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G. Perrone, P. Cadoppi, S. Tallone and G. Balestro
Abstract

Field mapping and structural analysis have allowed us to characterise the fault geometry and the post-
metamorphic tectonics of an area located in the Northern Cottian Alps (inner Western Alps). Two main
faulting stages were distinguished here. The first (Oligocene?-Early Miocene) is related to the development
of an E-W-striking left-normal shear zone. This shear zone is interpreted as an antithetical of two regional,
N-S right-lateral structures: the Col del Lis-Trana Deformation Zone (LTZ) and the Colle delle Finestre
Deformation Zone (CFZ). The second faulting stage (post-Early Miocene) is related mainly to the
development of N-S normal faults, coeval with the extensional reactivation of the LTZ and the CFZ. We
discuss this kinematic evolution in the framework of the geodynamic evolution of the Western Alps.

Introduction

The arc of the Western Alps (Fig. 1) resulted from the convergence and subsequent collision between the
Adria plate and the European margin of the Tethys since the Late Cretaceous (Ricou and Siddans 1986;
Laubscher 1991; Steck and Hunziker 1994; Schmid et al. 2004 and references therein).



s

|:| Flio-Quaternary deposits
- Late and post-

orogenic deposits
AUSTROALPIMNE UNITS

- Sesia-Lanzo unit
_ Dent-Blanche unit

PIEMONTE-LIGURIAN UNITS
| Helmintaides Flysch units

:\ Trench and oceanic units

PENNINIC UNITS

Upper Penninic units
{Internal Crystalline Massifs)

Middle-Pennine units
Sub-briangonnais units

Lower penninic units
[Lepontine basament nappes)

PREALPINE DECOLLEMENT UNITS SOUTHERN ALPINE UNITS APENNINIC CHAIN UNITS

Chablais Prealps vrea-Verbano Zone |: Ligurian units

Ceontinental crust units
HELVETIC-DOUPHINOIS UNITS - with late to post.Varisican PR ———

I:I Helvetic Dauphinois cover units deposits and igneaus rocks e Strike-slip fault

. s . Thrust fault
l:l External Crystalline Massifs X
—-—-— Trace of the section

ECORS-CROF PROFILE B

TRENCHAND
dura Front Panninie Front ol

Fig. 1

a Tectonic sketch map of Western Alps. The dashed grey rectangle indicates the area shown in Fig. 2. AM Ambin Unit, AR Argentera
Massif, BD Belledonne Massif, DM Dora-Maira Unit, GP Gran Paradiso Unit, La Lanzo ultramafic complex, M Monferrato, MB Mont
Blanc Massif, MR Monte-Rosa Unit, PX Pelvoux Massif, TH Torino Hill, TPB Tertiary Piemonte Basin, ARL Aosta-Ranzola Line, CFZ
Colle delle Finestre Deformation Zone, CHL Chamonix Line, CL Canavese Line, 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 Padan Thrust Front,
RFDZ Rio Freddo Deformation Zone, RL Rodano Line, SAF Southern Alpine Thrust, SF Simplon Fault, STF Stura Fault, SVL Sestri-
Voltaggio Line, TL Tonale Line, VVL Villavernia-Varzi Line. After Bigi et al. (1990), Bistacchi and Massironi (2000), Piana (2000) and
Perello et al. (20044, b). b Crustal-scale interpretation of the ECORS-CROP (trace of the section in a). CL Canavese Line, HU Houiller

Unit, MB Mont-Blanc Unit, VU Valaisan Unit, SB Gran St. Bernard nappe. After Roure et al. (1990)

The early tectonic Alpine history (Late Cretaceous—Paleocene) is related to the subduction of the oceanic
crust, with the juxtaposition of nappes under high to very high-pressure metamorphic conditions (Coward
and Dietrich 1989; Polino et al. 1990; Schmid and Kissling 2000).



The continental collision (Late Eocene—Early Oligocene) is responsible for the fore-thrusting towards the
external domain (Schmid and Kissling 2000), and the eastward back-thrusting, in the internal domain
(Tricart 1984; Debelmas 1986; Platt et al. 1989; Tricart and Sue 2006), occurred mostly under greenschist
facies metamorphic conditions.

Starting from the late Oligocene, the post-collisional tectonics induced dextral strike-slip faulting in the
most internal sectors of the chain, along the Canavese Line (CL in Fig. 1; Schmid et al. 1987), and in the
external sectors, along the Chamonix Line and Rhone Line (CHL and RL in Fig. 1; Gourlay and Ricou 1983;
Hubbard and Mancktelow 1992). Also within the Argentera Massif, some regional NW-SE striking faults
show right-lateral movements (Perello et al. 2001; Baietto et al. 2009). By contrast, in the Jura Mountains, a
NW-vergent fold and thrust belt developed since the Miocene (Mugnier and Vialon 1986). In the inner part
of the chain, bordered by the Penninic Frontal Thrust and the Canavese Line, a number of papers (Cannic et
al. 1999; Bistacchi et al. 2000; Rolland et al. 2000; Collombet et al. 2002; Calais et al. 2002; Agard et al.
2003; Sue and Tricart 1999, 2002, 2003; Delacou et al. 2004, 2008; Champagnac et al. 2004, 2006;
Selverstone, 2005; Tricart et al. 2001, 2004, 2007; Sue et al. 2007a; Schwartz et al. 2008) based on
structural, fission track, paleomagnetic, seismological and geodetic data showed an extensional-
transtensive regime at least since the Miocene. In the central part of the Western Alps, two regional brittle
fault systems, the Longitudinal and Transversal Fault systems (LF and TF in Fig. 1, Sue and Tricart 2002,
2003; Tricart and Sue 2006), accommodated this regime, which also caused the inversion of the Penninic
Frontal Thrust (Sue and Tricart 1999), the westward tilting of the nappe pile of the Piemonte Zone (Tricart
et al. 2004; Schwartz et al. 2008) and the doming of the Dora-Maira Unit (Philippot 1990; Ballévre et al.
1990). In the northern sector of the chain, E-W transtensive faults (OSZ in Fig. 1) were described by Perello
et al. (2004b), whereas Bistacchi et al. (2000) found an extensional regime with a dominant stretching
direction parallel to the belt, mostly related to the activity of the Simplon (SF in Fig. 1) and Aosta-Ranzola
(ARL in Fig. 1) faults. Champagnac et al. (2004, 2006), on the basis of the paleostress analysis of several
meso-structural data, showed a more complex post-collisional tectonic evolution for this sector
characterised by the occurrence of a further extension direction, roughly perpendicular to the trend of the
belt, that follows the orogen-parallel extension.

Different models have been proposed to explain this complex structural setting, such as westward
extrusion (Coward and Dietrich 1989), dextral transcurrence at the scale of the chain induced by the
counterclockwise rotation of the Adria plate since Oligocene (Vanossi et al. 1994; Castellarin 2001;
Collombet et al. 2002; Agard et al. 2003; Sue and Tricart 2003; Malusa et al. 2005, 2009), and polyphasic
models that associate south-westward extrusion (Sue et al. 2007a; Champagnac et al. 2004, 2006) or
dextral transcurrence (Delacou et al. 2004; Perello et al. 2004b) with buoyancy forces.

In this work field mapping, detailed structural and morphostructural analyses (Perrone 2006) were
integrated with the aim to outline the fault geometry and the post-metamorphic kinematic evolution of an
area located in the inner Western Alps (Northern Cottian Alps, see Fig. 2). The results of this study have
been integrated with the investigations carried out in the adjacent areas, in the framework of the CARG
project (Bardonecchia, Susa and Torino Ovest sheets of the geological map of Italy at a scale of 1:50,000;
Polino et al. 2002; Carraro et al. 2002; Balestro et al. 2009b) and in the context of the feasibility study for
the Turin-Lyon railway connection (Sacchi et al. 2004; Perello et al. 2004a), in order to outline the post-
collisional tectonic evolution of the Northern Cottian Alps. These new data may represent a further
constraint for the kinematic model of the internal Western Alps and give a better insight into the
mechanisms that drove its tectonic evolution by Late Oligocene times.
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Structural setting of the Northern Cottian Alps (after Cadoppi et al. 2007) with published thermo-chronological data. Zircon fission
track (FT) data from Bernet et al. (2001); Apatite FT data from Cadoppi et al. (2002a), Balestrieri et al. (2004), Malusa et al. (2005),

Tricart et al. (2007) and Schwartz et al. (2008)
Regional fault systems of the inner Central-Western Alps

Two major first-order lithospheric discontinuities bound the inner part of the Western Alps: the Penninic
Frontal Thrust (PF) and the Canavese Line (CL) (Fig. 1).



PF separates the alpine HP/LT metamorphic units from the underlying low-grade metamorphic units. Its
main activity occurred in the Early Oligocene (Tricart 1984); since the Miocene times the PF underwent an
extensional reactivation (Tricart et al. 2001).

CL represents the boundary between the alpine metamorphic units and the retroforeland verging fold and
thrust belt of the Southern Alps. This is described as a steep dextral-reverse fault that was active mainly
during the Oligocene—Miocene (Schmid et al. 1987, 1989); its continuity in the South-Western Alps, at
present masked by the deposits of the Po Plain, and its persistence at depth has been inferred through the
interpretation of different seismic, gravimetric and magnetic investigations (Lanza 1975; Ménard and
Thouvenot 1984; Nicolas et al. 1990; Béthoux et al. 2007; Mosca et al. 2009).

Other regional fault systems in the central part of the inner Western Alps were recently described. These
structures may be considered minor faults of the CL and PF and correspond to:

e Col del Lis—Trana Deformation Zone (LTZ in Figs. 1a, 2, 3), extending for about 30 km from the
Lower Susa Valley to the Lower Sangone Valley. The LTZ is characterised by N—S major faults and
by NNW-SSE and NNE-SSW minor faults, linked in a through-going shear zone with dextral
shearing and a minor reversal component. At regional scale, the dextral component of
movement is expressed by the clockwise rotation of the pre-existing syn-metamorphic structures
(foliations, lithological and tectonic contacts) from an E-W to a N-S direction (Balestro et al.
2007, 2009a) approaching the LTZ. Subsequently, this structure underwent an extensional
reactivation outlined both by the overprinting of different striae generations and by the cross-
cutting relations among transcurrent and normal faults. Since the LTZ seems to be a persistent
and deep-rooted structure, it is interpreted as a minor sub-parallel fault strand of the postulated
southern prolongation of the CL (Fig. 3; Balestro et al. 2009a).
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Geological section across the innermost Cottian Alps. Trace of section in Fig. 2

e Colle delle Finestre Deformation Zone (CFZ in Figs. 1a, 2; Carraro et al. 2002). This structure runs
from the Lower Susa Valley to the Middle Chisone Valley, juxtaposing in its southern termination
different units of an oceanic setting (Cadoppi et al. 2002b). The kinematics of the CFZ has evolved
from right-lateral to normal (Tallone et al. 2002; Cadoppi et al. 2007). Pleistocene to Holocene



deposits displaced by mesoscale normal faults (Carraro et al. 2002; Giardino and Polino 1997;
Polino et al. 2002) and neotectonic landforms suggest that their late extensional activity was
protracted until the Quaternary (Cadoppi et al. 2007);

e Longitudinal Fault system (Fig. 1a; Sue and Tricart 2002, 2003). These N-S to NW—SE multi-
kilometric steep normal faults displace the Briangonnais Zone units. The LF was reactivated with
right-lateral movements during the Pliocene times (Sue and Tricart 2003).

e Transverse Fault system (Fig. 1a; Sue and Tricart 2002, 2003), corresponding to NE-SW and E-W
faults developed mainly in the Piemonte Zone. East of Briangon these structures are described as
normal faults, some of which show evidence of left-lateral reactivation (Sue and Tricart 2003). In
the Middle Susa and Chisone Valleys (Figs. 1a, 2), they are described as right-lateral faults
(Perello et al. 2004a; Malusa 2004) reactivated, in the Pleistocene times, by normal-sinistral
movements (Giardino and Polino 1997).

Geological setting of the Northern Cottian Alps

In the Northern Cottian Alps, different continental margin, oceanic and trench units of the Penninic Domain
(Figs. 2, 3) are exposed. The deepest of this unit, stacked during the syn-metamorphic tectonic phases, is
represented by the Dora-Maira Unit (DM). The DM is a continental crust unit characterised by a pre-
Mesozoic basement, mainly composed of poly- and mono-metamorphic metapelites intruded by
metaintrusives related to the late Variscan magmatic event. A Mesozoic metasedimentary complex made
of dolomitic marbles and calcschists rests on this basement.

In the mapped area (Fig. 4), the DM is represented by three superposed basement complexes composed of
metagranites, metadiorites and metasediments (that include polymetamorphic garnet-chloritoid
micaschists, Carboniferous graphite schists and paragneisses) bounded by syn-metamorphic ductile
contacts (Cadoppi and Tallone 1992; Sandrone et al. 1993; Bussy and Cadoppi 1996).
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Fig. 4

Geological-structural map of the study area, with Schmidt equal-area projections (lower hemisphere)
showing the mesoscopic data collected in the entire study area relative to (a) ST foliation, (b) total faults
and (c) fractures. The inset shows the location of the study area (keys as in Fig. 1a), and the heavy dashed
lines indicate the limits of the mapped area. CF Chisone Fault, CFZ Colle delle Finestre Deformation Zone, CL
Canavese Line, LTZ Col del Lis—Trana Deformation Zone, PGFS Pinasca—Gran Dubbione fault system, PMF
Porte-Malanaggio Fault, SFS Sangone fault system. Modified from Perrone et al. (2009a)

The DM is overthrusted by units belonging to the Piemonte Zone, consisting of metaophiolites, which
represent slices of the Mesozoic Ligurian—Piemontese Ocean and metasediments that probably are the
remnants of converging foredeep deposits (Pognante 1980; Lemoine and Tricart 1986). Well-preserved
peridotites that mostly escaped Alpine metamorphism, belonging to the Lanzo ultramafic complex, are
interpreted as a slice of lithospheric mantle (Elter et al. 2005 and reference therein).

All these units shared the same Alpine tectono-metamorphic evolution. The two earlier deformation phases
(D1 and D2 phases; Pognante and Sandrone 1989), coeval with high-pressure metamorphism (Eoalpine
event), caused the stacking of the main units and the development of large-scale isoclinal folding. Regional
re-equilibration in greenschist facies (Mesoalpine event) is coeval with the subsequent D3 deformation
phase characterised by regional south-verging folds (Cadoppi and Tallone 1992). The late-metamorphic
tectonic evolution is consistent with roughly N-S-trending open to gentle fold system ascribed to the D4
phase (Cadoppi et al. 2002b), widespread mainly at all scales in the metasedimentary units of the Susa
Valley.

Fission track data (Fig. 2) indicate that since Oligocene this sector of Western Alps reached shallow crustal
levels, where metamorphic processes are absent, and a complex fault network developed.

Structural analysis

The analysis of post-metamorphic discontinuous deformations has been carried out by field mapping
(1:25.000 scale, Fig. 4) as well as detailed meso-structural analysis of brittle shear zones. The fault network
affecting the study area has been compared with the pattern of the lineaments detected by multi-scale
photo-interpretation (by means of Landsat7 and aerial images) to obtain a better insight into the geometry
and hierarchy of the observed structures (Fig. 5; see also Perrone et al. 2009a for a more detailed
discussion). This integrated approach allowed us to distinguish different structural domains with distinctive
fault patterns and to locate the traces of inferred faults that separate sectors with different internal fault
geometries. The interpretation of the data is based on the definition of distinct structural associations
(sensu Hobbs et al. 1976) which represent different tectonic stages recorded during the post-metamorphic
tectonic evolution. As proposed by some authors (Dehandschutter 2001; Rossetti et al. 2002; Perello et al.
2004b), the structural characterisation of faults in the field was carried out on the basis of
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a map of the morphotectonic elements of the study area. (1) double ridge, (2) linear ridge, (3) peaks
alignment, (4) deep fluvial incision, (5) straight fluvial incision, (6) straight valley, (7) fluvial diversion, (8)
upstream confluence, (9) new born valley head, (10) altimetric discontinuity along ridge, (11) wind gap and
pass, (12) major scarps, (13) asymmetric valley (14) deep seated gravitational slope deformation, (15) main
fluvial terraces. b Interpreted lineaments map in the study area. DM Dora-Maira Unit, PZ Piemonte Zone

e geometry;

e analysis of kinematic indicators and distribution of slip vectors;
e rheology and thickness of fault-related rocks;

e mineralogy of slickenfibres on fault surfaces.

Major and minor faults also were differentiated on the basis of their length and the width of the damage
zone.

Because Neogene geological and stratigraphic markers that allow chronological constraints on the activity
of the post-metamorphic structures are lacking, the relative ages of faults are based on their cross-cutting
relations and on the nature of the fault rocks.

In the following paragraphs, the hierarchy, geometry and kinematics of the different fault systems are first
analysed, and then the paleostrain analysis of fault-slip data is discussed in order to deduce the orientation
of the principal strain axes in the study area.

Following Angelier (1994), in this paper, we use the term ‘fault’ to refer to a single fault segment and ‘“fault
system’ to arrays of roughly contemporaneous faults. Moreover, under the general term of ‘deformation
zone’, we refer to a regional, highly strained domain of multi-kilometre length and kilometre-scale-thick
damage zone, which underwent poly-phase kinematic activity.

Geometrical analysis of the fault pattern

Four main fault systems are developed with average strikes E-W, NE-SW, N-S and NW-SE (Fig. 4).
Slickenlines show strike-slip and dip-slip movements (Fig. 6).
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Fig. 6

Contoured stereoplots (equal-area, lower hemisphere projections) relative to the brittle structural data collected in the mapped
area. The great circles show the mean fault plane orientations of the different fault systems. Data contoured atn=2, 4, 6, 8, 10
times uniform

The major post-metamorphic features correspond to two sub-parallel, roughly E-W striking, steep
structures (Fig. 4): (1) the Sangone fault system (SFS) in the northern part of the study area and (2) the
Chisone Fault (CF) in the southern part. Between the SFS and the CF, some minor structures are present: (1)
the NE-SW fault system, (2) the N-S striking Pinasca—Gran Dubbione fault system (PGFS), (3) the NW-SE
striking Porte-Malanaggio Fault (PMF).

These faults bounds approximately homogeneous structural domains, characterised by a distinctive
internal fault pattern.

The development of these structures has been influenced by the lithology: in the micaschists, the well-
developed main schistosity, a composite fabric related to the D1 and D2 deformation phases, provides a
suitable structural anisotropy for fabric reactivation during faulting; in these rocks, brittle shear zones are
typically characterised by scarce lateral persistence and narrow damage zones and are widespread in the
whole rock volume. In the more homogeneous metaintrusive rocks (metagranites, metadiorites and
orthogneiss), brittle faulting is more localised (fault-damage zones up to several metres wide, and fault
cores ranging from a few millimetres to 3 or 4 m), and the faults usually cross-cut the metamorphic
schistosity.

Sangone fault system (SFS)

At map scale, the SFS comprises several sub-parallel and discontinuous E-W-striking faults that reach about
5 km of trace length. These structures are usually sub-vertical and are linked by a few minor NE-SW faults
up to 500 m long (Figs. 4, 7). The SFS is about 2 km wide and is developed mainly along the left side of the
Lower Sangone Valley, where its morphology is characterised by the alighnment of passes, ridges, scarps and
straight valleys. Morphostructural elements (E-W-striking lineaments, straight river incisions) indicate that
these faults continue westward, for some kilometres, in the Sangone valley (Fig. 5). In the SFS, the
deformation is distributed within steeply dipping, narrow cataclastic belts. Fault rocks are represented by
cataclasites, foliated cataclasites with centimetre-scale thickness and rarely by non-cohesive tectonic
breccias. The first-order faults are characterised by damage zones up to 10 m wide. At the mesoscale, these
structures display a weakly anastomosed geometry in map view, outlined by metric to decametre-scale
ENE-WSW- to ESE-WNW-striking fault segments that dip predominantly 60—80° to the south. Quartz and
chlorite slickenfibres indicate both left-lateral and left-normal senses of movement (Figs. 8a, 9a), although
rare dextral senses of displacement have also been observed. A chlorite- and quartz-filled vein system with
millimetre-scale thickness, sub-parallel to the faults, is also present, attesting to a minor extensional
component along the SFS (Fig. 8a). The metamorphic foliation (ST), dipping about 30—-40° to the north, also
has been reactivated at times by an extensional shear zone.
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Geological cross-sections of the study area. Traces of the cross-sections and abbreviations are shown in Fig.
4
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Equal-area projections (lower hemisphere) showing fault-slip data for the different structural domains with
related average kinematic solutions. The fault planes are represented as great circles, whereas the arrows
indicate movement of the hanging wall of the faults; in a, b and f, the small plots are related to the
associated veins. N and Nv are the number of measurements of fault-slip data and veins, respectively. In
the average fault plane solutions, grey and white areas represent the extensions and shortening quadrants,
respectively. Open circles and black squares represent the P and T axes for each fault measured, and the
great circles indicate the orientation of the two nodal planes. The triangle, star and square indicate the
maximum, intermediate and minimum shortening axes for the average incremental strain solution. Bold
great circles are modelled faults. The principal shortening (P) and extension (T) axes for the incremental
strain tensor associated with each fault have been calculated by means of the software Faultkin
(Allmendinger et al. 1991). This program assumes that the P and T axes for each fault plane lie at 45° to
both the fault normal and slip vector (slickenline orientation). Sense of slip allows the distinction between
the P and T axes, and the intermediate axis lies perpendicular to both P and T. The average orientations of
the incremental strain axes were calculated using linked Bingham statistics. Abbreviations as in Fig. 4



Fig. 9

a Sangone fault system. E-W striking left-lateral fault with quartz slickenfibres in augen-gneiss. b NE-SW
fault system. Conjugate normal faults in metagranodiorites. c Pinasca Fault. Backscattered electron image
of tectonic breccia in orthogneiss. Pure cataclastic process is involved in the grain-sized reduction of quartz
(Q) and feldspars (F) without cement precipitation. d E-W faults with chlorite slickenfibres (a) cross-cut by
N-S faults (b), producing gouge with millimetric thickness (near Pinasca village). e W-verging reverse shear
zone with associated drag folds in graphite micaschists (near Porte village). f Porte-Malanaggio Fault. Shear
bands indicate reverse movement in graphite micaschists

Chisone Fault (CF)



The CF (Figs. 4, 7) reaches a length of about 5 km in the mapped area, but it could continue outwards in the
adjoining sectors. It has been inferred along the E-W segment of the Chisone River, where it separates two
blocks, displaying different internal fault patterns and strain intensities.

NE-SW fault system (NE-SW f.s.)

The NE-SW f.s. is constituted, at map scale, by several steep and strongly discontinuous N40°—60°E faults,
which reach a length of about 3 km and are widespread between the Sangone and Chisone Rivers (Fig. 4).
These structures are well evident morphologically, as they strongly influence the hydrographical network
(Fig. 5). N40°—60°E fault segments are characterised by very narrow damage zones, up to a few metres
wide. Fault-related rocks are mostly represented by foliated cataclasites and cataclasites that reach
centimetre-scale thickness. At the mesoscale, these faults dip mostly 50-70° to the NW and are
represented by discrete fault planes. These structures are usually characterised by normal and left-normal
senses of movement (Fig. 8b), as indicated by Riedel shear-sense indicators and chlorite and quartz
slickenfibres, and commonly are arranged in conjugate systems (Fig. 9b). Some of the NE-SW faults are
linked by minor sinistral E-W faults, indicating that these structures are characterised by curved surfaces.
At the mesoscopic scale, the E-W faults periodically reactivate the metamorphic foliation, where they are
favourably oriented, and are constituted by N70°—100°E faults. Sub-parallel joints and chlorite-filled vein
systems, some arranged in en echelon shear arrays, are also developed in correspondence with the NE-SW
f.s. (Fig. 8b).

Pinasca—Gran Dubbione fault system (PGFS)

The (PGFS) is composed of three steeply dipping N-S faults up to 4 km long (Figs. 4, 7). Morphologically
these structures are evidenced by straight, deeply incised or asymmetric valleys, by abrupt changes of the
river’s drainage direction, by steep scarps and ridges (Fig. 5).

The eastern and central faults display damage zones up to some metres wide, with an anastomosed
geometry consisting of sub-vertical N340°E- to N30°E-striking faults. At mesoscale, S—C structures indicate
that these faults are characterised by right-lateral movements (Fig. 8c), as also indicated at map scale by
the restoration of the lithologic contact offset. Fault rocks associated to strike-slip faults are mostly
represented by cataclasites.

Some mesoscale south-verging thrusts that usually reactivate the metamorphic schistosity in the graphite
micaschists are widespread between those two faults. These structures may be interpreted as bridge
structures (sensu Gamond 1987) that accommodated the localised fault-parallel shortening induced by the
major N=S transcurrent faults.

The western fault segment is characterised by a damage zone 50-60 m wide and by a metre-scale-thick
fault core, with non-cohesive tectonic breccias, microbreccias and gouge (Fig. 9c). At the mesoscale, this
structure is composed of roughly N-S normal faults, with some arranged in conjugate systems (Fig. 8d). The
rheology of the fault rocks (non-cohesive breccias) and the lack of quartz and chlorite mineralisation on the
minor fault surfaces indicate that the fault formed under shallow crustal levels (less than 4 km with
standard geothermal gradients; Sibson 1977). Cross-cutting relations (Fig. 9d), mainly observed at the
mesoscale, moreover indicate that these faults clearly post-date the NE-SW f.s. Other minor N-S faults,
associated to the development of tectonic breccias, are also observed in the Chisola Valley and in
correspondence with the Sangone fault system.

Porte-Malanaggio Fault (PMF)



The PMF is a reverse fault, reaching a length of about 3 km, that superposed Malanaggio metadiorites in
the hanging wall with graphitic micaschists in the footwall, which accommodated most of the deformation
(Figs. 4, 7). At present, it is not possible to define the amount of displacement of this structure. The damage
zone of the PMF reaches a decametre-scale width. Fault rocks are represented by foliated cataclasites up to
1 m thick. In correspondence with the PMF, the metamorphic foliation (ST) is rotated into the parallelism
and reactivated by the NW-SE faults with the development of shear bands and drag folds that indicate a
reverse sense of displacement with a minor dextral component (Figs. 8¢, 9f).

N-S fault system

South of the Chisone Fault only a few N-S steeply dipping and strongly discontinuous faults up to 1 km long
are widespread. These structures usually display a normal sense of movement (Fig. 8f) and are
characterised by centimetre- to metre-scale damage zones. Chlorite and quartz fibres are usually
widespread on the fault surfaces and in the associated vein systems, sometimes arranged in en echelon
shear arrays (Fig. 8f).

The post-metamorphic structures also include N350°W- to N30°E-trending folds (Fig. 10a) mainly developed
at the mesoscopic scale mostly in the graphite micaschists and at times associated with low- to medium-
angle N-S to NW-SE thrust faults (Figs. 9e, 10b, c). These folds display open to tight profiles, depending on
the characteristics of the deformed rock type, and are usually characterised by western vergence. The
absence of metamorphic recrystallisation indicates that these structures formed under brittle-ductile to
brittle conditions. Some minor E-W thrust faults have also been rarely observed in the field (Fig. 10d). No
cross-cutting relations among these different thrust systems have been observed.

n= 21




Equal-area projection (lower hemisphere), showing mesostructural data relative to post-metamorphic folds
(a) and minor low-angle faults (b—d) in the analysed area. In a, black and open circles represent fold axes
and fold axial planes, respectively

Paleostrain analysis
Methodology

In agreement with some authors (Claypool et al. 2002; Perello et al. 2004b; Rossetti et al. 2002), who
worked in similar structural contexts, we preferred not to resolve the paleostress field, owing to the
possibility that rigid rotation and tilting along boundaries of fault-bounded blocks (Gapais et al. 2000; Twiss
and Unruh 1998), mechanical interaction among different faults (Dupin et al. 1993; Pollard et al. 1993;
Nieto-Samaniego 1999) and reactivation of inherited anisotropies that cause the development of structures
at angles different from those predicted by the Coulomb failure criterion (Harris and Cobbold 1984; Flodin
and Aydin 2004) could occur as deformation proceeds. Therefore, in areas characterised by a long and
complex tectonic evolution, like that analysed in this work, as already stressed by some authors (Marrett
and Allmendinger 1990; Twiss and Unruh 1998), the assumptions on which is based the dynamic analysis
(spatially and temporally homogeneous state of stress, isotropic material, absence of mechanical
interaction among faults) are seldom satisfied. According to Twiss and Unruh (1998), if conditions on which
paleostress inversion techniques are based on are not verified, the calculated paleostress principal
directions should be conversely considered as directions of incremental shortening and elongation. By
contrast, the paleostrain analysis, even if represents a more qualitative approach, requires less restrictive
assumptions (faults may be considered as scale invariant and homogeneously distributed within the
sampled rock mass) that may be satisfied also in such complex structural contexts.

In the light of this discussion, the analysis of fault-slip data is here carried out using the kinematic approach.
The paleostrain analysis allowed us to determine the orientation of the principal axes (i.e. the P and T axes)
of the strain ellipsoid, the bulk kinematics of the map-scale faults and the establishment of kinematic
compatibility among different faults (see also Claypool et al. 2002, for a similar approach). This
methodology, similarly to that used in the seismological studies, is based on the moment tensor summation
which characterises infinitesimal strain due to fault rupture during an earthquake (Marrett and
Allmendinger 1990). P and T axes are located at 45° to the nodal planes of a fault plane solution and at 90°
from the intersection of the nodal planes (corresponding to the [ axis). According to Marrett and
Allmendinger (1990), no interpretation is involved in the determining the kinematic axes of a fault from
field measurements. The kinematic axes represent a simple and more immediate graphical representation
of the original field data. When homogeneous fault populations are analysed, P and T axes show maxima
concentrations, representing a solution for the orientation of the global incremental strain axes (Marrett
and Allmendinger 1990; Twiss and Unruh 1998).

Because each fault system represents a domain of homogeneous deformation, the paleostrain analysis is
here discussed integrating data collected in selected structural stations, mostly located in the
correspondence of the map-scale faults (Fig. 11; Table 1), with data collected in each homogeneous
structural domain (Fig. 8). An average kinematic solution is then calculated using the linked Bingham
distribution statistics. This procedure allows determining the direction of the three axes of the incremental
strain ellipsoid for the fault population (Marrett and Allmendinger 1990). This approach assumes that all
faults are equally weighted (i.e. faults are considered as scale invariant). Fault-slip data were, therefore, not
weighted in relation to fault displacement or fault dimension. The average fault plane solution calculated
for each fault population shows, moreover, graphically the bulk kinematics of the different fault systems.



The distribution of the P and T axes, together with the bulk fault plane solution for each fault system, is
represented in separate plots (Fig. 8).
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Fault network, with the direction of the strain axes obtained at single structural stations. Black and grey
numbers in the circles indicate the structural stations related to the D4 and D5 phases, respectively (see
text for explanation). The orientation of the average incremental maximum and minimum strain axes,

determined with Bingham distribution statistics, is also shown

Table 1

No Site Longitude Latitude Altitude Al A2 A3 N

1 7°15.75" 45°15.75' /1000 317/5 |50/23 217/66 4
2 7°15.58" 145°03.09' 940 137/11228/7 |351/77 5
3 7°16.15" 45°02.98' 750 141/14 246/46 38/41 4
4 7°16.28" 145°03.00" 750 335/8 219/72 68/15 4
5 7°11.66"  44°58.58' /1000 353/8 |85/10 225/77 9
6 7°13.27"  44°57.72' 1010 109/19 210/28 |350/55 |5
7 7°13.35" 44°57.48' 915 315/18 |216/26 75/57 4
8 7°14.65" |44°57.15' 835 340/22 78/18 204/60 5
9 7°15.08" 44°57.33" 805 129/8 |22/64 |222/255
10 7°17.65" 44°55.90" 593 332/9 |66/26 224/62 8
11 7°16.25" 44°51.60" 800 104/37 |204/12 |309/50 4
12 7°14.87" 44°58.16' 1015 142/25 351/62 239/12 |7
13 7°16.20"  44°53.43' 565 317/76 150/13 59/3 14
14 7°18.67"  44°55.23" 570 134/68 31/5 299/217
15 7°16.53" |44°53.82' 750 266/71 149/9 56/16 2
16 7°14.88" 44°57.33" 845 359/79265/1 |175/11 11
17 7°14.15"  |44°57.78' 1005 113/18 15/25 235/59 5
18 7°15.58"  44°58.75' /1020 281/4 11/4 148/84 8
19 7°15.89" |44°53.70" 730 140/2 50/0 |313/88 5

See Fig. 8 for the corresponding stereonets. A1, A2 and A3 are principal strain axes (trend, plunge) where A1
>A2>A3

Sense of shear indicators was obtained mainly by the measurement of quartz and chlorite slickensides, S—C
structures, and by inflections of schistosity near the fault plane. Only best quality kinematic indicators were
used to perform the paleostrain analysis.

Data analysis

As for the geometrical analysis, first, the kinematic analysis for the main structures (SFS) and afterwards the
hierarchically associated minor structures (NE-SW f.s., PGFS, PMF, N-S f.s.) are discussed. Since no fault-
slip data are available for the Chisone Fault, it was not possible to perform the paleostrain analysis.

Sangone fault system



Fault-slip data (Fig. 8a; stations 1, 2, 3, 4 of Fig. 11) show mostly left-lateral to left-normal and
subordinately normal movements. Paleostrain analysis indicates that these faults are consistent with
mostly sub-horizontal to moderate north-eastward dipping and subordinately steeply dipping P axes with
constant sub-horizontal NNW-SSE- to NW-SE-trending T axes (Fig. 8a). Because both transcurrent and
transtensive/normal faults show the same fault rocks (cohesive and foliated cataclasites) and
mineralisations (albite, chlorite and quartz) on fault surfaces, we associate these different movements to a
single transtensive faulting stage. The variability of the shortening direction is therefore interpreted in
terms of partitioning of the transcurrent and normal component of movement (see also Depaola et al.
2005) along the SFS.

The average fault plane solution shows left-normal displacement on a fault plane that on average strikes
84°E and dips 60°S (Fig. 8a) with a shortening axis moderately dipping NE and a sub-horizontal extension
axis.

NE-SW fault system

The normal and normal-left movements along the dominant NE-SW fault system are consistent with
mostly moderate to steeply dipping shortening axes with sub-horizontal NW—-SE extension (Fig. 8b and
stations 5, 6, 7, 8, 10 in Fig. 11). A NE-SW sub-horizontal shortening direction is instead associated with the
subordinate E-W left-lateral faults (station 9 in Fig. 11). Normal and transtensive movements along the NE—
SW faults are interpreted as associated to a single faulting stage, as these show the same fault rocks
(cohesive and foliated cataclasites) and mineralisations (albite, chlorite and quartz) on faults surfaces, as
already described also for the SFS. The bulk kinematic fault plane solution that incorporates all of the data
sets for these faults shows normal displacement along a moderately NW-dipping fault plane, consistent
with a steep shortening axis and a roughly NW-SE sub-horizontal extensional axis (Fig. 8b).

Paleostrain analysis has not been carried out for the dextral movements observed along these faults
because their paucity. These last movements may be related to block rotations between E-W striking
sinistral major faults (SFS and CF) or associated to a further faulting stage. No overprinting relations have
been found between the different senses of movement allowing to constrain with accuracy the tectonic
interpretation of these data.

Pinasca-Gran Dubbione fault system

Paleostrain analysis for the right-lateral faults (eastern and central faults; see above) shows sub-horizontal
NE-SW shortening and NW-SE extension axes (Fig. 8c; station 12 in Fig. 11). The bulk fault plane solution
indicates for these faults right-lateral displacements on a fault plane that on average strikes N20°E and dips
85° to the WNW (Fig. 8c). The roughly E-W thrust faults widespread between these N-S faults, consistent
with a N=S shortening direction (station 16 in Fig. 11), may have accommodated a local shortening induced
by the mechanical interaction between the N-S right-lateral fault.

The fault-slip data related to the normal faults (western fault segment, see above) are instead consistent
with a steeply dipping shortening direction and with an ENE-WNW extension direction (Fig. 8d; stations 17,
18 in Fig. 11). The bulk fault plane for this fault population corresponds to a fault plane moderately dipping
to the east (Fig. 8d). Fault rocks (tectonic microbreccias and gouge) indicate that normal faults formed at
shallower crustal levels than the strike-slip faults (cataclasites; Sibson 1977; Scholz 1988). N-S normal faults
moreover cross-cut the NE-SW normal faults in the field (Fig. 9d).

Porte-Malanaggio Fault



The kinematic analysis of associated NNW-SSE minor shears, interpreted as Riedel shears of the PMF, yields
NE-SW shortening axes with a sub-vertical extension. The modelled fault orientation, parallel to the
average strike of the measured fault population, shows reverse displacement, with a minor dextral
component, on a plane that dips 44° to the SW (Fig. 8e, station 13 in Fig. 11).

N-S fault system

Normal movements on the dominant N-S faults are consistent with an average sub-vertical shortening and
with an average E-W to WNW-ESE extension (Fig. 8f; station 11 in Fig. 11). The bulk fault plane solution
indicates normal movements on a steeply dipping NNE-striking fault plane.

The low-angle-dipping thrust faults, occasionally observed in the graphitic micaschists, are mostly
consistent with a NE-SW (station 15 in Fig. 11) or with a WNW-ESE (station 14 in Fig. 11) shortening
direction.

Synthesis of the data

In Fig. 11, which shows the strain pattern in the analysed area, T axes are mostly sub-horizontal and on
average trend NW-SE, whereas P axes display quite variable orientations, as those are influenced by the
kinematics of the map-scale structures. In synthesis:

e sub-horizontal NE-SW- to ENE-WSW-trending P axes are observed close to the SFS in the northern
sector of the area (stations 3, 4), of the PGFS in the central part (station 12) and of the PMF in the
southern part (station 13). Also structural stations in correspondence with minor E-W faults
(station 9) and with the minor thrust faults furnish sub-horizontal NE-SW- to ESE-WNW-trending P
axes (stations 14, 15);

e sub-horizontal N-S-trending P axes (station 16) are mostly concentrated between the N-S strike-
slip faults of the PGFS;

e steeply dipping P axes with mostly NW—SE- to NNW—-SSE-trending T axes are widespread in the
central part of the area, where the NE-SW fault system is well developed (stations 5, 6, 7, 8, 10)
and in correspondence with the SFS (stations 1, 2);

e steeply dipping P axes with E-W-trending T axes are observed south of the Chisone Fault (station
11), where a minor and discontinuous N=S fault system is developed, and in correspondence with
the western fault of the PGSF (station 17, 18)

Discussion
Post-metamorphic structural evolution of the mapped area

On the basis of the geometrical, cross-cutting relations and paleostrain analysis, two main homogeneous
fault populations have been distinguished, characterised by different orientations of the maximum and
minimum shortening axes (P and T axes) and by dissimilar fault-related rocks (cataclasites and foliated
cataclasites versus tectonic breccias, microbreccias and gouge). In the following description, these fault
populations will be related to two distinct faulting stages, named D4 and D5 phase. Table 2 summarises the
kinematics and characteristics of the structures related to each phase.



Table 2

Correlation of the characteristics of structures, fault rocks and orientation of strain axes associated with the
D4 and D5 phases

Deformation Sense of moventent of fauirs , - ) Orientation of
event NE-5W fs PGFS SFS PMF N-5 [.s. adhersirictres ] LT rockr | Shckonfhres strain axes
NE-SW 1o
ENE-WSW
Lefi-lateral Reverse Minor NE- and Cataclasites shoriening
normal R'I'L."I[— with minor with minor al .\'W-\'urg._'ing ) d:;":.' 'lNlLJ chlorite, direction and
D“' lateral normal dextral o thrust faults *l_l_] ) _T_ ]‘.Ik‘. quanz, albite NW-SE
component component NMNW-S5E folds calacisites NNW-SSE
extension
direction
Sub-vertical
Ine . shortening
ncohesive -
D narmal normal breccias, e e jreckion & ue
E] slickenfibres ENE-WSW
gouge .
extension
direction

Grey cells no available data. Abbreviations as in Fig. 4

The geometry, kinematics and hierarchical relations of the faults mapped in this work, shown in Fig. 12, are
in good agreement with the structural association of an E-W left-lateral shear zone, with a minor
extensional component of movement (Sanderson and Marchini 1984), whose development is here related
to the first faulting stage (D4 phase). The northern and southern boundaries of this shear zone, about 15
km wide, correspond to two sub-parallel, steeply dipping discontinuities: the Sangone fault system and the
Chisone Fault. The NE-SW faults represent minor extensional splays, with a minor sinistral component,
branching from the Sangone fault system and bounded on the south by the Chisone Fault. The rare dextral
movements associated to the NE-SW faults may be related, in the analysed area, to the counterclockwise
rotation of blocks bounded by major E-W faults. The steep, roughly N-S-striking Pinasca—Gran Dubbione
fault system (PGFS), characterised by a dextral sense of movement, is interpreted as an antithetical
structure (R’ shear) with respect to the two major boundary structures, whereas the PMF, characterised by
a strong reverse component of displacement, is considered as a NW-striking contractional splay of the
Chisone Fault. The low-angle NE- and SW-verging thrust faults and the NNW-SSE to N-S-trending folds (Fig.
10a) accommodate the shortening in the pervasively foliated graphite micaschists, whereas the mesoscale
S-verging thrusts, widespread between N-S striking transcurrent faults, may be interpreted as minor
shortening structures formed between these sub-parallel right-lateral faults. The discontinuity, the scarce
lateral persistence, the angular relationship among the structures and the poor displacement
accommodated indicate that this E-W shear zone has been poorly evolved. The angular relation between
the extensional features (NE-SW f.s.) and the E-W boundary faults (a angle in Fig. 12b; Kelly et al. 1998;
Rossetti et al. 2002) indicate that these structures accommodated a NE-SW to ENE-WSW shortening
direction. Transcurrent and transtensive/extensional movements along these different fault systems are
associated to a single faulting stage as they show the same rheological characteristics (fault rocks and
mineralisations on fault surfaces, see above). On the basis of these similarities, the coexistence of
transcurrent and normal faults is, therefore, interpreted as induced by a bulk transtension along the
considered E-W shear zone.
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Fig. 12

a 3D-conceptual block diagram showing the hierarchical and geometrical relations among the D4-related
faults in the study area. b Plan view showing the geometrical and kinematic relations of the D4 structural
association. Abbreviations as in Fig. 4

The paleostrain analysis of the fault-slip data (Figs. 8, 11, 13c) indicates a kinematic compatibility with a
steady, sub-horizontal NW-SE extension direction, whereas the shortening axis varies from sub-horizontal
(in correspondence with the SFS, PGFS, PMF and minor thrust faults) to steeply dipping (in correspondence
with the SFS and the NE-SW fault system) along an average NE-SW direction. The complex distribution of
the P axes is both related to the kinematics of the different fault systems and to the strain partitioning
along these structures that also caused the permutation between maximum and intermediate shortening
axes. It is, however, not excluded that the normal/transtensive movements may be associated to an



extensional reactivation, probably related to the subsequent faulting stage (D5 phase), even if no clear
overprinting relations were found allowing to constrain this interpretation.
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Fig. 13

Schematic tectonic sketches showing the post-collisional tectonic evolution of the Northern Cottian Alps. a
Location of the analysed area. b Oligocene (?) to Early Miocene tectonics: N-S right-lateral regional faults
and minor E-W sinistral antithetical faults developed in this sector of the Western Alps. The geometry and
kinematics of these structures are in agreement with an average NW—-SE extension and with a sub-
horizontal NE-SW shortening. c post-Early Miocene tectonics: pre-existing N-S structures are reactivated as
normal faults, whose kinematics are consistent with a steep shortening axis and a WNW-ESE extension. d, e
equal-area lower hemisphere projections, showing the cumulative P and T axes for the D4 and D5 phases
obtained by mesoscale fault measurements in the area mapped in this study. Contours at 2 times uniform

Assuming a geothermal gradient of about 30°C/km, as also proposed by Malusa et al. (2005, 2009), this
structural association may have formed from 4 to 10 km of depth (Sibson 1977; Scholz 1988), as the fault-
related rocks are represented mainly by foliated cataclasites and chlorite, quartz and rarely albite are the
predominant mineralisations observed on the fault surface and in the associated vein systems. These last
features also indicate that this faulting event occurred in the presence of fluids.

The development of N=S normal faults (Figs. 8d, 11, 13e) and a pervasive jointing in the whole study area
may be related to a subsequent faulting stage (D5 phase). This interpretation is based on the characteristics
of fault rocks (incohesive tectonic breccias, microbreccias and gouge) indicating that these structures
formed under very shallow crustal levels (14 km of depth; Sibson 1977; Scholz 1988), where purely
frictional mechanisms were dominant in the absence of fluids, as suggested by the lack of mineralisation
and veins within fault-damage zones. The hypothesis of a younger deformation is supported moreover by
the cross-cutting relations between these N-S normal faults and the E-W and the NE-SW fault system (Fig.
9d). The geometry and kinematics of the D5 faults are consistent with an ESE-WNW extension and with a
sub-vertical shortening, as also indicated by the paleostrain analysis of fault-slip data (Figs. 8d, 11, 13e).

Correlation with the adjacent sectors of the Northern Cottian Alps

The post-collisional tectonic evolution of the Northern Cottian Alps will be defined by constraining the
kinematic evolution of the analysed area with that of the adjoining domains and with the available fission
track data.

The geometry and the scarce displacements accommodated by the analysed structures indicate that the
fault network is part of a poorly deformed block. Because both the SFS and the CF are not observed to
cross-cut the Lis-Trana Deformation Zone, this last may be assumed as the eastern boundary of this block.
The right-lateral movements along the LTZ are consistent with a roughly NE-SW shortening direction and a
sub-horizontal NW-SE extension direction (Balestro et al. 2009a), which is compatible with that
characterising the first faulting stage (D4 phase, see Fig. 13b, c). On the basis of these data, the LTZ is
interpreted as a first-order structure, whereas the SFS and the CF could represent second-order antithetical
faults, characterised by a strong sinistral component of movement (Fig. 13b). The NE-SW f.s., the PGFS and
the PMF could thus represent third-order faults developed between the SFS and the CF.

Though the westward terminations of the SFS and the CF are still not known, the western boundary of the
considered block may be represented by the Colle delle Finestre Deformation Zone (CFZ; Cadoppi et al.
2002b, 2007; Tallone et al. 2002), as west of this structure E-W striking faults are not present and the main
brittle tectonic feature is represented by the Transverse Fault system (see Figs. 1, 2).



The subsequent faulting stage (D5 phase), in the analysed area related to the development of N-S normal
fault, is consistent with an ESE-WNW extension direction with a steep shortening direction. In spite of their
paucity, these data are consistent with the extensional reactivation of the LTZ and CFZ in the adjoining
domains (Fig. 13d, e; Cadoppi et al. 2007; Balestro et al. 2009a). This indicates that an extensional tectonic
regime affected the entire crustal block, principally reactivating the N-S discontinuities as normal faults,
although the extensional reactivation of the other fault systems may not be excluded, as transtensive and
normal movements have been found along these faults.

The lack of geological markers does not allow us unquestionably to constrain the timing of these faulting
stages, but zircon (ZFT) fission track (Tc = 240 + 30°C, natural a-damage model of Reiners and Brandon
2006, or Tc =340 + 40°C, zero damage model of Brix et al. 2002, Rahn et al. 2004) and apatite (AFT) fission
track data (Tc =110 £ 10°C, Reiners and Brandon 2006) furnish an important timing constraint, reducing the
wide time span. According to the two proposed models, the closure temperature of the ZFT, with a
geothermal gradient of 30°C/km, may correspond to depth ranging between 7 and 12 km. The closure
temperature of the AFT, instead, corresponds to depth of 3—4 km. In Fig. 2, showing the published FT data
for the Northern Cottian Alps (Bernet et al. 2001; Cadoppi et al. 2002a; Balestrieri et al. 2004; Malusa et al.
2005; Tricart et al. 2007), the zircon ages range between 34.6 and 29.7 Ma, whereas the apatite ages range
mostly between 27 and 13.1 Ma, although two data give significantly older ages (34 and 41.1 Ma). In the
light of the aforementioned assumptions, these data indicate that this sector of the Western Alps reached a
depth compatible with the development of cataclasites (4—10 km, Scholz 1988), since the Oligocene times.
Deformation conditions roughly compatible with the development of tectonic breccias and gouge (1-3 km
of depth, Scholz 1988) were reached since in the Late Oligocene—Early Miocene. On the basis of these
considerations, we propose that the D4 phase may have occurred between the Oligocene—Early Miocene
and that the D5 phase may be considered merely as post-early Miocene. Pleistocene deposits dislocated by
N-S normal faults along the CFZ (Cadoppi et al. 2007) suggest that this extensional regime could have been
protracted up to the Quaternary times.

Both focal solutions of recent earthquakes (Eva et al. 1997; Sue et al. 1999; Delacou et al. 2004; Béthoux et
al. 2007; Perrone et al. 2009b, submitted) and GPS data (Calais et al. 2002; Delacou et al. 2008) indicate
that the inner sector of Western Alps is still undergoing an E-W to ESE-WNW extension. In the analysed
area, this extension direction corresponds well with that observed for the second faulting stage and may be
related to the present-day activity of N-S normal and/or oblique-normal faults, as proposed by Eva et al.
(1997) and by Perrone et al. (2009b).

Implications for the post-collisional tectonics of the Western Alps

The post-collisional tectonics of the Northern Cottian Alps represents a further constraint for understanding
the geodynamic mechanism that has driven the tectonic evolution of the Western Alps since the late
Oligocene, which is currently under debate (Collombet et al. 2002; Champagnac et al. 2006; Sue and Tricart
2003; Sue et al. 2007a; Delacou et al. 2004, 2008; Perello et al. 2004b; Malusa et al. 2005, 2009). Different
tectonic regimes have been described for the Western Alps, moving from the internal to the external zones.
In Fig. 14 are summarised the structural (including both kinematic and dynamic data), seismological and
geodetic data available in the literature for the Neogene to Present-day tectonics of the Western Alps.
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Schematic tectonic sketches showing two hypothetical steps of the post-Oligocene to present-day tectonics
in the Western Alps as proposed in this study (after Sue and Tricart 2003). a The counterclockwise rotation
with the convergence between Adria and Europe induces dextral movements along the major faults parallel
to the trend of the Alpine belt (Oligocene?—Early Miocene?). b The convergence between the Adria and
European plates decreases, and gravitational forces become predominant on the rotational boundary
movements in the inner Western Alps, inducing an orogen-perpendicular extensional regime in the inner
Western Alps (Early Miocene?—Present). Reference indexes on the map are (1) Champagnac et al. (2004),
(2) Perello et al. (2004b), (3) Perello et al. (1999), (4) Seward and Mancktelow (1994), (5) this study, (6)
Balestro et al. (2009a), (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)

The post-metamorphic kinematic evolution described in this work fits well in a model where the major
faults bounding the inner Western Alps accommodated dextral movements, induced by the
counterclockwise rotation of the Adria plate since the Oligocene. At regional scale, in the Oligocene(?)—
Early Miocene(?), the rotation and convergence between Adria and Europe (Fig. 14a) induced dextral strike-
slip tectonics, parallel to the trend of the Alpine belt, both along the External Cristalline Massifs (Chamonix-
Rhone Line; Gourlay and Ricou 1983) and, in the innermost part of the chain, along the Canavese Line (Late
Oligocene; Schmid et al. 1987). The coeval extensional activity of the Simplon Line, in this model, is
interpreted as an effect induced by the kinematic interaction between the Rhone Line and the Insubric Line
(see also the interpretation proposed by Hubbard and Mancktelow 1992). Alpine compressive thrust fronts
propagated both in the Helvetic zone (Late Oligocene-Early Miocene; Butler et al. 1986) and in the Po Plain
(Late Oligocene; Mosca et al. 2009). In the inner Western Alps, bounded by these regional fault systems, a
bulk transtensive regime was established, owing to the interaction between rotational movements and
body forces active inside the chain. In the Northern Cottian Alps, right-lateral N-S major faults (LTZ) and
minor antithetical E-W faults (SFS) developed, whereas in the adjacent Briangcon and Queyras areas, the
Longitudinal and Transversal fault systems were active as normal faults (Sue and Tricart 2002, 2003; Tricart
et al. 2004; Schwartz et al. 2008). In the Gran Paradiso Unit E-W striking, right-lateral faults also are active
(Perello et al. 2004b). Along the Penninic Frontal Thrust, evidence of extensional reactivation was found in
the Valais and Briangon area (Cannic et al. 1999; Sue and Tricart 1999; Ceriani and Schmid 2004) whereas
dextral-reverse movements were found by Perello et al. (1999) in the Courmayeur area (Aosta valley). In
the inner North-Western Alps, a bulk transtensive regime was found (Champagnac et al. 2004, Malusa et al.
2009) that also caused the extensional activity of the Aosta-Ranzola Fault.

Starting form the Early Miocene (Fig. 14b), the convergence between the Adria and European plates
decreases, and gravitational forces become predominant on the rotational boundary movements in the
inner Western Alps, where an orogen-perpendicular extensional regime was established. The kinematics of
the major faults in the Northern Cottian Alps (Balestro et al. 2009a), the Gran Paradiso (Perello et al.
2004b), Aosta and Valais (Champagnac et al. 2004, 2006) area change from transcurrent to normal. Only in
the Briancon and Queyras areas (Sue and Tricart 2003) and in the internal Argentera Massif (Tricart 2004;
Baietto et al. 2009), strike-slip tectonics prevailed up to the Pliocene times.

The brittle extensional tectonics observed in the different domains of the inner Western Alps (Fig. 14) may
be related to the buoyancy forces inside the chain, as proposed by Sue and Tricart (2003). The coexistence
of two different driving forces (counterclockwise rotation and buoyancy forces) may have induced strain



partitioning and, subsequently, complex spatial and chronological relations between transcurrent and
extensional movements on a regional scale (see also Champagnac et al. 2006). Therefore, in the analysed
area, the transition from the first faulting stage, characterised by a bulk NE-SW shortening direction with a
NW-SE extension, to the second, consistent with a roughly ESE-WNW extension and a steep shortening
direction, is interpreted as a tectonic continuum, related to the prevalence of the buoyancy forces on the
strike-slip movements. It may have also caused the permutation between maximum and intermediate
shortening axes (Hu and Angelier 2004) with a roughly constant extension direction (20°-30° of difference
between the two faulting stages; see Fig. 13d, e). Both GPS data (Calais et al. 2002; Delacou et al. 2004,
2008), and seismological data (Eva et al. 1997; Sue et al. 1999; 2007a; Delacou et al. 2004; Perrone et al.
2009b, submitted) show how the orogen-perpendicular extension is still ongoing in the core of the chain,
while in the outer limits of the chain, a transpressional regime is still prevalent. The low-grade magnitude of
the present-day seismicity, moreover, indicates that tectonic deformation in the inner Western Alps is
scarce, even if recent researches showed that only one-third of the deformation is currently
accommodated by the seismic activity (Sue et al. 2007b). This kinematic model is also supported by the
crustal-scale geodetic data, indicating that the counterclockwise rotation of the Adria plate is still ongoing
(Nocquet and Calais 2003).

The south-westward extrusion model hypothesised by some authors (Hubbard and Mancktelow 1992;
Champagnac et al. 2006; Sue et al. 2007a), characterised by an overall extension direction parallel to the
trend of the belt, seems not in agreement with our data. This model in fact predicted in the most internal
sector of the Western Alps sinistral movement along faults parallel to the chain, like the LTZ, which have
not been observed.

Summary and conclusions

New field and structural data, integrated with morphotectonic analysis, allowed us to characterise the
geometry and the kinematic evolution of the fault network in a key area of the Western Alps. The available
thermo-chronological data in the analysed area suggest that the post-metamorphic evolution,
characterised by two main faulting stages, began since the late(?) Oligocene.

Two roughly E-W structures represent the major post-metamorphic features, the Sangone fault system and
the Chisone Fault. Between these faults, some minor structures developed, whose geometry and
kinematics are consistent with those of an E-W brittle shear zone, here related to the earlier faulting stage
(D4), with a normal component of movement. Kinematic analysis of fault-slip data indicates that these
structures accommodated a roughly sub-horizontal to steeply dipping NE-SW shortening and a NW-SE
extension. The geometry and small displacement suggest that these structures are part of a poorly strained
block bounded by highly strained tectonic discontinuities, which could correspond to the LTZ and to the
CFZ, two regional N-S right-lateral structures representing the most important features of the Northern
Cottian Alps. In this geometrical model, the SFS and CF would represent two-second-order antithetical
structures of the LTZ and the CFZ. The change from right-lateral to normal movements of the N-S
structures that affect the analysed area, consistent with an average E-W extension and with steep
shortening, is related to the second faulting stage (D5 phase) and may possibly have been caused by the
permutation between the maximum and intermediate shortening axes. This kinematic evolution may be
related to the counterclockwise rotation of the Adria plate since the Oligocene, possibly associated with the
buoyant forces at the root of the belt, which induced an overall dextral-transtensive regime in the inner
Western Alps, as already proposed by some authors (Sue and Tricart 2003, Sue et al. 2007a). Seismological
and geodetic data suggest that this rotation is still ongoing (Nocquet and Calais 2003; Delacou et al. 2004)



even if with low deformation rates. Nevertheless, the debate about the geodynamic processes that drove
the exhumation of the Western Alps remains still lively.

The post-collisional tectonic evolution of the Northern Cottian Alps, described in this study, is different
from that proposed in the adjacent areas of the Piemonte Zone (Ballévre et al. 1990; Tricart et al. 2004;
Schwartz et al. 2008), where a protracted extensional regime since Eocene times has been showed. These
new data raise some questions about the exhumation mechanisms of the Dora-Maira Unit (Philippot 1990)
at shallow crustal levels, at least in its northern part, as also was pointed out by Tricart et al. (2007) on the
basis of the ages of the apatite fission tracks found in this sector.

It must be outlined, however, that caution may be used in the tectonic reconstruction in areas
characterised by polyphasic tectonic evolution, like that analysed here, as some regional fault systems
show different and, sometimes, contrasting types of movement, still difficult to constrain with available
data. Future research concerning detailed field mapping and analysis of post-metamorphic structural
associations in the innermost sectors of the Western Alps will improve our knowledge of the post-
collisional tectonics and subsequently the mechanisms that drove the last stages of the exhumation of the
tectonic units cropping out in this sector.
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