feldspar grains 

were undeformed using the procedure (program THETA) described by Peach and Lisle 

(1979). The method superimposes a coaxial strain having its long axis at right angles to the 
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preferred orientation on the Rf/φ distribution. The magnitude of this superimposed strain is 

incremented and after each step the randomness of the resultant undeformed orientation of 

the markers is calculated. If no initial fabric is present, the reciprocal finite strain value can 

e determined from the strain necessary to bring about the most uniform particle b

distribution. 

At first the three principal strain directions X, Y, and Z have to be determined (X ≥Y 

≥ Z; principal stain axes). For this purpose, the rock sample is cut parallel to the foliation, 

which represents the plane of flattening (XY) and oriented perpendicular to Z. The next axes 

are the maximum extension direction X, which are normal to the foliation and parallel to 

lineation (XZ). The intermediate strain direction, Y, is defined by its orthogonality with X 

and Z, which are normal to foliation and lineation (YZ).  

After having cut the samples in the Rxz and Ryz directions, Rxy direction has been 

calculated in accord with the following equation: 

Rxy   = Rxz / Ryz

In addition, the stretches Sx, Sy and Sz, which are parallel to the principle axes X, Y and Z 

respectively, enable the following calculation(s).  

Sy = 3
2

xy

xz

R
R  

Sx = Rxy × Sy 

Sz = 
Syx ×

  

 

3.3.2 Fry method: 
The Fry method is useful for determining the strain ellipse from a large number of 

points. In essence, it inv

S
1

olves plotting the length and orientation of a large number of center-

to-center lines relative to a single reference point. Fry (1979) proposed the all object-object 

s of adjacent grains are directly plotted by 

 on each centre and recording the position of 

adjacen

separations method, where the relative position

sequentially putting the origin of an overlay

t centres as points. In many aggregates, these points define an elliptical void and 

parallel ring of high point-density around the origin of the overlay. These ellipses will equal 

the finite-strain ellipse for homogeneously deformed populations of originally statistically 

uniform centres. The advantage of the Fry method is that it provides a graphical solution to 
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the centre-to-centre method, which is both rapid and accurate, and that one sees from the 

developing graph when enough data have been plotted to provide an answer of sufficient 

accuracy for the investigation in hand. This technique provides an excellent practical 

method

lculated assuming that the volume change is a factor 

commo

calities. However, rutile commonly occurs in quartz veins in high-pressure settings 

uggesting that Ti might be a mobile phase during high-pressure metamorphism. 

ere performed by standard X-ray fluorescence 

spectroscopy (XRF), using glass fusion disks an

epressive fluorescence spectroscopy 

ith excitation by an Rh X-ray tube following a method described by Stern (1972). 

40 and 80 kV and 30 to 60 mA, depending on which 

 for finding the best-fit solution to the strain ellipse.  

 

3.3.3 X-ray fluorescence spectroscopy (XRF): 
To investigate the possibility of deformation-related volume change, major oxide 

and trace element concentration were plotted on isocon diagrams (Grant 1986). These 

diagrams compare element concentrations in the altered rock (mylonite) to concentrations in 

the original rock (protolith). The basic argument is that some components are likely to have 

been immobile in the alteration process and, for example, should be relatively enriched in 

mylonite that underwent volume loss (O’Hara & Blackburn 1989). If these elements can be 

identified, volume change can be ca

n to the behaviour of all components. Al2O3 (Hem 1978), TiO2 and Zr (Correns 

1978) are usually immobile during regional deformation. The experimental results of Ayers 

and Watson (1991, 1993) indicate that rutile and zircon solubilities and solubility gradients 

in high-grade PT fields will be extremely low for typical water-rich fluid compositions. If 

significant mobility of Ti and Zr took place during metamorphism, then it is likely that rutile 

and zircon would have grown in veins, which has never been observed in and next to the 

sample lo

s

Major- and trace element analyses w

d pressed powder pellets. All analyses were 

made with a sequential Philips PW 1404 wavelength-d

w

Operating conditions were between 

element was analysed. 

 

3.3.4 Microprobe analysis: 
Microprobe techniques differ from most other techniques used to analyse geological 

materials in that they involve the excitation and chemical analysis of selected areas as small 

as a few microns in diameter on the surface of samples. Specimens must therefore be 
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prepared as polished geological thin sections mounted on a glass slide backing, or 

alternative as samples polished in a resin block. Microprobe techniques have the ability to 

determine the composition of individual minerals in thin section or even concentration 

variations within a single grain. 

The most widely used of these techniques is electron probe microanalysis. An 

electron beam, accelerated to a selected voltage, normally in the range 15 to 30 kV, is 

focused on the surface of a sample. Interactions between this primary electron beam and the 

sample cause a number of phenomena, including the generation of x-rays characteristic of 

the atoms of the excited sample. The intensity of these x-rays is measured using wavelength 

dispersive or energy dispersive spectrometers. After correction for matrix effects, count data 

are compared with data from minerals of standard composition in order to quantify the 

analysis. Due to the unavoidably higher intensity of the continuum formed by electron 

excitation, detection limits are of the order of 50 to 100 times poorer than those expected for 

bulk analysis by x-ray fluorescence.  

Quantitive mineral analyses, backscatter electron images and X-ray element maps 

were performed on a JEOL JXA 8900 RL superprobe at the Institute for Geosciences at the 

University of Mainz. Natural and synthetic phases were used calibration. Additionally a CL 

and F content in mica were measured using the GlimUMainz procedure with 15 kV 

acceleration voltages, 12 nA beam current an beam diameter of 2µm. Obtained data were 

corrected for absorption, atomic number, fluorescence and background using the Phi-Rho-Z 

method. 

 

the foliation and parallel to the lineation 

(XZ) and normal to the foliation and lineation (YZ). 

The augengneiss of the Gran Paradiso unit is very heterogeneously deformed in the 

field (Fig. 3.3). Localities where feldspar grains in platy augengneiss are extremely smeared 

3. 4 Results of finite-strain analysis:  
 

The sample localities for finite strain analysis are shown in Fig.3.2, the strain data 

are summarized in Tables 3.1 and 3.2 (see appendix). 

 

3.4.1 Deformation structures: 
Meso- and microstructural investigations were made on polished slabs and thin 

section cut parallel to the foliation (XY), normal to 
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out with aspect ratios in the XZ section exceeding 25 grade laterally and vertically into 

moderately deformed augengneiss with XZ aspect rations of 3-4 over short distances of 

~100 metres (Fig.3.3a). The development of an augengneiss fabric appears to be controlled 

by moderate deformation of a formerly porphyritic granite, whereas intense deformation 

destroyed any former porphyritic or augen fabric (Fig.3.3b and c). However, the platy 

augengneiss does not characterize the nappe contact of the Gran Paradiso unit with the 

overlying Zermatt-Saas zone. This nappe contact is studied in detail near Cogne and Lillaz 

(Fig. 2.5). Augengneiss there typically has feldspar porphyroclasts with aspect ratios of 2-6 

in XZ sections. Close to the contact of the Gran Paradiso unit with the Zermatt-Saas zone in 

the northeast near Ronco nicely preserved intrusive relationships of the granite precursor of 

the augengneiss into metapelite are abundant (see also Callegari et al. 1969). In the 

structurally lower parts of the augengneiss unit east of Ceresole in the central massif, the 

rocks appear almost undeformed in the field (Fig. 3.3d). At the contact of the augengneiss 

unit with conglomerate of the Money complex south of Cogne and the Erfaulet granite south 

of Lillaz, the augengneiss also does not appear strongly deformed in the field. 

In the augengneiss, the main-phase foliation is a gneissic layering defined by 

elongated, dynamically recrystallized feldspar porphyroclasts, myrmekite growth and 

alignment of mica and quartz (Fig.3.3e and f). In the metasedimentary rocks of the Gran 

Paradiso unit, the morphology of the foliation varies from a differentiated layering, with 

relics of crenulations in quartz-rich microlithons, to a pervasive schistosity. Vissers & 

Compagnoni (1984), Vearncombe (1985) and Borghi et al. (1994) showed that the main-

phase foliation is superimposed on an earlier Alpine foliation. 

On the main-phase foliation, a west- to WNW-trending stretching lineation is 

developed (Fig.3.4). In augengneiss, this stretching lineation is well expressed by the 

alignment of recrystallized tails around feldspar porphyroclasts and preferred orientation of 

quartz and mica aggregates. In metasedimentary rocks, strain shadows around garnet and 

quartz–mica alignment define the stretching lineation. Asymmetric strain shadows around 

garnet and shear bands indicate top-to-the-west or –WNW shear (Fig. 3f). Strain shadows 

around feldspar porphyroclasts contain recrystallized potassium feldspar, plagioclase and 

quartz. Assumed temperatures for the onset of ductility of potassium feldspar are usually of 

the order of .450–500 8C (Voll 1980; Pryer 1993). 
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Fig.3.3: (a) XZ section of moderately deformed augengneiss SSE of Pont; note that feldspar 

porphyroclasts with axial ratios of up to ∼4 are not parallel to main-phase foliation. (b) 

Quartzite conglomerate from base of Zermatt-Sass zone E of Lillaz; most clasts are parallel 

to foliation. (c) Mylonitic deformation of augengneiss leading to platy gneiss; sample GP02-

106. (d) Weakly deformed metagranite E of Ceresole; large feldspar clasts are at high angle 

to foliation. (e) Dynamically recrystallized feldspar porphyroclasts indicating top-W shear 

sense; both microphotographs are from sample GP02-80A. (f). Recrystallized feldspar 

porphyroclasts and mica fish indicating top-W shear sense; sample GP02-102. 
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Fig.3.4: (a) Lineation map for Gran Paradiso massif and contact between Gran Paradiso 

massif and Zermatt-Saas zone near Lillaz (b); arrow heads indicate plunging direction. 
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The main-phase foliation and stretching lineation is deformed by two subsequent 

deformation events, which proceeded during greenschist- to sub-greenschist-facies 

metamorphism (Vissers & Compagnoni 1984; Vearncombe 1985; Sandrone et al. 1993). 

The latest of these deformation events is associated with localized top-E/ESE shearing. It is 

important to note that potassium feldspar did not deform ductilely during these two post-

peak-m  deformation events.  

 

3.4.2 Results of Microprobe analysis: 

y developed phengites geobarometer, 

heck differences between samples and delineation of zonation within grains. It is to be 

oted that the analysed samples are dispersed within the phengite field with a clear tendency 

to merge with that of muscovite (see triangular diagram – Fig. 3.5).  

Within the framework of the current investigation, microprobe analytical data of 

hengite micas are presented in Table 3.3 (see appendix) and plotted in Fig. 3.6.  The 

hengitic micas from augengneiss samples Gp01.65B, Gp02-80A and Gp02-102 have mean 

verage Si contents of ~ 3.5 p.f.u. These values are strikingly high and the phenomenon may 

be interpreted as an indication of high-pressure conditions.  

As can be seen in Figure 3.6a the aluminium content of the phengites consistently 

creases with the decrease of Si content (i.e. they display a negative correlation trend). In 

contradiction, the composition of the individual populations in the samples analysed (i.e. of 

iron, magnesium and sodium contents) show comparable distribution patterns. The 

magnesium content is, more or less, constant with the silica variation (Fig.3.6b&c). 

Furthermore, the histogram of white mica analysis shows a strongly unimodal distribution 

with the peak about 3.5 Si p.f.u. (Fig.3.6d). 

Detailed microprobe analytical studies indicate homogeneity and that Si values are 

constant across individual phengites grains (i.e. no chemical zonation). These features are 

equally decipherable through microscopic investigations. It is inferred that the phengites 

micas concerned belong to one generation.  

The analytical work and corroborative microscopic investigations that were carried 

out by the author (Table 3.4 see appendix) have revealed that plagioclase has an albitic 

etamorphism

As discussed previously, phengite chemistry has been investigated in detail in order 

to determine the analysed fabrics formed during high-P metamorphism, metamorphic 

pressure conditions on the basis of an experimentall

c

n

p

p

a

in
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composition. In addition, no zonation has been detected in the analysed feldspars. Lack of 

oligoclase rims in the plagioclase component of the rocks studied suggests that the fabrics 

are inferred to have formed at high-pressure conditions.  

 

 

 

 

Fig.3.5: Modified AKF diagram showing fundamental phase relations in the system K2O-

MgO-Al2O3-SiO2-H2O relevant to Phengite solid solubility. Abbreviations: Ea eastonite, 

 

 

Ms Muscovite, (after Massonne and Schreyer 1987).
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Fig.3.6: Phengite chemistry: a) compositional variation of Si and Al. b) Relationship 

between Mg and Si contents. c) Relationship between Mg/Mg+Fe and Si contents. d) 

Histogram of white mica analyses showing uni-modal distribution of Si contents. 
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3.4.3 Direction of Finite Strain: 
The field orientations of strain for Gran Paradiso unit (augengneiss, conglomerate) 

and Erfaulet unit (conglomerate, Erfaulet granite) are shown in Figs. 3.7 to 3.9.  

3.4.3.1 Maximum Extension Direction (X) 

 

The trends of the long axes of the finite strain ellipsoid (X) in conglomerate and 

augengneiss are along E/ENE and W/WNW directions and are of shallow plunges (Fig.3.7a 

and Fig.3.7b). In addition, the trend of the Erfaulet unit is, predominantly, along a 

W/WNW direction (similar to augengneiss direction) and its plunge is a shallow as well 

(Fig.3.7c). In particular, the mean value for the long axes for all units shows clustering 

along a W/WNW trend and a plunge of about 8° (see Fig.3.7d and Table1). 

 

3.4.3.2 Intermediate Direction (Y) 

 

The samples in conglomerate and augengneiss in the intermediate direction (Y) have 

an overall maxima fanning around the N direction and a shallow plunge in the main part 

(Fig.3.8a and Fig. 3.8b). On the other hand, the Erfaulet unit displays a W/WSW direction 

and a shallow angle of plunge (Fig.3.8c). The mean for all units has a N/ENE trend, a 

dipping plunge about 3°, in addition to a subvertical attitude with respect to the X direction 

(Fig.3.8d). 

 

3.4.3.3 Maximum Shortening Direction (Z) 

 

In Fig.3.9a, conglomerate has a W/WSW trend and the augengneiss is of a 

southeasterly trending maximum shortening direction (Fig.3.9b). These rocks have a steeply 

plunging angle. Furthermore, the trend of the Erfaulet unit is at an E/ENE direction and a 

high angle as well (Fig.3.9c). Contouring of all data for the shortening directions (Z axes) 

reveals a preferred orientation of about 118° (ca. SE) and a steep angle in the range of 82° 

(Fig.3.9d). Thus, shortening axes are subvertical and are associated with a subhorizontal

 

 

foliation.  
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Fig.3.7: Lower-hemisphere equal-area projections for maximum extension direction (X): a) 

conglomerate samples (contours start at 5% and increment every 5%), b) augengneiss 

samples (contours start at 1% and increment every 1%), c) Erfaulet samples (contours start 

at 5% and increment every 5%), and d) all samples (contours start at 1% and increment 

every 1%). Red squares in the stereographic projections represent mean values of tensor 

averages. 
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Fig.3.8: Lower-hemisphere equal-area projections for intermediate direction (Y): a) 

conglomerate samples (contours start at 5% and increment every 5%), b) augengneiss 

samples (contours start at 1% and increment every 1%), c) Erfaulet samples (contours start 

at 5% and increment every 5%), and d) all samples (contours start at 1% and increment 

every 1%). Red squares in the stereographic projections represent mean values of tensor 

averages. 
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Fig.3.9: Lower-hemisphere equal-area projections for maximum shortening direction (Z): a) 

conglomerate samples (contours start at 5% and increment every 5%), b) augengneiss 

 

samples (contours start at 1% and increment every 1%), c) Erfaulet samples (contours start 

at 5% and increment every 5%), and d) all samples (contours start at 1% and increment 

every 1%). Red squares in the stereographic projections represent mean values of tensor 

averages. 
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3.4.4 Magnitudes of Finite Stretches: 
The sample localities for finite strain analysis are shown in Fig. 3.2 (see appendix), 

the strain data are summarized in Tables 3.1 & 3.2 and shown in a Flinn diagram in Fig. 

3.10a. The Flinn diagram shows the relative shapes of the strain ellipsoids, i.e. prolate vs 

oblate. According to Hossack (1968), this classification is called strain symmetry. To infer 

strain type, i.e. constrictional vs flattening, information on volume strain is needed. 

As shown in Figure 3.10b, Fry strains are not fundamentally different from Rf/φ 

strains; in some cases, the Rf/φ strains are slightly greater than the Fry strains, whereas in 

other cases the opposite is the case. Therefore, our studied samples show that there was no 

significant difference in deformation behaviour between the quartz-mica matrix and the 

feldspar porphyroclasts during the accumulation of finite strain at peak metamorphic 

conditions. Furthermore, finite strain in the augengneiss is of the same order of magnitude 

as those from the conglomerate and metasediments samples. The main-phase foliation is not 

refracted between augengneiss and metasediments, which also suggests similar deformation 

behaviour in both lithologies. Hence, Rf/φ strains derived from analysing feldspar 

porphyroclasts and quartzite pebbles represent regional strain.  

In general, the strain ellipsoids have oblate strain symmetry with some data points in 

the prolate field (Fig. 3.10a). The axial ratios in XZ sections range from 2.10 to 69.81 

(Table 3.2) with SX ranging from 1.34 to 9.62 (Table 3.1). The stretches in the Z direction, 

SZ, range from 0.12 to 0.64, indicating vertical shortening of 36% to 88%. SY ranges from 

0.57 to 1.65, showing both contraction and extension in this direction. The strain data verify 

pronounced heterogeneous deformation of the augengneiss as apparent in the field. 

The amount of strain as defined by the Nadai strain magnitude (Table 3.2) has been plotted 

for all samples on three maps (Fig. 3.11) and the strain magnitudes of the samples from the 

northwestern massif have been projected into a cross section (Fig. 3.12). The map pattern is 

somewhat erratic and does not show any obvious relationships between the strain magnitude 

e Lillaz area of the northern Gran Paradiso massif also does not show any  

and tectonic contacts in the Gran Paradiso massif. The highest strain magnitudes of about ~3 

occur in a small area to the southwest of Gran Paradiso summit south of Pont in the middle 

part of the Gran Paradiso unit (Fig. 3.11c). Towards the contact with the Zermatt-Saas zone 

in the western and northern Gran Paradiso massif the values decrease to ~1.5. Our detailed 

study in th
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Fig. 3.10: (a) Flinn lative strain or strain symmetry as 

obtained by Rf/φ  (black squares) and Fry (open dots) analysis. (b) Rf/φ and Fry data from 

same samples connected by tie lines; grey sample points indicate data from metasediments. 

(c) SX vs K showing positive correlation. (d) SY vs K showing pronounced negative 

correlation. (e) SZ vs K depicting no obvious correlation.  

diagram (Flinn 1962) showing re
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Fig.3.11: (a) Maps showing Nadai strain magnitude (Et) for each sample and contours of Et 

for Gran Paradiso massif (a), contact of latter with Zermatt-Sass zone (b) and contact with 

the western part for Gran Paradiso (c). Assuming constant volume deformation Nadai strain 

magnitude represents square of deviatoric strain (Et = E d
2). Cross section B-B’ in Fig. 12 is 

indicated. 
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Fig.3.12: Cross section B-B´ showing contoured Nadai strain magnitude and its relation to nappe contact within Gran Paradiso massif and 

between latter and Zermatt-Saas zone; highest Nadai strains occur within Gran Paradiso unit. 

 

 

 

 

 

 

 



Chapter 3: Strain and Structural analysis 
 

obvious strain increase towards the contact of the Gran Paradiso unit with the Zermatt-Saas 

one (Fig. 3.11b). The contact of the Gran Paradiso unit with the Zermatt-Saas zone in the 

acterized by 

creased strain magnitudes (Fig. 3.11a); values of 1-1.5 are typical for the Erfault unit 

(Table 3.2). 

In contrast to the strain magnitude, the strain symmetry as expressed by the K value 

(Flinn 1962; Ramsay & Huber 1983) does show a relationship to nappe contacts in the Gran 

Paradiso massif (Figs. 3.13 & 14). With a few exceptions, K values in the Gran Paradiso 

unit are low and indicate oblate strain. Near Lillaz, the contact between the Gran Paradiso 

unit and the Zermatt-Saas zone is characterized by strong oblate strain symmetries (Fig. 

3.13b). However, in the Erfaulet unit, the K values are, in general, greater than 1 and 

suggest slightly prolate strain symmetry at the contact between the Gran Paradiso and 

Erfaulet units (Fig. 3.13a).  

Figure 3.10c and 3.10d show that with increasing stretch in the X direction and 

decreasing SY the strain symmetry becomes more prolate. SZ shows no obvious correlation 

between vertical shortening and K (Fig. 3.10e). Because deviatoric strain depends on all 

three principal stretches, the positive and negative correlation of SX and SY with the K value 

does not result in a correlation of Et and K on the maps. 
 

3.4.5 Volume Change (Volume deformation): 
In the isocon diagrams in Figure 3.15 the chemical compositions (Table 3.5 see 

appendix) of variously deformed samples have been plotted against the concentration of the 

least-deformed sample (GP01-23A). It is notes that sample GP01-23A does not represent a 

protolith of the deformed samples because it is deformed and metamorphosed. However, we 

intent to investigate in a semi-quantitative fashion whether pronounced deformation in the 

more highly deformed samples was accompanied by significant volume change. We argue 

that the isocon diagrams in Figure 3.15 illustrate the depletion or augmentation of the 

analysed elements during progressive deformation. 

It is evident that no single isocon can be fitted to the data points in most diagrams, 

which suggests differential element behaviour. Nonetheless, Al2O3, Zr and also Ti plot on 

z

northeast near Ronco is even characterized by strain magnitudes >1. The nicely preserved 

intrusive relationships in this area (see above) corroborate low strain intensities. The 

tectonic contact between the Gran Paradiso and Erfault units is also not char

in

 
47



Chapter 3: Strain and Structural analysis 
 

 
48

reasonably defined isocons in most diagram e diagrams, Al2O3 and Zr (and Ti) 

show slight enrichment, whereas in others it ematic increase in the 

amount of volume loss or gain with increasing deformation intensity. Overall, the data 

suggest constant-volume or isochoric deform
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Fig.3.13: (a) Maps showing K value for each sample and contours of K value for Gran 

Paradiso massif (a) and contact of latter with Zermatt-Sass zone (b), and contact with the 

western part for Gran Paradiso (c).  Cross section C-C’ in Fig. 14 is indicated.  
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ntact within Gran Paradiso massif and between latter aFig.3.14: Cross section C-C´ showing contoured K value and its relation to n

ermatt-Saas zone; K values >1 are in general restricted to Erfaulet unit. 
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Fig.3.15: Isocon diagrams after Grant  (1986) comparing trace element and major oxide 

concentrations of deformed samples to that of least deformed sample (GP01-23A) (RXZ 

ratios of samples are shown); element concentration is scaled to 0-100 wt% or parts per 

million. Solid line represents 1:1 correspondence between concentrations of deformed and 

almost undeformed samples; dashed line represents averaged estimate of volume loss based 

on enrichment of Zr (open circles), Al2O3 (open triangles) and TiO2 (open squares). 
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4. Ductile Strain and Exhumation history for the Metamorphic 

Rocks of the Gran Paradiso Massif 
 

.1 Introduction: 

 Gran Paradiso units has been removed. This 

emands exhumation of the overriding Gran Paradiso unit during high-pressure 

etamorphism. One possibility to explain this paradox is the vertical shortening of 36-88%, 

hich accompanied the accumulation of finite strain. Ring et al. (2001b) showed that nappe 

mplacement will, in general, result in higher PT conditions in rocks of the lower plate, 

hich is in contrast to the commonly applied ‘rules’ of thrust faulting according to which 

cks with higher metamorphic grade should be tectonically above lower grade rocks. 

evertheless, as argued by Ring et al. (2001b), the occurrence of high-grade on low-grade 

cks requires that crustal shortening and nappe stacking is associated with a reduction of 

e overburden (exhumation) of the overriding nappe (Fig. 4.1). 

4
 

The current chapter is an attempt to explain how the missing ca. 3.5-10.5 km thick 

crustal section between the Erfaulet and

d

m

w

e

w

ro

N

ro

th

 

 
 

Fig.4.1: Schematic nappe sequence in northern part of Western Alps and maximum PT 

conditions for Gran Paradiso and Erfaulet units; emplacement of higher pressure Gran 

Paradiso unit onto Erfaulet unit demands that 4-11 km of vertical section was removed 

during nappe emplacement. 
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Exhumation is a generic term describing the return of once deep-seated metamorphic 

rocks to the Earth’s surface. Exhumation of high-P rocks has been discussed in recent 

studies within the context of the orogenic-wedge dynamics (e.g. Platt, 1986, 1987, 1993; 

Brandon, 1990, 1995; Ring & Brandon, 1994, 1999; Ring et al., 1999). The initial process 

of deep structural burial is ascribed to subduction of the slab beneath the overriding thrust 

wedge,

 
Ductile

s exhumation (Selverstone 1985; Wallis 1992, 1995; 

Wallis 

 followed by lithospheric underplating at the base and high pressure metamorphic 

overprinting. The contractional deformation itself, however, does not explain how high-P 

rocks were brought back to the surface, since adding material at the bottom just increases 

the thickness of the wedge and does not cause the overburden to be removed (Platt, 1986). 

Exhumation occurs by three processes: erosion, normal faulting, and ductile thinning. The 

processes are important, not only for the exhumation that they cause, but also for their 

influence on the formation of orogenic topography and the contribution to production of 

synorogenic sediments (Ring et al. 1999). In the following part, a brief description of these 

processes is given (Fig.4.2). 

 Thinning: Ductile thinning is defined as the change in thickness of the overburden 

above a material point because of ductile deformation within the overburden. Feehan & 

Brandon (1999) introduced a one- dimensional steady-state model to estimate the 

contribution of ductile deformation to exhumation of a generic accretionary wedge. Ductile 

thinning processes can either aid or hinder exhumation, depending upon whether ductile 

flow causes vertical thinning as associated with the formation of subhorizontal foliation, or 

vertical thickening as associated with the formation of a subvertical foliation. The presence 

of a subhorizontal foliation is generally diagnostic of ductile thinning (see Fig.4.2). The 

general observation of subhorizontal foliations in the internal zones of many orogens shows 

that ductile thinning commonly aid

et al. 1993; Platt 1993; Mortimer 1993; Ring 1995; Krabbendam & Dewey 1998; 

Ring et al. 1999). Ductile thinning by itself cannot fully exhume rocks and an additional 

exhumation process is required to bring rocks back to the earth’s surface (Platt et al. 1998; 

Feehan & Brandon 1999). In the simplest case, where exhumation is entirely controlled by 

ductile thinning, exhumation by ductile thinning is given by the average stretch in the 

vertical because this tells how much the vertical has changed in thickness. However, if the 

exhumation occurs by additional processes as well, it is more difficult to quantify the 

contribution of ductile thinning to exhumation. In this case, the vertical rate at which a rock 
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moved through its overburden and the rate of thinning of the remaining overburden at each 

step along the exhumation path have to be considered (Feehan & Brandon 1999). The 

general conclusion is that the contribution of ductile thinning to exhumation will always be 

less than that estimated from the vertical stretch only. 

younger over older or low-grade on high-grade tectonic contacts, where large faults, with 

w to moderate dips, have placed younger above older rocks or low-grade rocks on high 

grade r

n Alps (Selverstone 1988). 

Erosio

erosion is a significant exhumation process. 

 

Normal Faulting: The most commonly cited evidence for normal faulting is the presence of 

lo

ocks, and in the process have cut out a significant thickness of stratigraphic or 

metamorphic section. High P/T rocks may be exhumed in the footwalls of faults that have a 

large-magnitude component of normal displacement (Fig.4.2). A widely perceived driving 

force for such normal faulting is underplating of the forearc, possibly by a subducted 

bathymetric high, which leads to overthickening, gravitational collapse, and extension of a 

tapered accretionary prism (Lister et al. 1984; Platt 1986). Normal faulting may also be 

driven by oblique convergence (Avé Lallemant & Guth 1990). In addition, the exhumation 

rate during the normal faulting is a function of both slip rate and fault dip (Ring et al., 

1999). Many studies of active convergent margins have documented underplating (e.g. 

Westbrook & Smith 1993; Clowes et al. 1987; Fuis & Plafker 1991) and normal faulting 

(e.g. Crespi et al. 1996; McNeill et al. 1997).  Normal faulting has been suggests as the 

exhumation mechanism of high P/T rocks from the modern and ancient convergent margins 

around the world, including the Franciscan complex of California (Jayko et al. 1987; Harms 

et al. 1992), the Dora Maria ultra-high pressure metamorphic rocks of the western Alps 

during the later stage of the exhumation (Avigad 1992; Michard et al. 1993) and the Tauern 

Window of the easter

n: Erosion is one of the important processes to exhume high P/T (metamorphic) 

rocks of the overburden as the deeper-level rocks rise through the crust. Surface uplift and 

erosion rate may be controlled by orogen-thickening mechanisms such as underplating, 

thrusting, and contractional pure shear (Platt 1993; Thompson et al. 1997). Early geologists 

observed that mountainous regions eroded faster than adjacent lowlands, and that ancient 

mountain belts were commonly flanked by thick synorogenic deposits that could be traced 

by provenance to erosional sources within the orogen. The large volumes of detrital deposits 

found adjacent to almost all convergent continental orogens provides ample evidence that 
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Fig.4.2: Schematic illustration of the three exhu

flow and e

mation processes: normal faulting, ductile 

rosion (After Ring et al. 1999). 
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Finite strain measurements were already presented in chapter 3. In conjunction with 

the microprobe data, they record the amount of ductile strain experienced by rocks during 

deformation under high-pressure conditions within the orogen. Finite strains indicate the 

average

only used to quantify the end-product, 

apter. In order to properly estimate 

the con

erated at the same time as the nappes in the Gran Paradiso 

massif 

diso unit during its 

mplacement onto the Erfaulet unit. 

 of shortening is about 58% in the vertical direction associated with horizontal 

extension during high-pressure nappe stacking. Thus, one would expect that ductile thinning 

has played a significant role in the exhumation of rocks from the Gran Paradiso unit 

(Fig.4.1). Feehan & Brandon (1999) have pointed out that the orientations of finite strains 

have a strong influence on the relation between ductile thinning of the overburden and 

exhumation. Wedge models (e.g. Willet et al. 1993) suggest that directions and magnitudes 

of principal strains do not remain constant, but vary during deformation. Therefore, strain 

measurements and exhumation modelling can be 

which possibly arose from a complex interdependence of the thickening and thinning 

processes.  

Kassem & Ring (2004) suggest that the vertical shortening, which accompanied the 

accumulation of finite strain during high-pressure metamorphism, has led to the thinning of 

the overriding nappe package and, consequently, the final overburden above the Erfaulet 

unit was reduced. The interpretation of the final movement of the Gran Paradiso unit onto 

the Erfaulet unit shall be elaborated upon within this ch

tribution that vertical ductile shortening exerted upon total exhumation of the 

overriding nappe package, it is needed to consider both the vertical rate at which the rocks 

moved through its overburden and the rate of thinning of the remaining overburden at each 

step along the exhumation path.  

Another possibility how the overburden can be removed is that one or more normal 

faults higher up in the section op

formed. Reddy et al. (1999) showed that the southeastern portion of the Combin fault 

(Gressoney shear zone) was active as an extensional shear zone between 36-45 Ma. It seems 

that extension across the Combin fault unroofed the (ultra) high-pressure Zermatt Sass zone 

during thrusting of the latter onto the Gran Paradiso massif. This would explain the excision 

of 20-25 km of section between the Zermatt-Saas zone and the Gran Paradiso unit. The 

exact timing of high-pressure metamorphism in the Gran-Paradiso unit is needed to further 

discuss whether normal faulting aided exhumation of the Gran Para

e
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In addition, erosion could also explain the exhum n of the Gra aradiso un s it 

as thrust onto the Erfault unit. There are no Eocen  Alps and 

on to exhumation re unk own dy e al 9) 

nal movement on the Com in fault no significant unroofing 

 the hanging wall occurred implying that erosion rates were small. Rates of thrusting and 

cene and Early Oligocene in the Alps were fast (Reddy et al. 1999) 

d therefore one can assume that thrusting of the Gran Paradiso unit o ault unit 

on years. In this case, high erosion rates of 0.5-2 km Myr ld 

visioned to explain the metamorphic break between the Gran Paradiso and 

be unrealistic for the Eocene Alps because 

as not accomplished before the Oligocene (Spiegel, et al., 2000 and 

rümpy, 2001). 

.2 Review of Geochronological data, Residence time and average exhumation 

ssed the timing of high-pressure meta sm in n 

assif (e.g. Meffan et al., 2004) concluded that the high-pressure metamorphism 

 and continued up to at least 36 Ma. nal unit he 

lps were generally affected by a greensc st to lower amphibolite cies 

erprint. This is thought to have taken place during the Oligocene (Hu  1992). 

l studies have aided in resolving problems per g 

ge relationships of specific greenschist facies deformation fabrics (e.g. Freeman et al., 

1997; Reddy et al., 1999; Cartwright & Barnicoat, 2002). Localised deformation under 

greenschist conditions within and around the Gran Paradiso basement has been dated at 38-

34 Ma (average about 36 Ma), using Rb-Sr on white mica (Inger & Ramsbotham, 1997). 

The post-Alpine cooling path of the Gran Paradiso massif was investigated by Hurford & 

Hunziker (1989) who determined fission track ages on zircon (closure 200-250°C) of 

30±1Ma and on apatite (closure 60-120°C) between 24 and 20Ma. Zircon and apatite track 

ages for the Gran Paradiso indicate a monotonic cooling of ~10°C/Ma during the Miocene 

to recent. These data suggest that the Gran Paradiso massif was within a few km of the 

surface by c. 20Ma.  

atio n P it a

w e erosion rates known from the

therefore the contribution of erosi mains n . Red t . (199

suggested that during extensio b

of

normal faulting in the Eo

an nto the Erf

occurred within a few milli -1 wou

have to be en

Erfault units. Such high rates appear to 

mountains relief w

T
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rates: 
 

Many authors who discu morphi the Gra

Paradiso m

thereabout started at ca. 43 Ma  Inter s of t

Western A hi fa

ov nziker et al.,
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The timing information given above is used here to estimate wedge residence times 

nd exhumation rates for our study areas in Gran Paradiso unit (Table 4.1). The age of 

rusting nappes onto each other is closely approximately by the age of peak 

etamorphism, which spans a period of time between 2 and 7 Ma (with an estimated 

verage of 4 Ma). In addition, the depth of the underplating is about 42-49 km when 

aximum metamorphic pressure for Gran Paradiso unit in the range 12-14 kbar and 500-

50°C (assuming an average density of 2800 kg m-3), whereas high-pressure metamorphism 

f the Erfaulet unit occurred at 11-13 kbar and 450-500°C, corresponding to a depth of 

bout 38.5- 45.5 km. In this case, the difference pressure between two units can 

onsiderable about 1-3 kbar (3.5-10.5 km depth). Based on metamorphic depths and 

sidence times, the average exhumation rate would be about 0.5-5.0 km/m.y. 

able 4.1: Summarising all input parameters required by Exhume-program. 

     Model Parameters and Initial

a

th

m

a

m

5

o

a

c

re

 

T

   

   Conditions   
      

Orogenic Parameters     
      
Depth of Initial acceration  46 Km   
      
Residence time in  Wedge  2 4 6 
      
Azimuth of  Transport Direction  100°   
      
Directions and Magnitudes of the 
Principal    
Stretches (Sx, Sy, Sz)     
     
Extention( trend, plunge and Sx)  278, 09, 2.29   
      
Intermediate( trend, plunge and Sy) 08, 03, 1.05   
      
Shortening( trend, plunge and Sz) 114, 81, 0.42   
      
Stretches, Orogenic Coordinate frame    
Across-strike  1.75   
Parallel-strike  1.05   
vertical   0.43   
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4.3 Results and implicati

alculation are presented in Table 4.2 as well as in 

Fig. 4.

strike, parallel to strike in the 

horizon

ons: 
 

The results of the exhumation c

3. The data indicate that the ductile strain contributed about 11 ± 0.6 km/m.y for a 

proportional strain rate. Feehan and Brandon (1999) show that a proportional strain rate 

approximates a situation where strain rates are governed by parameters that increase with 

depth, such as deviatoric stress and temperature. The percentage of total exhumation due to 

ductile flow is about 25 %. In addition, the calculated contribution of erosion and normal 

faulting represent 75% of the exhumation, a value which is equivalent to some 34.4 km of 

thickness for a proportional strain rate (Table 4.2).  

Ductile strain is highest at the base of the wedge and decreases to zero at the top, 

following the proportional strain rate law. This means that most of the finite strain is 

acquired in the deep part of the wedge. During their ascent rocks accumulate strain over the 

thickness of the orogenic wedge and finally reach the surface with a certain amount of finite 

ductile strain. Thus, the exhumation is a function of the integrated strain along the vertical 

deformation path and is not simply related to the total finite strain. As a consequence, the 

fraction of ductile thinning deduced from finite strains is necessarily less than, or equal to, 

the amount of shortening in the vertical direction.  

If the strain measurements are considered with respect to orogenic coordinates (average 

present strike of the orogen is 100°), averages of across-

tal and vertical stretches of 1.75, 1.05, and 0.43 are obtained respectively 

(Table4.1). This indicates an average of across-strike horizontal extension in the range of 

75%. This value highlights a W/WNW direction (extension) during the deformation of the 

Gran Paradiso unit. The average parallel-to-strike horizontal strain is 5% extension. This 

indicates that the deformation was close to plane strain. 

Results pertaining to the model calculation are shown in Fig. 4.3. They illustrate the 

exhumation and strain history for a proportional strain rate. For the proportional strain, the 

model favours a slightly faster rate (á = 13.1 km/m.y.) and a thinning rate due to erosion and 

normal faulting of about 5.7 km/m.y. In addition, the thinning rate for ductile flow is close 

to 7.4 km/m.y. The principal stretches display a non-linear disposition (indicated by the 

curvatures Sx and Sz – Fig.4.3). 
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In accord with the current study, it may be concluded, that deformation associated 

with thrusting in the Gran Paradiso unit involved significant vertical shortening with the 

horizontal extension. In essence, the exhumation data suggest that the vertical shortening 

would have played a vital role with reference to interpreting the missing crust between the 

Gran Paradiso and Erfaulet units as well as the juxtaposition of the high-pressure rocks 

against their lower-pressure counterparts. Final emplacement of the Gran Paradiso unit onto 

the Erfaulet unit was probably achieved during the underplating event. 

 

Table 4.2: The result of the exhumation 

Residence time inside orogen (m.y.)  2 4 6 
  Proportional Strain Rate   
      
Thinning Rate due to erosion  17.2 8.6 5.7 
& normal faulting (km/m.y.)     
      
Thinning Rate due to  22.1 11 7.4 
 ductile flow (km/m.y.)     
      
Rate of basal accretion 39.3 19.6 13.1 
 (km/ m. y.)     
      
Total exhumation due to erosion   34.4 34.4 34.4 
& normal faulting     
      
Total exhumation due to  11.6 11.6 11.6 
ductile flow      
      
Percentage of Total exhumation  25.1 25.1 25.1 
due to ductile flow (%)     
      
Strain Rates: Across-Strike  45.7 23.9 15.2 
 (%/myr)     
      
Strain Rates: Parallel-Strike 2.8 1.4 0.9 
 (%/myr)     
      
Strain Rates: Vertical -47.9 -23.9 -15.9 
(%/myr)       
 

 
61



Chapter 4: Ductile and Exhumation history for the Metamorphic Rocks. 
 

 

 

 

 

 

ts for tensor average strains, illustrating the exhumation and 

strain h

Sz

Sy

Sx

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.3: Plots of model resul

SySz Sx

istory for proportional strain rates, respectively; depth of initial accretion is 46 km; 

residence time within a steady-state wedge is 6myr. 
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5. Summary and Discussion 
 

Subhorizontal foliation and shearing 

The chemical data indicate no volume change with progressive deformation of the 

augengneiss. Minor or no volume changes are expected in high-grade rocks in which 

porosities during deformation are probably very small. Because of isochoric deformation the 

strain data reflect flattening strain type. This indicates that the accumulation of ductile 

deform

uthor’s knowledge, high strains of ~100 have never been 

reporte

ation during underplating was not by simple shear and involved vertical shortening 

produced by a component of pure shear. Pure shear-related vertical shortening caused the 

subhorizontal foliation in the Gran Paradiso massif and adjacent units.  

The development of a subhorizontal foliation by simple shear nappe stacking alone 

appears to be an unreasonable alternative. The latter scenario demands very high shear 

strains of the order of >10 and the rotation of material lines into a subhorizontal position 

would lead to strain ellipses with aspect ratios of ~100 throughout the entire thickness of 

nappes. To the best of the a

d across a whole nappe. Therefore, Kassem and Ring (2004) envisage that nappe 

imbrication associated with a component of pure shear flattening is a general process 

causing flat-lying foliations in the internides of many orogens. The faster rotation of objects 

in pure shear than in simple shear also makes a pure shear component of deformation more 

likely for producing subhorizontal foliations across nappes. 

On the main-phase foliation, a W/WNW-trending stretching lineation developed 

(Fig.3.7). The structure of the area is dominated by a pervasive, subhorizontal main-phase 

foliation. The main-phase foliation is subparallel to the nappe contact of the Gran Paradiso 

massif with the overlying Zermatt-Saas zone and therefore defines a broad regional dome 

structure. Vissers & Compagnoni (1984) made the important observation that this foliation 

cuts the tectonic contact between the Gran Paradiso unit and the Erfaulet unit at a low angle. 

These authors argued that the Gran Paradiso massif is a gneiss-cored fold nappe with the 

Erfaulet unit occurring in the axial plane of the fold nappe. The data introduced in chapter 3 

and corroboration (Kassem and Ring, 2004) reveal that stretching lineations during 

subduction-related underplating assume a general trend of W/WNW and that associated 

kineamatic indicators, in general, record a top-W tectonic transport. Vissers & Compagnoni 

(1984) and Vearncombe (1985) came to similar conclusions; Butler & Freeman (1996) also 
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reported top-W tectonic transport from the contact of the Gran Paradiso massif with the 

verlying Zermatt-Saas zone (Fig.5.1). Further evidence for top-W tectonic transport during 

igh-pressure metamorphism in the Western Alps comes from the studies by Philipot 

990), Froitzheim (2001), Reddy et al. (2003), Ring & Merle (1992) and Ring (1992, 

1995). According to Schmid & Kissling (2000)  shortening caused ~30 km of top-

 thrusting of the Gran Paradiso massif onto its underlying units (Figs. 2.4 & 5.1).  

pling on the 

rusts which bound the Gran Paradiso massif. Therefore, it seems plausible to assume that 

is shear coupling produced the regional consistently oriented stretching lineation. 

o

h

(1

 early E-W

W

However, the problem with interpreting the stretching lineations as the tectonic 

transport direction is that such an interpretation is only valid for a simple-shear deformation, 

which is not supported by the strain data. The observation that deformation in large parts of 

the Gran Paradiso massif is, in general, distinctly non-coaxial with a dominant top-W sense 

of shear suggests that ductile deformation in the nappe is related to shear cou

th

th

 

 
 

 

Fig. 5.1: Cross-section E-W showing broad domal structural; Erfaulet unit forms base of 

exposed section and crops out in major valleys. 
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Heterogeneous deformation and nappe emplacement 

The deformation/metamorphism relationships in conjunction with the 

thermobarometric data of Borghi et al. (1994, 1996) indicate that feldspar ductility at 

temperatures >~450-500°C occurred only during deformation at peak metamorphic 

conditions. Therefore, the Rf/φ strains as derived from ductile-deformed feldspar 

porphyroclasts can be associated with deformation at maximum burial depths during 

underplating of the rocks beneath the overriding plate. This conclusion is corroborated by 

similar microstructures from the Monte Rosa nappe, which also formed during maximum 

burial when the nappes were underplated beneath the overriding Adriatic plate (Ring & 

Merle 1

le deformation conditions before the peak of high-pressure 

metamo

992).  

In addition, electron microprobe work was undertaken to determine if the analysed 

fabrics formed during high-P metamorphism. On the basis of chemical data, it may be 

summarized that: a) there is only one generation of high-Si phengite that has been detected 

within the compositional range of the three analysed samples; b) there is no retrograde 

transformation at the expense of phengite is observed; c) no chemical zoning is present. This 

implies that the motion, deformation and final structural juxtaposition of the Gran Paradiso 

unit against the Erfaulet took place during underplating and high-pressure metamorphism. 

The lack of any obvious relationship between the strain magnitude and tectonic 

contacts may have two reasons: (1) the nappe contacts formed early during subduction 

under brittle to semi-britt

rphism. In this case, ductile strain was superimposed heterogeneously on the already 

assembled nappe structure. (2) The nappe contacts formed late, after high-pressure 

metamorphism ceased, i.e. ductile strain accumulated before the nappes formed. The fact 

that finite strain accumulated during high-pressure metamorphism indicates that the nappe 

contacts formed before the accumulation of ductile strain and thus during underthrusting. 

The observation of Vissers & Compagnoni (1984) that the main-phase foliation cuts the 

tectonic contact between the Gran Paradiso unit and the Erfaulet unit at a low angle 

corroborates this conclusion. 

Although the strain magnitude does not show any relationships to nappe contacts, 

the strain type as expressed by the K value shows a distinct pattern in the Gran Paradiso 

massif. Kassem and Ring (2004) suggested that underplating was accompanied by vertical 

shortening and this explains flattening strain type in large parts of the Gran Paradiso massif. 
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The constrictional strain in the Erfaulet unit could be explained by the gneiss-cored fold-

nappe model of Vissers & Compagnoni (1984). Dürr (1992) and Ring et al. (1988, 1989) 

showed that in fold hinges where an earlier foliation is overprinted at a high angle by a fold-

related axial-plane foliation, the superposition of the strains results in prolate strain, whereas 

on the limbs of the fold flattening strain results. The gneiss-cored fold-nappe model of 

Vissers & Compagnoni (1984) implies that the Erfaulet unit occurs in the axial plane of the 

neiss fold, whereas most parts of the Gran Paradiso unit should make up the limbs of the 

envisio cale fold (Fig. 5.2). 

In this case, vertical shortening thinned the overriding nappe package and therefore 

the final overburden above the Erfaulet unit was reduced. It seems that the final movement 

of the Gran Paradiso unit onto the Erfaulet unit occurred during underplating and the 

accumulation of finite strain, which is in accord with top-to-the-W shear during high-

pressure underplating.  In other words, the nappes formed already during subduction but 

final nappe transport in the Gran Paradiso massif took place during subsequent underplating. 

The high-strain zone south of Pont (Figs. 3.11, 3.13) probably accomplished a considerable 

part of final nappe transport.  

Another interesting feature in the high-pressure rocks of the Gran Paradiso massif is 

that intrusive relationships close to the contact with the overlying Zermatt-Saas zone are 

well preserved despite the fact that the rocks were transported down to depths of ∼45 km 

and were subsequently exhumed rapidly. Similar intrusive relationships occur in the 

ultrahigh-pressure unit of the Dora Maira massif, which was exhumed very rapidly 

(Compagnoni et al. 1995). These examples indicate that Alpine (ultra)high-pressure 

metamorphism and associated heterogeneous and rapid deformation in the Alpine 

subduction zone left parts of the nappes mineralogically and/or structurally completely 

unaffected. Ring & Reischmann (2002) proposed that fast underthrusting and exhumation at 

great rates occurs when the bounding faults are very weak and that this is the reason why 

some high-pressure rocks are almost undeformed. However, the consistently oriented 

stretching lineations and top-to-the-W shear suggest at least some shear coupling at the 

thrusts that bound the Gran Paradiso massif. Furthermore, ductile strain reaching axial ratios 

in XZ sections of ∼70 was superimposed heterogeneously on the existing nappe structure 

indicating that high strain accumulated, at least in part, after considerable movement at the 

bounding faults. In this case, the good preservation of pre-high-pressure structures close to 

nappe contacts was aided because the nappes formed early during subduction by brittle  

g

ned large-s
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Fig. 5.2: Schematic structural model for occurrence of slightly constrictional strain in 

Erfaulet unit. Early S1 foliation parallel to tectonic contact between Gran Paradiso unit and 

Erfaulet unit is folded and forms gneiss-cored fold nappe of Vissers & Compagnoni (1984); 

S2 foliation is generally subparallel to S1, which explains flattening strain, but in hinge 

zones of F2 folds S2 is at high angle to S1 leading to local constrictional strain. 
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imbrication and were modified by extremely heterogeneous strain which allowed pre-

res to survive in low-strain areas between shear zones. 

  

final st  the Gran Paradiso unit against the Erfaulet took place during 

underplating in Alpine subduction zone. The Gran Paradiso unit was thrust onto the Erfaulet 

subhorizontal foliation. The que al shortening during nappe 

playing ulet unit. 

would n Paradiso massif is 

rates up

to exhu xhumation processes (normal faulting 

Paradiso unit at the time when the higher was 

was active as an exten

extensional processes, across the Com h-pressure Zermatt 

would 

constraining of the exact timing of high-pressure metamorphism in the Gran-Paradiso unit is 

normal f the Gran Paradiso unit during its emplacement onto the 

ation mechanism (Ring et al. 1999) could 

thrusting onto the Erfaulet unit. Nonethele n from 

the Alps and therefore the contribution of erosion to exhumation remains largely unknown. 

existing structu

 

Implications of exhumation in the Gran Paradiso massif: 
The high-pressure metamorphism in Gran Paradiso massif is due to deformation and 

ructural juxtaposition of

unit; this event is characterized by a metamorphic break and was associated with 

stion is whatever vertic

emplacement caused the pressure break (about 1-3 kbar).  

The results of the calculations (Table 4.2; Fig.4.3) indicate that vertical shortening is 

 an important role during thrusting of the Gran Paradiso unit onto the Erfa

Furthermore, the exhumation data in chapter 4 indicate that the average exhumation rate 

be about 0.5-5 km/m.y. The calculated exhumation rate in Gra

not exceptional: in the Dora Maira massif Rubatto & Hermann (2001) estimated exhumation 

 to 34 km/m.y. These calculations illustrate that the contribution of ductile thinning 

mation depends on interactions with the other e

and/or erosion), and it also depends on how ductile deformation is distributed with depth. 

Normal faults, higher up in the section, have caused exhumation of the Gran 

thrust onto the Erfaulet unit. Reddy et al. 

(1999) showed that the southeastern portion of the Combin fault (Gressoney shear zone) 

sional shear zone between 36-45 Ma. It may be asserted that 

bin fault, unroofed the (ultra)hig

Sass zone during thrusting of the latter onto the Gran Paradiso massif; an inference that 

explain the excision of 20-25 km of section between the two units. In essence, 

perceived to be a factor relevance. This would enable a further discussion on whether 

 faulting aided exhumation o

Erfaulet unit or otherwise. 

Erosion as the third most probable exhum

also explain the exhumation of the Gran Paradiso unit and its emplacement through 

ss, there are no Eocene erosion rates know
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Sedimentary evidence for the erosion of continental crust prior to the Oligocene is lacking 

lpine flysch (Platt, 1986). Therefore, rather than removing the overlying rockin the A s by 

However, It also appears that the Sesia-Lanzo zone and Gran Paradiso massif were near 

100-km  Ma 

extensi  no significant unroofing of the hanging wall has 

faulting

therefo at thrusting of the Gran Paradiso unit onto the Erfaulet unit 

0.5-2 k

metamo nits. 

erosion, a mechanism to transport the HP rocks through the overburden is necessary. 

surface when part of the Dora Maira massif was metamorphosed within the range of over 

 in depth. Indeed, the Sesia-Lanzo began its exhumation cycle approximately 35

prior to HP metamorphism in the Dora Maira. Reddy et al. (1999) suggested that during 

onal movement on the Combin fault

taken place. This implies that erosion rates were small. Rates of thrusting and normal 

 in the Eocene and Early Oligocene in the Alps were fast (Reddy et al. 1999) and 

re one would assume th

occurred within a few million years. Nevertheless, a sort of erosion (possibly in the range of 

m Myr-1) is to be envisioned: such a conjecture would help in explaining the 

rphic break between the Gran Paradiso and Erfaulet u

 
. 
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6. Conclusions 

 

(underthru

on the nappe structure during hi ting of the nappe stack beneath the 

onto the Erfaulet unit was probably achieved duri  

indicates th ple 

subhorizontal foliation in the Gran Paradiso m also in other Pennine 

gneiss nappes in the Alps.  

that th igh-P metamorphism. In essence, there is no 

Thus, t it 

metamo

  ran 

Paradiso massif was indicated as a component of vertical shortening, which is responsible 

be concluded that the vertical shortening 

interpre

asserte

during high-pressure m e overriding nappe package and, therefore, 

to, prop

exhumation of the overriding nappe package, it is necessary to consider both the vertical 

he 

remain

 

Nappe stacking in the Gran Paradiso massif occurred early during subduction 

sting event) probably by brittle imbrication. Ductile strain was then superimposed 

gh-pressure underpla

Adriatic plate in the Alpine subduction zone. Final emplacement of the Gran Paradiso unit 

ng the underplating event. Flattening strain

at the accumulation of ductile strain during underplating was not by sim

shear. It is assumed to have involved a component of vertical shortening, which caused the 

assif and, by inference, 

  The chemistry of phengite micas in samples from the Gran Paradiso massif supports 

e analysed fabrics formed during h

change in the physical conditions to which the rocks were subjected during deformation. 

he motion, deformation and final structural juxtaposition of the Gran Paradiso un

against the Erfaulet unit took place during underplating and the high-pressure 

rphism as, equally, revealed by phengite barometry.  

On the other hand, the exhumation during high-pressure metamorphism in the G

for the subhorizontal foliation within the nappes. On the basis of the exhumation data it is to 

would have played an important role to 

ting the missing crust between the Gran Paradiso and Erfaulet units as well as the 

juxtaposition of the high-pressure rocks against their low-pressure counterparts. It is 

d that the vertical shortening, which accompanied the accumulation of finite strain 

etamorphism, thinned th

the final overburden above the Erfaulet unit was reduced. Within this context and in order 

erly, estimate the impact of vertical ductile shortening that was exerted on the total 

rate at which the rocks moved through the overburden, as well as the rate of thinning of t

ing overburden at each step along the exhumation path.  
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Table 3.1: Direction of finite strain axes and stretches for samples from Gran Paradiso 
assif. 

Sa Tre Plu X Tr Pl g Y g Z z 

m
 
mple No. nd X ng Sx end Y un Sy Trend Z Plun S 

Gr  Unitan Paradiso          

Augen gneiss           

GP 3 22   6 8 0 01-01 06 2.39 36 1 1.39 12 6 0.3
GP 3   4 01-02 02 12 2.61 211 6 1.13 97 75 0.3
GP 3   4 0 01-03 12 20 1.94 44 0 1.31 13 69 0.4
GP 2   5 1 01-04 72 0 3.53 2 10 0.91 17 80 0.3
GP 2    0 4 01-05 97 14 2.67 27 0 1.55 11 76 0.2
GP 4 01-06 320 14 1.54 230 0 1.53 13 76 0.42 
GP 2   2 01-07A 82 7 3.50 13 4 1.03 135 8 0.28 
GP 2   3 4 01-07B 82 10 6.66 14 13 1.04 154 7 0.1
GP 2    2 1 01-08 47 9 1.56 340 16 1.55 126 7 0.4
GP 5    5 7 01-09A 7 2 3.79 328 24 1.53 150 6 0.1
GP 2  4 3 01-09B 76 22 2.36 13 16 1.29 135 6 0.3
GP 3   9 5 01-10 47 1 1.68 257 11 1.34 80 7 0.4
GP 2 1   4 4 01-11 49 5 1.69 340 4 1.34 88 7 0.4
GP 3 2   7 3 01-12 00 2 2.22 207 8 1.37 92 6 0.3
GP 2  5 8 01-13 81 24 1.84 185 16 1.43 70 6 0.3
GP 2   5 5 01-14 83 5 1.79 192 13 1.23 40 7 0.4
GP 7  0 6 01-15A 6 15 2.20 170 12 0.99 292 7 0.4
GP 26  6 5 01-15B 5 3 2.34 356 1 0.96 93 8 0.4
GP 7    5 6 01-16 4 4 2.76 164 4 1.01 295 8 0.3
GP 1-17 112 1 2. 3 203  1  24 77 31 0  0 5 8 .29 3 0.
GP 96 9 1.94   1.21 20 83 0.43 01-18 2 27 2 1
GP 12 1    0 2 01-19 2 5 2.38 215 12 1.32 343 7 0.3
GP 278 2 187 8  72 2 01-20   2.13 1 1.12 11 0.4
GP 2  4 5  9 01-21 24 1 1.67 130 5 1.23 31 36 0.4
GP 227 42 341   38 9 01-22  1.68 27 1.21 92 0.4
GP 31 4  2  4 6 4 01-23A 1 7 1.44 118 4 1.27 21 0.5
GP 33 42   0  01-23B 4 1.44 124 44 1.27 23 15 0.54 
GP 70 10 161   7 75 01-24  1.50 11 1.20 29 0.56 
GP 27 2     4 5 01-25 8 5 2.10 11 6 1.07 112 6 0.4
GP 28   2 57 7 01-26 8 32 2.14 23 6 1.27 12 0.3
GP 30  7 3 01-27 1 33 2.14 34 6 1.42 130 5 0.3
GP 27   6 3 01-28 4 24 2.64 15 24 1.14 144 5 0.3
GP 29  9 8 01-29 4 5 2.91 25 10 1.23 182 7 0.2
GP 24  0 8 01-30 8 15 1.71 342 12 1.53 105 7 0.3
GP 29  8 1 01-31 5 2 2.41 25 0 1.34 110 8 0.3
GP 31 1   9 8 01-32 0 0 2.26 40 0 1.56 125 7 0.2
GP 31   7 7 01-33 9 4 3.66 50 10 1.02 204 7 0.2
GP 12  2 4 02-46 0 1 2.86 209 37 1.49 28 5 0.2
GP -47 31 40 2.94 243 5 1.21 56 40 0.28 02 1 2 3
GP02-48 133 28 3.24 238 26 1.13 2 50 0.27 
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Table 3.1: continued 
 
GP02-49A 1  1 4.  2  25 1.  10 60 0.  28 5 21 27 12 21
GP02-49B 2  3.  3  30 1.  1  60 0.  52 0 03 42 15 61 29
GP02-50 102 24 2.84 208 30 0.96 341 50 0.37 
GP02-51 333 19 1.40 218 48 1.38 76 34 0.52 
GP02-52 299 12 1.46 197 42 1.29 41 45 0.53 
GP02-53 2  3 2.  1  38 0.  11 30 0.  56 8 53 27 92 43
GP02-54 224 22 1.40 328 30 1.18 103 50 0.60 
GP02-55 260 18 1.47 1  63 17 1.26 35 64 0.54 
GP02-56 298 18 1.70 28 0 1.05 114 72 0.56 
GP02-57 279 24 2.67 187 5 0.98 90 66 0.38 
GP02-58 285 16 2.42 15 1 1.21 107 75 0.34 
(Fry )   2.59   1.24   0.31 
GP02-63 100 0 2.90 190 27 1.07 10 64 0.32 
GP02-64 123 13 3.09 215 8 1.18 334 74 0.27 
GP02-65A 260 10 2.33 166 21 1.31  12 68 0.33 
GP02-65B 270 0 2.59 180 4 1.46 346 85 0.26 
GP02-66 2  2. 2 1  1. 3 16 81 0.  60 4 3 70 8 3 32
GP02-67 120 12 2.60 218 34 1.10 16 55 0.35 
GP02-70A 1  11 2  10 3  75 25 2.96 17 1.42 50 0.24 
GP02-70B 1  1 3.  2  24 1.  3  60 0.  13 5 14 10 43 52 22
GP02-71 122 6 2.66 2  14 18 1.24 14 70 0.30 
GP02-72 120 23 2.18 224 28 1.38 358 53 0.33 
GP02-73 105 16 2.58 201 19 1.41 337 65 0.27 
GP02-74A 249 12 1.40 158 9 1.24 26 77 0.58 
GP02-74B 272 8 1.90 180 12 1.23 34 75 0.43 
GP02-75 250 7 1.54 340 0 1.23 72 85 0.53 
GP02-80A 120 30 2.01 228 29 1.29 353 47 0.39 
GP02-80B 258 6 2.35 165 24 1.17 2 66 0.36 
GP02-81 90 0 3.12 180 44 1.38 359 46 0.23 
GP02-82 125 7 2.32 35 2 1.15 288 83 0.37 
GP02-83 128 17 3.03 231 38 1.26 18 48 0.26 
GP02-84A 95 0 2.36 185 3 1.26 359 87 0.34 
(Fry )   2.02   1.26   0.39 
GP02-84B 253 0 2.79 163 21 1.12 347 68 0.32 
GP02-85 90 0 2.10 181 21 1.45 357 69 0.33 
(Fry )   1.75   1.40   0.41 
GP02-86A 275 2 2.08 185 10 1.30 15 81 0.37 
GP02-86B 305 2 2.43 214 18 1.14 38 71 0.36 
GP02-100 141 11 1.90 47 19 1.22 258 67 0.43 
GP02-101 248 6 1.78 338 5 1.33 106 82 0.42 
GP02-102 283 2 2.58 12 1 1.03 114 88 0.38 
GP02-103 88 17 3.05 180 6 0.94 288 72 0.35 
GP02-104 82 14 4.27 176 14 0.77 309 70 0.30 
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Table 3.1: continued 
 
GP02-105 80 1 2.3 5 4 7 6 2 174 1 1.07 30 6 0.40 
GP02-106 280 3 8  10 0 1.07 98 87 0.12 .08   

GP02-107 273 4 3  4 1 1.21 108 86 0.24 .41  

GP02-108 289 4 2.11 19     2 1 1.13 108 86 0.4
GP02-109 272 14 3.09 1  6   4 18 3 0.9 87 76 0.3
GP02-110 280 8 5.09 9     7 18 3 1.15 84 82 0.1
GP02-111 280 11 3.98 10     2 1 1.15 105 78 0.2
GP02-112 270 4 1.47 0    1 18 1 1.12 79 86 0.6
GP02-113 82 8 2.30 2     6 17 4 0.94 280 81 0.4
GP02-118 278 2 1.34 8     4 3 1.17 157 87 0.6
GP02-119 271 7 2.14 8 2    2 4 1.46 173 49 0.3
GP02-120 258 3 2.87 7     9 34 2 1.21 83 87 0.2
GP02-121 274 16 2.35 25 0    4 5 1.25 172 37 0.3
GP02-122 283 18 2.75 28 0    2 4 1.15 173 45 0.3
GP03-130 278 2 5.32 9 4    2 2 0.85 180 66 0.2
GP03-131 86 0 2.57 6 9    6 35 2 1.08 176 60 0.3
GP03-132 264 12 1.92 6 2    0 4 1.30 162 46 0.4
GP03-133 242 22 2.38 9 7    5 33 1 1.19 100 60 0.3
GP03-134 270 22 2.87 12 9    9 2 1.20 147 53 0.2
GP03-135 278 24 2.80 21 6    2 2 1.13 152 53 0.3
GP03-136 293 30 2.49 9     4 19 7 1.17 98 60 0.3
GP03-137 278 22 2.56 12 0    3 1 1.19 122 64 0.3
GP03-138 272 12 2.71 2     6 18 4 1.02 82 79 0.3
GP03-139 266 7 4.97 6     0 35 0 1.00 90 83 0.2
GP03-140 275 10 3.53 6     1 4 0.91 111 80 0.3
GP03-141 268 9 2.88 8     7 35 2 0.93 92 81 0.3
GP03-142 283 15 3.91 14     2 4 0.80 113 75 0.3
GP03-143 262 9 8.95 0     5 35 6 0.72 111 79 0.1
GP03-144 305 21 2.99 2     0 21 9 1.11 99 67 0.3
GP03-145 295 20 9.62 1 1    8 20 1 0.57 86 67 0.1
GP03-146 305 28 3.93 2     7 21 6 1.47 113 62 0.1
GP03-147 298 19 4.87 30     3 6 0.90 138 71 0.2
GP03-148 292 9 3.63 22     6 1 1.05 108 81 0.2
GP03-149 300 18 3.05 30     6 0 1.27 120 71 0.2
GP03-150 290 18 3.22 21     2 2 0.96 115 72 0.3
GP03-151 300 18 2.65 33 0    4 1 1.11 146 68 0.3
GP03-152 282 32 3.42 23 9    3 1 1.25 138 53 0.2
GP03-153 290 24 4.21 25 2    2 1 1.09 139 62 0.2
GP03-154 305 26 2.76 36     3 2 1.09 129 63 0.3
GP03-155 284 32 4.57 30 5    0 2 1.12 151 49 0.2
GP03-156 287 30 4.13 20 6 0.94 119 59 0.26 
GP03-157 290 11 6.69 200 4 0.95 90 78 0.16 
GP03-158 279 15 3.08 10 4 1.01 112 75 0.32 
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Table 3.1: continued 
 
GP03-159 284 16 3.84 18 6    4 1 1.08 152 67 0.2
GP03-160 276 5 5.91 7     2 3 0.78 113 84 0.2
GP03-164 292 20 4.79 25     2 8 0.96 136 68 0.2
GP03-165 281 5 2.83 11    1 0 1.16 90 85 0.3
GP03-166 280 2 1.60 0    1 19 0 1.22 90 88 0.5
GP03-167 283 14 4.21 14     1 3 1.11 110 76 0.2
GP03-168 275 12 3.36 5     5 0 0.86 96 78 0.3
GP03-169 285 22 2.87 22 7    4 1 1.02 146 61 0.3
GP03-170 283 19 2.56 18 4    7 1 1.07 141 65 0.3
GP03-171 287 11 2.81 18     7 9 0.95 145 76 0.3
GP03-172 283 18 2.63 17 4    3 1 1.65 139 67 0.2
GP03-173 279 21 3.08 15 4    5 1 0.92 133 64 0.3
GP03-174 287 20 3.83 33 8    7 3 0.98 175 46 0.2
GP03-175 296 19 3.28 33 1    6 2 1.15 167 60 0.2
GP03-176 2  21 3.54 24 5    6 84 2 1.07 159 57 0.2
GP03-177 274 0 3.33 5 7    4 4 1.23 184 43 0.2
GP03-178 275 0 3.46 5 1    6 4 1.10 184 49 0.2
GP03-179 260 10 7.15 3 7    6 35 1 0.86 138 70 0.1
GP03-180 276 14 2.68 12 2    7 2 1.01 154 62 0.3
GP03-181 70 20 3.20 2 2    0 33 2 1.05 198 60 0.3
GP03-182 77 7 4.69 2 1    5 34 4 0.85 175 49 0.2
tensor average 29 8     2 278 9 2. 3 1.05 114 81 0.4
            
Conglomerate           
GP02-114 97 6 2.30 6     3 8 1.31 225 79 0.3
(Fry)   2.08   6 3 1.4   0.3
GP02-115 100 1 2.60 10     9 8 1.33 207 81 0.2
(Fry )   2.71   7 2 1.1   0.3
GP02-116 83 2 2.84 3     4 35 7 1.03 190 83 0.3
(Fry )   2.69   5 2 1.1   0.3
GP02-117 97 8 1.98 7     1 2 1.61 267 83 0.3
(Fry )   1.69   4 8 1.5   0.3
GP03-183 77 20 3.34 9 1    0 33 2 0.99 208 60 0.3
GP03-184 74 11 2.88 3     4 34 7 1.47 221 77 0.2
GP03-185 80 11 2.78 8 0    2 34 1 1.14 216 75 0.3
GP03-186 72 11 3.07 340 0    4 1 1.38 210 75 0.2
GP03-187 79 14 2.66 6 5    8 34 1 1.37 211 70 0.2
GP03-188 81 4 2.60 1     6 35 6 1.50 198 83 0.2
GP03-189 72 5 2.42 342     3 8 1.24 191 80 0.3
tensor average 61 9 0    0 81 9 2. 34 1 1.29 212 77 0.3
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Table 3.1: continued 
 
Efaulet Unit           
Conglomerate           
GP02-41 91 3 3.69 0 1    4 36 1 0.80 198 78 0.3
GP02-42 282 10 3.57 12     9 1 0.97 104 80 0.2
GP02-43 99 18 3.73 3 1    3 19 1 0.82 310 69 0.3
Erfaulet granite           
GP02-44 84 5 1.82 2 6    8 18 6 1.16 352 24 0.4
GP02-45A 99 0 2.94 8 6    0 1 0.85 190 74 0.4
GP02-45B 105 24 2.47 8 6    2 1 0.97 247 62 0.4
GP02-60 282 1 3.36 1 0    4 19 1 0.87 13 81 0.3
GP02-61 284 26 2.75 8 1    5 18 1 1.03 78 61 0.3
GP02-62 298 24 2.22 6 5   6 19 2 0.99 66 55 0.4
GP02-77 277 12 3.32 3 0   3 18 2 0.91 35 68 0.3
GP02-78 103 8 3.19 6 0    4 19 2 0.93 353 70 0.3
GP02-79 119 7 2.87 28     5 2 1.00 279 82 0.3
tensor average 52 2     6 282 1 2. 19 8 0.87 15 82 0.4
Mica Schist           
GP02-40 281 9 3.82 12     7 4 0.96 49 80 0.2
(Fry)   3.03   6 4 0.9   0.3
            
total tensor 28 8     2 278 8 2. 3 1.06 118 82 0.4
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Table 3.2: Finite strain data for sample from Gran Paradiso massif. 

 Method                   
 
Sample No. Long. Lat.  Rxy  Ryz Rxz     K  Et 
Gran Paradiso Unit         
Augen gneiss          
GP01-01 7°08´52´´ 45°27´45´´ Rf/φ 1.72 4.63 7.94 0.20 1.52 
GP01-02 7°08´25´´ 45°28´50´´ Rf/φ 2.30     3.36 7.71 0.55 1.45 
GP01-03 7°08´38´´ 45°28´36´´ Rf/φ 1.48 3.30 4.89 0.21 1.17 
GP01-04 7°08´31´´ 45°28´22´´ Rf/φ 3.86 2.96 11.43 1.46 1.73 
GP01-05 7°08´33´´ 45°28´15´´ Rf/φ 1.73 6.37 10.99 0.14 1.78 
GP01-06 7°07´53´´ 45°27´50´´ Rf/φ 1.01 3.61 3.63 0.00 1.05 
GP01-07A 7°08´11´´ 45°27´54´´ Rf/φ 3.41 3.70 12.59 0.89 1.79 
GP01-07B 7°08´12´´ 45°27´55´´ Rf/φ 6.38 7.27 46.34 0.86 2.71 
GP01-08 7°08´39´´ 45°27´51´´ Rf/φ 1.01 3.73 3.76 0.00 1.08 
GP01-09A 7°08´56´´ 45°27´42´´ Rf/φ 2.47 8.91 22.00 0.19 2.25 
GP01-09B 7°08´54´´ 45°27´40´´ Rf/φ 1.82 3.96 7.22 0.28 1.43 
GP01-10 7°09´44´´ 45°27´32´´ Rf/φ 1.26 3.00 3.77 0.13 1.00 
GP01-11 7°10´56´´ 45°27´08´´ Rf/φ 1.26 3.05 3.84 0.13 1.02 
GP01-12 7°11´34´´ 45°27´04´´ Rf/φ 1.62 4.17 6.73 0.19 1.40 
GP01-13 7°12´20´´ 45°26´36´´ Rf/φ 1.28 3.77 4.83 0.10 1.20 
GP01-14 7°15´07´´ 45°25´55´´ Rf/φ 1.45 2.71 3.94 0.27 1.00 
GP01-15A 7°16´35´´ 45°26´36´´ Rf/φ 2.22 2.15 4.77 1.06 1.10 
GP01-15B 7°16´37´´ 45°26´37´´ Rf/φ 2.45 2.13 5.23 1.28 1.17 
GP01-16 7°16´29´´ 45°26´32´´ Rf/φ 2.74 2.79 7.65 0.97 1.44 
GP01-17 7°18´07´´ 45°27´23´´ Rf/φ 1.96 4.22 8.26 0.30 1.53 
GP01-18 7°17´51´´ 45°27´18´´ Rf/φ 1.60 2.86 4.56 0.32 1.10 
GP01-19 7°18´39´´ 45°27´21´´ Rf/φ 1.80 4.17 7.50 0.25 1.47 
GP01-20 7°19´28´´ 45°27´00´´ Rf/φ 1.89 2.68 5.07 0.53 1.16 
GP01-21 7°31´18´´ 45°32´53´´ Rf/φ 1.36 2.51 3.41 0.24 0.90 
GP01-22 7°31´30´´ 45°32´43´´ Rf/φ 1.39 2.47 3.43 0.26 0.90 
GP01-23A 7°30´22´´ 45°28´48´´ Rf/φ 1.13 2.34 2.65 0.10 0.75 
GP01-23B 7°30´23´´ 45°28´49´´ Rf/φ 1.13 2.34 2.65 0.10 0.75 
GP01-24 7°30 ´ 45°3 06´´ R  ´46´ 0´ f/φ 1.25 2.15 2.69 0.22 0.73 
GP01-25 7°30 ´ 45°3 08´´ R  1. 6 2.  4.  0.  1.  ´48´ 0´ f/φ 9 38 66 70 09
GP01-26 7°10´43´´ 45°31´26´´ Rf/φ 1.68 3.48 5.83 0.27 1.28 
GP01-2 7°10 ´ 45°3 22´´ 7 ´47´ 1´ Rf/φ 1.50 4.33 6.51 0.15 1.39 
GP01-28 7°11´13´´ 45°31´29´´ Rf/φ 2.31 3.46 7.99 0.53 1.48 
GP01-29 7°11 ´ 45°3 32´´ ´17´ 1´ Rf/φ 2.37 4.38 10.38 0.41 1.67 
GP01-30 7°11´35´´ 45°31´30´´ Rf/φ 1.12 4.02 4.50 0.04 1.18 
GP01-31 7°13 ´ 45°3 55´´ ´25´ 0´ Rf/φ 1.80 4.33 7.80 0.24 1.50 
GP01-32 7°13´06´´ 45°31´18´´ Rf/φ 1.45 5.52 8.00 0.10 1.57 
GP01-33 7°13 ´ 45°3 10´´ ´05´ 1´ Rf/φ 3.58 3.82 13.65 0.42 1.85 
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Table 3.2: Continued 
 
GP02-46 7°23´41´´ 45°35´41´´ Rf/φ 1.92 6.32 12.16 0.17 1.83 
GP02-47 7°23´43´´ 45°35´43´´ Rf/φ 2.43 4.32 10.49 0.43 1.68 
GP02-48 7°23´42´´ 45°35´42´´ Rf/φ 2.87 4.16 11.91 0.59 1.76 
GP02-49A 7°23´44´´ 45°35´44´´ Rf/φ 3.78 5.25 19.82 0.65 2.12 
GP02-49B 7°23´46´´ 45°35´45´´ Rf/φ 2.64 3.97 10.50 0.55 1.67 
GP02-50 7°23´10´´ 45°35´25´´ Rf/φ 2.95 2.62 7.73 1.21 1.45 
GP02-51 7°23´20´´ 45°35´23´´ Rf/φ 1.01 2.69 2.72 0.01 0.81 
GP02-52 7°23 ´ 45°3 22´´ R  ´21´ 5´ f/φ 1.13 2.43 2.74 0.09 0.78 
GP02-53 7°23 ´ 45°3 25´´ R  2. 5 2.  5.  1.  1.  ´19´ 5´ f/φ 7 13 86 55 25
GP02-54 7°23 ´ 45°3 28´´ R  1. 9 1.  2.  0.  0.  ´30´ 5´ f/φ 1 96 33 19 63
GP02-55 7°23´31´´ 45°35´29´´ Rf/φ 1.17 2.34 2.73 0.12 0.77 
GP02-56 7°23´32´´ 45°35´30´´ Rf/φ 1.62 1.88 3.05 0.71 0.79 
GP02-57 7°23´33´´ 45°35´31´´ Rf/φ 2.73 2.56 6.98 1.11 1.38 
GP02-58 7°23 ´ 45°3 28´´ R  2. 1 3.  7.  0.  1.  ´34´ 5´ f/φ 0 52 07 40 40
    Fry 2.08 4.00 8.33 0.36 2.00 
GP02-63 7°23´53´´ 45°35´24´´ Rf/φ 2.71 3.30 8.96 0.75 1.55 
GP02-64 7°24´00´´ 45°35´13´´ Rf/φ 2.61 4.32 11.29 0.49 1.73 
GP02-65A 7°24´06´´ 45°35´09´´ Rf/φ 1.78 3.99 7.11 0.26 1.43 
GP02-65B 7°23´55´´ 45°35´38´´ Rf/φ 1.78 5.51 9.81 0.17 1.68 
GP02-66 7°23´46´´ 45°35´47´´ Rf/φ 1.75 4.12 7.20 0.24 1.44 
GP02-67 7°23´43´´ 45°35´43´´ Rf/φ 2.35 3.17 7.45 0.62 1.43 
GP02-70A 7°25´31´´ 45°34´53´´ Rf/φ 2.08 6.00 12.50 0.22 1.84 
GP02-70B 7°25´33´´ 45°34´55´´ Rf/φ 2.20 6.44 14.15 0.22 1.92 
GP02-71 7°25 ´ 45°3 51´´ R  ´34´ 4´ f/φ 2.14 4.12 8.82 0.36 1.56 
GP02-72 7°25 ´ 45°3 52´´ R  1. 9 4.  6.  0.  1.  ´36´ 4´ f/φ 5 13 56 19 39
GP02-73 7°25´30´´ 45°34´40´´ Rf/φ 1.82 5.15 9.38 0.20 1.64 
GP02-74A 7°25 ´ 45°3 10´´ ´32´ 4´ Rf/φ 1.13 2.15 2.42 0.11 0.68 
GP02-74B 7°25 ´ 45°3 08´´ R  ´30´ 4´ f/φ 1.54 2.89 4.45 0.29 1.09 
GP02-75 7°25´32´´ 45°34´10´´ Rf/φ 1.25 2.32 2.90 0.19 0.80 
GP02-80A 7°22´58´´ 45°35´40´´ Rf/φ 1.56 3.34 5.21 0.24 1.21 
GP02-80B 7°22´56´´ 45°35´41´´ Rf/φ 2.00 3.22 6.46 0.45 1.33 
GP02-81 7°22´57´´ 45°35´32´´ Rf/φ 2.27 5.90 13.37 0.26 1.88 
GP02-82 7°22´57´´ 45°35´12´´ Rf/φ 2.01 3.09 6.22 0.48 1.30 
GP02-83 7°22´44´´ 45°35´33´´ Rf/φ 2.39 4.84 11.58 0.36 1.76 
GP02-84A 7°22´38´´ 45°35´46´´ Rf/φ 1.88 3.73 7.00 0.32 1.40 
    Fry 1.61 3.20 5.14 0.28 1.00 
GP02-84B 7°22´40´´ 45°35´48´´ Rf/φ 2.48 3.52 8.73 0.59 1.54 
GP02-85 7°22´40´´ 45°35´47´´ Rf/φ 1.45 4.44 6.43 0.13 1.39 
    Fry 1.25 3.43 4.29 0.10 1.00 
GP02-86A 7°23´38´´ 45°35´42´´ Rf/φ 1.60 3.52 5.65 0.24 1.27 
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Table 3.2: Continued 
 
GP02-86B 7°23´39´´ 45°35´44´´ Rf/φ 2.14 3.16 6.74 0.53 1.36 
GP02-100 7° ´  0.12´14´  45°22´16´´ Rf/φ 1.57 2.82 4.41 0.31 19 
GP02-101 7°12´33´´ 45°22´13´´ Rf/φ 1.34 3.18 4.25 0.15 1.08 
GP02-102 7°12 0´´ 5°22´ ´´ Rf/φ 2.75 6  .86 1.37 ´4 4 08 2.50  .89 0
GP02-103 7° ´  f/  1.16´29´  45°23´08´´ R φ 3.25 2.67 8.68 1.35 53 
GP02-104 7° ´  f/  2 1.16´30´  45°23´10´´ R φ 5.53 2.55 14.11 2.9  90 
GP02-105 7°1 ´´ 3 ´ f/φ  2.6 72 1.6´31 45°2 ´11´ R  2.18 3 5.73 0. 24 
GP02-106 7°1 ´´ 0 ´ f/φ  9.2  79 3.2´21 45°3 ´23´ R  7.55 5 69.81 0. 00 
GP02-107 7°1 ´´ 1 ´ f/φ  5.4  45 1.2´05 45°3 ´45´ R  2.81 0 14.14 0. 89 
GP02-108 7°1 ´´ 0 ´ f/φ  2.6 51 1.4´20 45°3 ´05´ R  1.87 9 5.03 0. 15 
GP02-109 7°1 ´´ 1 ´ f/φ  2.8 22 1.4´30 45°3 ´30´ R  3.23 3 9.14 1. 57 
GP02-110 7°1 ´´ 1 ´ f/φ  6.7  60 2.3´02 45°3 ´07´ R  4.44 0 29.74 0. 41 
GP02-111 7°1 ´´ 0 ´ f/φ  5.2  58 2.3´12 45°3 ´40´ R  3.46 6 18.18 0. 06 
GP02-112 7°1 ´´ 1 ´ f/φ  1.8 38 0.2´45 45°3 ´50´ R  1.31 4 2.41 0. 64 
GP02-113 7°23´ ´ °35´ ´ f/φ 2.03 4. 41 1.33´ 45 28´ R  2.45 99 1. 14 
GP02-118 7°23´ ´ °35´ ´ f/φ 1.85 2. 16 0.28´ 45 29´ R  1.14 10 0. 56 
GP02-119 7°23´ ´ 5´ ´ f/φ 4.58 6. 13 1.30´ 45°3 30´ R  1.46 71 0. 43 
GP02-120 7°23´ ´ 5´ ´ f/φ 4.19 9. 43 1.20´ 45°3 25´ R  2.38 94 0. 64 
GP02-121 7°23´25´´ 45°35´27´´ Rf/φ 1.89 3.66 6.91 0.33 1.39 
GP02-122 7° ´  f/φ  1.23´20´  45°35´25´´ R  2.39 3.63 8.70 0.53 54 
GP03-130 7°12´ ´ °34´ ´ Rf/φ 6 29 3.80 23 0 89 2.25 01´ 45 01´ . .9 1.
GP03-131 7°1 ´´ 3 ´ f/φ  3.0 68 1.1´53 45°3 ´52´ R  2.37 2 7.15 0. 40 
GP03-132 7°1 ´´ 3 ´ f/φ  3.2 21 1.2´33 45°3 ´40´ R  1.47 5 4.78 0. 15 
GP03-133 7°1 ´´ 3 ´ f/φ  3.3 42 1.2´40 45°3 ´32´ R  1.99 8 6.73 0. 37 
GP03-134 7°10´53´´ 45°33´39´´ Rf/φ 2.38 4.15 9.89 0.44 1.64 
GP03-135 7°12´25´´ 45°34´00´´ Rf/φ 2.48 3.59 8.90 0.57 1.55 
GP03-136 7°12´42´´ 45°32´36´´ Rf/φ 2.12 3.42 7.26 0.46 1.42 
GP03-137 7°13´13´´ 45°32´42´´ Rf/φ 2.16 3.61 7.80 0.44 1.47 
GP03-138 7°12´42´´ 45°32´44´´ Rf/φ 2.65 2.82 7.48 0.91 1.42 
GP03-139 7°11´49´´ 45°32´33´´ Rf/φ 4.99 4.94 24.65 1.01 2.27 
GP03-140 7°12´29´´ 45°32´07´´ Rf/φ 3.87 2.94 11.38 1.48 1.72 
GP03-141 7°11´28´´ 45°31´57´´ Rf/φ 3.09 2.51 7.75 1.38 1.45 
GP03-142 7°12´00´´ 45°31´56´´ Rf/φ 4.85 2.53 12.28 2.52 1.79 
GP03-143 7°12´01´´ 45°28´55´´ Rf/φ 12.35 4.69 57.94 3.08 2.90 
GP03-144 7°10´24´´ 45°30´34´´ Rf/φ 2.70 3.65 9.86 0.64 1.62 
GP03-145 7°10´23´´ 45°30´56´´ Rf/φ 16.97 3.09 52.45 7.64 2.89 
GP03-146 7°10´53´´ 45°31´36´´ Rf/φ 2.67 8.49 22.66 0.22 2.26 
GP03-147 7°11´31´´ 45°31´55´´ Rf/φ 5.43 3.93 21.33 1.51 2.17 
GP03-148 7°11´41´´ 45°02´13´´ Rf/φ 3.45 4.03 13.91 0.81 1.86 
GP03-149 7°11´57´´ 45°32´43´´ Rf/φ 2.40 4.93 11.83 0.36 1.77 
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Table 3.2: Continued 
 
GP03-150 7°12´17´´ 45°32´42´´ Rf/φ 3.34 2.99 9.98 1.17 1.63 
GP03-151 7°12´15´´ 45°32´34´´ Rf/φ 2.38 3.29 7.82 0.60 1.46 
GP03-152 7°12´20´´ 45°32´19´´ Rf/φ 2.74 5.35 14.64 0.40 1.92 
GP03-153 7°12´07´´ 45°02´02´´ Rf/φ 3.86 5.03 19.40 0.71 2.10 
GP03-154 7°12´00´´ 45°02´00´´ Rf/φ 2.54 3.26 8.27 0.68 1.50 
GP03-155 7°11´58´´ 45°31´37´´ Rf/φ 4.09 5.71 23.33 0.66 2.23 
GP03-156 7°12´06´´ 45°31´44´´ Rf/φ 4.40 3.64 16.03 1.29 1.96 
GP03-157 7°12´25´´ 45°29´42´´ Rf/φ 7.02 6.06 42.50 1.19 2.65 
GP03-158 7°12´19´´ 45°29´18´´ Rf/φ 3.06 3.12 9.54 0.97 1.60 
GP03-159 7°12´ 07´´ 45°30´ 08´´ Rf/φ 3.54 4.51 15.95 0.72 1.96 
GP03-160 7°13´05´´ 45°29´07´´ Rf/φ 7.53 3.64 27.41 2.47 2.36 
GP03-164 7°12´13´´ 45°30´15´´ Rf/φ 5.00 4.40 21.98 1.18 2.19 
GP03-165 7°12´34´´ 45°30´13´´ Rf/φ 2.45 3.78 9.25 0.52 1.58 
GP03-166 7°12´22´´ 45°30´26´´ Rf/φ 1.32 2.37 3.13 0.23 0.84 
GP03-167 7°12´04´´ 45°31´36´´ Rf/φ 3.79 5.17 19.61 0.67 2.11 
GP03-168 7°12´27´´ 45°31´38´´ Rf/φ 3.92 2.47 9.68 1.99 1.62 
GP03-169 7°15´03´´ 45°32´46´´ Rf/φ 2.81 2.99 8.40 0.91 1.51 
GP03-170 7°15´08´´ 45°32´42´´ Rf/φ 2.39 2.92 6.98 0.72 1.38 
GP03-171 7°15´02´´ 45°32´41´´ Rf/φ 2.95 2.56 7.54 1.25 1.43 
GP03-172 7°14´50´´ 45°32´36´´ Rf/φ 1.59 7.18 11.41 0.10 1.83 
GP03-173 7°14´06´´ 45°32´33´´ Rf/φ 3.35 2.62 8.77 1.45 1.54 
GP03-174 7°17´54´´ 45°34´42´´ Rf/φ 3.93 3.64 14.29 1.11 1.88 
GP03-175 7°17´52´´ 45°34´41´´ Rf/φ 2.85 4.35 12.40 0.55 1.79 
GP03-176 7°18´07´´ 45°34´42´´ Rf/φ 3.31 4.05 13.42 0.76 1.84 
GP03-177 7°18´26´´ 45°34´23´´ Rf/φ 2.71 5.04 13.64 0.42 1.87 
GP03-178 7°18´25´´ 45°34´27´´ Rf/φ 3.15 4.17 13.13 0.68 1.82 
GP03-179 7°18´35´´ 45°34´23´´ Rf/φ 8.31 5.29 43.95 1.70 2.68 
GP03-180 7°18´35´´ 45°34´23´´ Rf/φ 2.66 2.71 7.21 0.97 1.40 
GP03-181 7°19´07´´ 45°34´53´´ Rf/φ 3.06 3.49 10.67 0.83 1.68 
GP03-182 7°19´34´´ 45°34´58´´ Rf/φ 5.50 3.41 18.75 1.87 2.08 
tensor average    2.74 3.79 10.98 0.68 1.53 
Conglomerate          
GP02-114 7°23´44´´ 45°35´30´´ Rf/φ 1.76 3.95 6.95 0.26 1.41 

    Fry 1.43 4.44 6.33 0.12 1.39 
GP02-115 7°23´42´´ 45°35´33´´ Rf/φ 1.96 4.61 9.01 0.26 1.59 
    Fry 2.32 3.70 8.57 0.49 1.53 
GP02-116 7°23´40´´ 45°35´31´´ Rf/φ 2.75 3.03 8.34 0.86 1.50 
    Fry 2.34 3.56 8.33 0.52 1.51 
GP02-117 7°23´43´´ 45°35´28´´ Rf/φ 1.23 5.16 6.34 0.05 1.00 
    Fry 1.10 4.00 4.40 0.03 1.17 
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Table 3.2: Continued 
 
GP03-183 7°23´47´´ 45°35´40´´ Rf/φ 3.39 3.25 11.02 1.06 1.70 
GP03-184 7°23´46´´ 45°35´40´´ Rf/φ 1.96 6.18 12.12 0.19 1.83 
GP03-185 7°23´49´´ 45°35´43´´ Rf/φ 2.44 3.62 8.83 0.55 1.55 
GP03-186 7°23´48´´ 45°35´42´´ Rf/φ 2.22 5.89 13.06 0.25 1.86 
GP03-187 7°23´46´´ 45°35´40´´ Rf/φ 1.95 4.97 9.67 0.24 1.65 
GP03-188 7°23´47´´ 45°35´39´´ Rf/φ 1.73 5.86 10.12 0.15 1.71 
GP03-189 7°24´01´´ 45°35´36´´ Rf/φ 1.96 3.70 7.26 0.36 1.43 
tensor average    2.04 4.39 8.69 0.36 1.52 
Efaulet Unit          
Conglomerate          
GP02-41 7°19´40´´ 45°32´57´´ Rf/φ 4.63 2.35 10.87 2.70 1.71 
GP02-42 7°19´41´´ 45°32´55´´ Rf/φ 3.69 3.34 12.32 1.15 1.78 
GP02-43 7°19´38´´ 45°32´59´´ Rf/φ 4.53 2.52 11.44 2.32 1.74 
Erfaulet granite          
GP02-44 7°19´45´´ 45°33´24´´ Rf/φ 1.57 2.43 3.83 0.40 0.97 
GP02-45A 7°19´46´´ 45°33´23´´ Rf/φ 3.44 2.14 7.36 2.14 1.43 
GP02-45B 7°19´48´´ 45°33´20´´ Rf/φ 2.55 2.32 5.92 1.18 1.26 
GP02-60 7°22´52´´ 45°33´07´´ Rf/φ 3.87 2.54 9.84 1.86 1.63 
GP02-61 7°22´54´´ 45°33´09´´ Rf/φ 2.68 2.89 7.77 0.89 1.45 
GP02-62 7°23´02´´ 45°32´49´´ Rf/φ 2.25 2.16 4.86 1.07 1.12 
GP02-77 7°23´02´´ 45°32´59´´ Rf/φ 3.64 2.75 10.02 1.50 1.63 
GP02-78 7°23´09´´ 45°32´47´´ Rf/φ 3.42 2.77 9.49 1.37 1.59 
GP02-79 7°23´10´´ 45°32´49´´ Rf/φ 2.86 2.88 8.23 0.99 1.49 
tensor average    3.26 2.59 8.50 1.46 1.48 
Mica Schist          
GP02-40 7°19´33´´ 45°32´32´´ Rf/φ 3.99 3.51 13.99 1.19 1.87 
    Fry 3.14 2.82 8.85 1.17 1.54 
tensor average    3.57 3.17 11.42 1.18 1.71 
Average all samples     2.73 3.75 10.62 0.71 1.53 
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Table 3.3: Representative microprobe analyses of white micas from the analyzed samples 

from Gran Paradiso unit. 
Sample 65 

Comment  pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

No.  1 2 3 4 5 6 7 8 9 10 11 12 13 

SiO2  51.97 52.46 52.39 49.07 51.86 51.85 51.78 52.50 53.03 51.35 50.90 52.93 50.95 

Al2O3  24.40 24.18 24.96 27.12 25.34 25.30 24.02 24.62 23.82 24.49 25.57 23.65 23.97 

TiO2  0.25 0.13 0.15 0.20 0.21 0.26 0.63 0.17 0.14 0.42 0.34 0.12 0.13 

Cr2O3  0.05 0.00 0.07 0.06 0.04 0.04 0.02 0.00 0.06 0.00 0.03 0.04 0.03 

MgO  2.40 2.13 2.19 2.13 2.15 2.11 2.47 2.19 2.12 2.41 2.51 2.09 2.26 

FeO  6.68 6.45 6.33 6.08 6.19 6.27 6.92 6.61 6.96 7.33 6.73 6.80 7.43 

MnO  0.04 0.06 0.13 0.12 0.14 0.15 0.06 0.19 0.25 0.09 0.13 0.26 0.27 

CaO  0.00 0.05 0.00 0.00 0.00 0.00 0.01 0.04 0.01 0.02 0.00 0.02 0.06 

BaO  0.00 0.02 0.14 0.00 0.00 0.14 0.09 0.00 0.04 0.04 0.00 0.00 0.00 

Na2O  0.02 0.04 0.06 0.10 0.05 0.03 0.02 0.03 0.01 0.01 0.07 0.01 0.01 

K2O  10.15 10.00 9.94 10.46 10.08 10.31 10.23 10.12 10.32 10.40 10.44 10.21 10.17 

Cl  0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.02 0.03 

F  0.42 0.00 0.43 0.12 0.33 0.26 0.17 0.33 0.47 0.32 0.23 0.27 0.24 

 96.38 95.53 96.80 95.47 96.40 96.70 96.43 96.81 97.24 96.89 96.96 96.41 95.56 

-O equ. 0.17 0.00 0.17 0.05 0.13 0.10 0.07 0.14 0.19 0.13 0.10 0.11 0.10 

 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

 96.21 95.53 96.63 95.42 96.27 96.60 96.36 96.67 97.05 96.76 96.86 96.30 95.45 

nbr. of              

Si 4+ 3.49 3.54 3.49 3.34 3.47 3.47 3.49 3.50 3.54 3.45 3.41 3.55 3.47 

Al  0.51 0.46 0.51 0.66 0.53 0.53 0.51 0.50 0.46 0.55 0.59 0.45 0.53 

 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

Al 1.42 1.46 1.45 1.51 1.47 1.46 1.39 1.44 1.41 1.39 1.43 1.42 1.40 

Ti 4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.02 0.02 0.01 0.01 

Cr 3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg2+ 0.24 0.21 0.22 0.22 0.21 0.21 0.25 0.22 0.21 0.24 0.25 0.21 0.23 

Fe 2+ 0.37 0.36 0.35 0.35 0.35 0.35 0.39 0.37 0.39 0.41 0.38 0.38 0.42 

Mn 2+ 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.02 

 2.05 2.05 2.04 2.09 2.05 2.05 2.07 2.05 2.03 2.07 2.09 2.04 2.08 

Ca 2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ba 2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na + 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

K + 0.87 0.86 0.85 0.91 0.86 0.88 0.88 0.86 0.88 0.89 0.89 0.87 0.88 

 0.87 0.87 0.86 0.92 0.87 0.89 0.88 0.87 0.88 0.90 0.90 0.88 0.89 

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

F 0.09 0.00 0.09 0.03 0.07 0.05 0.04 0.07 0.10 0.07 0.05 0.06 0.05 

 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

total 7.01 6.92 6.99 7.04 6.99 6.99 6.99 6.99 7.01 7.04 7.04 6.97 7.02 

Mg/Mg+F 0.39 0.37 0.38 0.38 0.38 0.37 0.39 0.37 0.35 0.37 0.40 0.35 0.35 

Na/K+Na 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
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Table 3.3: continued 
 
                                      Sample 65                                                                             Sample 102 

Comment  pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

pheng
.

No.  14 15 16 17 18 19 1 2 3 4 5 6 7 

SiO2  51.57 52.29 52.38 52.29 52.92 51.77 53.10 52.85 52.49 53.05 53.21 52.21 52.05 

Al2O3  25.16 25.29 24.15 24.35 24.20 25.53 23.46 24.31 24.85 24.85 23.83 25.44 25.33 

TiO2  0.19 0.17 0.16 0.15 0.15 0.21 0.15 0.24 0.28 0.25 0.24 0.25 0.28 

Cr2O3  0.04 0.01 0.00 0.00 0.03 0.01 0.05 0.04 0.07 0.00 0.08 0.04 0.07 

MgO  2.45 2.12 1.96 2.18 2.10 2.23 2.66 2.60 2.72 2.67 3.07 2.41 2.60 

FeO  5.75 5.97 6.77 6.35 6.90 6.37 6.45 6.12 5.68 5.77 5.73 5.39 5.39 

MnO  0.02 0.25 0.18 0.15 0.16 0.14 0.12 0.14 0.16 0.16 0.15 0.13 0.04 

CaO  0.00 0.00 0.06 0.00 0.02 0.00 0.00 0.03 0.00 0.00 0.01 0.04 0.00 

BaO  0.02 0.10 0.00 0.10 0.00 0.06 0.03 0.12 0.00 0.00 0.07 0.00 0.06 

Na2O  0.06 0.02 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.02 0.03 

K2O  10.32 10.38 9.48 10.49 10.28 10.27 10.34 10.43 10.57 10.30 10.29 9.86 10.21 

Cl  0.01 0.01 0.01 0.00 0.01 0.00 0.07 0.02 0.01 0.02 0.04 0.01 0.01 

F  0.03 0.53 0.23 0.37 0.28 0.32 0.63 0.46 0.36 0.56 0.38 0.27 0.51 

 95.61 97.14 95.37 96.42 97.07 96.93 97.05 97.36 97.20 97.63 97.14 96.06 96.57 

-O equ. 0.01 0.21 0.09 0.15 0.11 0.13 0.27 0.19 0.15 0.23 0.16 0.11 0.20 

 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

 95.60 96.92 95.28 96.28 96.95 96.80 96.78 97.17 97.05 97.40 96.98 95.95 96.36 

nbr. of              

Si 4+ 3.48 3.48 3.54 3.51 3.53 3.45 3.54 3.51 3.49 3.50 3.53 3.48 3.47 

Al  0.52 0.52 0.46 0.49 0.47 0.55 0.46 0.49 0.51 0.50 0.47 0.52 0.53 

 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

Al 1.48 1.46 1.46 1.44 1.43 1.46 1.38 1.41 1.43 0.43 1.40 0.49 1.45 

Ti 4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Cr 3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg2+ 0.25 0.21 0.20 0.22 0.21 0.22 0.20 0.26 0.27 0.26 0.30 0.24 0.26 

Fe 2+ 0.32 0.33 0.38 0.36 0.38 0.36 0.36 0.34 0.32 0.32 0.32 0.30 0.30 

Mn 2+ 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 

 2.06 2.02 2.06 2.03 2.04 2.06 2.02 2.03 2.04 2.03 2.04 2.05 2.03 

Ca 2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ba 2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na + 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

K + 0.89 0.88 0.82 0.90 0.87 0.87 0.88 0.88 0.90 0.00 0.87 0.84 0.87 

 0.90 0.89 0.82 0.90 0.88 0.88 0.88 0.89 0.90 0.87 0.87 0.84 0.87 

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.87 0.00 0.00 0.00 

F 0.01 0.11 0.05 0.08 0.06 0.07 0.13 0.10 0.08 0.00 0.08 0.06 0.11 

 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 0.12 ---------- ---------- ----------

total 6.96 7.02 6.93 7.01 6.98 7.00 7.04 7.02 7.01 7.02 7.00 6.95 7.01 

Mg/Mg+F 0.43 0.39 0.34 0.38 0.35 0.38 0.42 0.43 0.46 0.45 0.49 0.44 0.46 

Na/K+Na 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 3.3: continued 
 
                                        Sample 102                                                          Sample 80A 

Comment  pheng. pheng. pheng. pheng. pheng. pheng. pheng. pheng. pheng. pheng. pheng.

No.  8 9 10 11 12 19 22 23 26 27 28 

SiO2  53.13 53.17 51.75 52.18 52.90 52.20 52.15 52.93 52.77 52.93 50.45 

Al2O3  25.00 24.08 23.73 25.44 24.56 25.53 24.95 24.54 24.40 23.23 27.23 

TiO2  0.18 0.24 0.45 0.30 0.26 0.26 0.19 0.16 0.29 0.18 0.32 

Cr2O3  0.04 0.03 0.04 0.02 0.05 0.05 0.06 0.01 0.05 0.01 0.04 

MgO  2.71 2.75 3.02 2.48 2.68 2.17 2.34 2.09 2.23 2.28 2.44 

FeO  5.85 5.92 6.83 5.58 5.86 5.79 5.83 6.40 6.11 7.02 5.35 

MnO  0.09 0.13 0.01 0.14 0.01 0.23 0.17 0.13 0.22 0.17 0.12 

CaO  0.00 0.00 0.00 0.02 0.01 0.02 0.02 0.02 0.03 0.05 0.00 

BaO  0.22 0.04 0.00 0.14 0.00 0.00 0.00 0.03 0.06 0.04 0.00 

Na2O  0.00 0.01 0.02 0.01 0.01 0.10 0.00 0.03 0.04 0.02 0.09 

K2O  10.40 10.57 10.43 10.10 10.17 9.88 10.21 10.21 10.04 9.66 10.16 

Cl  0.02 0.02 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 

F  0.40 0.02 0.32 0.31 0.36 0.10 0.27 0.08 0.00 0.07 0.34 

 98.05 96.97 96.61 96.71 96.89 96.34 96.19 96.62 96.24 96.37 96.54 

-O equ. 0.17 0.01 0.13 0.12 0.15 0.04 0.11 0.03 0.00 0.03 0.14 

 ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- -----------

 97.88 96.96 96.48 96.58 96.74 96.30 96.08 96.58 96.24 96.34 96.34 

nbr. of ions            

Si 4+ 3.50 3.54 3.48 3.47 3.51 3.48 3.49 3.53 3.53 3.55 3.37 

Al  0.50 0.46 0.52 0.53 0.49 0.52 0.51 0.47 0.47 0.45 0.63 

 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

Al 1.44 1.43 1.36 1.47 1.43 1.49 1.46 1.46 1.46 1.43 1.51 

Ti 4+ 0.10 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 

Cr 3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg2+ 0.27 0.27 0.30 0.25 0.27 0.22 0.23 0.21 0.22 0.23 0.24 

Fe 2+ 0.32 0.33 0.38 0.31 0.33 0.32 0.33 0.36 0.34 0.39 0.30 

Mn 2+ 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 

 2.04 2.05 2.07 2.05 2.04 2.06 2.04 2.05 2.05 2.08 2.07 

Ca 2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ba 2+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na + 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 

K + 0.87 0.90 0.89 0.86 0.86 0.84 0.87 0.87 0.87 0.83 0.86 

 0.88 0.90 0.90 0.86 0.86 0.85 0.87 0.87 0.87 0.83 0.88 

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

F 0.08 0.00 0.07 0.06 0.07 0.02 0.06 0.20 0.00 0.01 0.07 

 ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- -----------

total 7.00 6.96 7.04 6.98 6.98 6.94 6.98 6.94 6.92 6.92 7.02 

Mg/Mg+Fe 0.45 0.45 0.44 0.44 0.45 0.40 0.42 0.37 0.39 0.37 0.45 

Na/K+Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
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Table 3.4: Representative microprobe analyses of plagioclase from the analyzed samples 

from Gran Paradiso unit. 

 
                                Sample 65                Sample 102                                 Sample 80A 

Comment  plag. plag. plag. plag. plag. plag. plag. plag. plag. plag. plag. plag.

No.  20 21 13 14 15 16 17 18 20 21 24 25 

SiO2  65.50 64.91 68.68 67.79 66.45 66.59 68.20 67.59 68.70 67.68 69.05 68.73 

Al2O3  18.96 19.08 20.67 20.90 20.82 21.02 20.25 20.39 19.97 21.03 21.21 20.96 

TiO2  0.00 0.00 0.00 0.02 0.00 0.06 0.01 0.00 0.01 0.01 0.00 0.00 

Cr2O3  0.06 0.06 0.00 0.07 0.00 0.02 0.05 0.06 0.00 0.01 0.03 0.05 

MgO  0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

FeO  0.00 0.00 0.03 0.00 0.04 0.02 0.03 0.09 0.00 0.00 0.00 0.00 

MnO  0.00 0.01 0.02 0.00 0.02 0.00 0.00 0.02 0.00 0.02 0.01 0.03 

CaO  0.00 0.00 0.01 0.22 0.38 0.21 0.03 0.02 0.04 0.20 0.05 0.13 

BaO  0.34 0.35 0.00 0.00 0.05 0.01 0.03 0.09 0.00 0.00 0.02 0.02 

Na2O  0.85 0.62 10.73 11.21 10.78 10.81 11.47 11.73 11.82 11.01 11.45 11.27 

K2O  15.08 15.52 0.11 0.14 0.14 0.12 0.15 0.15 0.08 0.09 0.16 0.16 

 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

total 100.78 100.57 100.25 100.34 98.69 98.86 100.22 100.15 100.63 100.05 101.99 101.35

Normalization to             

Si4+ 2.99 2.98 2.98 2.95 2.94 2.94 2.97 2.96 2.98 2.95 2.96 2.96 

Al 1.02 1.03 1.06 1.07 1.09 1.09 1.04 1.05 1.02 1.08 1.07 1.06 

Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ca 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.01 

Ba 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na 0.07 0.06 0.90 0.95 0.93 0.93 0.97 1.00 1.00 0.93 0.95 0.94 

K 0.88 0.91 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 

 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

total 4.97 4.99 4.95 4.99 4.98 4.98 5.00 5.02 5.01 4.98 4.99 4.98 

Plagioclase             

An 0.00 0.00 0.05 1.05 1.91 1.08 0.13 0.10 0.19 0.99 0.23 0.64 

Ab 100.00 100.00 99.95 98.95 98.09 98.92 99.87 99.90 99.81 99.01 99.77 99.36 

Alkali feldspar             

Ab 7.85 5.74 99.36 99.17 99.13 99.25 99.15 99.15 99.53 99.48 99.08 99.07 

Or 92.15 94.26 0.64 0.83 0.87 0.75 0.85 0.85 0.47 0.52 0.92 0.93 

Ternary feldspar             

An 0.00 0.00 0.05 1.04 1.90 1.07 0.13 0.10 0.19 0.98 0.22 0.64 

Ab 7.85 5.74 99.31 98.14 97.25 98.19 99.02 99.05 99.35 98.50 98.86 98.44 

Or 92.15 94.26 0.64 0.82 0.85 0.74 0.85 0.85 0.46 0.52 0.91 0.92 
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Table 3.5: Average major (in wt%) and trace element (in ppm) of Gran Paradiso samples. 

 

 GP01-01 GP01-05 GP99-6 GP01-9A GP01-03 GP01-17 GP01-07B GP01-15B GP01-24 GP01-23A

SiO2  74.59 72.05 73.05 73.88 73.67 71.16 71.92 74.50 73.36 74.97 

Al2O3  13.29 13.45 13.84 13.16 13.09 13.72 13.61 12.69 12.72 12.38 

FeO*  1.87 2.69 1.80 2.06 2.11 3.08 2.90 2.04 2.59 1.89 

MnO  0.06 0.03 0.04 0.05 0.04 0.06 0.04 0.04 0.04 0.03 

MgO  0.34 0.84 0.38 0.33 0.57 0.63 0.67 0.34 0.49 0.32 

CaO  0.63 0.52 0.40 0.84 0.77 1.98 0.50 0.91 1.43 0.79 

Na2O  3.36 3.34 3.45 3.20 3.28 3.16 3.17 2.80 2.96 2.86 

K2O  4.78 4.41 5.02 4.57 4.45 3.92 4.69 4.79 3.77 4.55 

TiO2  0.19 0.34 0.20 0.23 0.27 0.40 0.35 0.22 0.34 0.22 

P2O5  0.10 0.10 0.12 0.14 0.13 0.15 0.16 0.12 0.12 0.11 

LO1  0.70 1.34 1.18 0.87 0.78 0.71 1.33 0.84 0.58 0.68 

Total 99.91 99.18 99.47 99.33 99.16 98.97 99.35 99.28 98.40 98.81 

Sc  3.00 6.00 4.00 4.00 4.00 6.00 7.00 4.00 5.00 3.00 

V  12.00 22.00 13.00 14.00 18.00 31.00 24.00 16.00 21.00 14.00 

Cr  7.00 12.00 7.00 12.00 10.00 11.00 12.00 11.00 18.00 12.00 

Co  84.00 75.00 97.00 83.00 66.00 113.00 88.00 111.00 108.00 129.00 

Ni  2.00 6.00 4.00 4.00 4.00 5.00 6.00 3.00 7.00 5.00 

Cu  7.00 3.00 4.00 5.00 3.00 3.00 7.00 4.00 7.00 3.00 

Zn  41.00 28.00 30.00 42.00 41.00 48.00 40.00 36.00 40.00 39.00 

Ga  17.00 17.00 16.00 17.00 16.00 18.00 19.00 14.00 16.00 14.00 

Rb  280.00 179.00 246.00 234.00 234.00 118.00 214.00 169.00 143.00 140.00 

Sr  41.00 60.00 33.00 53.00 72.00 242.00 96.00 64.00 90.00 75.00 

Y  30.00 36.00 23.00 28.00 32.00 34.00 35.00 31.00 38.00 30.00 

Zr  92.00 188.00 111.00 130.00 122.00 197.00 183.00 116.00 178.00 126.00 

Nb  10.00 14.00 10.00 12.00 11.00 11.00 14.00 8.00 10.00 8.00 

Ba 187.00 454.00 291.00 292.00 353.00 830.00 421.00 421.00 509.00 471.00 
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