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Abstract

This paper describes the geometry, structural trctoire of the Viu Deformation Zone (VDZ), a betidluctile

to brittle structure affecting the metamorphic arof the inner Western Alps, and its role in moitifythe pre-
existing syn-metamorphic structural setting. The 2/Eeactivates and displaces the contact between two
different oceanic units, the Lanzo Ultramafic Coexpand the Lower Susa-Lanzo valleys Unit, charamdrby

a polyphasic syn-metamorphic deformation. It shawstrike-slip duplexes geometry, constituted by N-S
reverse-dextral faults linked by NW-SE antithetisadistral-reverse faults, and represents a comtraad step-
over zone along an N-S regional dextral-reversesire, the Col del Lis-Trana Deformation Zone.

The activity of these transpressional structurassed the steepening of the Lanzo Ultramafic Comgles
drove the last stages of its exhumation. The 3Dvgy of the VDZ seems to have been strongly cdetidy

the reactivation of different pre-existing anisgies, like the buried western edge of the Ivreayband the
metamorphic foliations. Brittle reactivation alswuced blocks rotation mechanism along this strecttausing
anomalous kinematic relations between the VDZ aatat faults.

This study, hence, shows that in metamorphic oredka mechanisms generating strike-slip duplexegs lmea
different from those classically provided by litense, with brittle reactivation and blocks rotatistrongly
prevailing on newly formed faults. In such orogemgreover, rotations induced by transpressiondtifaumay

be sometimes mistaken with steep syn-metamorphiearstzones. Therefore, the overlook and the
underestimation of the effects of the brittle defations and of its associated rotations may caussmepus

interpretation in the tectonic reconstructions

Keywords faulting, transpression, strike-slip duplex, Iscrotation, brittle reactivation,

Western Alps



1. Introduction

Transpressional faulting (Harland 1971) is obseraedll scales, from plate-margin (Lu and
Malavieille 1994; Teyssiegt al, 1995; Goldfingeet al. 1997) to metre and centimetre-scale
(Goodwin and Williams 1996; Tikoff and Greene 19Qih et al. 1998; Holdsworthet al.
2002a; Tavarnelli 1998; Tavarnelli and Holdswort®99; Tavarnelliet al. 2004), where
obligue convergence between different blocks op-steer and bending along transcurrent
faults (Woodcock and Fischer 1986) occurs.

The 3D geometry of transpressional faulting has nbeevestigated through field-,
experimental-, seismic-based and theoretical ssu@V®ilcox et al. 1973; Sanderson and
Marchini 1984; Harding 1985; Naylaet al. 1986; Sylvester 1988; Tavarnelli and Pasqui
2000; Bonora and McClay 2001; Woodcock and Rick&@33). These studies showed that
the transpressional deformation is characterizeslooye distinctive features such as the map-
view imbricate fault patterns that define open fanslosed duplexes (Fig. 1; Woodcock and
Fischer 1986) varying in shape from lozenge to rhoiaal (Bonora and McClay 2001).

In cross-sections, transpressional faults mainbgwsfiower structure geometry (Wilcoet al.
1973), which comprise upward-diverging faults, tgily cutting antiformal push-up
structures (Fig. 1). Sometimes strongly asymmélomer structures, characterized by steep
transpressional faults displacing a monocline aitbub-vertical limb are also observed (Fig.
1b; Woodcock and Rickards 2003).

Transpressional deformation is also commonly aasediwith the partitioning of the bulk
strain into distinct domains characterized by orogarallel strike-slip and reverse faults
(Oldow et al. 1990; Molnar 1992; Tikoff and Teyssier 1994; Joard Tanner 1995; Teyssier

et al. 1995; Dewe\et al. 1998; Jianget al. 2001; Holdswortlet al. 2002b; Jonest al. 2004).



Kinematic partitioning can be controlled by a numbkparameters, such as the lithosphere-
scale boundary conditions (e.g. Oldat al. 1990; Molnar 1992; Teyssiest al. 1995;
Tavarnelli 1998; Tikoffet al. 2002), rheology of the orogenic wedge (Platt 1988furrence

of pre-existing weak anisotropies, such as falftsunt and Suppe 1987; Zoback and Healy
1992; Jones and Tanner 1995; Vaucheal. 1998; Woodcock and Rickards 2003), or the
proximity to an oblique converging indentor (Jeeg¢lal. 2002; Sue and Tricart 2003; Perrone
et al.2010, 2011a; Fusett al.2012).

In metamorphic orogenic belts, the paucity of tdkageological markers and the severe syn-
metamorphic tectonic deformation could prevent dbquisition of useful information for a
complete understanding of the role played by pastamorphic tectonic stages in the final
assembly of such orogens. However, the distinctggometry of post-metamorphic
transpressional faults may be useful for an entdnicelerstanding of their kinematics and
role played in deforming the previous syn-metammrgetting (see, e.g., Stodt al. 2006,
Perelloet al. 1999; 2001; Claypoddt al. 2002; Sue and Tricart 2003; Perrateal.2011a).

It is worthed to remind that brittle transpressideatonics may cause blocks rotation, both in
the vertical and horizontal plane, sensibly modifythe syn-metamorphic structural setting.
If block rotation is neglected, erroneous intergtiens in the tectonic reconstructions may
usually occur, especially regarding the earliesgenic phases.

This may be the case of the most internal secttheiVestern Alps (Italy) where only in the
last few years structural studies focussed onass-metamorphic tectonic evolution (Agaet

al. 2003; Balestret al. 2009; Malusat al. 2009; Perronet al. 2010, 2011a, b, 2013). Wide
sectors of this part of the chain still lack a dethanalysis of the geological structures related
to this phase, of their impact on the pre-existi@gtonic setting and, consequently, of the

mechanisms that drove the last stages of the eximma metamorphic units.



In this paper, detailed field mapping (1:10,000 lsgamorpho-structural analysis and
structural analysis of both syn- and post-metamorgtnuctures carried out in the inner Grain
Alps (italian Western Alps, Fig. 2) allowed to showdetail the geometry, kinematics and the
role played by a regional late- to post-metamorptnanspressional structure, the Viu
Deformation Zone (VDZ hereafter) in deforming aednganizing the pre-existing structural
setting. This latter was entirely attributed in thierature (Nicolas 1966; Nicolat al. 1972)

to deformation related with a major ductile leftelaal shear zone (the Viu Locana-Zone),
which represented one of the major ductile sheaegdhat drove the early stages of the
Alpine tectonic history (Ricou and Siddans 1986w@nd and Dietrich 1989). Therefore, the
results of this study will be discussed in the feanfi the post-Oligocene tectonic evolution of
the Western Alps and compared with the previousrjometations. Moreover, the influence of
the inherited structures on the development and3ibegeometry of the VDZ will be
discussed and compared with the classical mode|soped for the transcurrent/transpressive
faults.

In the following we will use the term ‘fault’ to fer to a single fault segment, and ‘fault
population’ to refer to arrays of roughly contemgoogous faults. Moreover, under the general
term of “deformation zone”, we refer to a regionaighly strained domain damage zone,
several kilometres in length and about one kilometide, which was subject to polyphasic
kinematic evolution.

Figure 1 here

2. Geological setting

2.1. Regional framework

In the NW Italy two orogenic belts are present. M&estern Alps and the Northern

Apennines. The deposits of the Tertiary PiedmaoaiB (TPB in Fig. 2) and the Po Plain



mask at surface the relations between these twioshaecent study showed that the Alpine
and the Apenninic chain may be considered part obr#inuous orogenic system derived
from the interaction between the European and Agl#es and the intervening oceanic
domains (Molliet al,, 2010).

The Western Alps are an orogenic wedge constitoyecbntinental and oceanic tectonic units
derived from the Alpine Tethys oceanic basin amnfrthe two adjoining passive margins.
The Western Alps are characterized by a doubleingrgtructure in cross-section (see
ECORS-CROP profile in Fig. 2; Rouet al. 1990; Schmid and Kissling 2000). The Penninic
Front and the Canavese Line, two regional tectdiscontinuities with opposite vergence,
separate the axial sector of the chain, which gelwnits (Austroalpine, Penninic and
ophiolitic nappes) with high-pressure and low terapge metamorphic assemblages
(HP/LT), from the external (Helvetic Domain) andemal sectors (South Alpine Domain),
devoid of HP/LT metamorphic imprint (Fig. 2a, c).

The northern Apennines are a fold and thrust bleticeanic Ligurian units and continental
low-grade to non-metamorphic units, stacked in NNE-verging sheets. To the north-east,
foredeep clastic wedges (Macigno, Modino Cervaesld Marnoso Arenacea Formations of
the literature) were progressively developed anfbrdeed during the Tertiary north- to
northwestward evolution of the Northern Apennin€be external Fronts of the Northern
Apennines are currently buried beneath the Quatgdeposits of the Po Plain.

The Tertiary Piedmont Basin is a large episutugaiito developed in the internal sector of the
Western Alps since the late Eocene. The Upper Eabéincene deposits of this basin rest on
both the Alpine metamorphic units, South Alpinetsirand the Cretaceous to Lower Eocene
non metamorphic Ligurian units. The Tertiary Piedin8asin is constituted by different
tectono-stratigraphic domains, characterized byy quartially comparable structural and

stratigraphic evolution. They are the Torino HitideBMonferrato to the north, separated by the



Rio Freddo Deformation Zone (RFDZ in Fig. 2; Piama Polino 1995), and the Langhe, Alto
Monferrato and Borbera Grue to the south (Bietlal, 1997).

Since the Cretaceous, the N-ward motion of the aAgtate caused the consumption of the
Ligurian-Piedmont Basin in a south- to south-eastatied subduction. This tectonic phase
(Late Cretaceous—Paleocene) is related with th@apamsition of the Alpine units under high-
to very high-pressure metamorphic conditions (Caoveard Dietrich 1989; Polinet al. 1990;
Schmid and Kissling 2000). A number of structurtaidges indicate that the subduction and
the early phases of collision (Paleocene-Eocend) appe stacking in the Western Alps
occurred in a context of N-directed sinistral obBgconvergence (Ricou and Siddans 1986;
Deweyet al. 1989; Schmid and Kissling 2000; Ceriani and Sch2d04, Fordet al. 2006;
Handyet al, 2010; Dumongt al.2011). The final closure of the Alpine Tethys culatied in
the collision and indentation of Adria into EuropEig. 2c) in the Late Eocene-Early
Oligocene (Tricart 1984; Rosenbaum and Lister 20@gcording to some studies, this
tectonic phase generated in the Western Alpinenctegjional N-S left-lateral regional shear
zones (Ricou and Siddand 1986; Ceriani and Sch@(d)2and N-NW verging thrust systems
(Dumontet al. 2011).

Since the early Oligocene, the Adriatic plate begamove towards WNW causing a strong
reworking in the Alpine chain (Coward and Dietrit®89; Dumontt al.2011). This tectonic
phase was related with the development of a compiéke-ductile to brittle fault network.

In the northern and central sector of the Westdps Ahe post-collisional tectonics induced
dextral strike-slip and dextral-reverse faultinghbm the most internal (CL, LTZ, SAF in Fig.
2; Schmidet al. 1987; Balestrcet al. 2009; Perronest al. 2010; 2013) and in the external
sectors of the chain (CHL, RL in Fig. 2; GourlaydaRicou 1983; Hubbard and Mancktelow
1992; Perellcet al. 2001; Tricart 2004, Baiettet al. 2009; Festat al. 2009; Mosceet al.

2010; Perellcet al. 1999; Sommaruga 1999). In the axial part of thearch complex network



of brittle-ductile to brittle faults showing bothormal and transcurrent movements with
contrasting kinematic evolution has been descr{@#¥; LF; TF; ARL in Fig. 2a; Canniet

al. 1999; Bistacchet al. 2000; Rollancet al. 2000; Collombeet al. 2002; Calaist al. 2002;
Talloneet al. 2002; Agardet al. 2003; Sue and Tricart 1999, 2002, 2003; Delaztcal. 2004,
2008; Champagnaet al. 2004, 2006; Selverstone 2005; Tricartal. 2001, 2004, 2007; Sue
et al.2007; Perronet al. 2011b).

In the south-Western Alps and in the Ligurian Alpe post-collisional tectonic phase is
strongly influenced by the opening, since the E@ligocene, of the Liguro-Provencal basin
and the counterclockwise rotation of the Corsicedi®@ block in the wake of the Apenninic
subduction. Three main tectonic events were regae@scribed (Mainet al. 2013; Federico
et al, 2014). The earlier tectonic phase (Early Oligajeis associated to an extensional
regime that would be associated with the beginpinipe Tertiary Piedmont Basin deposition
and the fast Eocene-Oligocene exhumation of thérMahit (Maffione et al. 2008; Vignaroli

et al 2008). The progressive oceanization of the Ligarovencal basin caused the
development of a regional NW-SE sinistral trandtema regional fault zone (Late
Oligocene-Early Miocene), bounded by the Villalieriarzi Line and the Stura Fault (VV
and SF in Fig. 2). The protracting of this geodymaframework forced in the Early-Middle
Miocene the rotation of the Ligurian Alps and therfiary Piedmont Basin, where a regional
transpressional tectonic regime established. Inldtee Miocene-Quaternary(?) a contrasting
kinematic evolution is observed in the Ligurian &lfA NE-SW compression is observed in
the western sector of the chain, associated wa\HINE ward translation of the Appenninic
Front (PTF in Fig. 2) onto the Adriatic forelandheveas a NW-SE shortening is observed in
the eastern sector (Voltri Unit).

The tectonic scenario of the Tertiary Piedmont Bagiems to be dominated by shortening,

especially in its northern sector (Mosetal 2010). In the Oligocene the evolution of this



area seems to be related with the propagation efeBging South-Alpine thrust Fronts
(SAF in Fig. 2), in its northern sector, and witle tdevelopment of a roughly regional E-W
shear zone (AXF in Fig. 2) that has juxtaposedAlmgne metamorphic units to the non-
metamorphic Ligurian Unit. Since the Miocene thevétging thrust fronts (PTF in Fig. 2)
propagated toward the North, strongly influencihg tectono-sedimentary evolution of the

Tertiary Piedmont Basin.

Figure 2 here

2.2 The inner Graian Alps

In the inner Graian Alps both continental, représeérby the Gran Paradiso Unit and by the
Sesia-Lanzo Zone, and oceanic units, corresportdirige Lower Susa—Lanzo Valleys Unit
(SLU), are present (Fig. 2b).

The Gran Paradiso Unit and the Sesia-Lanzo Zonatampreted as tectonic slices belonging
to the Paleo-European and Paleo-Adriatic margipeesvely (Schmid 2004).

The Lower Susa—Lanzo Valleys Unit (SLU) (Fig. 2ldah Pognante 1980; Cadopgti al.
2002; Balestraet al. 2009) corresponds to an eclogitic unit composenheta-ophiolites and
minor metasediments, showing a pervasive re-egailtn under greenschist facies
metamorphic conditions (Nicolas 1966, 1974; Pogmait®80; Lagabrielleet al. 1989;
Pellettier and Muntener 2006). In the easternmestos of this unit a wide lithological
complex, in the literature known as Lanzo Ultrama@iomplex (LC), crops out (Piccar@d

al. 2004 with references).

The LC (Fig. 2b) corresponds to a 150%wide body of tectonitic peridotites intruded by
gabbroic and basaltic dikes. This complex is coragasf three main bodies, interpreted as

slices of ancient sub-continental litospheric manfhorthern and central bodies) and
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astenospheric mantle (southern body), that areraeghby two NW-SE sub-vertical shear
zones (Boudier 1978; Kaczmarek and Mintener 2008)se shear zones have been recently
interpreted as extensional mantle detachment fabls were rotated during the Alpine
tectonic evolution (Kaczmarek and Tommasi 2011) Ppleridotites are bounded by a thick
belt of serpentinites that resulted from ocean rflatterations and Alpine metamorphism
(Pellettier and Mintener 2006; Debedtal. 2013). Eclogite facies metamorphic assemblage
(Kienast and Pognante 1988; Pellettier and Mint2A66; Sandrone and Compagnoni 1977)
indicates that the Lanzo Ultramafic Complex underapine high-pressure metamorphism.
The structural relation between the SLU and LC besn investigated by several studies,
which have led to different conclusions. Accorditythe earliest studies (Nicolas 1966,
1974; Nicolaset al 1972) the LC was thought to be separated fronStte by a regional N-

S sinistral transpressive, steeply dipping dudiiear zone, named the Viu-Locana Zone. In
this interpretation, the Viu-Locana Zone would espond to a wide tectonic melange zone,
constituted by calcschists with minor slices of aephiolites and albite gneisses and
micaschists, which were thought to mark the eadteumdary of the Mesozoic ophiolites.
The Viu-Locana Zone was considered one of the mngsbrtant sinistral discontinuities that
drove the earliest tectonic phases of the Westdps @Boudier 1978 and Ricou and Siddans
1986). By contrast, on the basis of lithostratifmiapand petrologic data, Lagabriek al.
(1989) and Pellettier and Muntener (2006) propasgatimary contact between the LC and
the adjoining metasediments outcropping to the weshis unit. In particular, Pellettier and
Mintener (2006) suggested that this area couldesept a preserved Ocean-Continent
Transition Zone of the Alpine Tethys.

More recently, some structural studies (Balestral. 2009; Perronet al. 2010) showed that
the western boundary of the LC is affected by e-l&d post-metamorphic deformation zone,

up to some kilometres wide, known as the Col dstTriana Deformation Zone (LTZ). The
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LTZ extends for 35 km juxtaposing the LC to the Satd to the Dora-Maira Unit (Fig. 2), a
slice of Paleo-European continental crust (Michetrdl. 1996; Lemoinest al. 2000).

The LTZ shows a polyphasic kinematic evolutionrelsterized by an earlier dextral-reverse
activity, which caused a progressive steepeningtl@alockwise rotation of the pre-existing
syn-metamorphic structures and the lithologicaltacis upon approaching from the west to
the LTZ. Its activity progressively changed to natfimranstensional movements (Balestto
al. 2009). The comparison between fault rocks andaai zircon and apatite fission tracks
data (see Perronet al, 2010; 2011a) indicates that the earlier trangvesactivity lasted
from the Upper Oligocene to the Early Miocene, velasrthe subsequent normal movement
started from the Early (?) Miocene. Geological astsmological data indicate that the LTZ
could be related to the seismicity that affects itireer Western Alps (Perroret al. 2010).
Moreover, interferometric, seismological and geqgphotogic data suggest that east of the
LC, beneath the Plio-Quaternary deposits of thetemesPo Plain, another possibly active
reverse to transpressional fault, named Cottiars Bprder Fault (CABF in Fig. 2a), is
present (Perronet al. 2013). These data imply that the LC is boundediNmysub-parallel N-

S transpressional brittle structures, the LTZ dral €ottian Alps Border Fault, that seem to
have driven the last phases of its exhumation. dls&sictures could form in cross-section a
wide flower structure (Perroret al. 2013).

Regional-scale tectonic reconstructions (Mostal. 2010), moreover, suggest that the late-
metamorphic mylonitic zone of the Canavese Lineh(8d et al. 1987, 1989) probably

extend to the south, beneath the Po Plain, to bthenGraian Alps (Fig. 2).

2.3. The study area

The study area (Fig. 3) includes the northwestestmart of the contact between the SLU

and the LC (Lower Viu valley, inner Graian Alps).
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The SLU is represented by a portion of oceanictaosith its related meta-sedimentary cover.
The oceanic crust mainly consists of metabasités minor serpentinites and chlorite-schists
(Fig. 3, 4). Metabasites are usually representedanbgsive and layered meta-basalts with
minor meta-gabbros which, locally, display welleperved magmatic texture. Thin chlorite-
schist levels form minor shear zones within theabasites. The metasedimentary cover is
represented by a thin level of albite-chlorite,depe schists, followed by quartz-micaschists
intimately associated with calcschists and by ealblm matrix association up to 300-500
metres thick. This association is composed of floAtarbonatic micaschists that include
decimetre- to hectometre-scale blocks of marbla@sschists, metabasites, serpentinites and a
few meta-ophicarbonates, albite-rich micaschislsiteachlorite-epidote-amphibole bearing
gneisses and leucocratic gneisses (occasionaltyrefics of K-feldspar). With the exception
of the serpentinites, these blocks usually showsitmnal and gradational passages to the
enveloping phyllitic micaschists, suggesting a setitary origin, rather than a tectonic origin
as proposed by previous studies (Nicolas 1966, 19&%y along the contact with the LC, the
serpentinite and metabasite blocks sometimes shitvmatre-to centimetre-thick levels of
chlorite-schists.

The LC almost entirely consists of serpentinitesl amylonitic-serpentinites, with minor

rodingitized dykes and chlorite-schists.

Figure 3 here

Detailed field mapping has shown that the contativben the LC and the SLU is marked by

both a continuous level of chlorite-schists witkteong mylonitic fabric (Fig. 5h), up to some

metres thick, and mylonitic serpentinites, whiclggests a tectonic coupling for these units.

This interpretation is also supported by the ddfgrAlpine metamorphic peak recorded by

13



these units (Pellettier and Muntener 2006). Thelltesof this study also display that this
mylonitic contact is displaced and reactivated éyesal km-long N-S and NW-SE faults that
define a brittle-ductile to brittle deformation znup to 1500-1600 metres wide. This
deformation zone, named Viu Deformation Zone (VDerdafter), represents the most
prominent structural feature of the studied secnod will be analyzed in detail in the
following sections.

The syn-metamorphic structural evolution is chaared by the overprinting of four ¢(Ro
D,) ductile deformation phases. The first two defdioraphases (Pand @) occurred under
eclogite and blueschist facies metamorphic conaktiavhereas the and Oy deformation
phases occurred under greenschist to late-metaimsocphditions (Nicolas 1974; Pognante
1980; Spallaet al. 1983).

The earliest structural features are representetignsposition schistosity, nameg 8hich
represents the axial surfaces of centimetre-sealéimes rootless, intrafolial and isoclinal
folds. D, folds, usually characterized by thickened hinged thinned limbs, are mainly
observed in the more competent albite-rich micasshibut are scarcely preserved in the
pervasively foliated phyllitic micaschists and metmylonitic serpentinites (Fig. 5a).

The D, deformation phase produced asghistosity, well developed in all the lithologié&s.

is the axial plane of isoclinal-to-tight folds, ging from the millimetre-to-hectometre-scale.
These structures are usually characterized at #soscopic scale by similar profiles, with
thickened hinge zones and thinned limbs (Fig. Sand f). Occasionally, eye-shaped profiles
are also observed (Fig. 5c). A type 3 fold intexfere patternsensuRamsay and Huber
1987) is usually produced by the superposition ¢fabdd 3 folds (Fig. 5a). Due to the
transposition nature of Land I phases, both in the LC and the SLU, thes&histosity, with
the exception of the hinge zone of thefBlds, is often transposed into parallelism whik &

schistosity, forming a composed/S schistosity, named:SAs the contact between the LC

14



and the SLU is parallel to the $e juxtaposition between these two units mustdrsidered

as being at least as syn-phase.

Figure 4 here

The third deformation phase {Dis less intense compared tq Bnd B}, and is generally
characterized by open-to-close parallel folds (Bd. e, f) and sometimes by chevron-type
folds. A spaced crenulation cleavage, occasiondélyeloped in the micaschists, is associated
with the Dy folds. In the entire study area, the superpositib®, and I} folds produces, at
different scales, a type 3 interference pattesemguRamsay and Huber 1987; Fig. 5f).

The D, phase is usually observed at the mesoscopic acaleés represented by open folds
sometimes showing kink geometry. Gentle-to-operdsfolith rounded hinge zones are
dominant in the micaschist, whilst kink folds domti@ in the mylonitic serpentinites of the
Lanzo Ultramafic Complex. Usually these folds alaracterized by fractures along their
axial surface, indicating that they were formed emirittle-ductile conditions (Fig. 5g). The
superposition of Pand DO, folds (Fig. 5e) produces, at different scalesypetl interference

pattern §ensuRamsay and Huber 1987).

Figure 5 here

3. The Viu Deformation Zone

3.1 Methodology

The late to post-metamorphic structural evoluti®melated to the development of a complex

network of faults.
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Faults were characterized in the field on the basistheir geometry, kinematics,
mineralizations on fault surfaces and fault rocRegsettiet al. 2002; Perellcet al. 2004;
Perroneet al. 2011a; Fusettet al. 2012). Major and minor faults were differentiataad the
basis of the length and width of their damage zémerder to gain a better insight into their
geometry and extension, the mapped faults were amdpwith the morpho-structural
elements detected from the aerial photo analysasla?5,000 scale (Fig. 6).

Due to the lack of Neogene geological markers atligwto constrain the age of brittle
structures in the field, the relative chronology lafe- to post-metamorphic deformation
events was based on the analysis of fault rocksemalizations along fault surfaces and on
overprinting relations between different kinematidicators.

Sense of shear indicators were mainly obtainechbymeasurement of S-C structures, Riedel
shears, dragged foliations along the fault plamel lay antigorite, chlorite and rare quartz
slickensides.

As the possibility that the reactivation of inhedt anisotropies, which causes the
development of structures at angles different fiiise predicted by the Coulomb failure
criterion (Harris and Cobbold 1984; Flodin and Aydi004), the mechanical interaction
among different faults (Dupiet al. 1993; Pollarcet al. 1993; Nieto-Samaniego 1999) and the
rotation of fault bounded blocks could occur, timalgsis of fault-slip data has been carried
out using the kinematic approach (Marrett and Alidiager 1990).

Because the map-scale faults may be regarded aaim®mf roughly homogeneous brittle
deformation, the kinematic analysis is discussednbggrating fault-slip data collected in
selected structural stations with single measurésneoilected along each map-scale fault. An
average kinematic solution is then calculated u$imiged Bingham distribution statistics for
each map-scale fault. This approach has allowedoudetermine the orientation of the

principal axes of the incremental strain ellipsdiie bulk kinematics of each fault and the
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establishment of kinematic compatibility betweeffedent faults (see also Claypoet al.
2002; Perroneet al. 2011a). Only the best quality kinematic indicatarsre used in this

study.

Figure 6 here

3.2. Brittle deformation inside the VDZ

The most important late- to post-metamorphic stmadtfeature is represented by the Viu
Deformation Zone (VDZ). It extends in N-S directiand affects the central-eastern sector of
the study area, displacing the contact between ndCSL.U. Approaching from the west the
VDZ the S, usually moderately dipping to the NE in the Slbdcomes progressively steeper
and tends to rotate towards N-S direction. Inside\{DZ, S is sub-vertical and N-S to NW-
SE striking, whereas east of the VDZ it is usuatgeply dipping both to NW and SE; Bnd

D; fold axes and axial surfaces are usually sub-bot& to moderately dipping in the SLU,
whereas in the LC are mainly steeply dipping to -gettical. D, folds are usually
characterized by steep axial surfaces in the SLEreds in the LC show sub-horizontal axial

surfaces (Fig. 3, 4).

Figure 7 here

The VDZ reaches a width of about 1.5 km and is aased of several N-S steep faults linked
by minor NW-SE faults (Fig. 3, 4) that, at map-gcalefine a roughly anastomosed geometric
pattern. Striae on fault surfaces indicate botkestrand dip-slip movements (Fig. 7).

Major N-S faults reach multi-kilometric length aace usually arranged in a left-stepped en-

echelon geometric pattern, especially along thetemedorder of the VDZ (Fig. 3). Due to
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the lack of clear geological markers in the engitedy area, it was not possible to accurately
estimate the amount of displacement. Nevertheledgre possible, the restoration of
geological limits indicates a horizontal componeftdisplacement in the order of few
hundred metres for each single fault. Morpho-stnadt analysis (alignment of saddles,
streams, slopes and straight valleys and rivervéltadso shows that these structures could

extend beyond the study area reaching a lengtbwafral kilometres (Fig. 6).

Figure 8 here

Figure 9 here

Minor NW-SE faults, usually sub-vertical or steepipping both to the NE and S\¥ig. 7),
can reach a maximum length of about one kilométig @).

At the mesoscopic scale both N-S and NW-SE fauéisiaually arranged into steeply dipping
damage zones (Fig. 7), up to some tens of metrés, wharacterized by N-S to NNE-SSW
reverse-dextral and by NW-SE to NNW-SSE sinisteaferse faults (Fig. 8, 9, 10, 11). In
detail, Riedel shears, antigorite and chlorite kelidibres and dragged foliations indicate
reverse, reverse-dextral and subordinate dextalsturrent movements for the N-S faults
(Fig. 8; 9a-d) and sinistral transcurrent to shaisteverse and reverse movements for NW-SE
faults (Fig. 10a,b; 11a,b,d,e). Anastomosed gegn{Etg. 10a, b), in map-view, and positive
flower geometry (Fig. 9a, b; 11b; 12) or conjugsystems (Fig. 8c; 11a), in cross-section, are
frequently observed for both N-S and NW-SE fallt$hen parallel, faults usually reactivate
the metamorphic foliation (Fig. 9b; 11d).

Sometimes NE-SW reverse faults with very limiteédal persistence are also found between

NW-SE faults (Fig. 11f).
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All these faults are usually associated to foliatathclasites (Fig. 8a, 9b, 10a, b), tectonic
breccias, gouges (Fig. 11b, c) and occasionallCb€Q cemented-cataclasites, which can
reach 20 metres in thickness. The thickness of fagks seems to be strictly related to the
lithology affected by the brittle deformation. Imethomogeneous serpentinites of the LC, the
faults are characterized by damage zones anddargs up to several tens of metres and 20
metres wide, respectively (Fig. 8a; 11c). By castiran the pervasively foliated micaschists,
brittle shear zones are typically characterizedsbgrce-to-moderate lateral persistence, by
narrow damage zones and are widespread in the wiakesolume.

Sometimes also reverse/transpressional brittledldushear zones have also been observed
(Fig. 8b, d; Fig. 11d, e).

Subordinate N-S normal to normal-dextral faultgg(Fe, f), mainly associated with tectonic
breccias, have been also observed at the mesosscglie inside the VDZ. Even if clear
overprinting relations between different striae gqations have not been found, these faults
could be related to a subsequent extensional aefR)ation of the VDZ, which has been also
observed in the adjoining sectors (Balegtral. 2009; Perronet al. 2010, 2011a,b; Fusett

al. 2012).

Figure 10 here

Figure 11 here

3.3 Brittle deformation outside the VDZ

The VDZ separates two low-strained domains affettedliscrete faults with very limited

length.
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West of the VDZ, in the SLU, NW-SE thrust to traregsional faults, up to some tens of
metres long, are abundant (Fig. 3). These low-atogheoderately dipping, top to WSW shear
zones, well developed especially in the pervasitelipted mica- and chlorite-schists of the
SLU, usually drag and reactivate the main schistgbig. 10c, d).

At the mesoscopic scale N-S normal to normal-déammd NW-SE normal to normal-sinistral
faults are also observed in this sector. Thesectsires are characterized by damage zones
very limited in thickness (less than 1 metre) arelwsually associated with tectonic breccias
(Fig. 9e). Rare cross-cutting relations indicateatthnormal faults postdate
reverse/transpressional faults (Fig. 9f).

East of the VDZ, in the serpentinites of the LC,-N® faults with very limited lateral
persistence are present (Fig. 3). These strucanesisually steeply to moderately dipping.
Usually, fault rocks are represented by tectongcbias, up to 1 metre thick, with damage
zones that reach a width of a few metres. Very kamematic indicators (Riedel shears and
antigorite slickenfibres) show normal movementstif@se structures.

Rarely some E-W faults have been also found at swegac scale (Fig. 7). No reliable

kinematic indicators were observed for these stinest

Figure 12 here

3.4 Brittle paleostrain analysis

On the basis of the kinematics, fault-related roeksl cross-cutting relations, two fault
populations have been distinguished. In the follmnilescription these fault populations will
be related to two distinct faulting stages chariaszd by different orientations of the
maximum and minimum incremental shortening axesartB T axes) and dissimilar fault

rocks.
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The faulting stage 1 is associated to the developro€ N-S reverse, transpressional and
transcurrent faults, which show similar fault ro¢faiated cataclasites and tectonic breccias),
mineralizations (antigorite) on fault surfaces &imkematic indicators.

The reverse to reverse/dextral and subordinatealdranscurrent movements along the N-S
faults are consistent with a sub-horizontal, E-WENE trending shortening axis with steeply
to moderately dipping extension axis (stations,15,46, 8, 16, 19, and 20 in Fig. 13). The
variability of the component of displacement ofgldaults is, therefore, interpreted in terms
of kinematic partitioning of the transcurrent amdarse component of movement along the
VDZ. In particular, reverse to reverse-dextral nmoeats are consistent with a sub-horizontal
ENE-WSW to E-W shortening with a moderately to ptgedipping extension, whereas
subordinate dextral transcurrent movements areistens with a sub-horizontal NE-SW
shortening and a NW-SE extension axis.

The average kinematic solutions that incorpordtefahe data sets for each N-S major fault
of the VDZ show reverse and reverse-dextral falab@s that are steeply dipping to the west
and to the east in the western and eastern p#riso$tructure respectively (Fig. 14a).

The different reverse to sinistral-reverse andssial transcurrent movements found along the
minor NW-SE faults (stations 2, 3, 13, 15, and A &ig. 13), which show fault rocks similar
to those observed for the N-S transpressionaldamiay be, instead, related to block rotation
inside the VDZ. Probably, these faults were firstymed as reverse faults, roughly
perpendicular to the VDZ. The protracted activifytioe N-S boundary faults caused the
clockwise rotation of the blocks inside the VDZduting reverse-sinistral to sinistral
movements along these faults (see Fig. 14c). Tleishanism was probably controlled by the
attitude of the inherited structures, as suggeltethe strong similarity between the attitude

of the metamorphic schistosity«{)Sand faults in this sector (Fig. 15). The aversgletion for
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the NW-SE fault inside the VDZ shows a sinistralaese movement along a sub-vertical
NW-SE striking fault plane (Fig. 14a).

The geometry of the VDZ, characterized by lozengmped fault-bounded domains, the
opposite dipping of the N-S boundary faults andtthespressional kinematics of the faults
associated with this faulting stage indicate thegt YDZ can be interpreted as a km-scale
positive flower structure displacing the LC and ®&ieU (Fig. 12, 14a, b). The rare NE-SW
striking reverse faults observed inside the VDZtead consistent with a NW-SE shortening,
represent bridge structuresefsuGamond 1987) developed between sub-parallel NW-SE

transcurrent/transpressional faults (station 1Bign 13 and average solution in Fig. 14a).

Figure 13 here

West of the VDZ, in the SLU, this faulting stageassociated with the development of minor
NW-SE striking thrust to sinistral-reverse faultsnsistent with a WSW dipping shortening
direction (Fig. 10c, d, station 14 in Fig. 13).

Fault rocks (foliated cataclasites and subordigatettonic breccias), kinematic indicators
(dragged foliations) and mineralizations on faularfaces (antigorite and chlorite
slickenfibres) indicate that this flower structusas formed under brittle-ductile to brittle
structural conditions. Assuming a geothermal gratdi¢ about 30°C/km (Malusét al. 2009),
this structural association may have formed atllegrtging from 4-5 to 10 km (Sibson 1977,
Scholz 1988).

The faulting stage 2 seems to be mainly relateti¢alevelopment of N-S normal to normal-
dextral faults and NW-SE normal to normal-sinistiallts (stations 7, 9, 11, 12, and 17 in
Fig. 13 and average solution in Fig. 14a). Thes#tdaare mainly widespread in the SLU at

the mesoscopic scale. Rare N-S normal faults fonside the VDZ suggest that it could have
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been reactivated during this faulting stage (F#¢p)leven if no clear overprinting relations
have been observed. These faults are mostly censisith a moderate to steeply dipping to
the SW shortening with a WNW-ESE to NE-SW extengdiBig. 13). Fault rocks (tectonic

breccias) associated to these structures indibatetliis faulting stage occurred under brittle

structural conditions, which correspond to 1-4 keptth (Sibson 1977; Scholz 1988).

3.5 Timing constraints for the kinematic evolutioof the VDZ

Comparing the different type of fault rocks wittetavailable published (Bernet al. 2001)
zircon and apatite fission tracks data (ZFT; Tc=BM °C, naturala-damage model of
Reiners and Brandon 2006, or Tc=340+40 °C, zercadgnmodel of Brixet al. 2002, Rahret

al. 2004; AFT; Tc=110+10°C, Reiners and Brandon 2008 possible to provide a timing
constrain for the two faulting stages. Accordingthe two proposed models, the closure
temperature of the ZFT, with a geothermal grad@n80°C/km, may correspond to depth
ranging between 7 and 12 km. The closure temperatiithe AFT, instead, corresponds to
depth of 3-4 km. In the light of the aforementiorsagumptions, as ZFT and AFT show ages
ranging between 33 and 30 Ma and 21-18 Ma resmgtigee Fig. 2b), these data indicate
that this sector of the Western Alps reached ahdepmpatible with the development of
cataclasites (4-10 km depth, Sibson 1977; Scho88)1%ince the Late(?) Oligocene times.
Deformation conditions roughly compatible with tevelopment of tectonic breccias (1-3
km depth, Sibson 1997; Scholz 1988), were reaahéaei Early Miocene. This imply that the
faulting stage 1 and may have occurred in the Rat®figocene—Early Miocene and that the

faulting stage 2 may be considered as post—earbgddie.

Figure 14 here
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4. Discussion

In the following sections we discuss the role pthipg the VDZ in modifying the pre-existing
tectonic setting, its control on the last phasethefexhumation of the metamorphic units and,
as a consequence, the geodynamics of the WesteineAthain. Moreover, the role of the

inherited structures on the development and gegroéthe VDZ will be considered.

4.1.The role of the Viu Deformation Zone in modifyinghe pre-existing syn-metamorphic
tectonic setting and last stages of exhumation leé tnetamorphic units

The VDZ has strongly modified the pre-existing stumal setting. It bounds and separates, in
fact, structurally homogeneous domains (I-V in .Fith) characterized by different
orientations of the syn-metamorphic structureg (&, Ds; and D, folds), and by different
intensity of brittle deformation. A progressiveegtening of the lithological contacts and syn-
metamorphic features {32 and 1 fold axes) is observed from west to east in thdysarea
(Fig. 3, 4, and 15). Indeed Svhich moderately dips to the north-east in thectiral domain

I, becomes steeply dipping inside (structural domgilll, 1V in Fig. 15) and east (structural
domain V in Fig. 15) of the VDZ. Pand [} fold axes, which are sub-horizontal to
moderately plunging from NW-SE to N-S in the sturat domain I-1I-1ll, become sub-
vertical in the structural domain IV and V. By crast, the Rfolds axial surfaces, which are
sub-vertical in the structural domain |, become-Bahzontal in the structural domain IV and

V.

Figure 15 here
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The steepening of the syn-metamorphic structuratufes seems to be consistent with a
rotation induced by the reverse-dextral activityled VDZ. In the simplified sketch of Figure
16, an attempt to reconstruct the different stalyascharacterize the transpressional activity
of the VDZ, and that drove the last stages of ttteumation of the LC and SLU, is shown. In
this model, the LC is assumed to overlay the SLid.(E6a), since west of the study area (see
Fig. 2b), several meta-peridotites bodies are hsdaund at the top of the SLU, as also
indicated by Nicolas (1966). The earliest phasethefVDZ activity (Fig. 16b) caused the
steepening of the pre-existing lithological condaahd syn-metamorphic structures ¢hd

D, to Dy structures) in the eastern part of the study éseactural domains IV and V in Fig.
15; see also Fig. 16b and Fig.16bl to 16b4). Tihsequent, or possibly contemporaneous,
development of the N-S faults induced the britlaativation, where favourably oriented, and
the displacement of the steepened limbs of théoD, folds and of the contact between the
LC and the SLU of at least some hundred metres (fdg). As the deformation proceeded,
the sub-parallel N-S reverse-dextral faults, areghigp an en-echelon geometric pattern, were
gradually linked by reverse faults sub-perpendictdahe VDZ, forming a km-scale positive
flower structure in cross-section (Fig. 16c-e).

The transcurrent component of displacement aloreg NkS boundary faults caused the
dragging and clockwise rotation, on the horizoptahe, of the $and the syn-metamorphic
structures, which had an increasing effect approgctme VDZ (Fig. 16f, g). In fact, as also
observed along the LTZ (Balested al. 2009) south of the study area, the strike of tlagnm
schistosity () progressively changes from NW-SE (structural donigifig. 15), west of this
shear zone, to N-S, inside the shear zone (stalalmmains Il and IV; Fig. 15). Clockwise
block rotation could have also occurred within th®Z, inducing a strong sinistral

component of movement along the NW-SE transpreabfanlts (Fig. 14c, 16f, and g).
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The complex pattern of metamorphic schistosityhm tC may be therefore interpreted as the
result of both the steepening of @ D, folds and of the rotations of fault bounded bloks
the horizontal plane.

The protracted activity of the VDZ caused the exhatiom of the SLU with respect to the LC.
This is also suggested by the younger ZFT age8880a) shown by the SLU with respect to
the LC (33Ma; see Fig. 2b). The extensional reatibn of the VDZ probably has caused a
slight reworking of the pre-existing contacts, wéi@nount is difficult to assess only on the

basis of the field data.

Figure 16 here

4.2. The VDZ in the frame of the post-Oligocenettmuc evolution of the Western Alps and
adjoining domains

Recent studies have shown that a N-S polyphasitlekductile to brittle structure, named
Col del Lis-Trana Deformation Zone (LTZ; Balesebal. 2009; Perronet al. 2010), affects
the western border of the LC south of the study gfég. 2). The LTZ shows kinematic
evolution similar to the VDZ. Its activity (Fig. ),7in fact, evolved from dextral-reverse (Late
Oligocene-Early Miocene to normal/transtensionabs{gEarly Miocene). This allows
extending the LTZ further to the north, so thatffects the entire western border of the LC.
In this interpretation the VDZ corresponds to atcactional step-over zone along the LTZ.
This explains the strong reverse component of @cgrhent observed along the faults in the
study area and the slight discrepancy between hbgening direction observed along the
LTZ and the VDZ (Fig. 17b).

The kinematic evolution of the LTZ-VDZ representfugher constrain to the understanding

of the post-Oligocene tectonics of the Western Alpsgferent models, in fact, have been
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proposed to explain the complex tectonic settingtte chain and, hence, its strongly
curvilinear shape. The most important include trestward extrusion (Coward and Dietrich
1989; Fordet al, 2006; Dumontet al, 2011, 2012), westward shift of the Alpine froimce
the Oligocene induced by the retreat of the Apenrshab (Vignaroliet al. 2008), dextral
transcurrence at the scale of the chain induceithdygounter-clockwise rotation of the Adria
plate since Oligocene (Vanosdial 1994; Castellarin 2001; Collombet al. 2002; Agardet

al. 2003; Sue and Tricart 2003; Malusé al. 2005, 2009), and polyphasic models that
associate south-westward extrusion (Steal. 2007; Champagnaet al. 2004, 2006) or
dextral transcurrence combined with buoyancy for@@slacouet al. 2004; Perelloet al.
2004; Perronet al.2011a).

The kinematic evolution of the LTZ fits well in aoakel where the WNW-ward propagation
(with the subsequent indentation), coupled withntertclockwise rotation, of the Adria plate
induced a complex partitioning in time and spaceth& bulk regional deformation that
affected the Western Alps since the late Oligoq&ing 17; see also Perroeeal.2011).

This indentation is clearly reflected in the progton of compressive/transpressional faults
both in the external domains (Helvetic-Dauphinosver and basement units in Late
Oligocene-early Miocene, Jura belt in middle arteé lliocene; Sommaruga 1999; Schmid
and Kissling 2000; Fordt al, 2006; Dumont eal., 2011; 2012) and in the internal domains
(Late Oligocene, Southern Alpine Thrusts; Festaal. 2009; Moscaet al. 2010) of the
northern and central sector of the Western Alpsniiifee, Graian, Cottian and western
Maritime Alps).

It is, therefore, very likely that the WNW-ESE cengence between Adria and Europe should
have been increasingly recorded moving from thalgart of the chain, mostly affected by

transcurrent and transtensional faulting, to itsgms (both internal and external), where
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thrust to transpressional tectonics is developegk (@d Tricart 2003; Delacat al. 2004;
Perroneet al.2011a).

In this scenario a strain partitioning process,which some faults accommodated the
indentation and some others the rotational comptpnasy be plausible.

Some of the regional fault systems, like the Sauthpine Thrusts beneath the Po Plain
(SAF in Fig. 2a, 29 and 30 in Fig. 17a; Late Oligioe; Moscat al. 2009) the Penninic Front
(PF in Fig. 2a; see 3 in Fig. 17a; Peraloal. 1999), the roughly W-verging thrusts in the
Helvetic Domain (Early Miocene?; Sommaruga 1999) ianthe Pelvoux area (Oligocene; 28
in Fig. 17a; Dumonet al. 2011, 2012), and the E-W dextral transcurrentt$agisplacing the
Gran Paradiso Unit (OSZ in Fig. 2a; 2 in Fig. 1Parelloet al. 2004) and the Sesia-Lanzo
Unit (23 in Fig. 17a; Fusetét al. 2012) accommodated the NW-SE regional shortening.

At the same time (Oligocene?- Early Miocene?) thetml transcurrent and transtensional
regional faults accommodated both the anticlockwistation of the Adria plate and the
(minor) gravitational body forces active inside thwre elevated part of the chain. In
particular the rotational component were accomneatlaly the dextral movements along the
Chamonix-Rhone Line, the Rhone Line (CHL and RIFig. 2a; Gourlay and Ricou 1983),
the NW-SE faults affecting the Argentera Massififdrig. 17a; Perellet al. 1999; Tricart
2004; Baiettoet al. 2009) and by the dextral activity along the LTAulting stage 1 in this
study), the Colle delle Finestre Deformation Zo6&Z in Fig. 2a; 31 in Fig. 17a; Tallom

al. 2002; Perronet al. 2011a) and the Canavese Line (CL in Fig. 2a; Sdhenhial. 1989).
The early normal activity of the Longitudinal ancamsversal Faults (LF and TF in Fig. 2a; 7
and 12 in Fig. 17a) displacing the Briangonnaigsuand the extensional regime observed in
the Aosta and in the Valais area (1, 11, 22, in Efpa; Champagnaat al. 2004, 2006) could
be, instead, related to body forces already aatisele the chain (see Sue and Tricart 2003;

Delacouet al. 2004; Perronet al.2011a, b).
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In the same period in the south-Western Alps (eadtaritime and Ligurian Alps) and in the
southern sector of the Tertiary Piedmont Basinctheval progressive opening of the Balearic
rift and the counter-clockwise rotation of the GecasSardinia block in the rear of the
Apenninic subduction caused in the earliest ph@ésady Oligocene; Vignarolet al. 2008;
Maino et al. 2012, 2013; Festat al. 2015) the development of an extensional regime and
later (Late Oligocene) the development of a rougMNW-ESE left-lateral regional fault
zone (25 in Fig. 17a; Mainet al. 2013). At this time the Villavernia-Varzi Line (di Fig.
17a; Festat al. 2015) and the Stura Line acted as sinistral faulisreas the Sestri-Voltaggio
Line was characterized by antithetical right-laten@vements (24 in Fig. 17a; Cappatial.
2009; Federiceet al. 2014). In the early Miocene the Corsica-Sardir@ck accomplished
their counter-clockwise rotation of 50° inducing@mparable rotation in the Ligurian Alps-
Tertiary Piedmont Basin which was affected by tpaassion (Mainet al. 2013).

In the northern sector of the Tertiary PiedmontiBabe Oligo-Early Miocene tectonic
evolution is mostly related, as well as with thegagation of the South-Alpine thrusts (29
and 30 in Fig. 17a; Fes&t al, 2009; Mosceaet al. 2010), with the sinistral transpressive
movements along the Rio-Freddo Deformation Zoner{Zdg. 17a; Piana 2000).

Starting from the Early Miocene(?) the convergerate between the two colliding plates was
progressively reduced and the gravitational bodgde became dominant on the rotational
movements in the inner Western Alps (Fig. 17d, where a extensional regime was
established (Champagnac 2004, 2006; 8ual. 2007; Malusaet al. 2009; Perronest al.
2011a). This progressive change of stress regimuesecdathe gradual transition or the
normal/transtensional reactivation (faulting st&gen this study) of the faults affecting the
axial part of the chain, including the faults affaeg the Cottian and Graian Alps (like the
LTZ, CFZ, OSZ in Fig. 2a; 2, 5, 6, 31 in Fig. 17khlloneet al. 2002; Perelleet al. 2004;

Balestroet al 2009) and the Aosta and Valais areas (1, 13n F5g. 17d; Champagnast al.
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2004; 2006). Only the structures affecting thesunitthe Briancon and Queyras areas and the
Argentera Unit (7, 8, 9 and 33 in Fig. 17d) aravacas dextral transcurrent faults during this
phase (Sue and Tricart 2003; Peradtoal. 1999; Baiettoet al. 2009; Sancheet al. 2010;
Bauveet al. 2014). In the study area the change from the faslting stage to the second
caused the permutation between the maximum andmaimi shortening axes relative to the
two faulting stages, which are roughly E-W strikifgg. 17c and f). This extensional tectonic
regime is still ongoing in the inner Western Alpkeseas in the outer borders of the chain a
transpressional regime is still dominant, as in@idaby the more recent seismotectonic
studies (Delacoet al.2004; Sueet al. 2007; Perronet al. 2010, 2011b).

By contrast, in the southern sector of the Wes#dps (Ligurian Alps) and in the Tertiary
Piedmont Basin, the post-Early Miocene tectonicd@ian seems to be mostly related to the
N-ward propagation of the North-Apenninic ThrusTEPin Fig. 2; see Moscat al 2010;
Maino etal. 2013; Festa adl. 2015). Also the Ligurian Sea, since the Pliocahertening is
undergoing a compressive regime (33 in Fig. 17de®aal.2011; Bauveet al. 2014).

In summary, all these data suggest that, sinceCQligocene, the tectonic setting of the
Western Alps must be primarily considered as tisellteof the convergence and the counter-
clockwise rotation of the Adria plate which inducssl’eral coexisting tectonic processes such
as the opening of the Provencal and Tyrrheniambasiie growing of two interfering chains
(the Alps and the northern Apennines) and, evesmsifa consequence, the development of
gravitational body forces inside the axial sectiothe Western Alps. The concomitance of all
these mechanisms strongly influenced the curvitirdmpe of the Western Alps, as also
proposed by some authors (Maietoal. 2013).

Other geodynamic processes proposed for the inrestékh Alps, such as the south-ward

(Champagnaet al. 2004, 2006; Suet al. 2007) or the west-ward extrusion (Coward and
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Dietrich 1989; Dumongt al. 2011) do not seem to be in agreement with the wbblbese
kinematic data.

For the south-ward extrusion, in fact, would beessary two antithetical transcurrent zones,
sub-parallel to the trend of the chain, which alldwwving this movement. If the dextral
transcurrent zone would correspond to the ChamBhiane Line and to the Longitudinal
Faults, towards the external sectors, it is stll possible to detect a regional left-lateral zone
in the innermost sector of the chain where, by rastt mostly dextral faults are observed.
The westward extrusion, by contrast, assumes aafroallision since the Oligocene between
the Adriatic and the European plates, which is amtast with the strong transcurrent
component of displacement shown by the faults affgche inner Western Alps

Finally, the model proposed by Vignara@t al. (2008), which suggest that the curvilinear
shape of the Western Alps was forced since theo®dige by the opposite retreat of the
Apennines and Alpine slabs, inducing a regionaéesional regime in the SW and Ligurian
Alps, does not fit with the structural and the setogical data, which show a protracted
transcurrent/transpressive regime in this areaesihe Early Miocene (Fig. 17d; Sageal.
2011; Mainoet al. 2013; Bauveet al. 2014; Federiceet al, 2014). Maluseet al. (2011), in

fact, propose a similar mechanism only for the Bec&/estern Alps.

Figure 17 here

4.3. Influence of the pre-existing structures ondldevelopment and geometry of the VDZ
and LTZ

The VDZ shows in map-view a strike-slip duplex gebim that consists of NW-SE sinistral-

reverse faults that link left-stepped to sub-patail-S reverse-dextral faults. The kinematics

of minor connecting faults do not correspond ta ttlassically described in literature for
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strike-slip duplex, usually characterized by sytita faults (Christie-Blick and Biddle 1985;
Sylvester 1988; Woodcock and Fischer 1986; Woodewak Schubert 1994; Woodcock and
Rickards 2003). These anomalous geometrical arehiatic relations, although described in
the literature as a result of analogue models Fsgel7a in Bonora and McClay 2001), yet
are poorly described in the field studies (ketral. 2003; Flodin and Aydin 2004).

The good correspondence between the attitude déthis and the S(Fig. 15¢) indicates that
the pre-existing anisotropies have strongly colddolthe geometry and kinematics of the
VDZ.

As previously observed, in fact, the steepeninthefsyn-metamorphic structures @d D-

D, folds) in the earliest phases of the VDZ probaptgvided suitably oriented inherited
anisotropies for brittle reactivation. As a consage of this reactivation, the minor faults
that connect the N-S faults could have formed uneavourably attitude with respect to the
local shortening and were later clockwise rotatednajor faults. Blocks rotation between N-
S dextral faults, therefore, induced antithetigalssral component of movements along the
steep NW-SE linking faults (Fig. 14c). This meclsami could, therefore, explain the
anomalous geometrical and kinematic relations ofeskefor the VDZ.

Moreover, in cross-section the VDZ shows some sintiés with that described by
Woodcock and Rickards (2003), characterized by anadine with a sub-vertical limb
displaced by an asymmetric positive flower struet(ffig. 1). In the study area only a part of
the monocline, which corresponds to the antiforam be observed as the whole structure
could be buried beneath the deposits of the P Rlowever some considerations, like the
rotation of the NW-SE mantle shear zones that daplthe LC (Kazmareck and Tommasi
2011) and the possible presence of other regiomadrse/transpressional tectonic features
located east of the LC, like the postulated southmplongation of the mylonitic Canavese

Line (Moscaet al. 2010; CL in Fig. 2, 18) and/or the Cottian Alpsréer Fault (CABF in
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Fig. 2, 18) indicate that the whole LC has beeemtaed by the activity of transpressional
syn- and, subsequently, late- and post-metamosftgar zones. The kinematic and geometric
relations between all these faults and the LC ssigffeat the possible remnants of the
adjoining synform could be located east of thist,ubeneath the Po Plain, and could have
been displaced by the Cottian Alps Border Fault @nobably, by the southern prosecution of
the Canavese Line (Fig. 18). The overall geomedfindd by the LTZ, the Canavese Line (?)
and the Cottian Alps Border Fault could, therefamsemble the structure described by
Woodcock and Rickards (2003). These authors coere¢he development of the monocline
and the associated positive flower structure toreefd folding induced by the reactivation of
a brittle precursor. In the case of the LTZ and @wdtian Alps Border Fault, the reactivated
pre-existing discontinuity may be represented by irea body, which corresponds to a
protuberance of the Adriatic mantle intruded belmg¢about 7-8 km depth) the inner Western
Alps (Fig. 18). The western border of the Ivrea ygodhich roughly overlaps with the
LTZ/VDZ and partially with the Cottian Alps Borddfault, may therefore have induced,
starting from the Late Oligocene, the developmdnthe deformations related to the LTZ,
first through a forced folding and subsequentlythwhe progressive exhumation of the chain
towards shallower crustal levels, through the dgwalent of high-angle transpressional shear
zones and faults. The good correspondence betweetrace of the western border of the
Ivrea body and the LTZ also justifies the lengththo$ transpressional deformation zone and

suggests that it could extend southwards to bdh#esouth-Western Alps.

Figure 18 here

4.4. L. TZ/VDZ versus Viu-Locana Zone
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Previous studies proposed that the structural ngettf the Graian Alps was largely
conditioned by the activity of a regional syn-metaphic shear zone, known as Viu-Locana
Zone (Fig. 18; Nicolas 1966; Nicolas 1974; Boudiéi8). The Viu-Locana Zone developed
under HP-LT metamorphic conditions and correspdads tectonic mélange zone, up to 1-2
km wide, characterized by slices of meta-ophiolitgsl gneisses enveloped in a matrix
mainly composed of calcschists, which also afféieéswestern border of the LC. According
to these studies the steeply plunging folds paBd [ phasesvere formed during the activity
of this shear zone. The subsequentadd D, folds, characterized by sub-horizontal axes,
were not associated to the Viu-Locana Zone and kdaiermed this ductile shear zone. No
impact on the structural setting was related topibst-metamorphic structures.

This study, however, shows that the current strattgetting resulted from the rotation
around a sub-horizontal axis of all the syn-metgrhir structures (Pto D,) present in the
LC and SLU, induced by the transpressional actieity the LTZ/VDZ (Fig. 15, 16). The
rotation of the NW-SE shear zones that displace LliBe observed by Kazmareck and
Tommasi (2011), is in agreement with this intergtien, suggesting that the entire LC has
been rotated around a vertical axis. This rotati@y have been driven by the transpressional
faults that bound the LC, which correspond to ti&land the Cottian Alps Border Fault
(Fig. 2 and 18).

The current structural setting of the innermosttiedrsector of the Western Alps seems to
have recorded a long tectonic evolution (Fig. I6)vhich the post-metamorphic deformation
phases have played an important role, rather tlearglalmost entirely associated to earliest
phases of its tectonic history. Important nearaeefrigid rotations, described farther north
(inner Sesia-Lanzo Zone) by Bergaral. (2012) also highlight the impact of the last teoto

phases on the structural setting of the inner Wiegt#ps.
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5. Conclusions

Different considerations and implications can kendr from this study.

At the regional scale this paper shows that:

the northwestern border of the Lanzo Ultramafic @tax is affected by the Viu

Deformation Zone (VDZ), a late- to post-metamorph&verse-dextral structure,
which has strongly modified the pre-existing syntangorphic structural setting of the
area;

the VDZ is characterized by strike-slip duplexesfjried by N-S reverse-dextral faults
linked by NW-SE sinistral-reverse faults, and iseipreted as a km-wide step-over
zone of the Col del Lis-Trana Deformation Zone (l.Tihdicating that the western

border of the LC is entirely affected by the LTZ;

the dextral-reverse LTZ probably merges at depth e Cottian Alps Border Fault,

another reverse/transpressional fault buried bantkat western Po Plain, forming an
asymmetric positive dextral flower structure thatubd the Lanzo Ultramafic

Complex, which have caused the rotation arounchtrezontal plane and driven the
exhumation of the Lanzo Ultramafic Complex sincee tlate Oligocene. The

development of this structure, which probably dliglpostdates the dextral-reverse
activity of the mylonitic Canavese Line, may haweb controlled by an important
buried anisotropy (Ivrea body).

the kinematics of these N-S regional faults, withsteong dextral component of

movement, is consistent with a model of NW-direatedvergence combined with an
anticlockwise rotation of the Adria plate, as gisoposed by recent studies.

the Viu-Locana Zone, in the light of this reconstron, considered one of the most

important ductile shear zones of the inner Westdps by previous studies, must be
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rather considered a syn-metamorphic tectonic cobteveen SLU and LC rotated by
the activity of the N-S transpressional faults.
More in general, this study indicates that in thetamorphic belts, usually characterized by
polyphasic deformations with several inherited aimgpies:
- faulting is strongly controlled by the attitudketbe pre-existing structures. In particular, this
study shows that the mechanisms that generatee-sifx duplexes may be different from
those classically provided by the literature, whhttle reactivation and block rotation
strongly prevailing on newly formed faults;
- the occurrence of pre-existing anisotropies setmisave induced kinematic partitioning
along the brittle deformation zones, with compleattgrns of shortening and extension
directions associated to a single faulting stagmeeially at the mesoscopic scale. This
implies that the kinematic (or dynamic) analysisfailt slip data should not be carried out
only on the basis of the attitude of the three mstirain (or stress) axes, but further
rheological (fault rocks, mineralizations) and tgiconstraints (AFT and ZFT) must be
considered in order to reconstruct the post-metpmoitectonic evolution of these domains.
- the rotations associated to transpressionalif@uthay be sometimes mistaken with steep
ductile shear zones. The lack of recognition ofs¢hdorittle deformations and of their
consequent rotations may cause misinterpretationthe tectonic reconstructions of such

orogens.
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Figure captions:

Figure 1. Map and cross-sections of strike-slip duplexesnéal at bends of transcurrent
faults. a) and c) show symmetric flower structures displacing anifamhal push-up or a
synformal pull-apart;b) shows an asymmetric positive flower structure ldispg a

monocline. Modified from Woodcock and Rickards (3P0

Figure 2. a) tectonic sketch of the NW Italy (after Bigi al. 1990), the dashed rectangle
indicates the area of Figure 24);tectonic map of the Cottian-Graian Alg3;ECORS-CROP
profile across the Western Alps, trace of the seditn Figure 2a¢) geological section across
the innermost Cottian Alps (after Perroe¢ al. 2011a). AB: Alessandria Basin; GB:
Gonfolite Basin; M: Monferrato; SB: Savigliano BasiTH: Torino Hill; TPB: Tertiary
Piemonte Basin; ARL: Aosta-Ranzola Line; AXF: Axuia CFZ: Colle delle Finestre
Deformation Zone; CHL: Chamonix Line; CL: Canavésee; CRL: Cremosina Line; LF:
Longitudinal fault system; LTZ: Col del Lis—Tranaformation Zone; OSL: Ospizio-Sottile
Line; OSZ: Orco Shear Zone; PF: Penninic Front; PH&dJanian Thrust Front; RFDZ: Rio
Freddo Deformation Zone; RL: Rodano Line; SAF: Seut Alpine Thrust; SF: Simplon
Fault; SSB: Saluzzo-Sommariva del Bosco Thrust;:SStkra Fault; SVL: Sestri-Voltaggio
Line; TF: Transverse Faults; TL: Tonale Line; V\Wllalvernia-Varzi Line. Fission tracks
from Bernetet al (2001).

Figure 3. geological-structural map of the study area; ea@wek projections (lower
hemisphere) show the mesoscopic scale data relati@ the faults andk) Sr measured in
the study area. In the equal-area p&tthe data collected in the structural stationsewest

considered. VDZ: Viu Deformation Zone.
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Figure 4: geological sections across the mapped area. Toestd the sections are shown in
the Fig. 3.

Figure 5: a) interference pattern betweerny @Gnd B folds in albite micaschistdy) D,
isoclinal fold deforming a metre-scale block ofdegneissg) D, fold showing an eye-shaped
profile in albite-chlorite-epidote-schists (neardea Sapai)d) decametre-scale sDfold in
albite-chlorite-epidote-schists (Rocca Sapaji)interference pattern between 8nd D folds

in the serpentinite schists (Lanzo Ultramafic CaoemplPorte di Viu);f) type 3 interference
pattern between and [y folds in the quartz-micaschists (Viana Riveg);D, open folds in
serpentinite schists (Lanzo Ultramafic Compldx);photomicrograph (cross-polarized light)
showing the mylonitic structure of the serpentingighists along the contact between the
Lanzo Ultramafic Complex and the SLU.

Figure 6: Digital Elevation Model with the morpho-structuralements of the Lower Viu
valley. (1) elbow of capture, (2) deep fluvial isicin, (3) wind gap and pass, (4) discontinuity
along ridge, (5) straight valley, (6) straight flalvincision, (7) alignment of peaks.

Figure 7: faults with related slickenlines in the study ar&kh data were contoured using the
modified Kamb method proposed by Vollmer (1995hvikE=20 and inverse area smoothing.
Contour interval is & beginning at @.

Figure 8: a) detail of the N-S decametre-scale fault zone jhettaposes the SLU to the
Lanzo Ultramafic Complex (south of the Cialmett@gasynthetical Riedel shears indicate a
strong reverse component of movemdtbrittle-ductile N-S reverse fault in serpentinites
(Lanzo Ultramafic Complex - west of Fubina villagehe dashed white line shows the
dragging of the schistosity {palong the faultg) conjugate N-S reverse-dextral and NNW-
SSE reverse-sinistral faults in serpentinites (loaklitramafic Complex - west of Fubina
village); d) brittle-ductile N-S fault in serpentinites (Lankéitramafic Complex — Uja di

Calcante);
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Figure 9: a) NNE-SSW to NNW-SSE steeply dipping faults showimgpositive flower
geometry (Lanzo Ultramafic Complex - west of Fubwillage);b) N-S sub-vertical fault
with synthetical Riedel shears indicating a straegerse component of movemert
antigorite slickenfibres showing right-lateral sert§ movement along an N-S fault (south of
Cialmetta pass; Lanzo Ultramafic Compled);N-S reverse faults moderately dipping to the
west that drag and displace antigorite veins ipesginites (south of Cialmetta pass; Lanzo
Ultramafic Complex)e) N-S normal faults in micaschists (SLU; near Pdpreillage);f) N-

S normal faults cross-cutting the brittle-ductilewtangle thrust fault of Fig. 10d in
micaschists (SLU; near Viu village).

Figure 10: a) and b) foliated cataclasites, observed in map view, assediwith anNNW-
SSE sub-vertical fault in serpentinites (Lanzo &itafic Complex, south of the Uja di
Calcante); synthetical Riedel shears indicatetdaétral sense of movemen); brittle-ductile
low-angle thrust dipping to the ENE, juxtaposingcasichists to metabasites; in the inset, a
detail of the structure with sense of movementdatdirs is shown (near Viu; SLUJ) sub-
horizontal top to ESE brittle-ductile thrust fawdtactivating the schistosity in a decimetre-
scale level of chlorite-schists; The equal-area pletween c) and d) shows the senses of
movements measured for the low-angle thrust fa8igmbols as in Figure 13.

Figure 11: a) conjugate NW-SE reverse faults in serpentinitesit{s of Uja di Calcante;
Lanzo Ultramafic Complex)b) NW-SE sub-vertical fault reactivating the contaetween
the serpentinite and rodingites; Riedel shearslabgpy centimetre-scale veins in rodingites
indicate a reverse component of movemehtetail of a multi-metre scale tectonic breccias
associated with an NW-SE fault (south of the Uja&Cdicante; Lanzo Ultramafic Complex);
d) NW-SE steep to moderately dipping transpressifadts dragging and reactivating the
main schistosity in the micaschists (east of VilLUB e) NW-SE steeply dipping

transpressional faults in serpentinites (south lid tja di Calcante; Lanzo Ultramafic
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Complex);f) NE-SW reverse faults in serpentinites schists (weBubina; Lanzo Ultramafic
Complex).

Figure 12: geometry at different scales of the structures@ated with the Viu Deformation
Zone. a) panoramic view of the study area with a line-drayvishowing the km-scale
geometry of the major faultg) detail ofa) showing a fault dipping to the west with a strong
reverse component of movement in serpentinitesl@mzo Ultramafic Complex);) detail of

a) showing an N-S transpressional fault zone affgcserpentinites and chlorite schists (50
meters east of the contact between the Lanzo WiiiarComplex and the SLUY) detail of

c) displaying an N-S striking positive flower sttue that displaces the contact between
chlorite schists and serpentinites.

Figure 13: Fault pattern with the direction of the incremerdgthin axes obtained at single
structural stations. Black numbers in the circleslidgate the structural stations. The
orientations of the average incremental maximumramdmum strain axes, determined with
Bingham distribution statistics, are also shown.2/Yiu Deformation Zone. Blue and red
arrows indicate structural stations related toféhdting stage 1 and 2 respectively.

Figure 14: a) plan view showing the hierarchical and geometniekdtions between the faults
associated with the Viu deformation Zor®. pseudo 3D-conceptual block diagran);
simplified structural sketch showing the clockwregation of minor faults within the VDZ.
Equal-area projections (lower hemisphere) showamekinematic solutions for the different
fault systems. The blue and red extensional qu&inanthe average kinematic solutions
indicate faults associated to the faulting stagand 2 respectively. The thick black great
circle indicates the modelled fault plane. For themerical processing of data, the
FaultkinWin software (Allmendingest al. 1991) was used.

Figure 15: a) map of the structural domains of the study area welated equal-area plots

showing the distribution of thetSEqual-area projections (lower hemisphere) slioywthe
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distribution of the B, D3 and D, fold axes (triangles) and axial surfaces (squaaad)c) of
the faults measured in each structural domain. \Wid:Deformation Zone.

Figure 16: simplified conceptual modebfg) showing the different stages associated with the
development of the Viu Deformation Zone (see textdxplanation). Ira) it is assumed that
the LC overlay the SLU and that the Slightly dips to the north, as indicated west lod t
study area by Nicolast al. (1966) and Balestret al. (2009). The imagebl, b2, d1, el, f1,
gl show mesoscopic scale examples of both ductilensgtamorphic 1, b2 and brittle
structuresdl, el, f1, g} in the different sectors of the study ared) andb4) block models
show the geometrical patterns of-Ds-D, related folds in the western and eastern sector of
the study area, respectivelyl) Type 3 interference pattern betweepnand D folds in the
quartz-micaschists (Viana Rivet)2) Type | interference pattern betwees &d D, folds,
observable in map-view, in the serpentinite schisenzo Ultramafic Complex; near the
Mulapas stream)dl) NNE-SSW to NNW-SSE steeply dipping faults showsgositive
flower geometry (Lanzo Ultramafic Complex - west B@ibina village);el) antigorite
slickenfibres showing right-lateral sense of movetradong an N-S fault (south of Cialmetta
pass; Lanzo Ultramafic Complex);) foliated cataclasites associated withNiMW-SSE sub-
vertical fault in serpentinites (Lanzo Ultramafio@plex, south of the Uja di Calcante); S-C
structures indicate a left-lateral sense of movamgh) detail of the N-S decametre-scale
fault zone that juxtaposes the SLU to the Lanzeddiafic Complex (south of the Cialmetta
pass); S-C structur@wdicate a strong reverse component of movement.

Figure 17: Tectonic sketches showing two steps of the pogte©éne to current tectonics in
the inner Western Alps and adjoining domains (aRerroneet al. 2011a):a) the NW-SE
convergence, coupled with the anticlockwise rotgtiof the Adria plate with respect to the
European plate induces a complex strain partitgnmithin the inner Alpine chain

(Oligocene-Early(?) Miocene)) in the inner Western Alps the anticlockwise natatis
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accommodated by dextral movements along the majotsfparallel to the trend of the chain,
like the LTZ, whereas the convergence is absorlyeB-lV right-lateral faults, like the Orco
Shear Zone; d) the convergence between the Adria and Europeate mlecreases, and
gravitational forces become predominant on thetimotal boundary movements in the inner
Western Alps, inducing an extensional regime (EajlyMiocene-Presentk) in the study
area the E-W faults undergo normal reactivatione $erroneet al. (2011a) for the
bibliographic references relative to the structusalsmological and geodetic data (see the text
for explanation). Equal-area lower hemisphere pt@mas show the cumulative P and T axes
relative to the first @ and secondf) faulting stages obtained by mesoscopic scalet faul
measurements. The modified Kamb method propose¥ddyner (1995), with E=2& and
inverse area smoothing was used for the contountdDo interval is 8 beginning at 2.
ARL: Aosta-Ranzola Line; CHL: Chamonix-Rhone Lin€L: Canavese Line; CRL:
Cremosina Line; DM: Dora-Maira Unit; GP: Gran PasadUnit; HF: Helvetic Front; LF:
Longitudinal Faults; LTZ: Col del Lis-Trana Defortian Zone; OSZ: Orco shear zone; PT:
Penninic Thrust Front; PLU: Piemonte-Ligurian UnBg\: South-Alpine Units; SAT: South-
Alpine Thrust; SF: Simplon Fault; SZ: Sesia-Lanz&; TF: Transverse Faults; VDZ: Viu
Deformation Zone. Reference indexes on the map(Bre&Champagnaet al. (2004), (2)
Perelloet al. (2004), (3) Perelleet al. (1999), (4) Seward and Mancktelow (1994), (5) this
study, (6) Balestret al. (2009), (7) Sue and Tricart (2003), (8) Labaumel. (1989), (9)
Baietto et al. (2009), (10) Mancktelow (1992), (11) Bistacddti al. (2000), (12) Sue and
Tricart (1999), (13) Champagnat al. (2006), (14) Tricaret al. (2004), (15) Ceriani and
Schmid (2004), (16) Evat al. (1997), (17) Delacoet al. (2004), (18) Calaigt al. (2002),
(19) Vignyet al. (2002), (20) Kastrupt al. (2004), (21) Suet al. (1999), (22) Malusaét al.
(2009), (23) Fusettet al. (2012), (24) Federicet al. (2013), (25) Maincet al. (2013), (26)

Piana (2000), (27) Festa al. (2015), (28) Dumongt al. (2012), (29) Festat al. (2009), (30)
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Moscaet al. (2009), (31) Talloneet al. 2002; (32) Pianat al. (2006), (33) Bauvest al.
(2014).

Figure 18: a) tectonic sketch map of the Western Alps. The tliakhed red line indicates
the outline of the Ivrea body whereas the dashed lihe indicates the Viu-Locana Zone. b)
Cross-section showing the geometrical relation betwLTZ and Ivrea body. LTZ: Col del
Lis-Trana Deformation Zone; CABF: Cottian Alps Berd-ault; CL: Canavese Line. Outline
of the Ivrea body from Wagnet al. (2012). The geometry of the Ivrea body in crosdise
are based on the tomographic data of and €taail (2001); Lardeauxt al. 2006; Bethowset

al. (2007).
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Figure 1: Map and cross-sections of strike-slip duplexes formed at bends of transcurrent faults. a) and c)
show symmetric flower structures displacing an antiformal push-up or a synformal pull-apart; b) shows an
asymmetric positive flower structure displacing a monocline. Modified from Woodcock and Rickards (2003).
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Figure 2: tectonic sketch of the NW Italy (after Bigi et al. 1990), the dashed rectangle indicates the area of
Figure 2b; b) tectonic map of the Cottian-Graian Alps; c) ECORS-CROP profile across the Western Alps, trace
of the section in Figure 23; d) geoclogical section across the innermost Cottian Alps {(after Perrone et al.
2011a). AB: Alessandria Basin; GB: Gonfolite Basin; M: Monferrato; SB: Savigliane Basin; TH: Torino Hill;
TPE: Tertiary Piemonte Basin; ARL: Aosta-Ranzola Line; AXF: Ax Fault; CFZ: Colle delle Finestre
Deformation Zone; CHL: Chamonix Line; CL: Canavese Ling; CRL: Cremosina Line; LF: Longitudinal fault
system; LTZ: Col del Lis—Trana Deformation Zone; OSL: Ospizio-Sottile Line; OSZ: Orco Shear Zone; PF:
Penninic Front; PTF: Padanian Thrust Front; RFDZ: Rio Freddo Deformation Zong; RL: Rodano Line; SAF:
Southern Alpine Thrust; SF: Simplon Fault; SSB: Saluzzo-Sommariva del Bosco Thrust; STF: Stura Fault;
SVL: Sestri-Voltaggio Line; TF: Transverse Faults; TL: Tonale Line; WVL: Villalvernia-Varzi Line. Fission
tracks from Bernet et al. (2001).
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Fiqure 3: geological-structural map of the study area; equal-area projections (lower hemisn_he.fre]' show the
mesoscopic scale data relative to (a) the faults and (b) ST measured in the study area. In the equal-area
plot (a) the data collected in the structural stations were not considersd. VDZ: Vil Deformation Zone.

Figure 4: geological sections across the mapped area. The traces of the sections are shown in the Fig. 3.

71



Fiqure 5: a) interference pattern between D1 and D2 folds in albite micaschists; b) D2 isoclinal fold
deforming a metre-scale block of leucogneiss; ¢) D2 fold showing an sye-shaped profile in albite-chlorite-
epidote-schists (near Rocca Sapal); d) decametre-scale D3 fold in albite-chlorite-epidote-schists (Rocca
Sapal); &) interference pattern betwesn D3 and D4 folds in the serpentinite schists (Lanzo Ultramafic
Complex: Porte di Via); f) type 3 interference pattern between D2 and D3 folds in the guartz-micaschists
(Viana River); g) D4 open folds in serpentinite schists (Lanzo Ultramafic Complex); h) photomicrograph
{cross-polarized light) showing the mylonitic structure of the serpentinite schists along the contact betwesn
the Lanzo Ultramafic Complex and the SLU.
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Figure 6: Digital Elevation Model with the morpho-structural elements of the Lower Vil valley. (1) elbow of
capture, {2) deep fluvial incision, {3} wind gap and pass, (4) discontinuity along ndge, {5) straight valley,
{8) straight fluvial incision, (7) alignment of peaks.
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N-S fault system
Total faults Striated faults Slickenlines

N =57

N=1T6 M= 5&

NE-SW fault system

—
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E-W fault system
M=37 M=8 M=3a

Figure 7: faults with related slickenlines in the study area. All data were contoured using the modified Kamb
method proposed by Vollmer (1995), with E=20 and inverse area smoothing. Contour interval is 2o
beginning at 2o
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Fiqure &: a) detail of the N-5 decametre-scale fault zone that juxtaposes the SLU to the Lanzo Ultramafic
Complex {south of the Cialmetta pass); synthetical Riedel shears indicate a strong reverse component of
movement; b) brittle-ductile N-S reverse fault in serpentinites {Lanzo Ultramafic Complex - west of Fubina
village); the dashed white line shows the dragging of the schistosity {ST) aloang the fault; ) conjugate N-S
reverse-dextral and NNW-SSE reverse-sinistral faults in serpentinites {Lanzo Ultramafic Complex - west of
Fubina village); d) brttle-ductile N-5 fault in serpentinites (Lanzo Ultramafic Complex — Uja di Calcante);
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Figure 9: 3) NNE-SSW to NNW-SSE steeply dipping faults showing a positive flower geometry (Lanzo
Ultramafic Complex - west of Fubina village); b) N-S sub-vertical fault with synthetical Riedel shears
indicating a strong reverse component of movement; ¢) antigorite slickenfibres showing right-lateral sense
of movement along an N-5 fault {(south of Cialmetta pass; Lanzo Ultramafic Complex); d) N-5 reverse faulis
moderately dipping to the west that drag and displace antigorite veins in serpentinites (socuth of Cialmetta
pass; Lanzo Ultramafic Complex); &) N-S normal faults in micaschists (SLU: near Polpresa village); f) N-S
normal faults cross-cutting the brittle-ductile low-angle thrust fault of Fig. 10d in micaschists {SLU; near Vil
village.
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Figure 10: a) and b) foliated cataclasites, observed in map view, associated with an NNW-SSE sub-vertical
fault in serpentinites {Lanzo Ultramafic Complex, south of the Uja di Calcante}; synthetical Riedel shears
indicate a left-lateral sense of movement; <) brittle-ductile low-angle thrust dipping to the ENE, juxtaposing
micaschists to metabasites; in the inset, a detail of the structure with sense of movement indicators is
shown (near Vid; SLU); d) sub-horizontal top to ESE brittle-ductile thrust fault reactivating the schistosity in
a decimetre-scale level of chlorite-schists: The equal-area plot between c) and d) shows the senses of
movements measured for the low-angle thrust faults. Symboels as in Figure 13.
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Figure 11: a) conjugate NW-SE reverse faults in serpentinites (south of Uja di Calcante; Lanzo Ultramafic
Complex); b) NW-SE sub-vertical fault reactivating the contact between the serpentinite and rodingites;
Riedel shears displacing centimetre-scale veins in rodingites indicate a reverse component of movement; c)
detail of 3 multi-metre scale tectonic breccias associated with an NW-SE fault {south of the Uja di Calcante;
Lanzo Ultramafic Complex); d) NW-SE steep to moderately dipping transpressional faults dragging and
reactivating the main schistosity in the micaschists (east of Vil; SLU); e) NW-5E steeply dipping
transpressional faults in serpentinites (south of the Uja di Calcante; Lanzo Ultramafic Camplex); ) NE-SW
reverse faults in serpentinites schists (west of Fubina; Lanzo Ultramafic Complex).
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Uja di Calcante

Figure 12: geometry at different scales of the structures associated with the Vio Deformation Zone. a)
panoramic view of the study area with a line-drawing showing the km-scale geometry of the major faults; b)
detail of a) showing a fault dipping to the west with a strong reverse component of movement in
serpentinites (the Lanzo Ultramafic Complex); ©) detail of 3) showing an N-S transpressional fault zone
affecting serpentinites and chlorite schists {50 meters east of the contact between the Lanzo Ultramafic
Complex and the SLU); d) detail of c) displaying an N-S striking positive flower structure that displaces the

contact between chlorite schists and serpentinites.
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Figure 12: Fault pattern with the direction of the incremental strain axes obtained at single structural
stations. Black numbers in the circles indicate the structural stations. The orientations of the average
incremental maximum and minimum strain axes, determined with Bingham distnbution statistics, are also
shown. VDZ: Vit Deformation Zone. Blue and red arrows indicate structural stations related to the faulting
stage 1 and 2 respectively.
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Fiqure 14: a) plan view showing the hierarchical and geometrical relations between the faults associated
with the Vid deformation Zone. b) pseudo 3D-conceptual block diagram; <) simplified structural sketch
showing the clockwise rotation of minor faults within the VDZ. Equal-arez projections (lower hemisphere)
show averaqe kinematic sclutions for the different fault systems. The blue and red extensional quadrants in
the average kinematic solutions indicate faults associated to the faulting stage 1 and 2 respectively. The
thick black great circle indicates the modelled fault plane. For the numerical processing of data, the
FaultkinWin software (Allmendinger et al. 1991 was usad.
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Figure 15: a) map of the structural domains of the study area with related egqual-area plots showing the
distribution of the ST. Equal-area projections {lower hemisphere) show (b) the distribution of the D2, D3
and D4 fold axes {triangles) and axial surfaces {squares)} and {(c) of the faults measured in each structural

domain. VDZ: Vid Deformation Zone.

Figqure 16; simplified conceptual maodel (a-q) showing the different stages associated with the development
of the Vid Deformation Zone (see text for explanation). In a) it is assumed that the LC overlay the SLU and
that the ST slightly dips to the north, as indicated west of the study area by Micolas et al. (1966} and
Balestro et al. (2009). The images bi, b2, d1, 1, f1, gl show mesoscopic scale examples of both ductile
syn-metamorphic (b1, b2) and brittle structures (d1i, e1, f1, g1) in the different sectors of the study area.
b3) and b4} block models show the geometncal patterns of D2-D3-D4 related folds in the westarn and
eastern sector of the study area, respectively. b1) Type 3 interference pattern between D2 and D2 folds in
the gquartz-micaschists (\Viana River); b2) Type I interference pattern between D3 and D4 folds, observable
in map-view, in the serpentinite schists (Lanzo Ultramafic Complex; near the Mulapas stream); d1) NNE-
SSW to NNW-SSE steeply dipping faults showing a positive flower geometry {Lanzo Ultramafic Complex -
west of Fubina village)}; el1) antigorite slickenfibres showing right-lateral sense of movement along an N-S
fault (south of Cialmetta pass; Lanzo Ultramafic Complex); f1) foliated cataclasites associated with an NNW-
SSE sub-vertical fault in serpentinites {Lanzo Ultramafic Complex, south of the Uja di Calcante); S-C
structures indicate a left-lateral sense of movement; ql1) detail of the N-5 decametre-scale fault zone that
juxtaposes the SLU to the Lanzo Ultramafic Complex (south of the Cialmetta pass); S-C structures indicate a
strong reverse compaonent of movement.
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Figure 17: Tectonic sketches showing two steps of the post-Oligocene to current tectonics in the inner
Western Alps and adjoining domains (after Perrone et al. 2011a): a) the NW-SE convergence, coupled with
the anticlockwise rotation, of the Adria plate with respect to the Buropean plate induces a complex strain
partitioning within the inner Alpine chain (Oligocene-Eary(?) Miocena); b) in the inner Western Alps the
anticlockwise rotation is accommodated by dextral movements along the major faults parallel to the trend of
the chain, like the LTZ, whereas the convergence is absorbed by E-W right-lateral faults, like the Orco Shear
Zone; d) the convergence between the Adria and European plate decreases, and gravitational forces
become predominant on the rotational boundary movements in the inner Western Alps, inducing an
extensional reqgime (Early(?) Miocene-Present); &) in the study area the E-W faults undergo normal
reactivation. See Perrone et al. (2011a) for the bibliographic references relative to the structural,
seismological and geodetic data (see the text for explanation). Equal-area lower hemisphere projections
show the cumulative P and T axes relative to the first () and second (f) faulting stages obtained by

mesascopic scale fault measurements. The modified Kamb method proposed by Vollmer (1995), with E=2a
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and inverse area smoothing was used for the contour., Contour interval is 2o beginning at 20, ARL: Aosta-
Ranzola Ling; CHL: Chamonix-Rhone Line; CL: Canavese Line; CRL: Cremosina Line; DM: Dora-Maira Lnit;
GP: Gran Paradiso Unit; HF: Helvetic Front; LF: Longitudinal Faults; LTZ: Col del Lis-Trana Deformation
Zone; 05Z: Orco shear zone; PT: Penninic Thrust Front; PLU: Piemonte-Ligurian Units; SA: South-Alpine
Units; SAT: South-Alpine Thrust; SF: Simplon Fault; SZ: Sesia-Lanzo Zone; TF: Transverse Faults; VDZ: Vil
Deformation Zone. Reference indexes on the map are (1) Champagnac et al. {2004), (2) Perello et al.
(2004}, (3) Perello et al. (1999), (4) Seward and Mancktelow (1994), (5) this study, (&) Balestro et al.
(2009), (7) Sue and Tricart (2003), (8) Labaume et al. (1989), (9) Baietto et al. (2009), (10) Mancktelow
(1992}, (11) Bistacchi et al. (2000}, (12) Sue and Tricart (1999}, {13) Champagnac et al. {2006), (14)
Tricart et al, (2004), (15) Ceriani and Schmid {2004), (16) Eva et al. (1997), (17) Delacou et al. (2004),
(18] Calais et al. (2002), (19) Vigny et al. {2002), {20) Kastrup et al. (2004, (21) Sue et al. (1999), (22
Malusa®™ et al. (2009), (23) Fusetti et al. (2012), (24) Federico et al. {2013), (25) Maino et al. (2013}, (26)
Piana (2000}, (27) Festa et al. {2015), (28) Dumont et al. (2012), (29) Festa et al. (2009), (30) Mosca et
al. (2009), (31) Tallone et al. 2002; {32) Piana et al. (2006}, (33) Bauve et al. (2014).
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