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Abstract: In SW Piemonte the Western Alps arc ends off in a narrow, E-W trending zone, where some
geological domains of the Alps converged. Based on a critical review of available data, integrated with
new field data, it is concluded that the southern termination of Western Alps recorded the Oligocene-
Miocene activity of a regional transfer zone (southwestern Alps Transfer, SWAT) already postulated
in the literature, which should have allowed, since early Oligocene, the westward indentation of
Adria, while the regional shortening of SW Alps and tectonic transport toward the SSW (Dauphinois
foreland) was continuing. This transfer zone corresponds to a system of deformation units and
km-scale shear zones (Gardetta-Viozene Zone, GVZ). The GVZ/SWAT developed externally to the
Penninic Front (PF), here corresponding to the Internal Briangonnais Front (IBF), which separates
the Internal Briangonnais domain, affected by major tectono-metamorphic transformations, from the
External Briangonnais, subjected only to anchizonal metamorphic conditions. The postcollisional
evolution of the SW Alps axial belt units was recorded by the Oligocene to Miocene inner syn-orogenic
basin (Tertiary Piemonte Basin, TPB), which rests also on the Ligurian units stacked within the
adjoining Apennines belt in southern Piemonte. The TPB successions were controlled by transpressive
faults propagating (to E and NE) from the previously formed Alpine belt, as well as by the Apennine
thrusts that were progressively stacking the Ligurian units, resting on the subducting Adriatic
continental margin, with the TPB units themselves. This allows correlation between Alps and
Apennines kinematics, in terms of age of the main geologic events, interference between the main
structural systems and tectonic control exerted by both tectonic belts on the same syn-orogenic basin.
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1. Introduction

In the southern part of the Piemonte region (NW Italy) the Western Alps arc ends in a
narrow, E-W trending zone (here named “southern termination of Western Alps”), where
some of the main geologic domains of the Alps are now strictly juxtaposed. The Alps and
the Apennines presently join in southern Piemonte where they have been intergrowing
since the Paleogene: see [1-10] with references therein.

The southern termination of the Western Alps consists of three main geomorphologic
sectors: a northwestern sector comprised between the Maddalena Pass and the Stura di
Demonte valley, a central sector comprehending the Gesso Valley and extended eastward
to the Tenda Pass and Vermenagna valley, and an eastern part, the western Ligurian Alps,
here considered as the mountain range comprised between the Tenda Pass and the Tanaro
valley (Figure 1). This region is very well suited for studying the relations between the Alps
and the Apennines orogenic systems in terms of both the age of formation and the way in
which the two main tectonic belts developed. This is mainly because: (i) the Maritime and
Ligurian Alps formed later than other sectors of Western Alps [11-14]; (ii) they preserve,
on top of their polymetamorphic basements, extensive Mesozoic to Oligocene sedimentary
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successions, which provide chronological constraints to the reconstruction of the regional
tectono-sedimentary evolution, and (iii) the adjoining syn-orogenic basins recorded the
tectonic history of both the two belts.

At the crustal scale, the SW Alps are interpreted as a composite tectonic belt detached
at a depth of about 15 km in its north-eastern part and 5 km in the southwestern part,
on the European crust. A high-density body (southern prolongation of the Ivrea body
Auct.) occurs at a depth of about 40 km below the eastern margin of the SW Alps in
southern Piemonte (Figure 2). The Ivrea body could have played an important role in the
postcollisional Alpine tectonic evolution [15-17].

The first part of this paper concerns the analysis of the concepts (e.g., the Penninic
Front and the Briangonnais Front) used in the literature to subdivide the SW Alps orogenic
belts into domains that have different paleogeographic pertinence and/or show different
geodynamic evolution, so that their effective relations with the other sectors of the Western
Alps can be clearly defined. Once the main Alpine subdivisions are traced within the study
area, a further analysis is carried out in the second part of the paper investigating how,
when and at which extent the SW Alps were involved in the Apennine dynamics, which
started during the late Oligocene when the westward-directed subduction of the Adriatic
plate began [11-14,18].

This paper is thus based on the assumption that the evolution of the north-westernmost
part of the Apennines can be studied referring to Alpine geodynamics because, although
the Alps and the Apennines are two distinct geomorphologic and geophysical entities at
the scale of the Western Mediterranean area [14], they share consistent kinematic evolution
and common synorogenic basins in their junction zone of NW Italy. The steps of the
Alps-Apennines evolution have been clearly recorded by a set of regional scale Oligocene
to Pleistocene unconformities that can be continuously traced at surface in the southern
part of the Piemonte region and in the subsurface of the western Po plain [19].

2. Geological Setting of the Southern Termination of the Western Alps

The southern termination of the Western Alps comprehends several tectonic units
juxtaposed by NW-SE striking, mainly steeply dipping Alpine tectonic contacts. These
units constitute the southern part of a double vergent structure developed at the regional
scale [20,21] that involves the Briangconnais Domain in the internal northeastern side, and
the Dauphinois-Provencal Domain in the external southwestern side [22,23]. The Briangon-
nais Domain, referred to as the distal part of the European continental palacomargin of the
Alpine Tethys [24], is subdivided by the Internal Briangconnais Front into an internal sector
(Internal Briangonnais, mostly cropping out in the Cottian and Ligurian Alps) affected by
HP-LT metamorphism [21], and an external sector affected by very low-grade metamor-
phism [25,26]. The Dauphinois-Provencal Domain, representing the proximal part of the
European continental palaeomargin, was affected only by anchizone metamorphism, and is
bounded along its inner side by the External Brian¢onnais Front. It may be subdivided into
a basinal area where a several km-thick and clay-rich Mesozoic succession was deposited
(Dauphinois succession), and a shallow water area, which is characterized by a reduced
succession with carbonate platform facies (Provengal succession).

The more eastern part of the Western Alps southern termination, i.e., the western
Ligurian Alps, shows a tectono-metamorphic and geometric setting [23,25-29] quite similar
to that of the southern Cottian and Maritime Alps, although the fan-like, double-vergent
structure is less pronounced than in the Maritime and southern Cottian Alps.

Finally, to the south of the External Briangonnais Front, in the investigated area the
Western Ligurian Flysch units are present. These units, made up of Helminthoides Flysch-
type successions [22,30-32] (also known as “Embrunais—-Ubaye nappes” north of the Ar-
gentera Massif [33,34] and San Remo-M.Saccarello Unit to the SE of it [29,35,36]) are a stack
of tectonic units composed of Lower Cretaceous-Lower Paleocene deep-water sediments
referred to as the proximal Ligurian Domain and detached from their original substrate
(i.e., the European continental margin). In the study area, the Western Ligurian Flysch,
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which were detached and emplaced in the early stages of the alpine tectonics [37], were
later thrust over the Alpine Foreland Basin and/or the Dauphinois-Provencal succession,
and are in turn involved in the Dauphinois-Briangonnais fold and thrust belt [23].

Tectono-Stratigraphic Evolution of the Southern Termination of the Western Alps

In the southern termination of the Western Alps, the Briangonnais domain represents
a part of the more internal, uplifted sector, of the European distal margin, close to the
Mesozoic Tethyan ocean (residual H-block [38,39]). The polymetamorphic Brian¢onnais
basement crops out discontinuously in the Acceglio zone where it consists of micaschists,
metabasites and granite. The overlying succession starts with Permian volcanic and vol-
caniclastic deposits and Lower Triassic fluvial to littoral conglomerate, quartzite sandstone
and lagoonal pelite, followed by a Middle Triassic peritidal carbonate succession. The
top of the Triassic succession is truncated by an unconformity due to a regional uplift
and related subaerial exposure during the Tethyan syn-rift stage [40—-42]. The succession
continues with Middle Jurassic platform carbonates and Upper Jurassic pelagic plateau
limestone, followed by mineralised Lower Cretaceous hard ground and Upper Cretaceous
hemipelagic sediments.

The Dauphinois-Provencal domain represents the proximal margin of the Mesozoic
Tethyan ocean [43,44] developed above the continental crust (i.e., the Argentera Massif in
the study area). The succession starts with Carboniferous—Permian continental sediments
and Lower Triassic coastal and lagoonal deposits, followed by Middle Triassic peritidal
carbonates and Upper Triassic evaporites and lagoonal pelites. Starting from the Late
Triassic-Early Jurassic, the Dauphinois-Provencal domain was affected by intracontinental
rifting, and partitioned into fault-bounded rift-basins [41]. From the Early Jurassic to
Early Cretaceous, the rift basins (Dauphinois domain) progressively subsided, and thick
successions of deep-water marl, limestone and shale with interbedded resedimented
calcirudite and calcarenite layers were deposited. Toward the south the Dauphinois domain
passed laterally to a structural high (Provencal domain) that remained during the Middle
Jurassic-earliest Cretaceous in shallow water conditions with the development of carbonate
platforms [45]. In the Valanginian, the carbonate platform drowned and was covered by
a few metres to a few tens of metres of condensed, open marine deposits locally rich in
authigenic minerals (Hauterivian-Albian; [35,46]). The Dauphinois-Provengcal succession
ends with Upper Cretaceous hemipelagic marly limestone, locally rich in resedimented,
mainly siliciclastic, layers [27,47,48].

The present geological setting of the Brian¢onnais and Dauphinois-Provengal domains
of the southern termination of the Western Alps is mainly due to the progressive involve-
ment of the European continental palaeomargin, which these domains belonged to in the
Alpine tectonic belt since the middle Eocene (e.g., [34]). The first stages of this tectonic
evolution caused the development, on top of the Mesozoic succession, of a regional uncon-
formity corresponding to a hiatus spanning the latest Cretaceous—middle Eocene, overlain
by the Alpine Foreland Basin succession [49], middle Eocene discontinuous continental to
lagoonal deposits (Microcodium Formation), middle Eocene mixed carbonate-siliciclastic
ramp deposits (Nummulitic Limestone), upper Eocene hemipelagic sediments (Globigerina
Marl) and upper Eocene-lower Oligocene turbidite succession (Gres d’Annot, [50]).

Both the continental margin and the foreland basin successions have experienced,
since the latest Eocene, a multistage tectonic evolution characterized first by southwestward
brittle-ductile thrusting and superposed foldings, then by northeastward back-vergent
folding and, lastly, by southward brittle thrusting and flexural folding [23]. The regional
structural setting resulted from a transpressional regime [23,25,51], documented by a post-
early Oligocene NW-SE transcurrent shear zone (Limone Viozene Zone) extending for
some tens of kilometres through the study area. This shear zone is probably superimposed
on a long-lived shearing corridor, active since the Jurassic-Cretaceous and reactivated
during the Cenozoic [23,52].
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In the southern termination of the Western Alps, the Alpine Foreland Basin succession
is overthrust by the Helminthoides Flysch units (Western Ligurian Flysch units in [23]). The
Helminthoides Flysch units [22,30-32] are composed of Lower Cretaceous-lower Paleocene
deep-water sediments detached from their original substrate and referred to as the Ligurian
Domain. These units consist of carbonate-poor, thin-bedded varicoloured pelites (the basal
complex) interpreted as basin plain deposits, thick-bedded, coarse-grained sandstones de-
posited in internal deep-sea fans and thick-bedded, mainly carbonate turbidite successions
deposited in external deep-sea fans [31].

3. The SW Alps Transfer

On the basis of the paleogeographic reconstructions proposed in the literature (see [53]
with references therein), the geological evolution of the southern termination of the Western
Alps arc (Figures 1 and 2) was controlled, since at least the Early Cretaceous, by major
transcurrent fault zones.

In the latest Eocene (35 Ma ago), the onset of the Europe-Adria continental collision
induced the westward indentation of the Adria continental block, together with its high-
density roots (Ivrea geophysical body [17]) and its counterclockwise rotation with respect
to Europe, marking a dramatic change in convergence and thrusting direction (“Oligocene
revolution” sensu [54]).
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Figure 1. Geological sketch of the southern termination of the Western Alps. The main tectonic
domains are represented with different colours. The black dashed rectangle corresponds to the
study area of Figure 3. Legend: ARG: Argentera Massif; EBr: External Brianconnais Domain; IBr:
Internal Briangonnais Domain; Pm: Piemonte Domain; PPm: Pre-Piemonte Domain; DM: Dora-Maira
Domain; DauPro: Dauphinois—Provengal Domain; ExLBr: External Ligurian Briangonnais Domain;
ILBr: Internal Ligurian Briangonnais Domain; TPB: Pliocene sediments and Tertiary Piemonte
Basin; WestLF: Western Ligurian Flysch Domain; EBF: External Briangonnais Front; IBF/PF: Internal
Briang¢onnais Front/Penninic Front; LiVZ: Limone-Viozene Zone; DAZ: Demonte-Aisone Zone; REZ:
Refrey Zone; HFT: Helminthoides Flysch Basal Thrust; TTT: Tenda-tunnel Thrust; COT-A: Cottian
Alps; MAR-A: Maritime Alps; WeLI-A: Western Ligurian Alps; CeLi-A: Central Ligurian Alps. The
black line within the dashed inset refers to trace of the section of Figure 2. Adapted with permission
from ref. [23]. Copyright 2016 Springer-Verlag Berlin Heidelberg.

At the same time, south of the Ligurian Alps, a switch in the subduction polarity
occurred from a SE-dipping polarity to a W-dipping polarity, and the eastward retreat of
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the Apennine slab began, accompanied by onset of back-arc rifting in the Liguro-Provencal
area [13,14,18,55]. Both these processes were quite absent to the north east of the Ligurian
Alps, suggesting the presence of a major transfer zone between these two realms, which
should have been oriented NNW-SSE in the first (early Oligocene) stages and WNW-ESE
in the last (early-middle Miocene) ones ([9,23]. The activity of this major transfer zone,
with active steep crustal tectonic features, extended at depth and allowed the west-ward
indentation of Adria [34] that in the northern part of the Western Alps was accommodated
by dextral shearing along the Periadriatic line [56]. Then, since the Oligocene, the transfer
zone should have acted as a strike-slip fault zone along the southern margin of the Adria
indenter [54]. This major transfer zone placed at the southern termination of the Western
Alps may have developed partly on inherited Mesozoic extensional and transtensional
faults active before the onset of the Alpine collisional regime (as discussed in [57]), which
may have compensated for the different seafloor spreading rate of the Ligurian ocean to
the south and Piemonte ocean to the north [34,53,54,58] Consequently, the geological units
presently placed at the southern termination of the Western Alps arc should bear clear
and widespread evidence of such distinctive geological evolution in terms of sedimentary
evolution, deformational history and related hydrothermal activity.

A large amount of recently published data [23,25-28,46,52,57,59-63] document that
since Early Cretaceous up to at least the early Miocene, the geological units presently placed
at the southern termination of the Western Alps experienced a tectono-sedimentary evolu-
tion mainly related to large scale strike-slip and transpressive faulting, with significative
migration of syntectonic fluids.

Dauph.-
Proveng.

Late Burd
Late Chat

Briangonnais basement

Ivrea body

Figure 2. Schematic geological section (location in Figure 1) across the Argentera massif, the western Ligurian Alps and the
TPB syn-orogenic basin. Reference data from [17,23,25,26,64,65]. Legend: TPB: Tertiary Piemonte Basin; GVZ: Gardetta-
Viozene Zone; LIVZ: Limone-Viozene Zone; REZ: Refrey Zone; WLF: Western Ligurian Flysch (Helminthoides Flysch);
IBF/PF: Internal Briangonnais Front/Penninic Front; Late Burd, Late Chat: seismic imaged unconformities of inferred late

Burdigalian and late Chattian age.

The field evidence of such an important, often invoked, transfer zone has been reported
by [23] who described the southern termination of Western Alps arc as an assemblage of
juxtaposed tectonic units, mainly belonging to the Brian¢onnais and Dauphinois-Provengal
sedimentary domains of the palaeo-European margin and to the overlying Alpine Foreland
basin, elongated on average ESE-WNW direction [20,47] within a km-scale transpressive
deformation zone (SW Alps Transfer, SWAT). A progressive transition from high pressure
metamorphic rocks in the internal (NE) part of the transfer zone, to very low grade and
nonmetamorphic rocks in the external ones (SW) can be presently observed [21,23,26,66]
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(Figures 1 and 3). The SWAT is probably rooted within the underlying European continental
basement [16,17] (Figure 3) made up of mono and polymetamorphic rocks. These units
crop out in the Argentera Massif, an ellipsoid-shaped body exhumed in Miocene times [67]
through the Briangonnais, Provengal and Dauphinois sedimentary successions, from which
it is presently separated on both sides by Miocene-Pliocene boundary fault systems [68]
(Sanchez et al., 2011a) (Figures 1-3).
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Figure 3. Geological sketch map of the southern termination of the Western Alps adapted from [23]. The Gardetta-Viozene
Zone is highlighted (in grey). The main tectonic units are represented referring to their different paleogeographic pertinence
(different colors) and geometrical position with respect to the main tectonic boundaries and deformation zones. The location
of geological cross-sections of Figure 4 (sections A-A’, B-B’, C-C’, D-D’, E-E’) is reported. The Internal Brian¢onnais Front
(IBF) here corresponds to the external boundary of the green-schist to eclogite facies metamorphic axial belt of the Alps
(sensu [69]) and can be thus considered as the surface expression of the Penninic Front.

4. The Penninic Front at the Southern Termination of Western Alps

To discuss the evolution of the southern termination of Western Alps in the frame
of the collisional and postcollisional kinematics of the orogenic belt, it is necessary to
unambiguously define the intended meaning of the “Penninic Front concept”, in order to
understand what are the relations of the SWAT with the ideal main tectonic boundary of
the Western Alps belt, i.e., the so-called Penninic Front. Before starting to debate on this
matter, a brief examination of the historical intended meaning(s) of the “Penninic Front
concept” is given in the following.

The Penninic nappe stack can be seen, in a very simplified view, as the suture zone
between the European (including the Briangonnais domain) and Adriatic plates, comprising
remnants of the former subducted oceanic crust or exhumed mantle, as well as the extended
European continental crust [70]. A slightly different, definition of the Penninic zone is
given by Dal Piaz (ets al.) [71], as a stack of generally metamorphic nappes scraped off
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the subducting oceanic lithosphere and European passive continental margin (distal part),
mainly accreted during the Paleogene, whose outer boundary is the Penninic frontal thrust.

In many other papers [16,34,72,73] the Penninic domain has been conceived differently
from the above cited papers because the Penninic frontal thrust (Penninic Front) has
been placed in the Southwestern Alps at the boundary between the Brian¢onnais and
Dauphinois-Provencal domains, irrespective of the distribution of the metamorphism.
Further south, the Penninic Front has been placed along the external boundary of the
nonmetamorphic Western Ligurian Flysch Unit (Helminthoides Flysch Units) of the SW
Alps, which is detached over the Dauphinois-Provencal domain, and labelled as Penninic
Basal Contact or “AlpineThrust Front” [29,37].

In this paper, the Penninic Front is intended (in the sense of [69]) as the frontal thrust
which bounds the Alpine Axial Belt, which comprises continental units derived from the
Adriatic margin (“Austroalpine units”), as well as parts of the European continental margin
together with oceanic units originated from the Mesozoic Piemonte-Liguria Ocean, labelled
together as “Penninic Units” (Figure 1). All these units of the Alpine Axial Belt underwent
alpine metamorphism ranging from greenschist facies to ultra-high-pressure eclogite facies
conditions. The Penninic Front bounds the penninic units from the less metamorphosed
external parts of the paleoEuropean margin, which can pertain to the External Briangonnais,
Helvetic, and Dauphinois-Provencal domains.

5. Structure of the Southern Termination of the Western Alps: Increasing
Deformation, Metamorphism and Relations with the Adjoining Alps-Apennines
Syn-Orogenic Basins

A review of the tectonic setting and evolution of the southern termination of the
Western Alps, as well as the dating of its main stages, is necessary to provide the elements
to correlate it with the evolution of the northernmost part of the Apennines belt. We specify
that the following description of the metamorphic conditions of the tectonic units refers
to the “metamorphic degree”, defined on the basis of mineralogical indexes (such as the
‘crystallinity” degree of phyllosilicate minerals [26]), even for the very poorly transformed
rocks of the external Brian¢onnais and Dauphinois-Provencal domains, which were sub-
jected to anchizonal or very low-grade metamorphic conditions [26]. Conversely, if textural
criteria are used to define the metamorphic features in the study area [19,74], the rocks of
the studied external Brian¢onnais and Dauphinois-Provencal domains would be classified
as “nonmetamorphic”, since their primary features are mostly preserved from the effect
of secondary petrogenetic processes and do not show any major internal reorganization
or recrystallization.

The overall aspect of the southern termination of the Western Alps is presently a
fan-like setting that evokes a flower structure, well known in the Briangonnais domain of
the Guillestre, Briangon and Mofitiers transects [75-79], as well as in the Maritime Alps
(Stura valley and Tenda Pass area [27]) and western Ligurian Alps [23,25,26,29,80].

This double-vergent tectonic system [20,21] involves the Brian¢onnais Domain in
the internal, northeastern side and the Dauphinois-Provencal Domain in the external,
southwestern side [22,23]. This system consists of NE-vergent thrusts and transpressive
fault systems developed to the north of the External Brian¢onnais Front, and SW-vergent
ones to the south of it. In map view (Figure 1), the external and internal Brian¢onnais
Fronts, as well as the frontal thrust of the Piemonte Zone, get closer to each other from
west to east, while changing their directions from NW-SE to west—east, almost merging
together in the Stura valley, east of Aisone (Figures 1 and 2). Due to the deflection of
tectonic fronts and the consequent strong reduction in thickness of the main structural
domains, the transition from the HP-LT metamorphic units of the internal Brianconnais to
the very low-grade units of the external Brian¢onnais and Dauphinois-Provencal domains
occurs over a relatively short distance (about ten kilometers) along a NE-SW oriented
geological section (Figures 1-3). The eastward prolongation of the tectonic stack made up
of the Piemonte Zone and the Internal Brian¢onnais tectonic domains, is concealed by
the sediments of TPB and overlying Pliocene and Quaternary successions: see [19] with
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references therein. At the southern termination of the Western Alps, the transition between
the internal Alpine metamorphic tectonic prism and the external Brian¢onnais-Dauphinois-
Provencal fold-and-thrust belt occurs.

This geological transect is suitable for investigation of how the postsubduction Alpine
tectonic evolution has been recorded since the early Oligocene by the adjoining syn-
orogenic basins of the Piemonte region, whose tectono-sedimentary setting was controlled,
at least since the late Oligocene, by the beginning of the Apennines subduction and related
surface tectonics. In this way, a correlation between the Alpine and Apennine main
tectonic events can be attempted, as discussed in the following sections. As reported in
Section 3, in the southern termination of the Western Alps there is evidence of a major
transfer zone (the SWAT) represented by an assemblage of juxtaposed tectonic units,
mainly belonging to the Brianconnais, Dauphinois-Provencal and Alpine Foreland Basin
sedimentary domains, elongated on average in an ESE-WNW direction [23]. The SWAT
represents an ideal macroscale tectonic feature, whose existence can be inferred on the base
of kinematic modeling at the regional scale [15,34,81]. A number of effective deformation
units (sensu GeosciML), and/or strongly deformed tectonic units, exist in the southern
termination of the Western Alps, which are defined in Figures 2, 4 and 5 and listed as
follows, starting from the more internal units in the footwall of the IBF: (a) the steepened
Triassic dolostone succession of the Rocca la Meja unit; (b) the Gardetta Deformation
Zone, consisting of several deformation units made up of Carboniferous (?)-Permian (?)
volcanics and schists, Triassic quartzarenite, quartzite and km-scale slices of gypsum,
intensively folded and steepened along the WNW-ESE faults that bound and dissect the
deformation zone; (c) the steepened and strongly sheared external Briangonnais M.Omo
Unit and Provencal Giordano-Savi Unit; and (d) the Demonte- Aisone deformation unit
of [23]; (e) the tectonic slice system of the Roaschia Unit [27], which passes laterally to
the transpressive Limone-Viozene Zone [23,25]. All these units share a succession of
geologic events and related mesoscale regional foliations, as well as consistent kinematic
features, that formed in response to a succession of deformation phases as described in
the following. The assemblage of the above-described tectonic units is here labelled as the
Gardetta-Viozene Zone (GVZ), which can be interpreted as the effective representation of
the SWAT.

5.1. Rock Deformation and Metamorphism across the IBF in Southern Cottian Alps

The transition from the green-schist facies metamorphic rocks of the internal Briangon-
nais to the anchizonal external Brianconnais, which occurs across the IBF, can be observed
through the watershed between the Grana and Arma valleys (San Magno-Fauniera Pass
area) and along the Preit-Gardetta transect in the right side of the Maira valley (Figure 5).
Near San Magno, the Permian (?)-Early Triassic conglomerate and quarzarenite [47]
of the internal Brian¢onnais (site GRA4 in Figure 5) are transformed into greenschist
gneisses, while in the Fauniera Pass area (External Briangonnais) they crop out as a very
poorly stretched conglomerate with pink quartz and rhyolite pebbles (sample PRV in
Figures 5 and 6a,c). Similarly, in the Preit valley, the Permian (?)-Early Triassic quartzite
have a marked gneissic structure (sample SRV in Figures 5 and 6b,d), while the quartzaren-
ite and dolostone cropping out SW of the IBF, in the Rocca la Meja tectonic slice do not
show evidence of major metamorphic transformations, as also suggested by the presence
of preserved microfacies in the Triassic dolostone (sample PRE6, Figure 6e) and very well-
preserved Archosauriform footprints recently discovered [82] a few hundred meters from
the IBE. The IBF cuts across the Middle-Upper Triassic evaporites and the Lower Triassic
quartzite/quartzarenite layers, which, conversely, in the external (SW) part of the GVZ
and in the fold and thrust belt comprised between the IBF and the Argentera northern
boundary faults, are not displaced by high angle faults and seem to have played a role of
regional detachment horizons.
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5.2. Field Constraints to the Age of Tectonic Events and Kinematic Interpretation
5.2.1. Tectonic Phases

The southern termination of the Western Alps shows structural and metamorphic
characters acquired through a succession of three “phases of deformation” (D1-D3) with
prevalent folding and thrusting, followed by a transpressive, mostly disjunctive phase (D4)
and a late (D5) extensional phase.

- D1: this phase is associated with an early phase of décollement tectonics responsible
for the piling up of the Briangonnais duplexes by mostly bedding-parallel thrusts,
mainly vergent to the SW (present geographic coordinates), as shown by [76] in the
Briangon area, [21] in the Ubaye-Maira transect and by [23,25,83] in the Maritime and
Western Ligurian Alps. The D1 phase is assumed to be roughly consistent with a
regional E-W shortening direction [84].

The D1 was probably characterized by transpressional kinematics, since the sedi-
mentary successions were shortened by duplexes and steepened (Figure 7a) after being
detached from the Triassic gypsum and quartzite/quartzarenite levels, while the S1 folia-
tion developed mostly parallel to the steepened bedding [21,25]. With the D1 related strain,
a regional scale transpressional deformation unit formed, developed mainly at the expense
of the external Brian¢onnais and inner Dauphinois-Provencal domains, which can be still
recognised from the high Stura valley to the Tanaro valley (Figure 2) [23] within the GVZ.
Gypsum masses of Triassic age [47] are involved in the GVZ (Figures 7b and 8e,f), probably
dragged from the basal detachment level placed at the base of the external Brian¢onnais
and Dauphinois-Provencal succession where these rocks largely occur [23,85,86].

The D1 phase generated the oldest composite tectonic foliation (S1, [87], locally axial-
planar to F1, SW verging recumbent folds and syn-D1 reverse/sinistral shear zones (“char-
riages” Auctorum; [20,88]) Gidon, 1972; Lefevre, 1983), within which the S1 foliation
(Figure 7c,d,f) formed mostly parallel to the boundary shear planes [23]. Evidence of the
D1 phase in Dauphinois-Provencal Domain is poorly documented at the mesoscale, except
for the Giordano-Savi unit close to the EBF in the left side of the Stura valley, where D1
folds are preserved (Figure 8b) but rotated and displaced by syn-D2/D3, SW-vergingSW
vergent thrusts, with related drag folds (M. Bodoira, Figure 4).

At the end of the D1 phase, local transtension should have occurred in some parts of
the GVZ, as inferred by the activity of relatively hot fluids, which circulated along NW-SE
fault systems, that led to the formation of hydrothermal marbles at the expense of the
Jurassic-Cretaceous Dauphinois succession (Valdieri marble, [63]) and to intense recrystal-
lization of some parts of the Alpine Foreland Basin succession (Aisone Flysch, [23,63,89]).

- D2/D3: these two cogenetic tectonic phases generated double-vergent fold systems
(with predominant top to NE and subordinate top to SW vergence sense of shear-
ing, D2) evolving to a transpressi shearing onal regime (D3), with high-medium
angle reverse and strike-slip faults (Figure 8a) and related minor folds, roughly con-
sistent with E-W regional shortening directions (D2), shifting to NE-SW directions
(D3) [9,23,90]. Diffuse fault block rotations on vertical axis and reactivation of faults
occurred during the D2, as in the case of the sinistral Preit fault (Figure 2). This major
strike-slip fault displaces the boundary of the Internal /External Brian¢onnais units
(i.e., the Internal Briangonnais Front, IBF), attesting that the D2 phase mostly post-
dates the metamorphic evolution of the units involved in the southern termination of
Western Alps.
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Figure 4. Geological cross-sections across the Gardetta-Viozene Zone (GVZ; location in Figure 3); modified from [20]
(sections AA’, BB"); [27] (sections CC’, DD’); [26] (section EE’). Tectonic units: ENUD: Dauphinois succession of Entracque
Unit; ENU, For: Foreland Basin succession of Entracque Unit; ENUP: Provencal succession of Entracque Unit; GAZ: Gardetta
Zone; GSU: Giordano-Savi Unit; GSV: Gesso-Stura—Vésubie terrane; IBr: internal Briangonnais units; LiVZ: Limone-Viozene
Zone; LiVZFor: tectonic slices of Foreland Basin succession involved in the Limone—Viozene Zone; LiVZHF: tectonic slices
of Western Ligurian Flysch Unit involved in the Limone-Viozene Zone; MAU: Monte Marguareis Unit; ME]J: Rocca la
Meja Unit; OMO: Monte Omo Unit; SMU: Sambuco Unit; SMUFor: Foreland Basin succession of Sambuco Unit; TES:
Cima Test Unit; REZ: Refrey Zone; REZFor: Foreland Basin succession of the Refrey Zone; ROU: Roaschia Unit; RYU:
Upper Roya Unit; RYUFor: Foreland Basin succession of Upper Roya Unit; SRU: San Remo—-Monte Saccarello Unit. Main
boundary faults: ABF: Argentera boundary fault system; BNF: Bersaio—Nebius Fault; EBF: External Briangonnais Front;
HFT: Helminthoides Flysch basal Thrust; IBF: Internal Briangonnais Front; LiVZf: external boundary faults; SGT: Serra Garb
Thrust; TTT: Tenda-tunnel Thrust.
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Figure 5. Geological map of the Gardetta highland area (modified from [19]), showing the sampling points of samples
PRE6, PRV, and SRV and the position of outcrops pictured in Figure 6a,b. ABF: Argentera boundary fault system; BNF:
Bersaio-Nebius Fault; EBF: External Briangonnais Front; IBF: Internal Briangonnais Front; PmF: Liguria-Piemonte units
Front; PRS: Preit fault (“Preit Scar”).

The folding phase D2 folded the D1 duplexes and reactivated the D1 steep trans-
pressive shear zones (Figure 8c,d). A well-developed spaced crenulation cleavage (S2)
is associated with F2 folds (Figure 7c—f). S2 planes are in several places reactivated and
reoriented by shear deformation (S2-shear, generated by the D3, Figure 7e,f) kinematically
consistent with the D2 phase that often induced the displacement or partial transposition
of F2 folds hinge zones [25]. In the major transpressive shear zones (LiVZ), the S1 and S2
surfaces are almost subparallel and often form a composite foliation [25] (Figure 6c).
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Figure 6. (a) Permian (?)-Early Triassic interbedded conglomerates and sandstones made up mainly
of quartz and volcanics clasts. External Briangonnais Domain (Viridio Unit), Fauniera Pass area.
(b) Permian (?)-Early Triassic quartzitic-rhyolitic metaconglomerate and metasandstone, Internal
Briangonnais Domain (near Preit village), showing isooriented and stretched clasts that mark a
gneissic structure. (c) Transmitted-light, crossed polars photomicrograph of sample PRV (external
Brian¢onnais Domain, Fauniera Pass area; location in Figure 5), a coarse lithic sandstone correspond-
ing to the finer levels of Figure 7a. A poorly defined lamination is evidenced by grain size variations.
(d) Transmitted-light, crossed polars photomicrograph of sample SRV (internal Brianconnais Domain,
Preit Valley; location in Figure 5), a metalithic sandstone corresponding to the finer levels of Fig-
ure 7b. A well-defined foliation is evidenced by the iso-orientation of the arenitic grains and by the
occurrence of sub-millimetre thick levels of neoblastic iso-oriented white mica. (e) Transmitted-light
photomicrograph of sample PRE 6 (Rocca la Meja tectonic slice, near the GVZ inner boundary, location
in Figure 5), a dolomitized grainstone with oolites, echinoderm fragments and other bioclasts. Note
the well-preserved morphology and internal structure of the oolites. (f) Transmitted-light photomi-
crograph of bioclastic arenaceous limestone (Eocene Nummulitic Limestone, Alpine Foreland Basin
succession) from a tectonic slice within the LIVZ, Lago dei Signori pass, Marguareis area. Although
a mm-scale foliation is present, evidenced by pressure dissolution seams and cataclastic levels, no
volumetric dissolution or recrystallization occurred, as documented by the very well-preserved
macroforaminifera and bryozoan.
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The S1/52 foliation is clearly reoriented and reactivated by the D3 shearing event in
all the sectors of the GVZ, from the Gardetta Pass to the Marguareis area. The S2 cleavage
is well exposed in the Ligurian Briangonnais units (Marguareis area [25,83]) due to the
presence of the Upper Cretaceous marly limestone (Upega Formation) that recorded it with
clear evidence. Conversely, this important regional foliation is poorly represented in the
external Briangonnais units cropping out to the North of the Stura Valley, where, although
present, it can be less frequently observed (Figure 7d).

- D4: faulting events related to the final uplifting stages of the Argentera Massif, induc-
ing reactivation of D3 reverse and strike-slip fault systems and a minor rearrangement
of the D1/D2 structural setting. During this stage, the compression direction is as-
sumed to have rotated from NE-SW and then to N-S, inducing the reactivation of
SW-verging reverse faults into dextral transpressive faults [15,17,34,68,90].

Among the main evidence for the D4 phase are the boundary faults of the Argentera
Massif, with the related huge mass of gypsum-bearing brecciated fault rocks (Carnieules
Auct. [47]) aligned all along the boundary faults of the massif.

- DB5: the late stage of the tectonic evolution of the southern termination of the West-
ern Alps was achieved in a general extensional-transtensional regime [67,68] as it
represents a transitional zone between the regions affected by extension, located in
the inner part of chain, and those affected by strike-slip and contractional tectonics,
located in the outer parts of the alpine belt. A general frictional reactivation of the
previously existing NW-SE to E-W fault systems occurred at this stage [90].

5.2.2. Age of Tectonic Phases and Metamorphism

The southern termination of Western Alps shows a metamorphic evolution ranging
from anchizonal and very low-grade facies in the Dauphinois-Provencal and external
Briangonnais domains to low grade, high-pressure greenschist facies and carpholite-quartz
(blueschist) facies in the internal Brian¢connais domain: see [21] with references therein)
and [26]. In the more internal Briangonnais and prePiemontese successions, as well as the
Acceglio zone, adjoining to the study area the metamorphic degree reached the eclogite
facies; see [91] and [21] with references therein.

The metamorphic conditions and the ages related to the above-described tectonic
phases are described in the following.

- D1 phase. The HP metamorphic transformations recorded by the Internal Briangon-
nais units were acquired before the D1 phase, as evidenced by the relations between
the HP minerals and the tectonic foliations (DO in this paper, D1 [21]). The metamor-
phism occurred in a time span between the age of the phengite in the Triassic quartzites
(37 Ma [92]) of the adjoining, more internal, Pelvo d’Elva unit, and that of the very low
grade S1 foliation (see below). In the external sectors, the D1 phase described in this
paper, here intended as the older deformation phase that gave origin to a penetrative
foliation, occurred later and at a temperature lower than 300 °C [21,26]. Its age should
be younger than 33-34 Ma, i.e., the age of the upper part of Gres d’Annot succes-
sions [93] involved in the external Brianconnais tectonic units [20,23,47]. Furthermore,
the metamorphic HP-LT transformation along the Penninic Front fault rocks in the
Pelvoux area, during its later reactivation, has been dated at 34-30 Ma [77,84], thus
ascribing it to the D1 phase.
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Figure 7. (a) The sub-vertical Triassic dolostone succession of Rocca la Meja (Meja unit, GVZ,
Gardetta highland). In the foreground (right lower corner) an outcrop of steepened Lower Triassic
quartzarenite of the Gardetta Deformation Zone is visible. (b) Intensively folded and steepened
gypsum within the Gardetta Deformation Zone. (c) Upper Cretaceous marly limestones in the
external part of the GVZ (Dauphinois-Provengal succession) close to the Tenda pass showing a
well-developed spaced crenulation cleavage (S2, black lines), crosscutting the older S1 foliation (black
dashed lines). Note that in this area the 52 is NE-dipping. (d) Upper Cretaceous marly limestone in
the External Brian¢onnais M. Omo Unit, close to Valcavera pass showing a well-developed spaced
crenulation cleavage (S2, black lines), crosscutting the S1 foliation (black dashed lines). (e) Strain
localization along the lithological contact between Upper Cretaceous marly limestone (Upega Fm.)
and Upper Jurassic grey limestone (M. Marguareis, Ligurian Briangonnais domain). The S2 spaced
cleavage (black lines) is dragged by S2-shear planes (S2-sh, white dashed lines) developed during the
late stages of D2 and probably also during the D3 phase. (f) Upper Cretaceous marly limestones of the
External Briangonnais succession in the Limone-Viozene Zone, Marguareis area. A well-developed
spaced crenulation cleavage (S2, black lines) was generated as axial planar surfaces of F2 folds that
folded both bedding and older foliation S1 (black dashed lines). Locally, S2 surfaces evolved from an
axial plane foliation to a slip cleavage (S2sh, white dashed lines), giving origin, in some places, to
dm-thick shear zones, which reoriented all the pre-existing foliations.

The radiometric age of the late D1 hydrothermal fluids responsible for the formation
of the Valdieri marble (see above), defined at 30-31.6 Ma by U-Pb analyses on recrystallised
and vein carbonate and neoblastic silicate minerals, provides a useful constraint for dating
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not only the D1, but also the D2 phase, which clearly postdates the marble [63]. It is re-
marked that a major gap in the distribution of metamorphism is not recorded across an ideal
internal Brian¢onnais-Dauphinois cross section, i.e., across the front of the alpine tectonic
prism, as occurring in other orogens (e.g., across the Himalayan main thrust front [94]), but
the decrease of the metamorphic grade from the inner to the outer tectonic units seems
to occur gradually (see above, Section 5.1), although a relatively major boundary can be
established along the internal Brian¢onnais Front, corresponding to the “Penninic Front”
in the sense of the assumption defined in Section 4, following [69].

- D2/D3 phase: since the metamorphic HP-LT transformation along the Penninic Front
fault rocks in the Pelvoux area, during its syn-D1 reactivation, has been dated at
34-30 Ma [77,84], the D2 phase, which is consistent mainly with very low-grade
metamorphism and pressure-dissolution processes of carbonate rocks [25,26], should
be younger than 30 Ma. Zircon fission track data ([9] with reference therein) indicate
that the western Ligurian Briangonnais basement was at about 265-215 °C between 32
and 29 Ma, suggesting that the onset of the very low-grade to anchizonal D2 phase
should have occurred after that time span, i.e., at least since the late Rupelian. U-Pb
radiometric age on recrystallized carbonate matrix (24.7 £ 6,9 Ma) and calcite veins
(26 £ 11 Ma) in Lower Cretaceous deposits of the Entracque Unit [95], which could
be referred to as the last event of diffuse recrystallization and pressure dissolution
(ascribable to the D2/D3 phase), thus occurred around 25 Ma, confirming what
suggested above.

Other constraints for dating the D2/D3 phases are provided by the faults of the
northern part of the Argentera Massif [96]. The kinematics of these faults have been related
to the shifting of the regional shortening to N-S directions, which is here thought as the
reason for the shearing evolution of the D2 folding phase, i.e., the D3 phase. This occurred
probably between 26 Ma and 20 Ma when the D3 phase induced the main uplifting of the
Argentera Massif, controlled by dextral transpression along NW-SE fault systems [68,97]. In
this time span, the internal sectors of the uplifting SW Alps crossed the apatite fission track
closure temperature of 120 °C [9], while in the external sectors (Argentera and Dauphinois-
Provengal) this occurred at about 14-12 Ma [68]. These data suggest that after the D3 phase,
the tectonic evolution (D4 and D5 phases) should have been characterized by development
of purely brittle discrete fault systems and/or individual faults.

The D2 NE-vergent tectonics recorded in the external Ligurian Brian¢onnais have
been ascribed to the late Oligocene also by [29].

During the D2/D3 time span the uplifting was recorded by the sedimentary evolution
of the adjoining internal syn-orogenic basin, the so-called Tertiary Piemonte Basin, which
in the sector close to the Ligurian Alps is characterized by localized fault bounded basins
whose tectono-sedimentary evolution has been interpreted as controlled by transtensional
and strike-slip tectonics since the late Rupelian [9,10,65].

- D4 phase: N-S regional shortening continued to be active from the early Miocene
until the Tortonian-Messinian from the Ligurian Alps to the Apennines (Padane)
thrust front, and is recorded in the southern termination of the Western Alps mainly
as dextral transpression along the NW-SE fault systems subparallel to the main
Briangonnais and Dauphinois tectonic fronts and the boundary faults of the Argentera
Massif [68,98].

- D5 phase: the late extensional and transtensional regime occurred during the late
Miocene-Pliocene [67,68], which was coeval to the strike slip and contractional tectonic
regime of the outer sectors of the SW Alpsto the south of the Argentera Massif and in
the northern margin of the present Ligurian basin [64,90].
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Figure 8. (a) Slickensided strike-slip fault surface bounding the GDZ on its southern side along
the EBF (Dogger limestones of M. Bodoira); (b) steepened folds affecting the Jurassic-Cretaceous
successions close to the EBF in the M. Bodoira tectonic unit; (c) subvertical, intensively sheared beds
in the hundred-meters scale “Servagno transcurrent zone”. This zone is located on the GDZ southern
boundary, along the EBF and it affects the Jurassic-Cretaceous succession of M.Bodoira near Servagno
pass. (d) Detail of Figure 10c, drag folds showing vertical axes and vertical axial planes developed
along the individual strike-slip faults of the Servagno transcurrent zone; (e) tight to isoclinal folds in
the gypsum masses of the GDZ to the west of Valcavera pass; (f) major gypsum tectonic slices in the
central part of the GDZ, bounded by steeply dipping faults belonging to the EBF fault system (in the
background the vertical tectonic slices of Monte Sale, reported in the cross-section of Figure 4).

5.3. Subsurface Stratigraphic Constraints to the Uplifting Stages

The eastern extension of the SWAT/GVZ system (as described in previous sections)
can be traced in the Cuneo-Mondovi area. In this area, outcrop and subsurface data
constrain the tectono-depositional evolution of Oligocene to Miocene synorogenic basins
developed on the western Alpine basements: see [7] and references therein. The line
drawing in Figure 9 (SL1, [65]) refers to a N-S seismic line running from the Ligurian Alps
to the adjacent plain. It shows strike-slip faults with flower geometries, deep-seated in the
western Ligurian Alps basement. During the Oligocene and early Miocene, these faults
(roughly E-W striking in map view) controlled evolution of basins (presently buried below
younger successions) filled by continental to marginal marine/slope successions [7] and



Geosciences 2021, 11, 185

17 of 26

laterally equivalent to the cropping out eastern TPB successions (Molare and San Paolo
formations [99,100]). Unconformities and onlap terminations point out the progressive
Oligocene to Miocene syntectonic uplift of this part of the Ligurian Alps.

Ligurian Alps

| basementunits — — /
1sec

0

Figure 9. Seismic line drawing crossing the TPB sediments in the subsurface of the Cuneo-Mondovi
area. The unconformities are base Rupelian (B-RU), base Chattian (B-CH), late Chattian (L-CH), late
Burdigalian (L-BU) and base Langhian (B-LA). From [7,65].

6. Discussion: The Late Eocene to Miocene Evolution of the Internal SW Alps in the
Frame of the Adria Indenter Kinematics and First Stages of the Apennines Orogenesis

Some points for discussion on the relations between the kinematic evolution of the
SW Alps and the Adria indenter in the frame of the ongoing Apennines orogenesis, are
here proposed.

(a) The first point concerns the dynamic context in which the exhumation of the alpine
units occurred. As reviewed in the above sections, it can be suggested that the ex-
humation of the tectonic units derived from the Briangonnais, Dauphinois-Provencal
and Alpine Foreland basin domains occurred in a transpressional regime. It was
stated by [21] that whereas the exhumation of the adjoining Alpine units, such as
the Dora-Maira UHP-HP eclogite rocks and the Monviso meta-ophiolites, mostly
occurred through extrusion in the subduction channel and then late extensional
tectonics, “the Brianconnais nappes were exhumed mostly through transpressional
deformation at the bottom of a collapsing and eroded orogenic wedge”. This interpre-
tation is consistent with the ideas sustained in this paper, and is supported by: (i) the
overall structural setting of the Brianconnais-Dauphinois-Provencal transect in the
SW Alps, corresponding to a mega-macroscale fan-like geometry evoking a flower
structure; (ii) the transpressional characters of the structural associations developed
in the D1-D3 phases, consisting of several juxtaposed tectonic domains dominated,
in turn, by steep reverse and strike-slip faults, low-angle thrust surfaces and folded
domains with alternating low-angle axial surface folds and vertical axes folds; (iii)
the progressive and gradual decrease of the metamorphic grade from the internal
Briangonnais to the external Dauphinois-Provengal units, indicating that no major
vertical offset, and no related metamorphic gap, occurred across the tectonic unit
boundaries; (iv) the tectono-sedimentary setting of the adjoining syn-orogenic basins
placed in the internal side of the Western Alps, in southern Piemonte, that recorded
the kinematics and uplifting stages of the Alps tectonic belt.

The subpoint (ii) demands further considerations on the geometrical setting of the
GVZ, which has been described in detail only for its eastern part (LIVZ, [23,25]). The
western part of the GVZ, consists of a number of tectonic slivers made up of different rock
types arranged in a km-scale deformation zone (Gardetta Deformation Zone, Figure 10)
developed between the internal (IBF) and the external (EBF) Brian¢onnais fronts. The
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tectonic slices are made up of both the rocks of the internal Briangonnais domain (metavol-
canics and volcanoclastite, phyllite, quartzite and meta quartzarenite) and of the external
Briangonnais (volcanoclastite, quartzarenite and parts of the Triassic-Cretaceous carbonate
succession), as well as gypsum masses derived probably from the base of the Briangonnais
or the Dauphinois successions. The slices are separated by steeply dipping tectonic contacts,
oblique to the GDZ boundaries, and consisting of individual faults showing strike-slip
slickensided surfaces (Figure 8a), or transcurrent shear zones. The internal setting of the
slices can be represented by contractional structural associations (thrusts with related ramp
folds, symmetrical folds in the core of the GDZ, Figure 8b) and/or by transcurrent strained
domains showing drag folds with subvertical axes and axial planes (Figure 8c,d), and
subhorizontal extension lineations. The huge gypsum masses involved in the GDZ show
isoclinal to tight folds with axial planes subparallel to the bedding (Figure 8e) but are
always bounded by steeply dipping faults (Figure 8f). Although the detailed description of
the GDZ structural setting is beyond the scope of the paper, we believe that a qualitative
interpretation of the GDZ as a strain-partitioned transpressive zone should be accountable
on the basis of the above reported observations, as well as the overall geometric setting on
map view (Figure 10). The macro and mesoscale features of the GDZ seem to fit with the
diagnostic features described for the transpressive zones in the basic works of [101-103].
Furthermore, the abundant presence within the GDZ of lithotypes that rarely occur in the
external Brian¢onnais domain (e.g., the basic volcanics of the Becco Nero slices, Figure 10)
suggest that the GDZ could have originated on some prealpine lithological inhomogeneity.

(b) The second discussion point refers to the effective relations of the transpressive
tectonics, discussed at point (a), with the inferred presence of the regional transfer
zone, here named SWAT (see Section 3), that should have contributed to the west-ward
indentation of Adria and its counterclockwise rotation with respect to Europe [34].
This transfer kinematics, coeval with the continuing shortening due to the Adria-
Europe indentation, seems to be effectively recorded by the structural setting of the
southern termination of Western Alps, namely by the Gardetta-Viozene Zone (GVZ),
consisting of an assemblage of transpressive deformation units [20,23], which can be
followed quite continuously from the NW in the Cottian Alps to the Tanaro valley in
the western Ligurian Alps (Figure 3).

/ to Maira Valley Internal Briangonnais units Dauphinois-Provengal units

" Lower Triassic quartzite for Alpine Foreland Basin succ.
& X ibv
L. Carboniferous-Permian Jurassic-Cretaceous succ.
K R metased. and metavolc. A tora Massif
rgentera Massi
Q External Briangonnais units a;v
- - - -4 Migmatitic gneiss

ibq 4 Jurassic-Cretaceous succ.
N i Gypsum and carnieule

1 Mid. Triassic carbonates masses along tectonic

contacts

Gardetta C ebd G ‘ S
pass g 2 ¥ - Low. Triassic quartzarenite
& L "\ First-order tectonic contacts

W Carboniferous
metasediments \ Other tectonic contacts

;. Permian volcanics:
ibv acid (pav), basic (pbv)

Figure 10. Geotectonic map of the Gardetta Deformation Zone, developed between the internal
Brian¢onnais front (IBF) and the external Briangonnais front (EBF) (modified from [19]).
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The structural setting of the SWAT/GVZ corresponds to a double-vergent tectonic
system, mainly developed during the D1/D2/D3 phases, where NW-trending major folds,
and both NE dipping and SW dipping reverse and strike slip faults developed. In the NW
sectors [75-77], the NE-vergent (back-vergent) branch of the transect is indeed developed
mostly inwards (NE) of the GVZ, in the internal Brian¢onnais units [21] (Figure 4). Con-
versely, in the SE sectors the NE-vergent fold systems are intensively developed within the
GVZitself [25,80,83], while the SW-vergent folds are less abundant, except near the tip zone
of the SW-vergent thrusts (Figure 4). The presence of steepened slices of anhydrite and
gypsum in the northern branch of the GVZ (Valcavera-Gardetta highland at the altitude of
more than 2000 m), which have been found more to the East, at the northern termination
of the LIVZ (not far from the IBF, at an altitude of less than 700 m, in the “Buzzi tunnel”
between Roaschia and Robilante [104]) and, more extensively, along the Tenda Tunnel
thrust at about 1000-1200 m a.s.l [23,86], suggests that the transpressive GVZ probably
merged into the basal detachment of the external Brian¢onnais-Dauphinois-Provencal
thrust belt from where it could have dragged, up to higher geometric positions, the above
cited gypsum and anhydrite-bearing tectonic slices. The presence, within the fault core
zone (namely in the restraining bends), of duplexes and slices extruded from deeper levels,
is indirect evidence of transpressional fault setting [101,105,106]. The development of the
GVZ unlikely occurred as the result 6tof an homogeneous transpression, as it shows a
marked internal strain partitioning. Further analysis is required to ascertain if the strain
partitioning was achieved mostly during the first deformation stage (D1) or continuously
during the D1 to D3 stages.

(c) As the SWAT activity was recorded by the tectonic evolution of the basement and
covers (Mesozoic succession and Eocene-Oligocene Foreland Basin succession) at the
southern termination of Western Alps, a third crucial point, concerning the sedimen-
tary recordings of this tectonics in the syn-orogenic basins is to be discussed. The data
reported in the above sections indicate that the exhumation/uplifting of the southern
Cottian-Maritime-western Ligurian system occurred during the formation of the Alps-
Apennines syn-orogenic basin known as TPB (Tertiary Piemonte Basin [9,19,74,107]
with references therein). The TPB succession (Figure 1) was deposited starting from
the early Oligocene on the exhuming metamorphic complexes of the Western Alps, as
well as on the top of the overthrusting Ligurian units involved in the northwestern
Apennines. The TPB successions recorded the Alps-Apennines tectonics through
some regional scale unconformities related to main Geologic Events (Figure 11) that
divided the succession into a number of unconformity-bounded stratigraphic units
(Synthems [108]) continuous at the regional scale [19]. The analysis of a seismic line
(Figure 9) available for the TPB sectors adjoining the Western Ligurian Alps [65],
evidenced that the uplifting of the basement occurred during the depositions of the
Oligocene-early Miocene succession, as evidence by late Chattian and Burdigalian
reflectors that onlap distinct tectonic units, sealing the progressively younger activity
of the faults branching from the main steep fault systems, interpreted by the authors
as roughly E-W strike-slip faults deep-seated in the alpine basement. We suggest
that this fault system could be consistent (as close to it and showing similar geo-
metric and kinematic features) with the inferred eastward prolongation of the GVZ
system (Figure 2), whose evidence in this sector of the western Ligurian Alps (i.e., the
Limone-Viozene Zone [25,28]) has been confirmed by surface data. The activity of
the GVZ/SWAT system thus occurred first during the early Oligocene sedimentation
stages, when the basement of the TPB underwent a stretching, consistent with the
sinistral transcurrent tectonics of the D1/D2 phase, which controlled the deposition
of the lower Oligocene continental and coarse-grained marine sediment (Molare
Fm. [99]), and induced an intense vertical mobility leading to a main regional denuda-
tion episode [109] and the onset of differentially subsiding sub-basins, bounded by
high angle transtensional faults ([6,10] with references therein) and flanked by fastly
uplifting areas. This stage was concomitant with the rifting phase of the Balearic
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basin [110] that in the internal part of the Ligurian Alps was less pronounced and
rapidly decreased toward the North, maybe due to the hindering effect of the southern
prolongation of the Ivrea high-density body [9]. The gradual decrease of the rifting
was probably partitioned by the transpressive faults of the GVZ/SWAT system, as
suggested by [10], during the D1/D2 phase.

All the early Oligocene sub-basins of the southern TPB then underwent, in late Ru-
pelian and early Chattian times, a general drowning and subsidence, with the deposition
of outer shelf and slope marly sediments (Rocchetta and Rigoroso Fms. [107]). This event
occurred in a transtensional regime concomitant with crustal thinning and opening of
back-arc basins [55] and was coeval with the initial stages of the Apennines dynamics, i.e.,
with the beginning of the Adriatic (Apennines) subduction [111].

Then, a marked inversion of southern TPB structures occurred during the Aquitanian-
Early Burdigalian in response to an important geologic event induced by the change
in the direction of motion of the Adriatic indenter with respect to Europe from NW-
ward to WNW-ward at about 20 My [53,112,113]. This resulted in conditions of oblique
convergence and increased collisional tectonics, whose effects are recorded in a large part of
the western Mediterranean area and caused the switch from transtensional to contractional
and transpressional regime in the southern TPB, inducing inversion of a great number of
the formerly active structures [5,7,9,10,114-116]. In this period (early to middle Miocene)
the TPB underwent a counterclockwise rotation of ca. 50° with respect to Africa [117].

In the southern western Alps, the Aquitanian-Burdigalian tectonic stage induced a
marked regional uplift, with subsequent high denudation rates. This caused the east-
ward migration of fan-delta systems, prograding from the western margin of the TPB
(the “Saluzzo-Monregalese belt” of [7]), accompanied by significant change in sediment
composition [118]. In the western Ligurian Alps, the uplifting stage can be referred to
the D3 phase, coeval with the main uplifting of the Argentera Massif [68,97] induced
by dextral transpression along the northern boundary faults of the massif and D2/D3
back-thrusting. These thrusts are clearly sealed by the late Burdigalian reflectors reported
in the line drawing of Figure 9.

The D2/D3 phase developed a penetrative regional foliation through large sectors of
the Maritime and western Ligurian Alps: this foliation postdates the early Oligocene (see
also [63]) and could be ascribed to compressional stages coeval and dynamically consistent
with those recorded in the adjoining TPB successions, i.e., the main Apennines related
tectonics that occurred at the Aquitanian-Burdigalian boundary, active while the Maritime
and western Ligurian Alps continued their uplifting. The propagation of the N- and NE-
vergent thrust front in the westernmost part of the Apennines was thus hindered by the
uplifting Alpine basement and related covers. The E and NE-vergent transpressive faults
propagating from the previously formed alpine belt also involved and stacked the Ligurian
units resting on the Adria crust, as well as the same syn-orogenic sedimentary successions
that were flanking the alpine units while they were uplifting [5,51,65]. It becomes clear
now, in our view, that the NE-vergent contractional tectonic systems affecting the TPB can
be defined alpine or Apennines-related depending on the substrate they displaced (alpine
metamorphic units vs. Ligurian non-metamorphic units), but they developed indeed
within the same geodynamic context since the late Oligocene, making it appropriate, for
the westernmost Alpine-Padane realm, to refer to a single “Alps-Apennines orogenic
system”, as in [19,74].
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Figure 11. List of the Alpine Geologic events (D1-D5) recorded in the southern termination of Western Alps since Early

Oligocene. The Ul, U2 ... D7 unconformities correspond to the D1, D2 ... D7 regional unconformities of the TPB, as

defined in [19,74]. The column “geodynamics” describes the relations with the main stages of the tectono-sedimentary

evolution of the southern termination of the Western Alps and of north-western Apennines.

7. Conclusions

Based on a critical review of surface and subsurface geological data, integrated with
new data and interpretations, it is concluded that the southern termination of the Western
Alps arc recorded the Oligocene-Miocene activity of a regional transfer zone (the southwest-
ern Alps Transfer, SWAT) whose existence has been often postulated in literature [15,34,81]
and that should have allowed, since early Oligocene, the westward indentation of Adria
and its counterclockwise rotation with respect to Europe. This “virtual” transfer zone,
inferred on the basis of geodynamic constraints and reconstructions, could be partially
seen, at shallow crustal level, in an effective system of deformation units and km-scale
shear zones, here defined as the Gardetta-Viozene Zone (GVZ). The GVZ is developed
externally to the internal Briangonnais Front (IBF), involving the external Brianconnais
and Dauphinois-Provencal domains and the overlying Eocene-Oligocene sediments of
the Alpine Foreland basin. The IBF, which represents the inner boundary of the SWAT,
is thought to correspond to the Penninic Front, here intended as the frontal thrust which
bounds the Alpine Axial Belt, i.e., the metamorphic orogenic prism (in the sense of [69]).
Thus, in the southern termination of western Alps, the Penninic Front divides the external
from the internal Briangonnais domains. Consequently, it can be argued that, in this area,
the Briangonnais domain did not experience subduction and exhumation as a whole. The
internal Brianconnais underwent major tectono-metamorphic transformations, while the
external Briangonnais was subjected only to anchizonal P-T conditions. The relatively grad-
ual transition (although stepwise across distinct tectonic fronts) from HP-LT metamorphism
and very low-grade to anchizone metamorphism through the Brian¢onnais-Dauphinois
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transect of SW Alps, suggests a low entity of the thrust vertical offsets, as expected in an
overall transpressive or strike-slip regional context.

The southwestern Alps Transfer acted outwardly of the IBF, in a foreland fold and
thrust belt, consisting of the external Briangonnais and the Dauphinois-Provengal domains
with related Alpine Foreland Basin successions, which was detached above quartzites and
anhydrite-gypsum levels of inferred Triassic age, now locally involved in the core of the
SWAT shear zones. Conversely, the IBF cut across the Triassic evaporite and quartzite
level, bounding the external domains affected by “cover tectonics” from the internal levels,
where the stacking involved the Permian metavolcanics and some levels of the underlying
polymetamorphic basement [119,120]. The Oligocene to Miocene kinematic evolution of
the above-described Alpine units was well recorded by the tectono-sedimentary evolution
of the inner syn-orogenic basins, i.e., the so-called Tertiary Piemonte Basin, as evidenced
by stratigraphic, sedimentological and geophysical data. This allows correlation with the
Apennines kinematics and dynamics, in terms of the age of the main geologic events, the
interference between the main structural systems and the tectonic control exerted by both
the tectonic belts on the same syn-orogenic basin.
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