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Abstract This study reviews and synthesizes the present

knowledge on the Sesia–Dent Blanche nappes, the highest

tectonic elements in the Western Alps (Switzerland and

Italy), which comprise pieces of pre-Alpine basement and

Mesozoic cover. All of the available data are integrated in a

crustal-scale kinematic model with the aim to reconstruct

the Alpine tectono-metamorphic evolution of the Sesia–

Dent Blanche nappes. Although major uncertainties remain

in the pre-Alpine geometry, the basement and cover

sequences of the Sesia–Dent Blanche nappes are seen as

part of a thinned continental crust derived from the Adriatic

margin. The earliest stages of the Alpine evolution are

interpreted as recording late Cretaceous subduction of the

Adria-derived Sesia–Dent Blanche nappes below the

South-Alpine domain. During this subduction, several

sheets of crustal material were stacked and separated by

shear zones that rework remnants of their Mesozoic cover.

The recently described Roisan-Cignana Shear Zone of the

Dent Blanche Tectonic System represents such a shear

zone, indicating that the Sesia–Dent Blanche nappes rep-

resent a stack of several individual nappes. During the

subsequent subduction of the Piemonte–Liguria Ocean

large-scale folding of the nappe stack (including the Roi-

san-Cignana Shear Zone) took place under greenschist

facies conditions, which indicates partial exhumation of the

Dent Blanche Tectonic System. The entrance of the Bri-

ançonnais micro-continent within the subduction zone led

to a drastic change in the deformation pattern of the Alpine

belt, with rapid exhumation of the eclogite-facies ophiolite-

bearing units and thrust propagation towards the foreland.

Slab breakoff probably was responsible for allowing partial

melting in the mantle and Oligocene intrusions into the

most internal parts of the Sesia–Dent Blanche nappes.

Finally, indentation of the Adriatic plate into the orogenic

wedge resulted in the formation of the Vanzone back-fold,

which marks the end of the pervasive ductile deformation

within the Sesia–Dent Blanche nappes during the earliest

Miocene.

Keywords Dent Blanche Tectonic System � Subduction �
Tectonic erosion � Switzerland � Italy � Austroalpine

1 Introduction

Since the pioneering work of Emile Argand (Argand 1916),

the Western Alps have been viewed as a classic example of

orogeny by nappe stacking (e.g. Collet 1935; Trümpy

1980; Schmid et al. 2004; Pfiffner 2009). Since the days of

Argand the following major advances have been made:

1. The distinction between oceanic and continental crust

(Elter 1971; Lemoine 1971) has led to a better

understanding of the geometry of the nappes; they
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are no longer seen—as Argand did—as necessarily

emerging from huge recumbent folds, with basement

cores surrounded by their Mesozoic covers.

2. The early stages of ocean opening have been recog-

nized to yield characteristic structures in the distal part

of passive margins (ocean–continent transition), such

as small-scale blocks of continental crust (i.e. exten-

sional allochthons) tectonically emplaced on top of

serpentinized exhumed subcontinental mantle (e.g.

Lemoine et al. 1987; Beslier et al. 1993; Froitzheim

and Manatschal 1996; Manatschal and Nievergelt

1997; Marroni et al. 1998; Mohn et al. 2012; Beltrando

et al. 2014a). The mechanical behaviour of the

extending lithosphere has been explored by analogue

modelling (e.g. Brun and Beslier 1996) based on off-

shore data from the Iberian margin (Boillot et al. 1980;

Péron-Pinvidic and Manatschal 2009) and field data in

the Eastern Alps (Florineth and Froitzheim 1994;

Manatschal and Müntener 2009). Extensional alloch-

thons may partly predetermine the geometry of nappe

formation during convergence (Dal Piaz 1999; Beltr-

ando et al. 2014a).

3. The deep structure of the Alpine belt has been

constrained by geophysical data (seismic and gravi-

metric), which provides key elements, such as Moho

depth and density distribution in deeper parts of the

orogen (e.g. Roure et al. 1996; Pfiffner et al. 1997;

Schmid and Kissling 2000). Furthermore, numerical

models have opened new perspectives on lithosphere-

scale mechanisms of the formation and exhumation of

high-pressure rocks (e.g. Burov et al. 2001; Gerya

et al. 2002, 2008; Roda et al. 2010, 2012; Spalla et al.

2010; Butler et al. 2013).

4. Advances in metamorphic petrology (thermobarome-

try) allowed vertical displacements of units to be

quantified (Dal Piaz et al. 1972; Ernst 1973; Spalla

et al. 1996) and these data have been linked to

structural analysis at outcrop to sample scale (Lar-

deaux et al. 1982; Spalla and Zucali 2004; Spalla et al.

2005). Thus, it became possible to recognize pressure

conditions reached by individual units and their

subsequent juxtaposition during the orogenic cycle

(e.g. Ballèvre and Merle 1993).

5. Geochronological data have become increasingly use-

ful to establish the timing of key metamorphic phases

(for a review, see Berger and Bousquet 2008), but

relating isotopic age data to particular tectonic events

remains a challenge. Recent progress hinges on linking

the pressure–temperature (P–T) history of samples to

the timing of growth of the minerals dated in the local

context of their P–T history (Rubatto 2002; Regis et al.

2014).

6. A sequence of detailed field studies across particularly

relevant portions of the Dent Blanche nappe system

(Diehl et al. 1952; Canepa et al. 1990; Pennacchioni

and Guermani 1993; Roda and Zucali 2008; Manzotti

et al. 2014b) have improved our geological under-

standing, and parts of these results have been

integrated in regional papers (e.g. Dal Piaz 1999; Dal

Piaz et al. 2010) and maps (e.g. Bonetto et al. 2010).

The present contribution addresses the tectonometa-

morphic history of the internal Western Alps, based on a

review and synthesis of the available data on the Sesia–

Dent Blanche nappes, which corresponds to the ‘‘nappe de

recouvrement VI’’ recognized over a century ago by

Argand (1906). We first review the lithologies and geom-

etry of the Sesia–Dent Blanche nappes, summarizing

results documented in a companion paper (Manzotti et al.

2014b). We then discuss the metamorphic evolution of the

nappe system, and then integrate our current understanding

in a crustal-scale kinematic model.

2 Overall geometry of the Sesia–Dent Blanche nappes

Figure 1 shows the main units involved in the nappe stack

of the internal Western Alps (i.e. east of the Valaisan Zone)

comprising strongly attenuated continental crust and

exhumed mantle (e.g. Beltrando et al. 2014a). The struc-

turally lowest units belong to the Briançonnais Zone

derived from the Briançonnais micro-continent (Frisch

1979; Stampfli 1993; Lemoine et al. 2000), with the

external part (i.e. Zone Houillère, Vanoise and Grand Saint

Bernard) constituting an imbrication of thrust sheets. More

internal parts (i.e. the Gran Paradiso and Monte Rosa units)

surface in a series of windows below the oceanic units. In

the Gran Paradiso massif, such a window reveals a Permo-

Carboniferous sequence that is probably an equivalent of

the Zone Houillère (e.g. Manzotti et al. 2014a).

Units derived from the Piemonte–Liguria Ocean were

thrust over the Briançonnais micro-continent. They com-

prise gabbroic intrusives within mantle peridotite (largely

serpentinized); basaltic lava flows and sediments overlie

the exhumed mantle sequence. Some units essentially

consist of ultramafics, gabbro and basalt (Zermatt–Saas

zone), and these enjoyed eclogite-facies metamorphism

(Bearth 1967; Dal Piaz and Ernst 1978; Cartwright and

Barnicoat 2002; Bucher et al. 2005; Groppo et al. 2009;

Rebay et al. 2012). Other units essentially consist of meta-

sediments (Combin zone) that recorded blueschist-facies

assemblages (Dal Piaz et al. 1979; Caby 1981; Baldelli

et al. 1983; Sperlich 1988; Martin et al. 1994; Negro et al.

2013).
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Thrust on top of the Piemonte–Liguria units is the

highest tectonic element, whose tectonometamorphic his-

tory is the main topic of this paper. It consists of various

pieces of pre-Alpine basement derived from the distal

continental margin of Adria. Such fragments have often

been referred to as ‘‘Austroalpine’’ in the literature, but

Fig. 1 a Simplified tectonic map of the north-western part of the

Western Alps (modified after Le Bayon and Ballèvre 2006). E Etirol

Levaz, Em Emilius, GR Glacier-Rafray, Pi Pillonet, V Verrès.

Because of their small sizes, the Santanel, Tour Ponton, and Acque

Rosse basement slices are not shown in the map. The outlines of the

Dent Blanche Tectonic System, the Pillonet klippe, and the Sesia

Zone (together referred to as the Sesia–Dent Blanche nappes) are

marked by white lines; b Metamorphic map of the same area. The

map combines the age and the grade (i.e. the metamorphic facies) of

the Alpine metamorphism
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their metamorphic history and tectonic position are dif-

ferent to the Austroalpine units of eastern Switzerland and

Austria (see Froitzheim et al. 1996 and further discussion

below). Two major complexes surface in the area addres-

sed here: the more internal Sesia Zone stretches from the

Insubric line to the eastern margin of the Piemonte–Liguria

unit; the more external Dent Blanche klippe (Argand 1911;

Stutz and Masson 1938; Elter 1960; Compagnoni 1977)

forms a giant outlier ([4,000 km2). The Dent Blanche

klippe has long been recognized to root in the Sesia Zone

(Diehl et al. 1952; Elter 1960; Compagnoni 1977). The

present study thus adopts the term Sesia–Dent Blanche

nappes as a generic name for this entire composite thrust

sheet, which overlies the Combin zone (including the Tsaté

unit).

The Sesia Zone (size *140 9 25 km) consists of a

polycyclic meta-sedimentary basement intruded by gran-

itoid and gabbroic bodies (Dal Piaz et al. 1972;

Compagnoni et al. 1977a) of Carboniferous and Permian

age (Paquette et al. 1989; Cenki-Tok et al. 2011). The Sesia

Zone has been classically divided into three sub-units

(Fig. 2): (i) the Gneiss Minuti Complex (GMC), (ii) the

Seconda Zona Diorito-Kinzigitica (II DK), (iii) the

Eclogitic Micaschists Complex (EMC). The early Alpine

eclogite to blueschist facies imprint recorded in these sub-

units is of variable intensity, as well as is the (scant to

pervasive) re-equilibration to greenschist facies conditions

(Dal Piaz et al. 1972; Compagnoni et al. 1977a; Gosso

1977; Lardeaux et al. 1982; Vuichard 1989; Tropper and

Essene 2002; Zucali et al. 2002; Regis et al. 2014). In the

south-western part of the Sesia Zone, the Rocca Canavese

Thrust Sheet (RCTS; some 10 km long and at most 2.5 km

thick) (Pognante 1989a, b; Spalla and Zulbati 2003; Zucali

et al. 2012) comprises thin slices at the boundary between

the EMC and the Canavese Zone. The RCTS consists of an

assemblage of mantle-derived lithologies (serpentinised

tectonitic lherzolites) and crustal rocks (pre-Alpine granu-

lites, meta-granitoids, glaucophane-bearing schists). The

dominant metamorphism is under blueschist facies, with

abundant syn-kinematic lawsonite (Pognante 1989a).

The Dent Blanche klippe (*52 9 15 km), often refer-

red to the literature as Dent Blanche klippe s.l. and now

renamed the Dent Blanche Tectonic System (DBTS;

Manzotti et al. 2014a, b), constitutes the largest continental

klippe now exposed above the surrounding oceanic domain

(Figs. 1a, 2). It comprises two main basement nappes, i.e.

the Dent Blanche s.s. nappe to the northwest and the Mont

Mary nappe to the southeast. The former is made up of two

superimposed lithological associations, i.e. the Valpelline

and the Arolla Series (Argand 1906, 1908; Diehl et al.

1952). The Mont Mary nappe also includes two different

lithological units, simply termed the Upper and Lower

Units (Canepa et al. 1990; Dal Piaz et al. 2010). The Dent

Blanche s.s. and Mont Mary nappes are separated by a

25 km long shear zone, defined as the Roisan-Cignana

Shear Zone (RCSZ) (Manzotti 2011; Manzotti et al. 2014a,

b). This shear zone contains pre-Alpine rocks sheared and

folded together with Mesozoic meta-sediments. The Pill-

onet klippe (Figs. 1a, 2) is by far smaller (*5 9 2 km)

compared to the DBTS and crops out at about midway

Fig. 2 Tectonic units constituting the Dent Blanche Tectonic System

(Dent Blanche s.s. and Mont Mary nappes), the Pillonet klippe, and

the Sesia Zone, arranged according to their pre-Alpine position within

the Adria-derived basement. Lithological correlations among these

tectonic units are shown
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between Dent Blanche s.l. klippe and Sesia Zone (Dal Piaz

1976).

Other fragments possibly derived from the Adria distal

continental margin (i.e. the Etirol-Levaz, the Emilius, the

Glacier-Rafray and the Verrès slices), are located at a

lower structural level, i.e. on top of eclogite-facies oceanic

units rather than on top of the Combin Zone (Ballèvre et al.

1986; Dal Piaz 1999). However, these fragments cannot be

considered as ‘‘lower digitations’’ of the ‘‘nappe de rec-

ouvrement VI’’ (Argand 1934) because the meta-sediments

and ophiolites underlying the DBTS are not equivalent to

those underlying the Etirol-Levaz-type slices. Indeed, a

significant gap in P–T conditions is observed along a tec-

tonic contact that separates the two types of units (Dal Piaz

1965; Bearth 1967; Kiénast 1973), a feature that was not

yet known at the time of Argand’s synthesis. Therefore,

these slices are not part of the Sesia–Dent Blanche nappes

and will not be included in the following account.

To the east of the Sesia Zone, the adjacent Canavese

Zone (Argand 1909; Novarese 1929) consists of a few

slices of meta-peridotites, Permian granitoids and rhyolites,

and a Mesozoic cover including syn-rift sequences of tec-

tono-sedimentary breccias and deep-water clastics, topped

by a post-rift sequence (Elter et al. 1966; Ferrando et al.

2004). The Canavese Zone displays brittle deformation

during the Alpine orogeny and completely lacks high-

pressure metamorphism; it may represent part of an ocean–

continent transition zone (Ferrando et al. 2004; Beltrando

et al. 2014b).

3 Permian record in the Sesia–Dent Blanche nappes

The main criteria for inferring the pre-Alpine position of

the various units within the Adria-derived basement

(Fig. 2) are: (i) the P–T conditions of the late-Palaeozoic

metamorphism, and (ii) the nature and distribution of the

magmatic rocks. For the Sesia–Dent Blanche nappes, these

key elements are outlined in the following text and in

Fig. 3.

3.1 Petrological data on the pre-Alpine metamorphism

The Valpelline Series of the Dent Blanche s.s. nappe

(Gardien et al. 1994; Manzotti and Zucali 2013), the Upper

Unit of the Mont Mary nappe (Canepa et al. 1990), and the

II DK in the Sesia Zone (Carraro et al. 1970; Dal Piaz et al.

1971, 1972; Vuichard 1987) display, at least locally, par-

tially melted paragneiss (‘‘kinzigite’’) that preserves pre-

Alpine high-temperature assemblages (Dal Piaz et al. 1971;

Compagnoni et al. 1977a; Gosso et al. 1979; Lardeaux

et al. 1982; Ballèvre et al. 1986; Dal Piaz et al. 2010;

Manzotti et al. 2012). P–T estimates for pre-Alpine

metamorphism cluster around 6–8 kbar, 700 to 850 �C, i.e.

upper amphibolite to granulite facies conditions (Fig. 3).

This high-grade metamorphism is of Permian age based on

U–Pb geochronology (Zucali et al. 2011; Manzotti 2012).

In these units, as in the Pillonet klippe, the Alpine struc-

tural and metamorphic overprint is highly variable.

Relics of pre-Alpine metamorphism are locally also

found in the EMC, such as garnet–sillimanite assemblages

in metapelites (in the Monte Mucrone area, Dal Piaz et al.

1972; Compagnoni 1977) and amphibole–plagioclase–

biotite–quartz ± orthopyroxene in amphibolites (Lardeaux

et al. 1982; Gosso et al. 2010). P–T conditions for these

assemblages have been estimated at about 7–11 kbar and

700–800 �C (Lardeaux et al. 1982), or 3.5 ± 1 kbar and

700 �C (Gosso et al. 2010). Both of these sets of P–

T conditions have been attributed to Permian metamor-

phism as well, but this awaits a radiometric confirmation.

3.2 Pre-Alpine magmatism

Abundant evidence for pre-Alpine magmatism is found in

the Sesia–Dent Blanche nappes, with bulk-rock chemistries

ranging from gabbro to granite. Most of the dated intru-

sions are Permian (e.g. Bussy et al. 1998; Monjoie et al.

2007), a few of them are older (e.g. Liermann et al. 2002).

The Arolla Series of the Dent Blanche s.s. nappe mainly

consists of granitoids of Permian age (Bussy et al. 1998;

Manzotti 2012) and their ortho-derivates, while para-deri-

vates are lacking except for the rare occurrence of lenses of

biotite-bearing gneiss and amphibolite interpreted as roof

pendants (Roda and Zucali 2008, 2011). The Lower Units

of the Mont Mary nappe (Dal Piaz et al. 2010) and the

Pillonet klippe (Dal Piaz 1976) on the one hand, and the

GMC of the Sesia Zone on the other hand (Compagnoni

et al. 1977a) are essentially made of granitoids and minor

para-derivates.

Permian meta-gabbro bodies of various sizes occur in all

these units. Classic examples are found in the DBTS, such

as the Collon-Matterhorn group and Becca d’Aveille (Dal

Piaz 1997; Monjoie et al. 2007; Dal Piaz et al. 2010; Baletti

et al. 2012). Other occurrences are known in the Pillonet

(i.e. Tantanè, Dal Piaz 1976), as well as in the frontal

(external) part of the Sesia Zone, in the Pinter area and in

the Anzasca (=Sermenza) valley (Dal Piaz et al. 1971;

Gosso et al. 1979; Spalla et al. 1983, 2014; Dal Piaz 1997;

Bussy et al. 1998).

In the Sesia Zone, most of the geochronological data

from the intrusives (Table 1) indicate Permian magmatism

of dominantly granitic to granodioritic composition. Pre-

Permian intrusives tend to be less silicic and occur in the

EMC, e.g. monzogranite sills (ca. 435 to 400 Ma; Lier-

mann et al. 2002) and gabbro stocks (ca. 350 Ma; Rubatto

and Gebauer 1997).
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3.3 Inferred pre-Alpine crustal structure

In order to understand the pre-Alpine crustal position of the

units that make up the Sesia–Dent Blanche nappes, a ref-

erence section is useful. A coherent record is conveniently

available from the nearby South Alpine crust (Ivrea Zone

and Strona-Ceneri Zone of Fig. 1), where a tilted section

through the complete crust has been identified (Fountain

1976; Quick et al. 2003, 2009; Sinigoi et al. 2009).

Deposits from acid explosive volcanism are underlain by

upper crust, dominantly large granitoids that intruded

paragneisses. This amphibolite-facies basement locally

retains evidence of a pre-Permian orogenic cycle (Strona-

Ceneri Zone; Franz and Romer 2007). The lower crust

exposed in the Ivrea Zone consists of upper amphibolite to

granulite facies paragneisses, intruded by massive gabbroic

bodies (termed the Basic Formation). The late-Palaeozoic

evolution of this crustal section may be explained by partial

melting in the upper mantle during crustal extension and

subsequent magmatic underplating at the Moho transition,

Fig. 3 Pre-Alpine and Alpine P–T paths, reconstructed for the units constituting the DBTS (Dent Blanche Tectonic System) and the Sesia Zone.

Note the differences in the Alpine trajectories and their relative timing within the EMC (Eclogitic Micaschist Complex)
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with high heat flow inducing partial melting of the lower crust.

The resulting magmas migrated upward and either collected in

large granitoid plutons or led to eruptions, forming caldera-like

volcanoes in the Permian. In detail, uncertainties remain

regarding (i) the geometry and kinematics of high-temperature

shear zones, (ii) their temporal relation to the granulite-facies

metamorphism, and (iii) the exact timing of the magmatic

underplating with respect to the regional granulite-facies

event. The crustal section was modified during Triassic to

Jurassic rifting and during the Alpine orogeny as well (Handy

et al. 1999), but the main features of this reference section are

preserved as shown in Fig. 4.

Based on that section and its implications for the DBTS,

we agree with earlier studies (Compagnoni et al. 1977a;

Dal Piaz 1993) that the Valpelline Series, the Upper Unit of

the Mont Mary nappe, and the II DK represent slices of the

late-Palaeozoic lower crust. The main argument for this

view is that (i) these units consist of high-temperature

rocks equilibrated at 6–8 kbar, (ii) they display abundant

evidence of partial melting, and (iii) they lack granitoid

intrusions. By contrast, the Arolla Series is typical upper

crust, predominantly formed by Permian granitoids. The

EMC contains large amounts of pre-Alpine paragneiss

(locally with garnet–biotite–sillimanite relics, Dal Piaz

et al. 1972; Compagnoni 1977) intruded by Permian

granitoids. These features identify the EMC as a fragment

of the Permian middle crust or possibly of lower crust

already partly exhumed prior to Permian magmatism.

4 Triassic–Jurassic record in the Sesia–Dent Blanche

nappes

In the Sesia–Dent Blanche nappes, meta-sediments record

a Mesozoic evolution. The main lithostratigraphic

characteristics are still recognizable. Mesozoic meta-sedi-

ments were first identified in the Mont Dolin Series

(Argand 1906), where Triassic dolomite and Liassic mar-

bles are overlain by a thick sequence of Liassic to ?Dogger

breccias (Hagen 1948; Weidmann and Zaninetti 1974;

Ayrton et al. 1982). The most widespread Mesozoic meta-

sediments (named Roisan Zone) are located in the RCSZ,

that marks the contact between the Mont Mary and the

Dent Blanche s.s. nappes (Elter 1960; Ballèvre et al. 1986;

Canepa et al. 1990; Ciarapica et al. 2010; Manzotti et al.

2014a, b). Originally considered as part of the Combin

Zone (Diehl et al. 1952), these meta-sediments are now

interpreted as members of the RCSZ (Manzotti et al.

2014a, b). The Roisan meta-sediments are very similar to

the Grand Dent–Becca di Nana Complex found in the

Pillonet klippe (Dal Piaz 1976).

In the Sesia Zone, slices of carbonate meta-sediments

have also been found; where these display dolomitic bou-

dins, they are thought to be Mesozoic in origin:

Table 1 Geochronological data

from gabbros and granites

emplaced in the Sesia–Dent

Blanche nappes

Location Lithologies Method Age (Ma) References

Sesia Zone Orthogneiss (Tavagnasco, Montestrutto) U/Pb 435 ± 8 Liermann et al. (2002)

396 ± 21

Gabbro (Cima di Bonze) U/Pb 352 ± 8 Rubatto et al. (1999)

Gabbro (Ivozio) U/Pb 355 ± 9 Rubatto et al. (1998)

Granite (Monte Mucrone) U/Pb 286 ± 2 Paquette et al. 1989

293 ± 2 Bussy et al. (1998)

297 ± 18 Rubatto et al. (1999)

Th/Pb 287 ± 7 Cenki-Tok et al.

(2011)

Gabbro (Sermenza) U/Pb 288 ± 4 Bussy et al. (1998)

Dent Blanche

s.s.

Gabbro (Matterhorn Collon) K/Ar Rb/

Sr

250 ± 5 Dal Piaz et al. (1977)

U/Pb 284 ± 1 Monjoie et al. (2007)

Mafic dikes (Mont Collon Dents de

Bertol)

Ar/Ar *260 Monjoie et al. (2007)

Fig. 4 Sketch of the continental crust during the Permian, based on

the known structure of the Ivrea Zone, and used as a model for

discussing the position of subducted units prior to their Alpine history
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1. Such meta-sediments were reported within the GMC,

along the divide between the Gressoney valley and the

Sesia valley along a shear zone at the Passo dell’Uomo

Storto (Dal Piaz et al. 1971; Gosso et al. 1979, plate I);

in the Aosta valley, dolomite marbles surface along the

boundary between the GMC and EMC in the Cima

delle Pietre Bianche (sic!) area (Compagnoni et al.

1977b, Fig. 3; Vuichard 1987, Fig. 1.5 and simplified

geological map). Several other occurrences of pre-

sumed Mesozoic meta-sediments have been mapped in

the south-western part of the Sesia Zone (Spalla et al.

1983).

2. Most of the presumed Mesozoic meta-sediments are

found within the EMC, however, mostly near its north-

western boundary that is often overprinted at green-

schist facies conditions. The Bonze unit (Venturini

et al. 1991, 1994; Venturini 1995) includes carbonate,

minor quartzite and calc-schist, Mn-chert, and micas-

chist; all of these lithologies are presumed to be

Mesozoic in age, a hypothesis utilized also by Babist

et al. (2006). However, contrary to the ideas of

Venturini and coworkers, meta-gabbros associated

with the meta-sediments of the Bonze unit show Early

Carboniferous intrusive ages (Rubatto and Gebauer

1997; Rubatto et al. 1999), and thus the stratigraphic

age of associated sediments and their relation to the

mafic rocks may need reconsidering. Recent work

(Regis et al. 2014; Compagnoni et al. 2014) distin-

guished the Scalaro Unit from the Bonze Unit (Fig. 2);

the former comprises mono-metamorphic carbonate,

quartzite and calc-schist, all of presumed Mesozoic

age; the latter contains poly-metamorphic gabbro and

associated meta-sediments (meta-chert and micaschist)

of uncertain deposition age.

The presence of Mesozoic meta-sedimentary sequences

and their similarity to less overprinted Mesozoic sedi-

mentary sections have been used to assess the pre-orogenic

(Jurassic) palaeogeographic position of the Sesia–Dent

Blanche nappes. On the one hand, Lugeon and Argand

(1905) and Argand (1906, 1909, 1911) considered their

‘‘nappe de recouvrement VI’’ as Penninic, since the sedi-

mentary sequences of the Mont Dolin show similarities

with those in the Valaisan zone (Haute Savoie Val Ferret

and Sion areas), especially with the Jurassic breccias of the

Grand Fond Formation (Antoine et al. 1972). Other authors

(Hagen 1948; Weidmann and Zaninetti 1974; Ayrton et al.

1982) compared the cover sequence of the Mont Dolin to

the Mesozoic sequence of the Lower Austroalpine Err

nappe, especially to the polygenic breccias from the Sal-

uver Formation in the Samedan basin (Handy 1996; Masini

et al. 2012). Today, strict analogies between the facies of

Mesozoic sequences are no longer used as a primary tool in

reconstructing the palaeogeography. Rather, the accent is

put on recognizing syn- and post-rift sedimentary sequen-

ces. Notably breccias, to whichever unit they may belong,

serve as indicators of syn-sedimentary tectonics, and the

presence of characteristic clasts (of quartzite and Arolla-

type granitoids) in the Mont Dolin sequence record erosion

of a nearby basement. Collectively, the observed features

indicate a transition from high- to low-angle normal

faulting that accommodated exhumation of the basement

(Masini et al. 2011). The lack of basement clasts in the

breccias of the Roisan sequence (Manzotti et al. 2014a, b)

indicates that they were deposited in a different environ-

ment, either at greater distance from syn-sedimentary faults

or in an area where crustal thinning was less important than

near the Mont Dolin area.

5 Alpine evolution of the Sesia–Dent Blanche nappes

Every unit constituting the Sesia–Dent Blanche nappes

show evidence of Alpine ductile deformation associated

with high pressure–low temperature metamorphism, over-

printing pre-Alpine structures and metamorphism (Fig. 3).

However, the amount of Alpine reworking is heteroge-

neous, from almost no signs of strain and metamorphism in

parts of the Valpelline Series and II DK, to strong and

pervasive overprinting under eclogite facies (EMC) and/or

greenschist facies (Arolla Series, GMC) conditions.

5.1 Alpine metamorphism

Key observations include the maximum pressures recorded

in each unit during its subduction history, since differences

in peak P conditions may record differences in depth.

Importantly, discontinuities in P–T conditions across a

ductile shear zone bounding two units, or even within a

unit, record displacements following the early stages of

subduction.

In the Sesia Zone, the EMC reached eclogite facies

conditions of about 16–22 kbar and 500–600 �C (Com-

pagnoni 1977; Compagnoni et al. 1977a; Gosso 1977;

Lardeaux 1981; Lardeaux et al. 1982; Pognante et al. 1987;

Pognante 1989a; Lardeaux and Spalla 1991; Spalla et al.

1991; Zucali et al. 2002; Matsumoto and Hirajima 2005;

Regis et al. 2014). Eclogite-facies conditions in the south

(Corio-Monastero metagabbro: Rebay and Messiga 2007)

are similar to those observed some 50 km to the north

(Monte Mucrone area: Zucali et al. 2002; Delleani et al.

2012, 2013b), and the metamorphic field gradient along

strike is weak or absent in the internal part of the Sesia

Zone. Across strike, however, a recent work has shown that

various parts of the EMC display different P–T paths
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(Zucali and Spalla 2011). Notably, estimated pressures in

the most internal part of the EMC (Druer slice) are dis-

tinctly higher (and were reached earlier) than in the more

external part (Fondo slice; Regis et al. 2014). The EMC

thus appears to comprise distinct tectonic slices that were

accreted under a range of eclogite-facies conditions and

over a period from ca. 84 to 70 Ma (Regis et al. 2014). The

boundaries between these subunits remain to be mapped.

In the GMC, high-pressure minerals or parageneses have

locally been recorded (Williams and Compagnoni 1983;

Spalla et al. 1991), but in all parts the greenschist facies

parageneses are predominant. Alpine pressures and tem-

peratures recorded in the EMC are considerably higher

(and better constrained) than in the GMC (Pognante et al.

1987; Lardeaux and Spalla 1991; Zucali et al. 2002; Mat-

sumoto and Hirajima 2005).

In the II DK, Alpine metamorphism is only very locally

visible for kinetic reasons. It occurs mainly in shear zones

bounding the II DK along its contact to the EMC, or in

shear zones inside the II DK located near the boundary

with the EMC. Garnet–glaucophane, garnet–chlori-

toid ± kyanite, and garnet–clinopyroxene (mainly Jd

35 %) assemblages indicate that the contact between the

EMC and the II DK developed at about 14 kbar and 500 �C

(Lardeaux et al. 1982; Ridley 1989; Vuichard 1989; Bi-

stacchi et al. 1997).

Blueschist facies metamorphism has been described

from the DBTS (Fig. 3) and the Pillonet klippe, but the

intense greenschist-facies overprint (Diehl et al. 1952; Dal

Piaz and Nervo 1971; Dal Piaz 1976; Compagnoni et al.

1977a; Ayrton et al. 1982; Canepa et al. 1990; Dal Piaz

et al. 2010; Manzotti et al. 2014a, b) makes quantifications

difficult. Well preserved blueschist facies assemblages

(statically overprinted by pumpellyite) are found in the

RCTS, with P–T conditions estimated at around

10–15 kbar and 300–400 �C (Pognante 1989b).

5.2 Alpine strain

The heterogeneous distribution and polyphase record of

Alpine (versus pre-Alpine) deformation renders tectonic

correlations difficult at the scale of the entire thrust sheet,

i.e. the Sesia–Dent Blanche nappes. Superimposed strain

patterns are documented in the Dent Blanche s.s. (Pen-

nacchioni and Guermani 1993; Roda and Zucali 2008;

Manzotti and Zucali 2013; Manzotti et al. 2014a, b), in the

Mont Mary nappe (Canepa et al. 1990), in the Pillonet

klippe (Dal Piaz and Sacchi 1969; Vogler 1984), and in the

Sesia Zone (e.g. Gosso 1977; Passchier et al. 1981; Wil-

liams and Compagnoni 1983; Zucali et al. 2002, 2013).

Efforts of correlation across the nappe stack (Dal Piaz

1993, 1999; Babist et al. 2006) have deciphered essential

parts of the subduction–exhumation related strain record,

but these studies did not address the external parts, notably

the Dent Blanche klippe, in any detail. Moreover, the major

role of the RCSZ has been recognized only very recently

(Manzotti et al. 2014a, b).

The intensity of Alpine strain varies, either from one

unit to the next, or even within similar rock types and/or

within the same unit. In the EMC, small volumes of rocks

(about 0.01 9 0.01 9 0.1 km) that were left undeformed

by the Alpine orogeny have been found, e.g. in the Monte

Mucrone meta-granite (Dal Piaz et al. 1972; Compagnoni

and Maffeo 1973; Oberhänsli et al. 1985; Zucali et al.

2002; Delleani et al. 2012, 2013a), in the Lago della

Vecchia meta-granite (Dal Piaz et al. 1972; Zucali 2011),

and in lenses of pre-Alpine para-gneisses or meta-gabbros

(Dal Piaz et al. 1972; Lardeaux and Spalla 1991). In the II

DK large rock volumes (1 km3) still preserve pre-Alpine

structures (Dal Piaz et al. 1971; Ridley 1989; Vuichard

1989), and the same is true for the Valpelline Series

(10 9 5 9 2 km) (Diehl et al. 1952; Nicot 1977; Gardien

et al. 1994; Manzotti and Zucali 2013). In the Arolla Series

and in the Lower Unit of the Mont Mary, mapping has

revealed a few undeformed granitoids and gabbros as well

(Diehl et al. 1952; Elter 1960; Roda and Zucali 2008;

Manzotti 2011; Roda and Zucali 2011). By contrast, the

GMC shows pervasive Alpine deformation, undeformed

volumes being conspicuously absent.

Overall, strain intensity increases going (i) from lower

crustal units to intermediate and higher crustal units, and

(ii) from west to east (i.e. across strike) for the same

lithologies. This is attributed to a combination of two

processes. Firstly, the lower crustal units were strongly

dehydrated during the pre-Alpine evolution, and high-

grade assemblages did not readily convert to blueschist-

facies or eclogite-facies assemblages. Pervasive Alpine re-

equilibration was achieved in narrow shear zones only,

whereas unstrained rock volumes only display coronitic

reaction textures. Secondly, peak P–T conditions during

Alpine orogeny may have varied across strike. For

instance, meta-granitoids display nice jadeite- or ompha-

cite-bearing parageneses in the most internal domain

(Monte Mucrone), whereas mostly albite was preserved in

the most external domain, except in a few samples where

crossite ± aegirine are found (Ayrton et al. 1982; Pen-

nacchioni and Guermani 1993; Roda and Zucali 2008).

Provided these pressure conditions were attained at the

same time (which is still uncertain), this would suggest that

the different units now assembled in the Sesia–Dent

Blanche nappes were subducted towards the SE.

Apart from the (Mesozoic) meta-sediments, character-

istic lithotypes within the basement may also be useful in

tracing major shear zones. In particular, pre-Alpine gran-

ulites grading into fine-grained schists, with a characteristic

red-brown alteration, have been reported. (i.e. red schists
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described in the Upper Unit of the Mont Mary nappe and

Pillonet klippe, and in the II DK of the Sesia Zone; Ber-

tolani 1964; Dal Piaz et al. 1971, 2010; Dal Piaz 1976;

Manzotti et al. 2014a, b). Although these slices of red

schists have been pervasively obliterated by the Alpine

structural and metamorphic imprint, they probably derive

from granulites, i.e. from lower crust.

Each tectonic unit shows a specific relative chrono-

logical sequence of superimposed structures and specific

relationships between deformation and metamorphism

(e.g. Dal Piaz and Sacchi 1969; Vogler 1984; Vuichard

1986; Canepa et al. 1990; Zucali and Spalla 2011;

Manzotti et al. 2014a, b). The amount of strain and the

timing of ductile deformation with respect to the P–

T history may differ significantly between the various

units. Specifically, some units (Arolla Series, GMC) are

characterized by a dominant fabric acquired during

greenschist-facies conditions, while others nicely pre-

serve ductile fabrics that developed during eclogite-facies

conditions (EMC). The latter, in addition to the differ-

ences in metamorphic age and pressure conditions

(Pognante 1989a; Zucali et al. 2002 and refs. therein;

Regis et al. 2014) show discrepancies in the deformation

fabrics acquired during exhumation (e.g. dominantly D3

in the west, but D5 in the east; Babist et al. 2006) (see

Figs. 3, 5).

Some authors have proposed that the GMC and EMC

represent different tectonic units, with distinct P–T paths

(Passchier et al. 1981; Williams and Compagnoni 1983;

Vuichard 1987). One major question is whether the units

with a dominant greenschist-facies fabric have been per-

vasively deformed during an earlier stage at high pressure

or not. Spalla et al. (1991) state that this was the case for

the GMC because they observed relics of high-P parage-

neses. These authors infer the existence of a gradient of

greenschist-facies deformation through the Sesia Zone, i.e.

an increase in strain from the southeast to the northwest. At

the scale of the Sesia–Dent Blanche nappes, a few obser-

vations (high-P relics) indicate an overall increase in peak

P from northwest to southeast, but with a gradient in the

overprint owing to greenschist-facies deformation (Spalla

and Zulbati 2003). Alternatively, we surmise the existence

of different slices—with distinct peak P—that were

stacked during exhumation and accompanied by green-

schist-facies deformation. The critical question remains

how to identify and characterize tectonic boundaries within

the Sesia–Dent Blanche nappes.

5.3 Tectonic boundaries within the Sesia–Dent

Blanche nappes

Tectonic boundaries within the Sesia–Dent Blanche nappes

may be defined using a combination of criteria including

(i) the presence of Mesozoic (meta)-sedimentary layers or

thrust sheets at the contact between basement rocks, (ii)

differences in pre-Alpine structure and metamorphism, and

(iii) differences in Alpine structure, metamorphism and

age. None of these criteria is unambiguous on its own,

except, as recognized by Babist et al. (2006), the presence

of Mesozoic meta-sediments, which necessarily indicates a

tectonic boundary. Due to intense deformation following

nappe formation, the original nappe boundary may have

been folded and/or transposed, with the Mesozoic sedi-

ments folded and/or boudinaged along the former tectonic

boundary. As a result, potential nappe boundaries become

very difficult to recognize.

The only indisputable nappe boundary recognized up to

now within the DBTS is the RCSZ (Elter 1960; Canepa

et al. 1990; Manzotti et al. 2014a, b; see Fig. 1). Within the

Sesia Zone, nappe boundaries have also been proposed,

based on the occurrence of carbonate meta-sediments of

presumed Mesozoic age in association with contrasting

pre-Mesozoic lithologies and Alpine metamorphic histories

in places where such meta-sediments are missing (Babist

et al. 2006). The relative timing of nappe emplacement

may be defined using polyphased mineral assemblages that

define superposed fabrics along the shear zone bounding

the thrust sheet or inside the thrust sheet. Specifically, in

the case where no discontinuity in P–T–t conditions is

recorded across a shear zone, this indicates either a minor

amount of displacement across the shear zone, or that such

displacements took place prior to the onset of retrogression.

The precise timing of displacement along the shear zone

can be determined only if the exact shape of the P–T paths

is known in each unit. Juxtaposition during subduction has

been assumed for the RCSZ (Manzotti et al. 2014a, b).

However, the exact geometry and age of most of the tec-

tonic boundaries in the Sesia–Dent Blanche nappes are still

uncertain, as discussed below. Specifically, the root zone of

the RCSZ is of prime importance for understanding the

entire system of the Sesia–Dent Blanche nappes. To clarify

the implications, several propositions need to be considered

(Fig. 6).

5.3.1 Two nappes scenario (Fig. 6a)

A first scenario considers the Sesia–Dent Blanche nappes

as a composite of only two nappes (Fig. 6a). The Lower

Element comprises the Arolla Series, the GMC and the

EMC; the Upper Element consists of the Valpelline Series

and the II DK (Dal Piaz et al. 1971; Compagnoni et al.

1977a; Gosso et al. 1979; Caby 1981; Spalla et al. 1991;

Steck 2008). This scenario ignores the existence of the

recently described RCSZ, so far the only well documented

nappe boundary (Manzotti et al. 2014a, b). Hence, this

scenario will not be discussed further.
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Fig. 5 Geochronological data

on the Alpine high-pressure

metamorphism in the

Austroalpine nappes of the

Eastern Alps, in the Sesia–Dent

Blanche nappes, and in the

Zermatt–Saas Zone. Blue

indicates blueschist facies

metamorphism, whereas pink

and green depict eclogite facies

metamorphism, in the Sesia

Zone and in the Zermatt–Saas

Zone, respectively. The timing

of sedimentation in the Gosau

basins (Eastern Alps) is shown

for comparison, to emphasize

the major difference in

evolution between Austroalpine

units in the Eastern Alps and the

Sesia–Dent Blanche nappes
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5.3.2 Three nappes scenario (Fig. 6b)

A second scenario proposes the existence of three main

nappes within the Sesia Zone: the Bard, Mombarone and II

DK nappes (Babist et al. 2006; Konrad-Schmolke et al.

2006, 2011a, b) (Fig. 6b). According to these authors the

boundary between the Bard and the Mombarone nappes is

defined by the Mesozoic meta-sediments of the Bonze unit

sensu Venturini et al. (1994). Possible correlations with the

DBTS would be as follows: (i) the Bard nappe could be

correlated with the Arolla and Pillonet units, and (ii) the

Valpelline–II DK nappe would have thrusted the Arolla-

Pillonet-Bard nappe (Fig. 6b). Babist et al. (2006) pro-

posed that the meta-sediments of the Bonze unit, separating

Fig. 6 Cross-sections

illustrating possible scenarios

for a subdivision of the Sesia–

Dent Blanche nappes:

a scenario after Compagnoni

et al. (1977b), Gosso et al.

(1979), Caby (1981), Spalla

et al.(1991); b scenario after

Babist et al. (2006), Konrad-

Schmolke et al. (2006); c, d two

possible interpretations

discussed in the present study.

AS Arolla Series of the Dent

Blanche nappe s.s., VS

Valpelline Series of the Dent

Blanche nappe s.s., LU Lower

Unit of the Mont Mary nappe,

UU Upper Unit of the Mont

Mary nappe, EMC Eclogitic

Micaschist Complex, GMC

Gneiss Minuti Complex, CZ

Canavese Zone, CMB Cossato–

Mergozzo–Brissago Line. The

two slices depicted in blue in

the GMC (d) represent

presumed Mesozoic meta-

sediments, such as described at

Passo dell’Uomo Storto (Dal

Piaz et al. 1971; Gosso et al.

1979) and in the Cima delle

Pietre Bianche area

(Compagnoni et al. 1977b;

Vuichard 1987). See Sect. 4 for

more details. Note that the

internal structure of the

Piemonte–Liguria units is not

shown. In the Sesia–Dent

Blanche nappes, thicker lines

(in red for the RCSZ) mark the

location of the main shear

zones. The polyphase internal

deformation of each unit cannot

be represented at this scale
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their Bard and Monbarone nappes from each other, may

have been juxtaposed on top of the Valpelline Series–II DK

basement by normal faulting in pre-Alpine times (see their

Fig. 10a). However, while there is some evidence for the

Mont Dolin Series having been deposited atop the altered

Arolla Series (Ayrton et al. 1982), no evidence is known

for a direct juxtaposition of Mesozoic cover and Valpelline

Series in pre-Alpine times. Moreover, this scenario again

does not take into account the existence of the RCSZ that

separates the Mont Mary nappe from the Dent Blanche s.s.

nappe. Hence, this scenario will not be discussed further,

the key question being where to extend the RCSZ towards

the east.

5.3.3 Three (or more) nappes scenarios (Fig. 6c, d)

A third proposal (Fig. 6c) considers three major nappes

within the Sesia Zone (i.e. GMC, the II DK, and the EMC,

as classically defined on a purely lithological basis, see

Rubie 1984; Vuichard 1989), possibly subdivided into not

yet identified sub-units or slices. This scenario links the

RCSZ with the basal thrust of that part of the Sesia–Dent

Blanche nappes which is located east of the Pillonet klippe,

i.e. with the base of the external (frontal) part of the Sesia

Zone, namely the GMC (Fig. 6c). According to this sce-

nario the GMC would be the equivalent of the Arolla

Series. At the same time the Valpelline Series of the Dent-

Blanche s.s. nappe would represent a more external part of

the II DK as was assumed by the previous two scenarios.

This scenario has the advantage of explicitly taking into

account the Mesozoic meta-sediments of the RCSZ that

define the traditional nappe boundary between the Dent

Blanche s.s. nappe and the Mont Mary nappe. Furthermore,

it is compatible with the major lithological difference

between the Arolla Series (i.e. orthogneiss derived from a

Permian protolith) and the Lower Unit of the Mont Mary

nappe (i.e. essentially amphibolite-facies paragneiss).

Since it remains uncertain whether the RCSZ within the

Dent Blanche Tectonic System (DBTS) has indeed to be

linked with the base of the Sesia Zone, a fourth scenario is

proposed (Fig. 6d). This scenario allows correlating the

RCSZ to one or several discrete thrusts within the GMC of

the Sesia Zone (Fig. 6d). This proposal integrates the

observation of presumably Mesozoic meta-sediments in the

GMC (see above Sect. 4) and of slices of intensely retro-

graded granulite-facies rocks, which have been interpreted

as marking tectonic contacts inside the GMC (Novarese

1894; Carraro et al. 1970; Compagnoni et al. 1977a;

Minnigh 1977; Vuichard 1987). The prime purpose of this

fourth scenario is thus to hypothesize the existence of three

(or more) slices in (external parts of) the Sesia Zone. While

this is the most complex model, we consider this scenario

as plausible. However, further mapping is urgently needed

to test this hypothesis, with special attention given to the

following questions:

• How many marble-calcschist layers exist within the

GMC, how continuously can they be mapped, and what

is their geometry? Are they folded? Are they located

along shear zones and can these be traced across the

GMC even where Mesozoic meta-sediments are

lacking?

• Can the layers within the GMC be geometrically linked

to those found in the EMC, i.e. the Bonze-Scalaro Unit,

in which case the RCSZ would be linked to the

boundary between the Bard and Mombarone Units

sensu Babist et al. (2006)?

6 Inferred palaeogeographic position of the Sesia–Dent

Blanche units

6.1 Pre-orogenic plate configuration

There is an old and still on-going controversy concerning

the palaeogeographic position of the Sesia–Dent Blanche

nappes. Resolving this controversy is a key point for the

reconstruction of the Alpine evolution. Two lines of rea-

soning have been followed in the past, which emphasize

(i) similarities among Mesozoic meta-sediments that are

closely associated with different pieces of continental

basement; (ii) analogies amongst basement rocks (i.e.

grade and timing of pre-Alpine metamorphism, nature,

depth and timing of emplacement of the plutonic bodies,

etc.), indicating the structural level of each basement unit

within the original pre-Alpine crust. The implications of

applying the first criterion were discussed in Sect. 4. The

second approach and its implications is presented using a

historical perspective in the following section.

Based on lithological analogies of basement rocks,

Staub (1917) correlated the Sesia–Dent Blanche nappes

with the Margna nappe (Val Malenco, eastern Central

Alps, northern Italy). He noted the presence of (pre-Alpine)

high-grade metamorphic rocks in the pre-Mesozoic base-

ment of both units and the similarities of the gabbros in the

Dent Blanche area with the Fedoz gabbro of the Margna

nappe. Staub’s view was substantiated by Argand (1934),

though he considered the Sesia–Dent Blanche nappes to be

Penninic units. Two aspects deserve closer scrutiny.

Firstly, it has been shown later that both gabbro suites are

of Permian age (Hansmann et al. 1996; Hermann et al.

1997). Secondly, regarding the correlative value of Perm-

ian gabbroic complexes, we note that gabbros have

intruded at different structural levels. Some are found

amongst upper crustal granitoids, e.g. in the Dent Blanche

nappe, and these are now bounded by thick shear zones
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(Dal Piaz et al. 1977; Baletti et al. 2012). Other Permian

gabbros, e.g. those in the south-western Sesia Zone (Corio

and Monastero) and in the Margna nappe (Fedoz), show

locally preserved intrusive relationships with granulites of

the lower crust (Rebay and Spalla 2001; Rebay 2003) or

with uppermost mantle peridotite (Hermann et al. 1997).

Hence, the correlation between the Sesia and the Margna

nappes is generally accepted today (Froitzheim et al. 1996;

Schmid et al. 2004).

Once the existence of an oceanic domain within the

Alps was accepted, the question arose as to which palae-

omargin the Sesia–Dent Blanche nappes once belonged

and what their position was with respect to the Piemonte–

Liguria Ocean. In view of the considerable similarities

between the pre-Mesozoic basement of the Southern Alps

(Ivrea Zone and Strona Ceneri Zone) and those found in the

Sesia–Dent Blanche nappes (e.g. II DK and Arolla Series)

virtually all authors considered the Sesia–Dent Blanche

nappes as a part of the Adria continental margin. The exact

structural and hence palaeogeographic relation with the

Piemonte–Liguria Ocean remains controversial. Since the

Sesia–Dent Blanche nappes are clearly thrust over the most

of the preserved relicts of the Piemonte–Liguria Ocean, and

are currently lying northwest of the Insubric Line and the

Internal Canavese Line forming the northern boundary of

the Southern Alps, the Sesia–Dent Blanche nappes were

classically considered as ‘‘Austroalpine’’ (i.e. Dal Piaz

1976; Compagnoni et al. 1977a; Gosso et al. 1979).

However, some authors (Elter and Pertusati 1973; Trümpy

1976; Froitzheim and Manatschal 1996; Froitzheim et al.

1996; Handy 1996; Schmid et al. 2004; Handy et al. 2010)

proposed that the Sesia–Margna nappes represent a micro-

continent that became separated from the distal part of the

Adriatic palaeomargin by a narrow oceanic corridor or a

narrow strip of exhumed mantle whose remnants would

have to be located southeast of the Sesia Zone. Support for

this hypothesis comes from several arguments.

1. The geochronological data indicate that the Alpine

tectonometamorphic evolution of the Sesia–Dent

Blanche nappes is distinctly younger compared with

that in the Austroalpine nappes of the Eastern Alps

(see Fig. 5 and included references). In the Eastern

Alps, high pressure metamorphism in the Saualpe and

the Koralpe (i.e. Thöni and Miller 1996; Miller and

Thöni 1997; Thöni et al. 2008), in the Porhorje (Thöni

2006; Miller et al. 2005), as well as in the Texel

Complex (Habler et al. 2006; Zanchetta et al. 2013), is

distinctly earlier (pre-95 Ma) in age (Thöni 2006). In

these areas, continental subduction is followed by a

phase of extension and deposition of the autochtho-

nous Gosau sediments (Fig. 5) during the Late

Cretaceous (Froitzheim et al. 1994; Faupl and

Wagreich 1996; Wagreich and Decker 2011). By

contrast, the high-pressure metamorphism of the Sesia

Zone in the Western Alps has been dated as Late

Cretaceous (i.e. Oberhänsli et al. 1985; Ruffet et al.

1997; Rubatto et al. 1999, 2011; Schmid et al. 2004;

Halama et al. 2014; Regis et al. 2014).

2. The continental subduction (85–60 Ma, Fig. 5) in the

internal Western Alps is coeval with the deposition of

the earliest flysch (Nappe Supérieure, formerly Simme

Nappe; Caron et al. 1989) in the Western Alps (Fig. 5).

These flysch sediments record the erosion of a

Mesozoic platform and a pre-Alpine basement similar

to that of the Southern Alps, and they were partly

deposited on top of the oceanic crust of the most

internal Piemonte–Liguria Ocean and in the front of a

Late Cretaceous orogenic wedge. Interestingly, it has

been known for a long time that the root zone of this

Nappe Supérieure (or Simme nappe) is located south

of the Sesia–Dent Blanche nappes and north of the

Ivrea Zone of the Southern Alps, namely in the

Canavese Zone (Elter et al. 1966; Elter and Pertusati

1973), sandwiched between Internal and External

Canavese Line.

In summary, and combining all the evidence, the Sesia–

Dent Blanche–Margna nappes together with the Canavese

Zone are all recognized to have originated from the most

distal Adriatic margin. However, the Sesia–Dent Blanche–

Margna nappes and the Austroalpine nappes exhibit major

differences in terms of their Cretaceous tectonometamor-

phic evolution (Froitzheim and Manatschal 1996;

Froitzheim et al. 1996; Schmid et al. 2004; Handy et al.

2010).

6.2 Implications regarding the postulate of tectonic

erosion in the Western Alps

The debate concerning the exact paleogeographic config-

uration discussed above has major implications concerning

the location of the plate boundary during the initial stages

of the convergent history in the Western Alps. When

assuming that the Sesia–Dent Blanche fragment was never

separated from the main Adriatic palaeo-margin, and that

the Sesia–Dent Blanche nappes were parts of the upper

(‘‘Austroalpine’’) plate, tectonic erosion (i.e. subduction of

slices of continental crust that were sheared off the upper

plate) of the Adria continental margin is required to

account for the high-pressure metamorphism observed

(Polino et al. 1990; Dal Piaz 1993; Angiboust et al. 2014;

Lardeaux 2014). Alternatively, if the Sesia–Dent Blanche

fragment was separated from the Adriatic palaeomargin by

an oceanic basin or a segment of exhumed continental

mantle, initial subduction and early thrusting may well
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have occurred along this boundary and the Sesia–Dent

Blanche fragment would simply represent the lower plate

during this initial subduction stage, the upper plate being

represented by the low-grade Canavese Zone and the non-

metamorphic Southern Alps. This scenario implies that

tectonic erosion is no longer required for the bulk of the

Sesia–Dent Blanche fragment, though it remains a possible

mechanism for small fragments that originated from

southeast of this fragment during the initial stages of sub-

duction. According to the first scenario discussed above,

the Sesia–Dent Blanche fragment originally was part of the

upper plate, in the second scenario it represented the lower

plate.

It seems that the concept of tectonic erosion would

require the subduction of the Piemonte–Liguria Ocean to

be contemporaneous with the subduction of pieces of

crustal material scraped off the upper plate. However, the

age of high-pressure metamorphism in the Piemonte–Lig-

uria Ocean is distinctly and significantly younger than that

in the Sesia Zone, which is in conflict with the tectonic

erosion model. Theoretically, one could still argue that

oceanic subduction began much earlier than is recorded in

the fragments of the Piemonte–Liguria Ocean presently

exhumed, in which case tectonic erosion could still be a

viable mechanism. However, such a view is hardly tenable

since there is absolutely no evidence for Cretaceous sub-

duction of Piemonte–Liguria oceanic lithosphere, such as a

Cretaceous calc-alkaline arc in the Adriatic plate. If such

an arc ever existed, it would have been subsequently

removed by subduction or erosion.

The alternative scenario whereby the Sesia–Dent

Blanche fragment represents the lower plate requires an

extremely thinned continental or even oceanic domain

between the future Sesia–Dent Blanche nappes and the

Southalpine domain including the Canavese Zone in order

to localize the onset of the subduction. The existence of

such an oceanic domain was proposed by Elter and

Pertusati (1973), Froitzheim et al. (1996), Dal Piaz (1999,

2001) and Pleuger et al. (2007). Direct evidence in favour

of such an oceanic domain is scarce and/or disputed. Small

slices of serpentinites (lherzolites with harzburgitic layers)

are known from the Canavese Zone (at Pesmonte or

‘‘Pedimonte’’; Elter et al. 1966; Ferrando et al. 2004;

Beltrando et al. 2014b), associated with radiolarites whose

transgression over the serpentinites is not directly visible

but are exposed at a distance of only 20 m from the serp-

entinites. However, according to Ferrando et al. (2004)

most of the Mesozoic sedimentary sequence of the Ca-

navese Zone is interpreted as deposited on a continental

basement. It consists of a pre-rift sequence (Permian–

Trias), a syn-rift sequence (including breccias with base-

ment clasts: Lower and Middle Jurassic) and a post-rift

sequence (radiolarian cherts, ‘‘Maiolica’’, then ‘‘argille a

Palombin’’ of Middle Jurassic to Lower Cretaceous). This

feature, together with the occurrence of serpentinites,

implies a strongly reduced continental crust, and Ferrando

et al. (2004) consider an ocean–continent-transition as the

most probable setting. This implies the existence of a

nearby oceanic domain, immediately to the northwest of

the Canavese Zone, a domain that has been termed ‘‘the

missing ocean’’ (Dal Piaz 1999; Dal Piaz et al. 2001).

In summary, we prefer to adopt a pre-orogenic situation

whereby a narrow corridor of oceanic lithosphere and/or

exhumed subcontinental mantle was present between the

Sesia–Dent Blanche fragment and the Southalpine Ivrea

Zone. The lack of a calc-alkaline arc remains to be

explained, e.g. by referring to the small size of the oceanic

domain between Sesia–Dent Blanche fragment and Ivrea

Zone. We emphasise that our preferred option does not

exclude the possibility of minor tectonic erosion having

taken place at the expense of the basement from the distal

part of the Adriatic (South-Alpine) palaeomargin. In

addition, the recently recognized tectonic slices within the

EMC (Regis et al. 2014) may well reflect fragmentation

and internal thrusting at or near the contact to the overlying

plate. For the sake of (graphical) clarity, such small-scale

complexities will not be shown in the evolutionary scheme

presented below.

7 Summary of the orogenic evolution of the Sesia–Dent

Blanche nappes

The data and concepts discussed above have been inte-

grated into a crustal scale evolutionary model of the

Western Alps, in spite of the substantial uncertainties

inherent in the construction of such a model (Fig. 7). Many

of these problems concern the 3D-character of the defor-

mation during the Alpine orogeny, e.g. the dextral

displacement along the Insubric Fault, preventing a bal-

anced reconstruction in a 2D-section. However, drawing

the geodynamic evolution of the Sesia–Dent Blanche

nappes offers the advantage of bringing different scales of

observations together and of directly comparing our model

with alternative reconstructions at a similar scale (e.g. Dal

Piaz 1999; Marthaler 2002; Babist et al. 2006; Lapen et al.

2007; Steck 2008; Handy et al. 2010).

7.1 Pre-orogenic geometry dominated by crustal-scale

normal faults (late Jurassic; Fig. 7a)

Whether or not the Sesia–Dent Blanche fragment rifted

apart as an independent micro-continent or represents the

most distal part of the Adriatic margin, its continental crust

was probably strongly thinned during Jurassic rifting. In

the process of crustal thinning and extension, continental
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Fig. 7 Simplified kinematic

model for the evolution of the

Sesia–Dent Blanche nappes.

The RCSZ is represented by a

red line. a Architecture of the

margins of the Piemonte–

Liguria Ocean at the end of the

spreading (Late Jurassic);

b progressive subduction of the

Sesia–Dent Blanche nappes

(Late Cretaceous) and

development of the RCSZ

(deformation stages D3–D4;

Manzotti et al. 2014a, b);

c subduction of the Piemonte–

Liguria Ocean (Early Eocene)

and folding of the RCSZ

(deformation stage D5;

Manzotti et al. 2014a, b);

d subduction of the Monte

Rosa–Gran Paradiso nappes

(Late Eocene–Early Oligocene)

associated with early

exhumation of the Sesia–Dent

Blanche nappes; e large scale

deformation of the nappe stack

(Late Oligocene). AS Arolla

Series, VS Valpelline Series,

IIDK Seconda Zona Dioritico-

Kinzigitica, EMC Eclogitic

Micaschist Complex, GMC

Gneiss Minuti Complex, RCTS

Rocca Canavese Thrust Sheets,

CZ Canavese Zone. Note that

the internal structure of the

Piemonte–Liguria units is not

shown. In the Sesia–Dent

Blanche nappes, thicker lines

(in red for the RCSZ) mark the

location of the main shear

zones. The polyphase internal

deformation cannot be

represented at this scale
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fragments are frequently detached from the (Adriatic)

passive continental margin to form isolated allochthonous

fragments (extensional allochthons). This process was first

documented for the Eastern Alps (Florineth and Froitzheim

1994; Froitzheim and Manatschal 1996) and has recently

been extended to the entire Alpine belt (Mohn et al. 2010,

2011; Vitale Brovarone et al. 2011; Beltrando et al. 2014a).

Geological evidence typically invoked to support such a

model includes the presence of: (i) deep-marine syn- to

post-rift sediments in lithostratigraphic contact with ser-

pentinized peridotite or continental basement rocks; (ii)

pre-Alpine cataclastic rocks, such as serpentinite breccias

that indicate the development of a tectonic contact in the

structural domain of brittle deformation; (iii) clasts of

continental basement rocks observed in cover sequences at

the contact with continental basement slivers (Manatschal

and Müntener 2009; Vitale Brovarone et al. 2011). How-

ever, within the Sesia–Dent Blanche nappes such meta-

sediments underwent high-pressure metamorphism and

high strain. No direct evidence supporting the occurrence

of late Jurassic or Cretaceous deep-water sediments such as

radiolarites have been found. Furthermore, there is no

report of reworked ultramafic clasts in the Mesozoic

sequences that would indicate denudated mantle close to

carbonate sediments.

For these reasons, the existence of a Sesia–Dent Blanche

extensional allochthon remains hypothetical and the post-

rifting configuration shown in Fig. 7a remains conjectural.

The RCSZ, at present a folded Alpine thrust, may corre-

spond to an initially pre-Alpine normal fault (or a series of

such faults, not even necessarily all of the same age), re-

oriented and re-activated during the subduction of the Se-

sia–Dent Blanche nappes. However, definitive evidence is

lacking. The marked lithological difference between the

Lower Unit of the Mt Mary nappe and the Arolla Series of

the Dent Blanche nappe s.s. (see Manzotti et al. 2014a, b)

can be taken as an indicator of the reactivation of a pre-

Alpine structure, either a Jurassic normal fault or an older

structure.

7.2 Subduction of the Sesia–Dent Blanche fragment

(Late Cretaceous–Palaeocene; Fig. 7b)

The earliest Alpine orogenic evidence recognized in the

Western Alps is the high-pressure metamorphism and

associated deformation in the Sesia Zone (Figs. 3, 5).

Much work has focussed on the high-P evolution of the

Sesia Zone, where stages of deformation under eclogite-

facies conditions were recently dated between *85 and

60 Ma (Rubatto et al. 2011; Regis et al. 2014). In the

Pillonet klippe the Rb–Sr and Ar–Ar data are interpreted as

evidence of an Upper Cretaceous age (*75 Ma) of the

blueschist-facies metamorphic imprint (Cortiana et al.

1998). By contrast, geochronological data in the Dent-

Blanche klippe are scarce. K–Ar ages scatter from to 55 to

30 Ma (Mont Dolin: Ayrton et al. 1982). Rb–Sr ages dis-

playing a range from 58 to 43 Ma (Angiboust et al. 2014)

have been interpreted as recording a protracted evolution of

the deformation under high pressure metamorphic condi-

tions. The oldest age (58 Ma) has been found in mylonites

along the Arolla–Valpelline contact, while younger ages

(48–43 Ma) stem from gneisses of the Arolla Series. At

present these ages are considered preliminary because of

their large uncertainties (the MSWD, i.e. the mean square

weighted deviation, of all dated samples range from 19 to

1,003, and of those retained by the authors between 19 and

928). Some of these ages may reflect a deformation event,

but this will require further clarification with respect to the

structural history of the area studied by Angiboust et al.

(2014). The age of the high-pressure imprint on rocks in the

Dent-Blanche klippe thus remains poorly constrained.

Our evolutionary scheme assumes that all of the conti-

nental units now constituting the Sesia–Dent Blanche

nappes were subducted during the upper Cretaceous and

Palaeocene (Fig. 7b).

Some of the Jurassic normal faults may have been

reworked and may localize shear zones (thrusts) that deli-

mit different nappes. None of these Jurassic faults have

been formally identified up to now in the Sesia–Dent

Blanche nappes. However, the RCSZ may well have been a

former normal fault, overprinted by ductile shear devel-

oped under blueschist facies conditions, which are recorded

by mineral assemblages associated with tectonic phases D3

and D4 (Manzotti et al. 2014a, b). During these stages, the

basal units of the Sesia–Dent Blanche nappes were affected

by intense ductile deformation associated with top-to-NW

shearing. Some units, such as the EMC (in yellow on

Fig. 7) were subducted to greater depths, while others,

essentially those made of dry lower crustal material, show

little evidence of a high-pressure overprint. However,

scarce kyanite and chloritoid do occur in the Valpelline

Series (Kiénast and Nicot 1971), and garnet–glaucophane

mylonites have been reported from the boundary between

the II DK and the EMC (Lardeaux et al. 1982; Ridley 1989;

Vuichard 1989). For these reasons, although the Valpelline

Series–II DK unit is shown as a single block in Fig. 7, we

assume that the II DK was subducted to greater depths than

the Valpelline Series. Piling up the different blocks in order

to match the present geometry of the Sesia–Dent Blanche

system implies that the fragments were detached from the

underlying mantle (see passive markers B, C and D in

Fig. 7).

During Late Cretaceous times, some continental units

were eroded, as recorded by the deep-water turbidites that

filled the trough at the front of the Alpine orogen and that

are preserved in the flysch units of the Prealps (Elter et al.
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1966; Homewood and Caron 1982; Homewood and

Lateltin 1988; Caron et al. 1989). Sedimentological studies

of the clastic material suggest that it derives from a su-

pracrustal basement and its Mesozoic cover akin to the one

observed in the Southern Alps (Homewood and Lateltin

1988). Accordingly, Fig. 7 suggests that a mountain range

was built during the Late Cretaceous along the frontal part

of a convergent zone located southeast of the still largely

open Piemonte–Liguria Ocean and consisting of the distal

parts of the Adriatic palaeomargin and the uppermost units

of the Sesia–Dent Blanche nappes.

7.3 Subduction of the Piemonte–Liguria Ocean

(Early-Middle Eocene; Fig. 7c)

The next major step in the evolution of the Western Alps is

recorded by the eclogite-facies metamorphism in the

ophiolites from the Piemonte–Liguria Ocean. Locally,

these eclogite-facies ophiolites record ultra-high pressure

conditions (Reinecke 1991; Groppo et al. 2009; Frezzotti

et al. 2011), whereas others record lower pressures (Groppo

et al. 2009; Rebay et al. 2012), indicating that the present

assemblage of the ophiolites is made up of slices with

different P–T histories. The age of the eclogite-facies

metamorphism in the Piemonte–Liguria Ocean is still not

well understood. Recent data cluster at around 50 to 40 Ma

(Fig. 5, with references therein), but dates up to 60 Ma (see

Table 3 of the Supplementary Material in Villa et al. 2014)

have been proposed on the basis of poorly constrained Lu–

Hf and Sm–Nd two-point isochrons. As the present model

centres on the Sesia–Dent Blanche nappes, the neigh-

bouring oceanic units are shown as a single unit in Fig. 7,

where internal subdivisions are not represented.

The initial width of the Piemonte–Liguria Ocean (i.e.

the distance between the passive markers E and F in

Fig. 7b) is unknown. Values on the order of 200–300 km

are considered as likely on the basis of the duration of the

spreading (at most 20 to 30 Ma; Bill et al. 2001; Cordey

et al. 2012) and the slow- to ultra-slow spreading rate (i.e.

0.5 to 2 cm/year; Lagabrielle and Cannat 1990; Lagabrielle

2009). Regardless of the true width of the Piemonte–Lig-

uria Ocean, its subduction implies that the continental

slices, now collectively constituting the Sesia–Dent

Blanche nappes, were previously accreted to the upper

plate (Fig. 7b) above the subducting Piemonte–Liguria

oceanic lithosphere (see passive marker F on Fig. 7c)

during the Eocene.

During subduction of the Piemonte–Liguria oceanic

lithosphere, an accretionary prism was built up and was

partially involved in the subduction zone itself. In our

model (Fig. 7c) this accretionary prism corresponds to the

the Combin (Tsaté) Zone (Marthaler and Stampfli 1989;

Escher et al. 1993).

Alternatively, Pleuger and Froitzheim (2005), Pleuger

et al. (2007) considered that the Combin (Tsaté) sediments

were deposited on the narrow strip of oceanic lithosphere

that separated the Sesia–Dent Blanche micro-continent

form the Adriatic palaeomargin. In Fig. 7 we have placed

the Canavese sediments (Ferrando et al. 2004) in that

position, mainly because the Combin Zone is rooted below

the Sesia Zone.

During the Piemonte–Liguria oceanic subduction, the

Combin Zone was strongly sheared, together with the basal

parts of the Sesia–Dent Blanche nappes, resulting in fold-

ing and shearing of the previous nappe boundaries. For this

reason, we consider that large-scale folding of the RCSZ

(D5 folding) took place during this stage, i.e. under

greenschist facies conditions (Manzotti et al. 2014a, b).

7.4 Subduction of the Briançonnais micro-continent

(Late Eocene; Fig. 7d)

Once the oceanic lithosphere was consumed in the sub-

duction zone, the leading edge of the Briançonnais micro-

continent became involved in the subduction zone

(Fig. 7d). This is recorded by eclogite-facies metamor-

phism found in the Monte Rosa (Dal Piaz and Lombardo

1986; Lapen et al. 2007) and Gran Paradiso massifs (Dal

Piaz and Lombardo 1986; Le Bayon et al. 2006; Gabudianu

Radulescu et al. 2009; Gasco et al. 2010). The age of this

phase is considered as occurring at 40–35 Ma, i.e. close to

the Eocene–Oligocene boundary (Engi et al. 2001; Meffan-

Main et al. 2004; Lapen et al. 2007; Gabudianu Radulescu

et al. 2009).

More external parts of the Briançonnais micro-continent

were metamorphosed at lower grades towards the east, with

garnet-blueschist assemblages in the west (Ruitor), lawso-

nite blueschist assemblages in its central part (Vanoise),

and finally greenschist or sub-greenschist conditions in the

external Zone Houillère (Ellenberger 1958; Valente and

Borghi 2000; Bucher and Bousquet 2007; Lanari et al.

2012). The large-scale metamorphic field gradient across

the Briançonnais Zone is indicative of an eastward dip of

the subduction zone. Fossil-bearing sediments from the

Briançonnais Zone were involved in the deformation at

blueschist-facies conditions (Raguin 1925; Ellenberger

1958; Michard 1977), and the age of the youngest sedi-

ments (Palaeocene i.e. 65 to 55 Ma) constrains the timing

of the metamorphic overprint in that area. Owing to the

presence of detrital muscovite in the external Zone Hou-

illère, and because the internal units of the Briançonnais

Zone are polycyclic, the age of the high-P imprint is dif-

ficult to establish by K–Ar (or Ar–Ar) methods (Villa et al.

2014). We surmise that the Briançonnais micro-continent

was involved in the subduction zone during Late Eocene

time (Fig. 7d).
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The emplacement of eclogite-facies ophiolites on top of

the Monte Rosa–Gran Paradiso nappes took place con-

temporaneously with the subduction of the Briançonnais

micro-continent, implying that the ophiolites were

detached from the topmost part of the subducting oceanic

lithosphere and accreted to the upper plate. It follows that

eclogite-facies ophiolites overthrust eclogite-facies base-

ment units, but the age of the eclogite facies imprint in the

two units was not the same. This point, which is crucial in

the construction of the evolutionary scheme, had been

overlooked until precise geochronological data became

available (Duchêne et al. 1997; Rubatto et al. 1998; Dal

Piaz et al. 2001). This point is also in accordance with

kinematic models displaying progressive accretion of

crustal slices to the upper plate during the Alpine orogeny

(e.g. Malavieille et al. 1984; Ménard and Thouvenot 1984;

Butler 1986; Mattauer et al. 1987; Lacassin et al. 1990).

7.5 Collision with the European palaeomargin

(Early Oligocene; Fig. 7e)

Collision with the European palaeomargin took place once

the Valaisan domain was subducted and thrust over the

European margin from 35 Ma onwards (Loprieno et al.

2011; Fig. 7e). The main consequence of this event was a

reworking of the previous nappe boundaries in the internal

part of the Briançonnais Zone, resulting in large-scale,

east-facing thrusting and folding (Bucher et al. 2003, 2004)

under greenschist-facies conditions. This collision repre-

sents a turning point in the Alpine tectonic history, also

marked by the transition from flysch to molasse deposition

in the flexural basin at the front of the belt (Homewood and

Lateltin 1988).

The Sesia–Dent Blanche nappes, which record a con-

siderably older (Late Cretaceous, possibly up to

Palaeocene) metamorphism, are located on top of the

nappe stack. The evolutionary scheme takes into account

the fact that the internal units of the Sesia Zone were

exhumed and already resting at the surface in the Oligo-

cene (Zanoni et al. 2008, 2010). This is clear owing to the

Biella Volcanic Suite, which rests unconformably on top of

the EMC and has been dated at 32–33 Ma (Scheuring et al.

1974; Kapferer et al. 2011; Berger et al. 2012a; Kapferer

et al. 2012). This volcanic sequence is associated with the

intrusion of numerous dikes that postdate the greenschist

facies deformation in the whole Sesia Zone and cut across

the different units stacked within the Sesia Zone. There-

fore, the main internal tectonic boundaries remained

inactive since mid-Oligocene times. A final record of this

magmatism is visible in the Biella, Traversella and Mia-

gliano intrusions, which are dated at 33–30 Ma (Berger

et al. 2012a). This Periadriatic magmatism requires a sig-

nificant mantle contribution (Bigioggero et al. 1994;

Callegari et al. 2004), which is provided by partial melting

occurring either in the Adriatic lithosphere or in response

to slab breakoff (von Blanckenburg and Davies 1995).

7.6 Post-Oligocene history (Late Oligocene; Fig. 7f)

Thrust propagation now took place in more external units,

ranging, from the Mont-Blanc area to the front of the Jura

Mountains (Pfiffner 2009). In the area considered, the

entire nappe pile was bent by upright folds (Fig. 7f), the

major one being the Vanzone fold (Bearth 1957; Schmid

et al. 2004; Keller et al. 2006; Steck 2008). Within the

studied area this large-amplitude folding event is not

associated with noticeable ductile deformation at the meso-

scale, but it is responsible for the overall ductile antiformal

folding of the nappe stack. As a result, the basal Dent

Blanche thrust is now dipping to the northwest, while the

external Sesia boundary is dipping to the southeast. The

Pillonet klippe remains approximately horizontal because it

is located in the hinge region of the Vanzone fold. The

Vanzone fold, the most pronounced fold, is associated with

a 60� clockwise rotation (looking northeast) of the most

internal Sesia Zone (Lanza 1977, 1979; Berger et al.

2012b).

This large-scale deformation of the nappe pile is gen-

erally considered to be associated with indentation of the

rigid Adriatic lithosphere into the Alpine nappe stack

(Fig. 7f; Keller et al. 2006). This indentation is accom-

modated with southeast facing thrusts in the South-Alpine

domain, and by underthrusting of the European lower crust

below the Penninic nappe stack and the Sesia–Dent

Blanche nappes.

The later stages of the post-Oligocene deformation are

associated with brittle structures, the two main ones being

the brittle top of the Simplon Fault Zone (Mancktelow

1985, 1990) and the Aosta Fault (Stella 1905; Bistacchi

et al. 2001). The kinematic link between these two faults is

not well understood, and they may have rather complex

histories (Malusà et al. 2009), combining along-belt

extension with transcurrent sinistral movement. As a result,

denudation south of the Aosta Fault took place at a much

higher rate than north of that fault, exposing deeper

structural levels at the surface. The Sesia–Dent Blanche

nappes have been eroded south of the Aosta Fault, and the

Combin Zone is preserved in the form of three small

klippen resting on top of the Grand Saint Bernard Zone

(Grande Sassière, Montjovet and Sana; Ellenberger 1958).

North of the Aosta Fault, the Sesia–Dent Blanche nappe is

preserved, partly thanks to late brittle structures such as the

Trois Villes Fault (Bistacchi and Massironi 2000; Manzotti

et al. 2014a, b). The present location of the Dent Blanche

s.l. klippe, therefore, is due to the combined effects of

folding into a large-scale synform contemporaneous with
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the Vanzone antiform and of brittle graben formation

linked to the north-side-down displacement along the Ao-

sta-Ranzola fault and its associates.

Progressive exhumation of the Alpine units is recorded

in the molasse basin below the Po plain, where the amount

of pebbles derived from the Adriatic units decreases with

time (from the Lower Oligocene to the Langhian) while

those derived from the oceanic units increase correspond-

ingly. Because pebbles from the Briançonnais basement

(i.e. orthogneiss from the Gran Paradiso–Monte Rosa units)

first appear in the sedimentary record during the Langhian

(16–14 Ma), these units are still shown below the surface at

25 Ma in Fig. 7f (Elter et al. 1966; Polino et al. 1991;

Malusà et al. 2005).

8 Conclusions and perspectives

This study presents a review of available data on the Sesia–

Dent Blanche nappes, and a synthesis of their orogenic

history. The discussion considers lithostratigraphical and

sedimentological features, and emphasizes structural and

metamorphic characteristics of the evolution of the Sesia–

Dent Blanche nappes since the Permian. Our work shows

that:

• Slices of continental crust now forming the Sesia–Dent

Blanche nappes were located at substantially different

crustal levels in Permian times.

• The Triassic–Jurassic evolution is recorded by Meso-

zoic meta-sediments. The presence of breccias

containing granite clasts indicates erosion of the upper

crust, documenting its exhumation along low-angle

normal faults during the Jurassic. Undisputable and

direct evidence in favour of the original location of the

Sesia–Dent Blanche nappes in an ocean–continent

transition zone is, however, lacking.

• The Sesia–Dent Blanche nappes experienced heteroge-

neous strain associated with a polyphase deformation

history and an Alpine high pressure–low temperature

metamorphism. Even though the high-P imprint is

likely to be Late Cretaceous in the entire unit (possibly

extending into the Palaeocene in the frontal part), the

metamorphic structure shows internal differences, and

there may be differences in age.

• Tectonic boundaries within the Sesia–Dent Blanche

nappes have been identified using an integrated

approach combining the study of (i) the basement-

cover relationships and the occurrence of Mesozoic

meta-sedimentary sheets at the contact between base-

ment rocks; (ii) the differences in pre-Alpine and in

Alpine structure and metamorphism (and their relative

timing). Based on these findings, the RCSZ analysed in

detail by Manzotti et al. (2014a, b) is recognized as an

Alpine shear zone of primary importance; the RCSZ

may have re-activated a pre-Alpine fault, along which

Mesozoic sediments and slices of pre-Alpine basement

are involved.

• All of the data have been integrated into a crustal-scale

kinematic model displaying the progressive imbrication

of the pieces of oceanic and continental crust during the

Alpine orogeny.

Several questions arising from this contribution should

be addressed by future work. Firstly, the Cretaceous age of

the metamorphism—postulated in our model—remains to

be substantiated for the DBTS. Secondly, the structure and

evolution of the Rocca Canavese Thrust Sheet needs to be

studied in more detail. Although small in size, it may rep-

resent a key element for understanding the Alpine orogenic

evolution, being located between the metamorphic Alpine

nappe stack and the unmetamorphosed South Alpine

domain. Thirdly, the links between the continental Sesia

Zone and the mantle-derived Lanzo Massif (e.g. Pelletier

and Müntener 2006; Kaczmarek and Tommasi 2011)

clearly deserve further attention, as Lanzo may preserve

evidence of an oceanic domain exhumed during the Jurassic

(Lagabrielle et al. 1990; Kaczmarek et al. 2008) and was

possibly located between the Sesia–Dent Blanche fragment

and the South Alpine crust. Fourthly, age and facies of

meta-sediments, sheared and folded with basement rocks,

need to be more carefully analysed, especially in order to

verify more accurately which exactly are the rocks of

Mesozoic age, to delimit the Alpine tectonic boundaries.

For example, Mn-rich meta-cherts and carbonates have

been traditionally considered as Jurassic in age (e.g. Ven-

turini 1995). While this hypothesis is widely collectively

accepted, at least some of these meta-sediments have been

shown a Palaeozoic age, as demonstrated in the Sesia Zone

and in the DBTS (Castelli and Rubatto 2002; Manzotti et al.

2012, 2014a, b). Resolving these open questions will be

useful in testing and refining our proposed model.
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The tectonometamorphic evolution of the Sesia–Dent Blanche nappes 329



units along a transect (ECORS-CROP) through the Italian-French

Western Alps. Eclogae Geologicae Helvetiae, 97, 321–345.

Burov, E., Jolivet, L., Le Pourhiet, L., & Poliakov, A. (2001). A

thermomechanical model of exhumation of HP and UHP

metamorphic rocks in Alpine mountain belts. Tectonophysics,

342, 113–136.

Bussy, F., Venturini, G., Hunziker, J. C., & Martinotti, G. (1998).

U-Pb ages of magmatic rocks of the Western Austroalpine Dent-

Blanche-Sesia Unit. Schweizerische Mineralogische und Petro-

graphische Mitteilungen, 78, 163–168.

Butler, R. W. H. (1986). Thrust tectonics, deep structure and crustal

subduction in the Alps and Himalayas. Journal of the Geological

Society, London, 143, 857–873.

Butler, J. P., Beaumont, C., & Jamieson, R. A. (2013). The Alps 1: A

working geodynamic model for burial and exhumation of

(ultra)high-pressure rocks in Alpine-type orogens. Earth and

Planetary Science Letters, 377–378, 114–131.
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ogie Alpine, 57, 5–13.

Callegari, E., Cigolini, C., Medeot, O., & D’Antonio, M. (2004).

Petrogenesis of calcalkaline and shoshonitic post-collisional

Oligocene volcanics of the Cover Series of the Sesia Zone,

Western Italian Alps. Geodinamica Acta, 17, 1–29.

Canepa, A., Castelletto, M., Cesare, B., Martin, S., & Zaggia, L.

(1990). The Austroalpine Mont Mary nappe (Italian Western

Alps). Memorie di Scienze Geologiche, 42, 1–17.

Caron, C., Homewood, P., & Wildi, W. (1989). The original Swiss

flysch: A reappraisal of the type deposits in the Swiss Prealps.

Earth-Science Reviews, 26, 1–45.

Carraro, F., Dal Piaz, G. V., & Sacchi, R. (1970). Serie di Valpelline e

II Zona Diorito-Kinzigitica sono i relitti di un ricoprimento

proveniente dalla zona Ivrea-Verbano. Memorie della Società

Geologica Italiana, 9, 197–224.

Cartwright, I., & Barnicoat, A. C. (2002). Petrology, geochronology,

and tectonics of shear zones in the Zermatt–Saas and Combin

zones of the Western Alps. Journal of Metamorphic Geology,

20, 263–281.

Castelli, D., & Rubatto, D. (2002). Stability of Al-and F-rich titanite

in metacarbonate: Petrologic and isotopic constraints from a

polymetamorphic eclogitic marble of the internal Sesia Zone

(Western Alps). Contributions to Mineralogy and Petrology,

142, 627–639.

Cenki-Tok, B., Oliot, E., Rubatto, D., Berger, A., Engi, M., Janots, E.,

et al. (2011). Preservation of Permian allanite within an Alpine

eclogite facies shear zone at Mt Mucrone, Italy: Mechanical and

chemical behavior of allanite during mylonitization. Lithos, 125,

40–50.

Ciarapica, G., Dal Piaz, G. V., & Passeri, L. (2010). Late Triassic

microfossils in the Roisan zone, Austroalpine Dent Blanche-

Mont Mary nappe system, NW-Alps. Rendiconti Online -
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Duchêne, S., Blichert-Toft, J., Luais, B., Télouk, P., Lardeaux, J. M.,
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onnais Zone Houillère (France–Western Alps). Journal of

Geodynamics, 56–57, 39–54.

Lanza, R. (1977). Paleomagnetic data from the andesitic and

lamprophyric dykes of the Sesia-Lanzo Zone (Western Alps).

Schweizerische Mineralogische und Petrographische Mitteilun-

gen, 57, 281–290.

Lanza, R. (1979). Paleomagnetic data from the andesitic cover of the Sesia-

Lanzo Zone (Western Alps). Geologische Rundschau, 68, 83–93.

Lapen, T. J., Johnson, C. M., Baumgartner, L. P., Dal Piaz, G. V.,

Skora, S., & Beard, B. L. (2007). Coupling of oceanic and

continental crust during Eocene eclogite-facies metamorphism:

Evidence from the Monte Rosa nappe, western Alps. Contribu-

tions to Mineralogy and Petrology, 153, 139–157.

Lapen, T. J., Johnson, C. M., Baumgartner, L. P., Mahlen, N. J.,

Beard, B. L., & Amato, J. M. (2003). Burial rates during

prograde metamorphism of an ultra-high-pressure terrane: An

example from Lago di Cignana, western Alps, Italy. Earth and

Planetary Science Letters, 215, 57–72.

Lardeaux, J. M. (1981). Evolution tectono-métamorphique de la zone

nord du massif de Sésia-Lanzo (Alpes Occidentales): un exemple
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(2014a). Petro-structural map of the Money Unit (Gran Paradiso

Massif, Valnontey valley, Western Alps). Journal of Maps,

10(2), 324–340.

Manzotti, P., Rubatto, D., Darling, J., Zucali, M., Cenki-Tok, B., &

Engi, M. (2012). From Permo-Triassic lithospheric thinning to

Jurassic rifting at the Adriatic margin: Petrological and geo-

chronological record in Valtournenche (Western Italian Alps).

Lithos, 146–147, 276–292.

Manzotti, P., & Zucali, M. (2013). The pre-Alpine tectonic history of

the Austroalpine continental basement in the Valpelline unit

(Western Italian Alps). Geological Magazine, 150, 153–172.

Manzotti, P., Zucali, M., Ballèvre, M., Robyr, M., & Engi, M.
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Miller, C., Mundil, R., Thöni, M., & Konzett, J. (2005). Refining the

timing of eclogite metamorphism: A geochemical, petrological,

Sm–Nd and U–Pb case study from the Pohorje Mountains,

Slovenia (Eastern Alps). Contributions to Mineralogy and

Petrology, 150, 70–84.

The tectonometamorphic evolution of the Sesia–Dent Blanche nappes 333
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Thöni, M., & Miller, C. (1996). Garnet Sm–Nd data from the Saualpe

and the Koralpe (Eastern Alps, Austria): Chronological and P-T

constraints on the thermal and tectonic history. Journal of

Metamorphic Geology, 14, 453–466.

Thöni, M., Miller, C., Blichert-Toft, J., Whitehouse, M. J., Konzett, J.,

& Zanetti, A. (2008). Timing of high-pressure metamorphism

and exhumation of the eclogite type-locality (Kupplerbrunn–

Prickler Halt, Saualpe, south-eastern Austria): Constraints from

correlations of the Sm–Nd, Lu–Hf, U–Pb and Rb–Sr isotopic

systems. Journal of Metamorphic Geology, 26, 561–581.

Tropper, P., & Essene, E. J. (2002). Thermobarometry in eclogites

with multiple stages of mineral growth: An example from the

Sesia-Lanzo Zone (Western Alps, Italy). Schweizerische Miner-

alogische und Petrographische Mitteilungen, 82, 487–514.

The tectonometamorphic evolution of the Sesia–Dent Blanche nappes 335

http://dx.doi.org/10.1144/SP405.11
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