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Abstract Detailed field mapping reveals that the Sesia

Zone is subdivided into two complexes with the Barmet

Shear Zone (BSZ) outlining the tectonic contact between

them. This greenschist-facies contact reflects a metamor-

phic gap between the Internal Complex (eclogite facies,

eclogitic micaschists dominant) and the External Complex

(epidote blueschist facies). The BSZ comprises a wedge

shape area in which fragments and slices of orthogneiss

and paragneiss are wrapped by siliceous dolomite marbles

displaying a mylonitic foliation. Conspicuous cornieules

and high pressure breccias occur along this contact. We

propose that the eclogite facies Internal Complex is sub-

divided into three basement units, called sheets, delimited

by discontinuous metasedimentary trails of probable

Mesozoic age. Thin monocyclic bands thus separate kilo-

metre scale polycyclic sheets. The External Complex

comprises three epidote blueschist facies sheets of com-

parable size, which are separated by lenses retaining a pre-

Alpine high temperature imprint. These weakly overprinted

fragments (parts of the classically termed 2DK zone) are

aligned along greenschist facies shear zones that separate

the gneissic sheets. The BSZ, with a wedge rich in meta-

sediments, chiefly siliceous dolomite marbles, is a key

element in which fragmentation and reworking of materials

from the internal and external complexes are evident. A

carbonate breccia occurs in this shear zone, with clasts

displaying a HP foliation randomly oriented in a ductile

carbonate matrix. Siliceous dolomite marbles appear to

have acted as lubricants to accommodate deformation

related to the juxtaposition of the two basement complexes

during exhumation. We propose a model of the Sesia Zone,

with the BSZ as the thrust responsible for the juxtaposition

of eclogite facies rocks of the Internal Complex on top of

epidote blueschist facies rocks of the External Complex.

The two complexes were already assembled when this

shear zone became active. The entire stack was finally

rotated (40–60�) during the Vanzone Phase.

Keywords Sesia zone � HP metamorphism � Subduction �
Microstructure � Alpine tectono-metamorphic � Italy

1 Introduction

Continental high-pressure terranes in a few orogens pro-

vide clues to understand how a previously passive margin

behaves upon subduction. In such terranes it is difficult to

infer the amount and style of extensional break-up that

continental units had experienced prior to the onset of

convergence (Mohn et al. 2011), as opposed to fragmen-

tation during and after subduction. Enhanced mobility of

tectonic fragments has been proposed to occur in a sub-

duction (or accretion) channel (e.g. Cloos and Shreve 1988;

Engi et al. 2001; Gerya and Stöckhert 2002; Warren et al.

2008), but few studies have documented how basement

fragments actually form and behave in such a channel, and

what role the distribution of weak lithotypes such as meta-

sediments (e.g. carbonates) may play.
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The axial portion of the Western Alps exposes a struc-

ture that continental units acquired prior to, during and

after subduction. These units represent a previously rifted

distal continental margin (Beltrando et al. 2014), and some

of them relate to extensional allochthons now exposed as

slices resting on top of oceanic units. Alpine metamor-

phism (Oberhänsli et al. 2004) ranges from blueschist

facies (widespread in external units) to eclogite facies

(dominant in internal units), but in some basement units

pre-Alpine remnants are common.

Any effort to unravel such a tectonic structure and to

understand the assembly of continental units must link

structural mapping of the polydeformed terrain with a

sufficiently detailed analysis of its polymetamorphic

record. Although this has long been recognized (e.g. Gosso

1977), there is a dearth of studies that combine the insight

gained from detailed geological mapping and small scale

petrostructural analysis (e.g. Zucali et al. 2002) with

regional scale tectonic studies (e.g. Babist et al. 2006).

An effort to discern the internal geometry in the Sesia

Zone was undertaken with the specific intent to clarify the

regional make-up of this complex of high-pressure rocks

and their evolution. This paper concentrates on a map-

based analysis with a particular focus on the tectonic

contacts between the complexes building up the Sesia

Zone.

The specific goals of the study were (a) to map in detail

the main complexes involved in the Sesia Zone and their

contacts, in view of discrepancies in the literature; (b) to

identify and map subunits within these complexes; (c) to

analyze the units and contacts in terms of their metamor-

phic imprint, geometry, and structural features; (d) to

propose a geometric model of the Sesia Zone based on the

area studied.

2 Geological setting

The Alps are a collisional chain developed from the Cre-

taceous to the Neogene owing to the convergence of the

European plate and the Adriatic plate; the latter is seen

either a promontory of Africa or an independent micro-

plate (e.g. Dewey et al. 1989; Rosenbaum et al. 2002; Dal

Piaz et al. 2003; Handy et al. 2010).

In the Western Alps the oceanic units are represented by

the Piemonte-Liguria Ocean; the continental crust of the

Adriatic margin by the Ivrea Zone, the Canavese Zone, the

Sesia–Dent Blanche nappes and by several smaller tectonic

fragments (e.g. the Verrès slice; Fig. 1).

The Piemonte-Liguria Ocean is subdivided into the

Zermatt-Saas Unit and the Combin Unit. The Zermatt Unit

represents a dismembered ophiolite sequence comprising

pillow basalts, gabbros and serpentinites with associated

meta-sediments (e.g. Bearth 1967; Cartwright and Barni-

coat 2002). This unit experienced eclogite facies meta-

morphism, with a greenschist facies overprint localized

Fig. 1 Simplified tectonic map of the Western Alps (from Manzotti et al. 2014a, b)
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mostly close to tectonic contacts. The Combin Unit con-

sists of calcschists, marbles and manganese quartzites with

ophiolitic rocks in blueschist facies, but strongly re-equi-

librated at greenschist grade (e.g. Ballèvre and Merle 1993;

Barnicoat et al. 1995; Ring 1995).

The Sesia–Dent Blanche nappes (e.g. Manzotti et al.

2014b) are the highest structural nappes of the Western

Alps. They rest on top of the Combin Unit and comprise

the Sesia Zone sensu stricto, the Dent Blanche klippe, and

the Pillonet klippe (Fig. 1). The latter two are located to the

west of the Sesia Zone s.s., and similarly they rest on top of

the Combin Unit. By contrast, the Verrès, Etirol-Levaz,

Emilius, Glacier Rafray, Acque Rosse and Tour Ponton

slices are situated on top of the Zermatt-Saas Units but in

the footwall of the Combin Unit (e.g. Argand 1911; Dal

Piaz and Nervo 1971; Nervo and Polino 1976; Dal Piaz

et al. 1979b, 1983; Bearth et al. 1980; Ballèvre et al. 1986;

Pennacchioni 1990; Paganelli et al. 1995).

The Sesia Zone s.s. (simply termed Sesia Zone in the

following), the target of this study, is an elongate body

located in the Italian Western Alps (Fig. 1), with a NE–SW

trend, a maximum width of 25 km and a length of

*100 km (e.g. Compagnoni et al. 1977). The Sesia Zone

has long been recognised to be derived from the rifted NW

margin of the Adriatic continent; it is bounded to the SE by

the Insubric Line that separates it from the Southern Alps,

and to the NW by the Gressoney Shear Zone (e.g. Wheeler

and Butler 1993; Babist et al. 2006) that divides it from the

blueschist facies Combin Unit of the Piemonte-Liguria

Ocean.

The Sesia–Dent Blanche nappes are believed to repre-

sent distal parts of a continental passive margin. Some of

the slices may have represented, in Jurassic times, exten-

sional allochthons in an ocean-continent transition zone

(e.g. Dal Piaz 1999; Beltrando et al. 2014).

The Canavese Zone is bounded to the west by the

southwestern portion of the Insubric line and to the east by

a ductile fault zone that divide it from the Ivrea zone (Biino

and Compagnoni 1989). It comprises ultramafic tectonic

slivers, a granulite to amphibolite basement, similar to the

Ivrea zone, followed by Triassic pre-rift carbonates, rift-

related clastic sediments, and a post-rift succession (Fer-

rando et al. 2004). The Alpine metamorphism is restricted

to the prehnite-pumpellyite-actinolite facies (Biino and

Compagnoni 1989; Borghi et al. 1996). The Canavese

Zone represents the distal continental margin of Adria in a

setting of ocean-continent transition (Ferrando et al. 2004).

The Ivrea Zone belongs to the Southern Alps and is

separated from the Sesia Zone by the Insubric line. An

extensive cross section through the lower pre-Alpine crust

is exposed in the Ivrea Zone, consisting of amphibolite to

granulite facies meta-sediments (Kinzigite formation),

mantle peridotites and mafic intrusives (Mafic complex)

with a generally weak Alpine overprint at sub-greenschist

facies (e.g. Bertolani 1954, 1959; Rivalenti et al. 1975;

Zingg 1983; Quick et al. 2003).

3 Subdivision of the Sesia Zone s.s

3.1 Historical subdivisions and characterisation

of contacts

A first subdivision of the Sesia Zone was proposed by

Italian geologists at the end of the 19th century. They

identified three units and used the most common lithotype

in each of them as a name for these units: Eclogitic

Micaschists (here after referred to as EM; Stella 1894),

Gneiss Minuti (here after referred to as GM; Gastaldi

1871, 1874) and the Seconda Zona Diorito-Kinzigitica

(here after referred to as 2DK; e.g. Artini and Melzi 1900).

These terms have been retained in many subsequent studies

without major change (e.g. Dal Piaz et al. 1971, 1972;

Compagnoni 1977; Compagnoni et al. 1977; Gosso et al.

1979; Lardeaux et al. 1982), but different views have been

proposed, in particular to delineate and interpret the

internal geometry of the Sesia Zone. In essence, the evo-

lution of thought can be grouped into seven end-members:

1. The Sesia Zone shows a synformal structure, with the

2DK as the upper element lying in tectonic contact

with a lower element comprising the EM and GM

(Fig. 2a). The juxtaposition of these two units took

place after a high-pressure stage (Carraro et al. 1970;

Dal Piaz et al. 1971, 1972; Compagnoni et al. 1977).

According to Lardeaux (1981) and Lardeaux et al.

(1982) the contact between the 2DK and EM is marked

by eclogite facies mylonites.

2. Three tectonic units were juxtaposed to produce the

Sesia Zone (Gosso 1977; Passchier et al. 1981;

Williams and Compagnoni 1983; and Vuichard

1986). In the model proposed by Williams and

Compagnoni (1983) the main contact between the

EM and GM is a thrust (Fig. 2b) probably established

at greenschist facies conditions, locally folded and

marked by Mesozoic dolomite carbonates (Vuichard

1989).

3. Ridley (1989) proposed that the assembly of the Sesia

Zone is the result of two phases of sinistral strike-slip

motion reworking the previously flat lying contact

between EM and 2DK. The first strike-slip motion is

transtensive, occurs at blueschist facies condition and

is responsible for the juxtaposition of the EM with the

2DK. The second phase is transpressive and occurs at

greenschist facies, resulting in juxtaposing the

EM ? 2DK against the GM (Fig. 2c).
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Fig. 2 Schematic models

illustrating possible scenarios

for the internal subdivisions of

the Sesia Zone. All references in

the text
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4. In a model (Fig. 2d) proposed by Spalla et al. (1991)

the differences between the EM and GM are sec-

ondary, as both units are thought to have experienced

eclogite facies conditions. The EM and GM essentially

differ by the amount of strain they experienced at

greenschist facies, i.e. the external (GM) part of the

Sesia Zone is affected by anastomosing shear zones,

causing strong retrogression.

5. Venturini et al. (1994) proposed an internal subdivi-

sion of the EM into subunits identified on the basis of

interleaved meta-sediments presumed to be monometa-

morphic (Fig. 2e).

6. Avigad (1996) found that the EM shows a main

eclogite facies foliation (S1) and that the contact with

the 2DK is a ductile normal fault (S2) that operated at

blueschist facies, postdating the eclogite facies folia-

tion. A late greenschist facies thrust (S3) emplaces

these two on top of the GM (Fig. 2f).

7. Babist et al. (2006) proposed a new subdivision of the

Sesia Zone into two nappes, i.e. the Mombarone Nappe

(internal) and the Bard Nappe (external), separated by

meta-sediments again viewed as monometamorphic

(Bonze unit). Babist et al. (2006) discussed that the

juxtaposition between Mombarone and 2DK was

overprinted by the Chiusella Shear Zone at retrograde

conditions, from eclogite to blueschist and finally

greenschist facies; subhorizontal to moderately plung-

ing stretching lineations suggest sinistral strike-slip or

oblique slip motion, similar to Ridley (1989). The

contact between the Mombarone and Bard nappe

initiated with oblique-slip at retrograde eclogite to

greenschist facies conditions, followed by top to E-SE

extensional shearing in the greenschist facies (Ometto

Shear Zone, Babist et al. 2006). The contact between

the Bard nappe and large parts of the Liguria-Piemonte

domain is marked by the Gressoney Shear Zone with a

top to SE sense of shear noted also by Wheeler and

Butler (1993). This shear zone shows a retrograde

greenschist facies schistosity oriented parallel to the

base of the Bard nappe (Fig. 2g).

Despite the many advances summarized above, the

evolution of thought has not lead to a universally accepted

view of the tectonometamorphic structure and evolution of

the Sesia Zone. Furthermore, detailed petrochronological

work (Rubatto et al. 2011; Regis et al. 2014) revealed

substantial differences in the evolution within the internal

unit of the Sesia Zone (i.e. EM or Mombarone). The dis-

crepant pressure–temperature–time (PTt) paths docu-

mented in these studies imply that this internal complex

must comprise tectonic subunits so far not recognised in

the field. The complex evolution of the basement rocks in

each of these units requires particular attention to their

polyphase deformational and metamorphic evolution (e.g.

Zucali et al. 2002; Gosso et al. 2010).

3.2 Metamorphism in units of the central Sesia

Zone

Pre-Alpine HT relics in the EM suggest granulite

(0.6–0.9 GPa, *850 �C) and retrograde amphibolite con-

ditions (0.5–0.3 GPa, 570–670 �C; Lardeaux and Spalla

1991; Rebay and Spalla 2001). A similar pre-Alpine

metamorphic history was described for the 2DK by Dal

Piaz et al. (1971) and Vuichard (1987).

During Alpine metamorphism the EM experienced

2.0 GPa and 500–600 �C as maximum pressure (P) and

temperature (T) (Compagnoni 1977; Konrad-Schmolke

et al. 2006). Rubatto et al. (2011) and Regis et al. (2014)

proposed a tectonometamorphic subdivision of the EM, as

substantially different PTt-evolutions were found in two

subunits (termed Druer and Fondo slices). The Druer slice,

the most internal unit, experienced eclogite facies at

*85 Ma, 2.0 GPa and 560 �C, followed by decompression

at *74 Ma, 1.6 GPa and 600 �C. By contrast, the Fondo

slice, in a more external position, shows an eclogite facies

peak at *75 Ma, 1.7 GPa and 530 �C, then a decom-

pression stage at *68 Ma, and a second HP stage between

65 and 60 Ma for P between 1.4 and 2.0 GPa and

*550 �C. The boundaries between these slices have not

been mapped so far.

No modern P–T data are available for the Alpine

metamorphism of the GM and the 2DK for the study area.

Gosso (1977) found that the GM experienced lower pres-

sures than the EM, and Williams and Compagnoni (1983)

stated that there is a jump in the metamorphic conditions

from Jd ? Qz (mineral abbreviations according to Whitney

and Evans (2010) with Wm for white mica) in the EM to Pl

in the GM. According to Lardeaux (1981) the juxtaposition

between the 2DK and the EM occurred at *14 kbar and

500 �C.

3.3 Criteria used to subdivide units

In view of the structural complexity and variable meta-

morphic imprint, a set of field criteria was used, aiming to

delimit the first order tectonic units (Table 1).

The first criterion used was to identify and map

Mesozoic meta-sediments in the study area. These are

represented by trails of dolomite marbles (with rare basic

layers) and cornieules that were considered to be mono-

cyclic (Mesozoic in age) because of the affinity with

Triassic sediments found in the Southern Alps (e.g. Berra

and Carminati 2010 and references therein), in the Roisan

Zone (Manzotti et al. 2014a, b; Ciarapica et al. 2016), and

in the Campolungo area of the Central Alps (Bianconi
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1971). Other types of meta-sediments found in the area

mapped are considered to be monocyclic because of the

succession of several lithologies (i.e. marble, calcschist,

impure quartzite and mafic layers) and their affinity with

Mesozoic sequences described in the Western Alps (e.g.

Elter 1971; Dal Piaz 1974), as proposed by Compagnoni

(1977). In the meta-sediments considered monocyclic, we

note that pre-Alpine high-temperature relics are lacking,

whereas these are conspicuous in polycyclic meta-sedi-

ments (e.g. Castelli 1991). As a check, Raman spec-

troscopy on carbonaceous material was used (albeit only

for one meta-sediment; Online Resource 4) to verify that

the sample experienced a maximum temperature corre-

sponding to Alpine conditions (i.e. not exceeding

*600 �C).
A second criterion was to recognize the polycyclic

character of rocks, either by the presence of relics, such as

a metamorphic fabric cut by aplitic or pegmatitic dykes

(indicative of pre-Alpine age because in the Sesia Zone no

such intrusives are known from the Alpine cycle), or vis-

ible high-temperature mineral relics (amphibolite or gran-

ulite facies), or by characteristic polycyclic minerals (e.g.

garnet with a high-temperature core).

The third criterion was to localize and describe tectonic

boundaries between different units based on the differences

in the metamorphic imprint as well as the presence of high

strain zones (shear zones).

For tectonic subdivisions proposed on the basis of the

above criteria, the following terminology is used: A com-

plex describes a first-order tectonometamorphic body that

comprises different units. Where such a unit is lenticular or

involves several lens-shaped bodies, it is termed a slice,

whereas laterally more uniform and extensive bodies are

termed sheets. All of these units are at least several hun-

dred meters to a few kilometres in size.

3.4 Delimitation of tectonic units in the area

mapped

The study area is located in the Aosta Valley, between the

villages of Pont-Saint-Martin, Verrès, Gaby and Brusson

(Fig. 3; Online Resource 1). Field criteria (Table 1)

applied in mapping (at 1:10,000 and, where needed, at

1:3000 scale) and subsequent laboratory analysis (some

250 samples) were integrated to produce the map shown in

Fig. 4 (Online Resource 1).

We propose a subdivision into an Internal Complex and

an External Complex. The Internal Complex extends

eastward of a NNE-SSW line that connects Bard with Pont

de Trenta and corresponds to the EM of Williams and

Compagnoni (1983) and Passchier et al. (1981). The

External Complex lies westward of this line and encom-

passes the GM and the IIDK of Williams and Compagnoni

(1983) and Passchier et al. (1981). The Barmet Shear Zone

is a kilometre scale high strain zone that separates these

two complexes.

3.4.1 Internal Complex

The Internal Complex covers the area east of Bard, Col de

la Cou, Cime P. Blanches, Mont de Prial, Mont Nery, Pont

de Trenta (Figs. 3, 4; Online Resource 1). Characteristic of

this complex is an alternance of bands and elongate bodies

of micaschist, eclogite, ortho- and paragneiss, and leu-

cogneiss (Fig. 5a–d). Relative abundances vary widely, but

generally the micaschists make up more than 50 %. Bands

range in thickness from less than a millimetre to tens of

meters; individual bodies extend up to several hundred

metres in length. The contacts between these lithotypes are

mainly transposed parallel to the eclogitic foliation, tran-

sitions between the lithotypes can be sharp or gradational

Table 1 Field criteria used to delimit the first-order tectonic units

Complex Unit Presumed monocyclic

meta-sediments

Mappable high-strain

zones

Differences in the

metamorphic and

structural imprint

Internal Croix Courma X O O

Loses Blanches X O O

Prial X O O

Barmet SZ X X O

External Crabun O X X

Aquila-Lago O X X (pre-Alpine)

Dondeuil O X O

Nery-Torché O X X (pre-Alpine)

Chasten O X O

X present, O not observed

450 F. Giuntoli, M. Engi



due to variable proportions of mafic and felsic minerals. A

detailed description of the lithotypes is part of the sup-

plementary material (Online Resource 2).

The Internal Complex shows several types of carbonate

meta-sediments:

• Type 1: a kilometre-scale lens of impure marble near

Fontainemore containing pre-Alpine high-temperature

relics (Castelli 1991; Online Resource 1),

• Type 2: isolated pure or siliceous marble lenses or

bands with a lateral continuity of some decametres to

hectometres (e.g. close to Croix Courma; Fig. 4),

• Type 3: trails of carbonate-bearing meta-sediments

aligned as the main eclogitic foliation over a distance of

1 km, E of Mt Prial, to 3 km at Col Fenêtre,\10–50 m

in thickness (Fig. 4).

Type 2 meta-sediments are considered to be of uncertain

age, as they lack distinctive features (such as pre-Alpine

high-temperature relics) and because they are not found in

close association with distinctive meta-sediments.

Type 3 comprises calcschists (Fig. 5b), siliceous mar-

bles, and impure quartzites with sparse eclogites at Col

Fenêtre, as well as siliceous dolomite marbles and minor

cornieules S and E of Mont Prial. Raman spectroscopy was

performed on carbonaceous material from a calcschist

located E of Mont Fenêtre (Fig. 4). The maximum tem-

peratures recorded range between 520 and 615 �C (see

Online Resource 4). These data are in line with Alpine

metamorphic temperatures estimated by Regis et al. (2014)

in this area and corroborate the hypothesis that these sed-

iments are monocyclic, as temperatures of Permian

Fig. 3 a Tectonic sketch of the area studied, showing the Internal and
External Complexes and internal sub-units of the Sesia Zone.

Tectonic boundaries are shown as continuous lines where outcrop-

ping; dashed lines are interpretive boundaries. The red colour

indicates the tectonic contact between the Internal and External

Complexes. b Map of the main metamorphic imprint of the studied

area: in the Internal Complex only areas close to the contact with the

External Complex are affected by a greenschist facies overprint.

c Map of the pre-Alpine metamorphism and magmatism: pre-Alpine

metamorphic relics are found in the Internal Complex, whereas in the

External Complex they were found only in the Nery-Torché and

Aquila-Lago slices and in few amphibolites in the Crabun Sheet.

d Map showing the distribution of HP minerals. They were found

exclusively in the Internal Complex and in the Barmet SZ
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metamorphism were considerably higher. Finally, it is

noteworthy that a very similar sequence of meta-sediments

occurs near Cima di Bonze (Scalaro unit, Venturini et al.

1994), where detailed work (Regis et al. 2015) also con-

cluded that this unit is monocyclic. Venturini (1995) was

the first to have made this proposition based on a series of

profiles documented south of the area studied here.

The lithological similarity of the observed meta-sedi-

ments to Mesozoic covers and the absence of HT pre-

Alpine relics lead us to interpret these two sequences (i.e.

meta-sediments of Types 3) as monocyclic. Their extent is

indicated in light blue in the map of Fig. 4 and Online

Resource 1.

The Internal Complex was subdivided into three eclo-

gitic sheets, each 0.5–3 km thick, the contacts of which are

marked by these presumed monometamorphic meta-sedi-

ments; these units are termed Croix Courma sheet, Loses

Blanches sheet, and Prial sheet, from internal to external.

A greenschist facies overprint is pervasive in the Inter-

nal Complex close to its tectonic contact with the External

Complex. The overprint extends 50–300 m from that

contact, and it is typically associated with a mylonitic

foliation. In the rest of the Internal Complex this green-

schist overprint is absent to weak and mostly static.

3.4.2 External Complex

The External Complex is located west of the Internal

Complex (Figs. 3, 4; Online Resource 1).

bFig. 4 Petrographic and structural map of the study area (full size

document in the Online Resource 1) with legend. UTM ED 1950,

32 N coordinates given for the vertices of the map

Fig. 4 continued
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The most evident and sharp contacts in the External

Complex delimit the 2DK lithotypes, which stand out in

the field due to rusty weathering colours contrasting against

light grey orthogneisses and minor paragneisses (Fig. 5e–

h). The 2DK lithotypes display either a perfectly preserved

pre-Alpine high-temperature assemblages at amphibolite to

granulite facies or a strong Alpine overprint with a devel-

opment of a pervasive to mylonitic greenschist facies

foliation (Fig. 5h). The strain increase is visible close to the

contact with adjacent lithotypes, producing mylonites

(several kilometres in length; Fig. 4; Online Resource 1)

with greenschist facies assemblages. The banded lithotypes

have been termed ‘‘red schists’’ because of their charac-

teristic weathering (e.g. Bertolani 1964; Dal Piaz et al.

1971, 2010; Dal Piaz 1976; Manzotti et al. 2014a, b).

Pre-Alpine assemblages are well preserved in central

parts of the bigger lenses (Mont Nery, Corno del Lago, M.

dell’Aquila; Stünitz 1989).

By relying on the main trails of the 2DK and the

greenschist facies mylonites associated with these, the

External Complex can be subdivided into two series of

discontinuous lenses of 2DK, several kilometres in scale,

termed respectively Aquila-Lago slice and Nery-Torché

slice, and three tectonic sheets, the Crabun, Dondeuil and

Chasten sheets, composed mainly of leuco- to mesocratic

orthogneiss with minor paragneiss (Fig. 5e–g).

In the External Complex meta-sedimentary trails are

rare and range from 1 to 20 m in thickness. Near Arnad

they comprise paragneisses and calc-micaschists with an

impure quartzite band (Online Resource 1); north of

Champurney the sequence involves paragneiss, impure

quartzite, and an impure marble. South of Fornelle, in

similar sequences Beltrando et al. (2014) described meta-

cherts (ca. 1 m thick) occurring in contact with overlying

gneiss. These meta-sediments do not contain any HT relics

indicating a polycyclic history, and Dal Piaz et al. (1971,

p. 263) proposed that they probably mark a dismembered

Mesozoic cover. Nonetheless, because of their sparseness

and lack of lateral continuity, we have not used them for

further tectonic subdivisions.

4 Metamorphic and structural evolution

The metamorphic and structural evolution of the two

complexes (Table 2) presented here is based on detailed

field work, microstructural and petrographic analyses.

Measured fabric orientations for each stage are shown in

Table 3. Note that early structural and metamorphic stages

recognised in the two complexes are numbered from 1 to 3,

but no correlation or synchronicity is implied prior to the

juxtaposition of the two complexes, i.e. stage 4.

4.1 Internal complex

4.1.1 Stage 1, pre-Alpine high-temperature

Pre-Alpine HT relics have been described in earlier studies,

notably from the Mt. Mucrone area (Dal Piaz et al. 1972,

Compagnoni 1977; Zucali et al. 2002); these include Pl, red

Bt, Grt and Sil, Or, and seldom Wm, but these have been

observed but sparsely in the samples studied here.

In the Internal Complex pre-Alpine HT relics are

occasionally visible (Fig. 3c). In micaschists porphyro-

clastic Grt cores, with a bright appearance in the optical

microscope, occur rimmed by Alpine generations, which

appear dark due to tiny inclusions of mostly Rt (Fig. 6a). In

metabasic rocks rare pre-Alpine Hbl and Pl (with

polysynthetic twinning) are preserved, reflecting amphi-

bolite facies conditions (Fig. 3c) especially at Croix

Courma, as previously noted by Compagnoni (1977) and

Gosso et al. (2010). In orthogneiss the only magmatic relic

observed is brown pleochroic Aln (Fig. 3c). Castelli (1991)

described Cpx relics from the marble lens of Fontainemore

(Type 1) indicating pre-Alpine HT conditions.

4.1.2 Stage 2, Alpine eclogite facies

Stage 2 comprises different stages at eclogite facies con-

ditions, the main fabric element of which is an eclogitic

foliation (S2) visible and measurable all along the Internal

Complex. S2 is marked by alignment of Wm, Qz,

Zo, ± Gln ± Omp ± Jd ± Grt ± Rt ± Cld (Figs. 3b–d,

6b). S2 wraps rootless fold hinges (cm-scale) that reflect

earlier deformation recognisable only locally at the

microscale (Fig. 6b). S2 shows dips to the NW at moderate

angle (Table 3), but due to subsequent deformation phases

the S2 poles show dispersion. This foliation is subparallel

to a compositional layering (e.g. felsic and basic bands in

micaschists). S2 is associated with mylonitic fabrics over a

distance of 4 km, observed over several hundred metres

bFig. 5 Lithotypes of the Internal Complex: a Micaschist with a rusty

weathering colour and displaying an eclogitic foliation S2 marked by

Omp, Gln and Wm (Croix Courma sheet). b Calcschist with cm-size

bands of felsic composition, marking the S2 foliation (Col Fenêtre

monometamorphic meta-sediments). c Eclogite with garnet-rich

bands and omphacite-rich ones (Internal Complex). d Gneiss with

Gln-rich bands and fragmented Grt wrapped by the mylonitic

eclogitic foliation S2 (Loses Blanches sheet). Lithotypes of the

External Complex. e Orthogneiss with cm-size magmatic Kfs

wrapped by the composite S2 ? S3 foliation (Crabun sheet).

f Orthogneiss with mm-size Grt wrapped by the composite S2 ? S3

foliation (Crabun sheet). g Basic boudinated layer inside orthogneiss

(Dondeuil sheet). h 2DK-derived banded gneiss with Qz and Ab

bands (light) and Chl, Ep ± Gr bands (dark) (Aquila-Lago slice).

Field photos coordinates are included in Online Resource 3

Internal geometry of the central Sesia Zone (Aosta Valley, Italy): HP tectonic assembly of… 455



between Mont de Prial and the area SE of Cime P.

Blanches.

Locally, a stretching lineation L2 marked by

Gln ± Omp ± Qz ± Zo is observed, showing NW–SE

trends (e.g. South of Cime P. Blanches; Fig. 4; Table 3).

4.1.3 Stage 3, retrograde blueschist to greenschist facies

This deformation stage affected the main eclogitic folia-

tion S2, producing tight to isoclinal F3 folds with an

amplitude from dm to km (in the case of the Donnas fold;

Figs. 4, 6c, d, 9) and an axial-planar parallelization of the

previous eclogitic foliation, S2. Locally a new axial pla-

nar foliation S3 developed; it is marked by Wm and

Qz ± recrystallized Gln (recognized only at the micro-

scale). These minerals also crystallized in dilatation sites

of fold hinges. In thin section, Omp is observed to be

fractured in hinge zones and is partially retrogressed to

green Amp. Table 3 shows that the F3 fold axes were

dispersed by subsequent deformation stages, and axial

planes dip NE at low angles.

4.1.4 Stage 4, greenschist facies

A greenschist facies overprint variably affects the S2

eclogitic foliation, with a regional gradient from weak to

strong going from E to W, i.e. from internal to external

parts of the complex. The overprint is mostly static in

internal parts; it created coronae of Ep and Czo around Zo

or metamorphic Aln, Chl rims on Grt, and green Amp or

Chl ± Ab grew at the expense of Gln and Omp. Pseudo-

morphs acquire an earthy aspect resulting from finely

Table 2 Summary of metamorphic and deformational stages of the two Complexes and the Barmet Shear Zone

Internal complex Barmet Shear zone External complex

1. Pre-Alpine HT 1. Pre-Alpine HT

Minor, rare, pre-Alpine minerals relics Large undeformed volumes, pre-Alpine minerals

relics

2. Eclogite facies Pre-stage 4 HP (Eclo-Bs) 2. Epidote-blueschist facies

Pervasive foliation (S2*NW/45), local stretching

lineation (L2*NW/SE)

Mostly in fragments. Rare Gln in

carbonate breccia matrix

Epidote blueschist foliation (S2) parallel to

compositional bands, stretching lineation (L2)

3. Retrograde blueschist to greenschist facies 3. Greenschist facies

Tight to isoclinal folds (F3, PA*N-NE/30),

amplitude from dm to km

Tight to isoclinal folds (F3), amplitude 1–10 m

Local new axial planar foliation (S3) Composite foliation developed (S2 ? S3*SE/

60)

4. Greenschist facies 4. Greenschist facies 4. Greenschist facies

Mylonitic foliation (S4*N-NW/70) Mylonitic greenschist foliation Mylonitic greenschist foliation (S4*SE/80)

Close to contact with External Complex (S4*SE/60), local stretching Close to contact with Internal Complex

Rare stretching lineation (L4*NW/30) lineation (L4*W/E) Local stretching lineation (L4*W/E)

5. Greenschist facies 5. Greenschist facies 5. Greenschist facies

Close to tight recumbent folds (F5, PA*NW/45),

amplitude 1–20 m

Close to tight recumbent folds (F5),

amplitude of 1–20 m

Close to tight recumbent folds (F5, PA*NE/45),

amplitude 1–20 m

Local weak and spaced axial planar (S5) Local and spaced foliation (S5) or fracture

cleavage

6. Lower greenschist facies 6. Lower greenschist facies 6. Lower greenschist facies

Rare open to tight upright folds (F6), amplitude some

metres, fracture cleavage in the hinge zone

Rare open to tight upright folds

(F6), amplitude of some metres

Rare open to tight upright folds (F6), amplitude

some metres

7. 7.

Emplacement of dykes Emplacement of dykes

Rare dykes 0.5–1 m thick Rare dykes reported by Lanza (1977), not found

in mapped area

8. 8.

Brittle fracturing Brittle fracturing

Rare brittle fractures (B8) with S-C features top to

east sense of shear

Rare brittle fractures (B8)

PA axial planes
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intergrown green Amp ± Ab, and Rt is rimmed by Ttn that

is in turn locally rimmed by Ilm.

A greenschist S4 foliation developed close to the contact

with the External Complex; in some places it is mylonitic,

dipping NW at moderate to high angles (Table 3). S4 is

marked by Qz, Ab, Ep, Wm, Chl, green Amp and Ttn.

Normally, this new foliation weakly overprints the previ-

ous HP fabric, but very intensely where a mylonitic fabric

developed (e.g. NW of Albard; Fig. 4; Online Resource 1).

Few L4 stretching lineations are visible, marked by Qz,

Amp and Wm, they trend W-NW at moderate-low angles.

4.1.5 Stage 5, greenschist facies

This deformation stage produced close to tight F5 folds,

with amplitudes ranging from 1 to 20 m, affecting the

eclogite S2 foliation and, where present, the greenschist S4

foliation (Fig. 6e, f). Wm shows oscillatory extinction in

hinge zones, and Qz, Ab, Wm, and Chl crystallized in the

dilatation sites of F5 fold hinges. Locally (e.g. west of

Donnas) a weak and spaced axial planar S5 foliation

developed, defined by Wm, Ab, Chl, and green Amp. F5

fold axes trend NE-SW, axial planes dip NE at low angle.

Table 3 Orientation of fabric elements, associated metamorphic facies (purple: eclogite facies, light blue: epidote blueschist facies, dark blue:

non-specifiable HP conditions) and their relative chronology

For the External Complex, stage 4 values related to S4 and L4 are highlighted by dashed-line ellipses. Equal area projection, lower hemisphere

(Stereo 32 software used). Note that early structural and metamorphic stages recognised in the two complexes are numbered from 1 to 3, but no

correlation or synchronicity is implied prior to the juxtaposition of the two complexes, i.e. stage 4
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4.1.6 Stage 6, lower greenschist facies

In few areas (e.g. south of Chousette; Online Resource 1)

open to tight F6 folds with a sub-vertical axial plane are

visible; in thin section Qz and Wm recrystallized in tri-

angular sites located in hinge zones (Fig. 6g, h). This

deformation stage produced no axial plane foliation but

locally a fracture cleavage is visible in the hinge zone. F6

axial planes strike NE-SW, and fold axes show a similar

trend.

4.1.7 Stage 7, emplacement of dykes

Rare dykes (typically 0.5–1 m thick; e.g. north of Albard,

east of Marine; Fig. 4) crosscut structural elements of all

previous stages. They dip N–NW at moderate angles

(Fig. 6i–l).

4.1.8 Stage 8, brittle deformation (Vanzone fold phase?)

Rare brittle fractures (B8) with several millimetres to

centimetres S-C features crosscut a dyke north of Albard de

Bard. These planes dip toward NW at low angle and show

top to east sense of shear (Fig. 6l).

4.2 External complex

4.2.1 Stage 1, pre-Alpine

In central parts of the Aquila-Lago and Nery-Torché slices,

pre-Alpine HT metamorphic relics are common, i.e. Grt, Pl

and Bt in paragneiss; Amp, Pl ± Cpx in amphibolites and

granulites (e.g. east of Crabun and Mt. Nery; Figs. 3c, 7a).

In the Crabun and Chasten sheets pre-Alpine metamor-

phic green–brown Hbl is preserved in amphibolites west of

Machaby and also to the east of Col Chasten (Fig. 3c;

Online Resource 1).

In the Crabun, Chasten and Dondeuil sheets, magmatic

relics are observed in orthogneiss, notably Kfs, brown

pleochroic Aln, and Ap (Figs. 5e, 7b).

4.2.2 Stage 2, Alpine, epidote blueschist facies

Rootless fold hinges at cm-scale reflect earliest deforma-

tion. They are grouped into stage 2, as they are recognis-

able at microscale only. Similarly, an early internal

foliation observed in Grt grains (ø mm-cm), marked by Qz,

Ep, Ttn, is included in this stage. This early Grt occurs in

orthogneiss bands (1–100 m thick) in the Crabun sheet, E

of Mt Crabun peak, E of Le Mériou and also W of Albard

de Bard (Figs. 4, 5f). In the Mt Crabun area the garnet-

bearing orthogneiss displays sparse metamorphic Aln as

rims on magmatic Aln and in cores of Czo–Ep.

During stage 2 a foliation developed, oriented parallel to

compositional bands in layered rocks, and marked by Ab,

Qz, Wm, Chl, Ep ± green–blue Amp ± Ttn. S2 dips

moderately to steeply SE (Table 3). This stage pervasively

affects the Crabun, Chasten and Dondeuil sheets. It shows

a mylonitic fabric, notably near Chavanisse, Champurney,

Machaby, and generally close to contacts between

orthogneiss and 2DK slices (e.g. Aquila-Lago and Nery-

Torché; Fig. 4; Online Resource 1). The mylonitic fabric

reflects significant grain size reduction in a strain gradient.

A stretching lineation L2 is rarely observed on the S2

foliation. It is marked by Qz ± Ep ± Act ± Ab ±

Wm ± Chl, dips are mainly S–SE at moderate angles

(Table 3).

Green–blue Amp is locally observed in sparse basic

boudins in the Chasten sheet (close to Arnad), reflecting

metamorphic conditions at HP greenschist or at most epi-

dote-blueschist facies at this metamorphic stage. In

orthogneiss close to Col Chasten rare Rt crystals were

noted at the core of Ttn.

4.2.3 Stage 3, greenschist facies

In the entire External Complex, the main foliation S2 is

tightly folded, at metre to decametre scale, thus S2 is

usually subparallel to the F3 axial plane (Fig. 7c, d). In the

hinge zone the previous Wm recrystallized, and a new

greenschist S3 developed marked by Wm, Chl, Ep ± green

Amp ± Ttn. Due to the same orientation in the field and

similar mineral content, S2 and S3 are indistinguishable

except in hinge zones. Hence a composite foliation was

mapped (stages 2 ? 3 foliation). F3 fold axes trend NE-

SW; F3 axial planes are dispersed, a data maximum shows

SE dips at moderate angles (Table 3).

bFig. 6 Main deformation stages in the Internal Complex: a Poly-

metamorphic garnet with a light pre-Alpine core and a cloudy Alpine

rim (stage 1, Croix Courma sheet; plane-polarized light). bMicaschist

with S2 marked by Omp, Gln and Wm wrapping around earlier Gln

crystals disposed at high angle (Loses Blanches sheet; crossed-

polarized light). c Several metres F3 isoclinal fold in orthogneiss

(Internal Complex). d Photomicrograph of F3 hinge zone in which

omphacite shows undulose extinction (Loses Blanches sheet; plane-

polarized light). e F5 fold in rusty fine grained micaschist (Loses

Blanches sheet). f F5 hinge zone with recrystallized phengite (Loses

Blanches sheet; crossed-polarized light). g F6 hinge zone (cm-size) in

fine grained micaschist (Croix Courma sheet). h F6 hinge zone with

phengite showing undulose extinction and kink geometry with

fractures (Croix Courma sheet; crossed-polarized light). i Dyke

(highlighted in purple) cutting the S2 foliation; outcrop close to

Marine village,; orientation of the contact: 355/35 (Croix Courma

sheet). l Dyke (highlighted in purple) emplaced inside a micaschist

with S2 foliation; outcrop north of Albard di Bard. Brittle fractures

(S8) crosscut both dyke and micaschist (Croix Courma sheet). Field

photos coordinates are included in Online Resource 3
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Fig. 7 Main deformation stages in the External Complex and in the

BSZ. a Pre-Alpine Grt aggregate (10 cm ø) in amphibolite. The HT

foliation is preserved. (2DK, boulder in the scree from the Nery-

Torché slice). b Pre-Alpine magmatic allanite displaying simple

twinning in orthogneiss (Dondeuil sheet; plane-polarized light).

c Several metres F3 isoclinal fold in the orthogneiss (Crabun sheet).

d Intersection pattern between cm-scale F3 and F5 in paragneiss

(Crabun sheet). e Several metres F5 fold in orthogneiss (Crabun

sheet). f F5 detail with crenulation cleavage in paragneiss (Crabun

sheet). g Metre-scale F5 hinge zone in orthogneiss (Barmet SZ). h F6

hinge in silicate marble with associated fractures (Barmet SZ). Pink

circle highlight the scale. Field photos coordinates are included in

Online Resource 3
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4.2.4 Stage 4, greenschist facies

A mylonitic foliation S4 developed along the contact

between the Internal and External Complexes. In the

southern part of the External Complex, it lies at small

angles with the previous composite S2 ? S3 foliation and

is defined by the same metamorphic minerals as stage 3.

For these reasons data are plotted with the previous com-

posite foliation and are highlighted in the stereographic

projection by dashed ellipses. S4 dips NW and SE at high

angles (Table 3). A L4 lineation is locally observed,

marked by the same minerals as L2. For this reason data for

L2 and 4 are plotted together in Table 3, and the latter are

highlighted by dashed ellipses. L4 trends E–W at low

angles. S4 and L4 are the first common structural elements

observed in both the Internal and External Complexes,

hence stage 4 probably is related to their juxtaposition.

Subsequent stages, described below, correspond to those

described for the Internal Complex.

4.2.5 Stage 5, greenschist facies

In the entire External Complex, this stage produced close

to tight F5 folds reorienting the foliations S2, S3, and S4.

Qz, Ab, Chl, green Amp ± Wm mainly (re)crystallize in

dilatation sites of hinge zones, thus developing a local

spaced S5 foliation or a fracture cleavage (SE of Machaby;

Fig. 7d–f). F5 fold axes trend NE-SW, and F5 axial planes

dip E–NE at low to moderate angles (Table 3). As F5

deformed the contact between the two complexes, stage 5

deformation is thought to postdate their juxtaposition and

thus to be coeval in both.

4.2.6 Stage 6, lower greenschist facies

Rare open to tight F6 folds (e.g. N of Cime P. Blanches)

with sub-vertical F6 axial planes and amplitudes of some

metres deform the fabrics of previous phases. No new

minerals seem to have crystallized during this late stage. F6

axes and axial planes display a NE–SW strike.

4.2.7 Stage 7, emplacement of dykes

Rare occurrences of andesitic and lamprophyric dykes are

described by Lanza (1977) but none of these were observed

in the study area.

4.2.8 Stage 8, brittle fracturing (Vanzone fold phase?)

Rare brittle fractures (B8; e.g. SW of Tête de la Cou),

similar to the ones of the Internal Complex, are visible in

the panorama.

5 The Barmet Shear zone (BSZ)

5.1 Geometry and lithotypes of the BSZ

The contact between the Internal and External Complexes

is marked by the Barmet Shear Zone (hereafter BSZ), the

structural expression of which is a S4 pervasive greenschist

facies foliation with mylonitic features in several places

(i.e. between north of Bard and Verale, Pian Dzen and

Cime P. Blanches; Figs. 3b, 4; Online Resources 1, 5, 6).

This tectonic contact delimits areas with a different max-

imum metamorphic imprint: The Internal Complex reached

eclogite facies, whereas the External Complex reached HP

greenschist to epidote blueschist facies. This is evident in

Fig. 3d, depicting the distribution of the HP minerals. The

BSZ surfaces between Pont de Trenta and Hône, across the

entire area mapped; it is wedged between the two com-

plexes with a thickness of several hundred metres. While it

does not outcrop from Mont Fenêtre to Col de la Cou, the

contact zone is readily traceable on the basis of the dif-

ferent lithotypes in the Internal and External Complexes,

i.e. eclogite facies micaschist (locally retrogressed) against

greenschist facies orthogneiss (Fig. 4; Online Resource 1).

Descending towards the Aosta Valley the contact is

more difficult to delineate owing to the stronger greenschist

facies overprint (S4) in the Internal Complex. However,

almost down to Albard di Bard, eclogite bands and eclogite

facies relics are locally observed in the Internal Complex

(Fig. 3d). Based on these observations, the contact appears

to become sub-vertical and finally dips NW. From the

village of Albard down to the bottom of the Aosta Valley

the contact is difficult to identify, as the juxtaposed litho-

types are similar (mostly orthogneiss with a pervasive

greenschist facies overprint, in both the Internal and

External Complexes; Fig. 4; Online Resource 5).

The best section to observe the BSZ is between Vallon

de Scheity and Torrent de Va, in the Crabun-Prial area

(Figs. 4, 8, 9; Online Resource 6). There the BSZ is len-

ticular in shape, with a maximum thickness of *500 m

(across the main foliation). Its width decreases sharply

towards NE, where it disappears below the Vallon the

Scheity landslide deposits, and to the SW, where it out-

crops with a reduced thickness of 50 metres on the ridge

north of Cime P. Blanches (Figs. 4, 9).

In the Crabun-Prial area, the BSZ shows siliceous

dolomite marbles wrapping blocks, boudins and slices,

from centimetre to several hundred of metres thick, of

ortho- and paragneiss with minor metabasite (Fig. 8a).

The marbles show a thickness from metres to several

decametres and variable degrees of dolomitization; yellow

weathering is characteristic. Bands of pure marble with a

sugary texture occur (e.g. at Pian Dzen, Fig. 4). Meta-
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basites commonly occur in bands, 5–20 cm thick (e.g.

Cime P. Blanches), and in boudins within the marbles

oriented parallel to the main foliation (S4, Fig. 8a, b). Rare

eclogite fragments are found in impure marbles; their shape

varies from rounded to angular, their size from a few

centimetres to a metre.

The BSZ is delimited to the east by a conspicuous band

of cornieules several metres thick (Fig. 4). The rocks are

massive, intensely yellow in weathering colour, and dis-

play holes (cm to dm in size) with parallelepipedal to cubic

shapes possibly reflecting the presence of former sulphates

or halides (Fig. 8c, e.g. Jeanbourquin 1988).

Fig. 8 Lithotypes of the Barmet Shear Zone. a Marble with

metabasite boudins wrapped by the S4 greenschist foliation).

b Silicate marbles with basic bands displaying a mylonitic foliation

(S4) at Cime P. Blanches. c Cornieule with cm-size cubic or

parallelepipedal holes possibly after former sulphate (W of Mt. Prial).

d Boudins containing long prisms of white carbonate, probably calcite

pseudomorphic after aragonite (Cime P. Blanches). e Carbonate

breccias with Gln gneiss clast (W of Mont the Prial) f Matrix rich in

carbonate and phengite surrounding a Gln micaschist (crossed-

polarized light). Field photos coordinates are included in Online

Resource 3
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To the north of these cornieules, carbonate breccias crop

out W of Mont the Prial with a thickness of few metres

(Figs. 8e, f). They are massive and composed of a matrix

rich in carbonate and Wm plus minor Gln; fragments (from

mm to several cm in size) include Gln gneisses and

micaschists.

5.2 Metamorphic and structural evolution

of the BSZ

5.2.1 Pre-stage 4, high pressure relics

Several HP relics are found in the BSZ. Because the related

fabric elements are visible at cm-scale only, mostly pre-

served in fragments or boudins, orientations could not be

measured; the relics are grouped as a single stage. Inside

the marbles, rare boudins containing long prisms of a white

carbonate mineral are visible at Cime P. Blanches

(Fig. 8d). These probably are intergrowths of Cal

pseudomorphic after Arg, which are commonly preserved

in HP-LT terrains and are observed also near Quincinetto

(lower Val d’Aosta; Compagnoni et al. 2014).

In meta-diorite blue Amp is visible, though it is but

rarely preserved in the core of Chl ± green Amp ± A-

b ± Ep pseudomorphic aggregates (stage 4); Rt is rimmed

by Ilm. The basic boudins in meta-diorite display Omp that

appears mottled, in thin section, and is overgrown by pale

green to colourless Amp ± Ab (associated with stage 4).

Clasts in the carbonate breccia appear randomly ori-

ented, as shown by their internal HP foliation, which is

marked by Gln and Wm (Fig. 8e, f).

5.2.2 Stage 4, greenschist facies

The marbles show an intense to mylonitic S4 foliation

(stage 4; Fig. 8a, b). Typically they are silicate-rich with

layers of Wm ± Tr ± Tlc ± Ab ± Ep ± Ttn in dolomite-

rich bands.

Fig. 9 Cross sections (location and legend in Fig. 4 and Online resource 1)
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The pervasive foliation S4 is of greenschist facies; it

shows gentle dips toward SE and NW (Table 3). S4 is

marked by Ab, Qz, Wm, Chl, Ep ± green Amp ± Ttn in

meta-granitoids and in paragneiss; in the impure marbles

S4 is defined by Wm ± Tr ± Tlc ± Ab ± Ep ± Ttn.

Mostly, mylonitic features are common. An associated L4

stretching lineation trends E-W and is marked by

Wm ± Tr. The BSZ cuts the main eclogitic foliation (S2)

of the Internal Complex, as well as the km-scale F3 fold

visible between the villages of Donnas and Bard (Figs. 4,

9). A small discordance is noted between the composite

S2 ? S3 of the External Complex and S4 foliation.

5.2.3 Stages 5, greenschist facies

The contacts of the BSZ to the two Complexes is folded by

the F5 folds (Fig. 7g), corresponding to F5 seen in the

Internal and External Complex. A remarkable change

results in the orientation of the contacts. Specifically, the

BSZ dips toward NW between Pont de Trenta and Vallon

de Stolen at moderate angles, it changes orientation and

dips SE at moderate angles from the Crabun–Prial ridge to

Pian, where it turns much steeper ([80�) up to Cime P.

Blanches (Online Resource 1; Fig. 4). SW of Cime P.

Blanches the strike remains similar, but the dip becomes

sub-horizontal at Pian Dzen, but turning steeper again

further south (around 60� to the west of Mont Fenêtre), and

dipping NW again at high angles south of Col de la Cou.

5.2.4 Stages 6, lower greenschist facies

Rare open to tight F6 folds e.g. (N of Cime P. Blanches)

with sub-vertical F6 axial planes and amplitude of some

metres deform the fabrics of previous phases (Fig. 7h). No

new minerals seem to have crystallized during this late

stage, which again corresponds to stage 6 in the Internal

and External Complexes.

6 Discussion

6.1 Assembly and geometry of the central Sesia

Zone

6.1.1 The Barmet Shear zone

The presence of marble along the contact between the

Internal and External Complexes was already noted by

Passchier et al. (1981) and Vuichard (1989), with the

adjacent terranes denoted EM and GM, but the section

between Mont Crabun and Prial had not been identified as a

high-strain zone between the two complexes. This newly

identified tectonic element is situated in a critical position

and contains critical evidence to assess the juxtaposition of

the Internal and External Complexes.

The BSZ is a wedge in which fragments and slices from

cm to some hundreds of metres are incorporated in a car-

bonate matrix. According to the lithological features,

fragments mostly derive from the Internal Complex, with

only a minor part from the External Complex. In the central

part of the newly mapped area, the tectonic contact is thus

not as sharp and narrow as in the rest of the area, instead

the shear zone incorporated fragments from both com-

plexes that were sliced up and reworked in the carbonate-

rich wedge (Figs. 4, 9).

In this scenario, the carbonate breccias contain some

important evidence: They show that brittle deformation

occurred during an early stage of development of the BSZ

(prior to stage 4), at HP conditions, since the breccias

contain gneiss fragments with a HP foliation in a carbonate

matrix with Wm and minor Gln. The Gln is the only evi-

dence to indicate an early HP development of the Barmet

SZ because all other HP relics are preserved only in frag-

ments (slices or boudins) that may just reflect the condi-

tions of their source units. After this HP stage, a pervasive

and mostly mylonitic greenschist foliation developed (S4),

which we view as related to the juxtaposition of the

Internal and External Complexes. The BSZ is thus of pri-

mary importance, reflecting the protracted juxtaposition of

eclogite facies rocks, i.e. the Internal Complex, against the

External Complex, which peaked at epidote blueschist

facies.

Parenthetically, we note that eclogite breccias were

described from the Monviso ophiolite, derived from the

Piemonte-Ligurian Ocean (Angiboust et al. 2011, 2012).

These consist of metagabbro clasts in a serpentinite matrix

and were attributed to intermediate to deep earthquakes

occurring in the subducting slab.

Fragments inside a carbonate matrix can be also pro-

duced in tectono-sedimentary settings, like close to a nor-

mal faulted basement in ocean-continent transition zone

settings (e.g. Froitzheim and Manatschal 1996). This

hypothesis seems unlikely for the formation of the above

described carbonate breccia because of the well defined

Alpine HP foliation in the siliceous clasts. This foliation

cannot develop inside single clasts enveloped by a car-

bonate matrix due to the strong rheological contrast exist-

ing between the lithotypes involved.

A further noteworthy feature is the newly discovered

cornieules at the eastern boundary of the BSZ; to our

knowledge they had not been previously known in the

central Sesia Zone. They are an important marker because,

in association with siliceous dolomite, they indicate a

Triassic origin of the sediments (Jeanbourquin 1988). The

origin of the cornieules is not very clear, however; they

may have been partially re-mobilized at the tectonic
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contact and thus, in the terminology of some authors (e.g.

Alberto et al. 2007; Fudral et al. 2010), they might be

pseudo-cornieules.

6.1.2 Proposed tectonic geometric model and comparison

with previous tectonic models

The structural characteristics of the study area, summarized

in Fig. 10, are here compared with those in the schematic

models discussed in Sect. 3.1 and are then integrated into a

new geometric model (Fig. 11).

In Fig. 11, two stages are proposed: stage (a) is the

structural setting after the Internal and External Complexes

were juxtaposed (post stage 4). For this stage, fabric ori-

entations were back rotated *40� to 60� counterclockwise
based on Lanza (1977) and Berger et al. (2012a). Stage

(b) is the present setting. We note that Lanza (1977) pro-

posed a rotation of the Internal Complex relative to the

(unrotated) External Complex, an interpretation that is at

odds with the observations presented in this study.

We recognise two complexes (Internal and External)

separated by a tectonic contact zone, the structural

expression of which is a mylonitic greenschist facies foli-

ation (S4) called the BSZ. The BSZ cuts the S2 foliation of

the Internal Complex at an angle of circa 50�. In the

southern part of the External Complex, S4 is subparallel or

at a small angle to the composite foliation (S2 ? S3),

whereas in the northern part, S4 cuts at an appreciable

angle both S2 ? 3 and the lithological boundaries in the

External Complex (Figs. 3, 4; Online Resource 1). This

first order distinction concurs with the models b, c and f in

Fig. 2 (references in Sect. 3.1), but it is at odds with

models a and d. Inside the shear zone fragments and slices

of the two complexes were incorporated in a carbonate

matrix owing to ductile deformation preceded by one or

more brittle stages that occurred at high pressure (prior to

stage 4).

The Internal Complex is subdivided into three main

eclogite facies sheets based on the presence of meta-sedi-

ments presumed to be monocyclic. This is in agreement

with models e and g (Fig. 2), where such meta-sediments

are regarded as nappe boundaries. However, we note that

the nappe boundary in model g, between the Mombarone

and Bard units, is the Bonze unit (sensu Venturini et al.

1994) which lies in a position equivalent to the Col Fenêtre

meta-sediments (Fig. 4). Based on the map presented in

Fig. 4, these meta-sediments are situated inside the Internal

Complex, where they mark the contact between the Loses

Blanches and Croix Courma sheets. Therefore, the nappe

boundary in model g does not correspond to the one

between Internal and External Complexes as defined in this

study.

Fig. 10 Schematic sketch summarizing the deformative stages in the study area
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Fig. 11 Geometric model proposed for the study area. a Structural setting after the juxtaposition of the Internal and External Complexes (post

Stage 4). b Present setting
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In the External Complex, slices of 2DK aligned along

the greenschist facies shear zone (S2 ? S3) are interleaved

with three gneiss sheets. This is essentially in agreement

with what model b proposed. In the Mont Nery area, where

the largest 2DK slice is in contact with the Internal Com-

plex, we cannot exclude the possibility that the juxtaposi-

tion of these bodies started in HP condition, as proposed in

the models c, d, f and g, even though in our work we have

evidence of a pervasive greenschist facies foliation (S4)

only. In that north-eastern location there are two possible

interpretations: Either an anastomosing shear zone at

greenschist facies comprises the main contact between the

Internal and External Complexes and also between the

Nery-Torché slice and the Chasten sheet. In this hypothe-

sis, those two contacts are coeval. The second possibility is

that the younger tectonic contact between Internal and

External Complexes, marked by the Barmet SZ (S4), cut

the greenschist facies mylonitic contact between the Nery-

Torché slice and the Chasten sheet (S2 ? S3) and their

lithotypes. This would imply that the Internal Complex and

2DK slice were not in contact prior to the initiation of the

Barmet SZ. We cannot dismiss the first hypothesis but we

favour the second one because the S2 ? S3 foliation, as

mapped, is cut by the S4 foliation which developed along

the main tectonic contact (Fig. 11; Online Resource 1).

Note that the kinematics of the tectonic contact between

the Internal and External Complexes are inferred from the

re-orientation of the S2 by the BSZ (S4) and are consistent

with those proposed in models b and f. The kinematics of

the 2DK slices are in agreement with models a, b and f

(Fig. 2).

Following the approach of Babist et al. (2006), we

identified three fabric domains in the study area (Fig. 11b).

Domain A corresponds to the main part of the Internal

Complex, where the eclogite facies foliation S2 is the

dominant fabric element. Fabric domain B corresponds to

the Barmet Shear Zone, the narrow belt comprising rocks

of both the Internal and External Complexes, showing the

mylonitic greenschist facies foliation S4, developed during

the juxtaposition of the two complexes. In the Southern

part of the study area, it is difficult to delimit the boundary

of this fabric domain in the External Complex, because the

S4 and S2 ? S3 foliations are nearly parallel and of similar

metamorphic grade. Finally, fabric domain C corresponds

to the major part of the External Complex, where the main

fabric element is the S2 ? S3 composite foliation (epidote

blueschist and greenschist facies, respectively).

For the same area Babist et al. (2006) identified as well

three domains (Fig. 2g). The most internal is domain 3 and

is defined by moderately dipping tight folds (retrograde

greenschist) that deform a previous phase 2 foliation and

are related to a top to SE motion (Ometto shear Zone).

Fabric domain 2, located to the west of the previous

domain, is represented by a foliation steeply dipping

toward NW associated with the Chiusella Shear Zone

(retrograde blueschist grading to greenschist facies toward

NW). Close to the contact with the Piemonte-Liguria

Ocean derived units, Babist et al. (2006) identified the

fabric domain 4, corresponding to the Gressoney Shear

Zone of Wheeler and Butler (1993), characterized by a

retrograde greenschist facies foliation with a top to E–SE

sense of shear.

Comparing the above fabric domains proposed in this

study with those by Babist et al. (2006), there is a good

match between the western part of fabric domain C (this

study) and fabric domain 4 of Babist et al. (2006). By

contrast, the eastern part of our fabric domain C, domain B,

and the western portion of the domain A (this study) all are

part of fabric domain 2 of Babist et al. (2006). In addition

to this discrepancy between the two studies, we also note

that the eastern part of our fabric domain A corresponds to

fabric domain 3 of Babist et al. (2006) associated with the

folding of previous blueschist facies fabrics occurred at

greenschist facies.

6.1.3 Thin basement sheets assembled prior

to the pressure peak

This study, with the associated map, provides evidence that

relatively thin basement sheets (0.5–3 km in thickness)

were juxtaposed during subduction, probably before either

of the two Complexes reached the highest pressure, as the

different sheets in each Complex share the same meta-

morphic imprint. In the Internal Complex, the presence of

most probably monometamorphic sediment trails suggests

that this part of the pre-Alpine basement was close to the

surface in the Mesozoic, as proposed by Venturini et al.

(1994). Pre-Alpine (Permian?) HT relics in the HP-over-

printed rocks require that this basement complex must have

been exhumed from lower crustal levels, likely by Triassic

times, as suggested by Rebay and Spalla (2001).

In the External Complex several lower crustal slices are

tectonically juxtaposed to upper continental sheets, as

previous authors (Passchier et al. 1981; Vuichard 1989)

had recognised.

Furthermore, this complex may contain meta-sediments

of Mesozoic origin, as suggested for this area by Beltrando

et al. (2014), more generally by Dal Piaz et al. (1971), and

for the southern part of the Sesia Zone by Minnigh (1979)

and Pognante et al. (1987).

These features suggest that the formation of small

crustal sheets in both complexes could be related either to

the pre-Alpine evolution of the area (i.e. sheets individu-

ated by listric normal faults) or to subduction processes

occurring before the units attained the highest metamorphic

conditions recorded in each complex.
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7 Conclusions

In the Central Sesia Zone, two main basement complexes

are in tectonic contact and represent the end result of the

convergence that reorganized the previously rifted Adriatic

margin.

We propose that basement rocks with a pre-Alpine

upper amphibolite to granulite facies imprint (stage 1,

representing late-Paleozoic lower crust) and subordinate

orthogneiss make up several tectonic sheets of the Internal

Complex. These are separated by thin, discontinuous trails

of most likely monocyclic (Mesozoic) meta-sediments. The

entire complex displays an Alpine eclogitic main foliation

(S2) suggesting that the sheets were stacked during sub-

duction, probably at eclogite facies conditions (stage 2). S2

is tightly folded during stage 3 in retrograde blueschist

facies conditions.

The External Complex is composed of three main sheets

of pre-Alpine upper continental crust, mostly fine-grained

felsic gneisses and minor meta-sediments (paragneiss with

rare calcschist, marbles and quartzites); these gneiss sheets

are separated by slices of pre-Alpine lower continental

crust (2DK lithotypes, retaining high-temperature relic

assemblages and fabrics). The assembly of the External

Complex probably predates the development of the Alpine

epidote blueschist facies foliation (S2), given the similar-

ities in the metamorphic and structural evolution within the

different sheets. Stage 3 produces a S3 greenschist foliation

and parallelizes the S2 foliation to the axial plane of F3

tight folds, hence a composite foliation S2 ? S3

developed.

The Internal Complex is juxtaposed against the External

Complex along a tectonic contact, the structural expression

of which is evident in the Barmet Shear Zone. The BSZ

mylonitic foliation (S4) is of greenschist grade, it truncates

the eclogitic S2 of the Internal Complex at a moderate

angle, and it is at a small angle or parallel to the S2 ? S3

of the External Complex. Few HP relics were found inside

the BSZ, suggesting HP conditions predating stage 4. The

presence of carbonate breccias with HP-fragments

indicates that brittle deformation occurred at or after this

HP stage.

Impure dolomite marbles and associated cornieules

along the tectonic contact probably acted as weak horizons

(Ulrich et al. 2002) accommodating most of the deforma-

tion related to the juxtaposition of less ductile gneiss

bodies. This is also reflected by the relatively narrow

(\500 m) deformation belt wedged between the two

complexes. In the BSZ, various fragments and tectonic

slices deriving from the two complexes were incorporated

in a marble matrix. Assembly of the BSZ involved both

brittle and ductile deformation stages.

The assembly of the entire Sesia Zone was completed

during exhumation of the high-pressure belt, as reflected by

the common S4 foliation and the folding phases (stages 5

and 6) that affected all of the units (Fig. 11).

In the area mapped, dykes (stage 7) are observed that are

most probably related to the Periadriatic Plutons (emplaced

before ca. 33 Ma, Berger et al. (2012b) and references

therein). These dykes cut the eclogite facies foliation (S2,

e.g. near Marine, Fig. 6i); close to the main tectonic con-

tact, they also cut S2 overprinted by S4 (e.g. north of

Albard di Bard, Fig. 6l), hence their intrusion postdates S4.

These dykes are locally affected by brittle fracturing (stage

8 in the Internal Complex, Fig. 6l), which is possibly

related to the regional rotation due to the Vanzone Fold

Phase (Lanza 1977).

This detailed mapping study clarifies the tectonic situ-

ation in one of the classic areas of the Western Alps,

notably along the often visited Aosta Valley (Fig. 12).

Beyond this regional context, the field relations docu-

mented here yield insight into the final geometry that a

fragmented continental margin, with associated syn- to

post-rift meta-sediments, acquired during and after sub-

duction to high pressure conditions. Recently identified

discrepancies in the PTt-history of several samples (Regis

et al. 2014) were taken as evidence that the Internal

Complex had to comprise subunits that behaved indepen-

dently during part of the subduction history (as also shown

by Rubatto et al. 2011). The present study confirms the

Fig. 12 Synoptic profile along Aosta Valley between Verrès and Andrate. Colour scheme as in Fig. 3, BSZ Barmet Shear Zone, PLO Piemonte-

Liguria Ocenic unit
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presence of several such units and documents their spatial

relation, though more such sheets probably remain to be

discovered. For instance, the thin trails of micaceous

marble that surface on both flanks of the crest between

Croix Courma and Col de la Cou might delimit another

sheet, as well as the marble trail close to Château the Suzey

(Online Resource 1). We recognize how difficult it is to

trace tectonic contacts, even major ones such as between

the Internal and External Complexes, in areas where

markers (e.g. distinctive marble trails) are missing and

similar lithotypes are juxtaposed (e.g. close to Bard). Yet

the identification and proper delineation of such contacts is

of primary importance as a basis to interpret the meta-

morphic and structural history of an exhumed subduction

channel. Work is underway to define PT-conditions for the

External Complex in order to better constrain (a) the

metamorphic gap between the two complexes, and (b) the

dynamic evolution of both complexes during their Alpine

HP-history.

In future studies the role of thin crustal sheets involved

in subduction to HP conditions should be explored, as well

as the rheological behaviour of marbles along tectonic

contacts.
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Ballèvre, M., & Merle, O. (1993). The Combin fault: Compressional

reactivation of a Late Cretaceous-Early Tertiary detachment

fault in the Western Alps. Schweizerische Mineralogische und

Petrographische Mitteilungen, 73, 205–227.

Barnicoat, A. C., Rex, D. C., Guise, P. G., & Cliff, R. A. (1995). The

timing and nature of greenschist facies deformation and meta-

morphism in the upper Pennine Alps. Tectonics, 14, 279–293.

Bearth, P. (1967). Die Ophiolithe der Zone von Zermatt–Saas Fee.
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Oberhänsli, R., Bousquet, R., Engi, M., Goffé, B., Gosso, G., Handy,
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