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Abstract: Ophiolites of the Alpine belt derive from the closure of the Mesozoic Tethys Ocean that was
interposed between the palaeo-Europe and palaeo-Adria continental plates. The Alpine orogeny has
intensely reworked the oceanic rocks into metaophiolites with various metamorphic imprints. In the
Western Alps, metaophiolites and continental-derived units are distributed within two paired bands:
An inner band where Alpine subduction-related high-pressure (HP) metamorphism is preserved, and
check for an outer band where blueschist to greenschist facies recrystallisation due to the decompression path
updates prevails. The metaophiolites of the inner band are hugely important not just because they provide

o ) . records of the prograde tectonic and metamorphic evolution of the Western Alps, but also because
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1. Introduction

Ophiolites are a major component of the Alpine-Himalayan orogenic belt [1-3] (Figure 1A).
They represent tectonic slices deriving from the oceanic lithosphere of the Jurassic Tethys
Ocean and have thus been named Tethyan ophiolites [4,5]). Differently from other well
known ophiolites of the Mediterranean area, such as the Troodos ophiolite in Cyprus [6,7],
the metaophiolites of the Alpine belt have been intensely deformed and metamorphosed;
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{ations. they presently occur as tectonic slivers pinched between the palaeo-Europe and palaeo-
Adria continental domains [8-10]. The Alpine orogenic cycle has deeply reworked the
original characters of the primary oceanic lithosphere. Consequently, the internal struc-

tural and stratigraphic features of the Alpine metaophiolites are not comparable with

those of the idealized ophiolite suite defined by the Penrose conference [5,11]. The Alpine
metaophiolites are mostly composed of (now serpentinized) mantle peridotites (mainly
harzburgites and minor lherzolite and few dunite) with mafic intrusions and ophicarbon-
distributed under the terms and  ates. A true sheeted dyke complex has never been documented, and metalavas occur in a
conditions of the Creative Commons  1OW percentage. Furthermore, the original thickness of the Jurassic oceanic lithosphere has
Attribution (CC BY) license (https:// ~ D€en strongly modified by the Alpine tectonics. The Alpine metaophiolites are then finally
creativecommons.org/licenses /by / associated with different types of metasediments, only partially comparable with those of
40/). less deformed and metamorphosed ophiolites [12]. In the Western Alps, the metaophiolite
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sequences have been distinguished on the basis of their internal structural features, rock as-
sociation, and metamorphic imprint [12-16]. At a broad scale, metaophiolites are arranged
within a relatively simple array: An internal, eclogite facies belt and an external blueschist
facies belt [16] (Figure 1B). We focus our study on the eclogite facies belt, and particularly
on the metaophiolites exposed in the Aosta Valley and in the Monviso Complex because,
due to their weak re-equilibration during the Alpine decompression path, they preserve
textural records of the pre-orogenic evolution and of the original geological setting. In this
context, we concentrated our investigations on metasediments covering the metaophiolites,
with particular attention to their pseudostratigraphic sequence and petrographic features.
Since the inception of geological surveys in the Alps in the 19th century, little attention
has been generally paid to metasedimentary rocks. Indeed, through selected key sections
from different areas of the Western Alps, we demonstrate that distinct occurrences of
coupled metaophiolite and metasedimentary sequences are helpful clues for interpreting
the evolution of the Jurassic Tethys, their location in the ocean, and involvement in the
Alpine orogeny.

Our contribution is aimed at stimulating a discussion on the tectonic settings of the
metasedimentary sequences, their relation with the ophiolitic basement, and with the
continental slices derived from the palaeo-Europe and palaeo-Adria continental plates
involved in the subduction, in order to reconstruct the possible palaeogeographic scenarios.

2. Geological Setting
2.1. The Alps

The Alps are a mountain belt generated by subduction of the Jurassic Tethys Ocean
that occurred in the Cretaceous-Eocene time and subsequent collision between the palaeo-
Adria and palaeo-European passive continental margins [17-19]. The Tethyan oceanic
lithosphere gave rise to the Alpine metaophiolites, while the Adria and Europe domains
gave rise to the Austroalpine-Southalpine and Penninic-Helvetic continental systems,
respectively [18,20,21]. More in detail, the Alpine metaophiolites are the remains of two
main branches of the Tethys Ocean, i.e., the Ligurian-Piedmont Ocean and the Valais
Ocean, that opened from the Jurassic to the Cretaceous [19,22]. These two branches are
commonly referred to as Alpine Tethys [23,24]. The Ligurian-Piedmont Ocean opened
between the Briangonnais microcontinent and the Adria palaeo-margin [25]. Its suture
gave rise to the Alpine metaophiolites that are mostly exposed in the inner and axial sectors
of the Alps. The Valais Ocean opened along the border between the European paleao-
margin and the Briangonnais microcontinent [26]. The corresponding Valais units with
metaophiolites represent a more external belt that sutured the Briangonnais microcontinent
with Europe [22]. The Alpine metaophiolites are frequently imbricated with continental-
derived tectonic units, ranging in size from a few kilometers to tens of kilometers (see
Figure 1), resulting in the Alpine orogenic wedge [9]. Some of these units exhibit records
of the original stratigraphic setting; others are completely dismembered or make tectonic
mélanges, such as those occurring in the Central Alps [27].

Subduction processes are attested in the Alps by the occurrence of high-pressure
(HP) and ultrahigh-pressure (UHP) mineral assemblages mostly associated with ductile
structures particularly concentrated in the Western Alps [16,28-34]. The eclogite facies
tectonic units make a more or less continuous belt in the inner (easternmost) parts of the
Western Alps, marking the approximate location of the palaeo-subduction zone (Figure 1B).
In more external areas of the Western Alps, blueschist facies metamorphic conditions have
been documented in the Queyras Schistes Lustrés [16,35,36], while HP greenschists facies
metamorphism is recorded in the Briangonnais zone [37] at the front of the belt, attesting
to a general increase of the Alpine P-T conditions from the external (westernmost) to the
internal (easternmost) sectors of the Western Alps [16,38,39].

The subduction, collision, and exhumation are differently recorded along the entire
Alpine belt. As an example, in the Western Alps, subduction was followed by exhumation
along a relatively cool path, while in the Central Alps, the decompressional path was ac-
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companied by heating giving rise to a pervasive recrystallisation of rocks under prominent
amphibolite facies metamorphic conditions [40,41]. As a result, Alpine rocks variously
preserve records of their entire tectono-sedimentary and tectono-metamorphic evolution.
Ages of metamorphism are not homogenous in the Alps. In the northwestern Alps,
as in the Aosta Valley for example, the high-pressure metamorphic peaks are compara-
ble among different tectonic units located to the south of the Aosta-Ranzola Line (ARL;
Figures 1 and 2), ranging between 49-40 Ma in the Austroalpine klippen and between
45-42 Ma in metaophiolites [42], and around 42 Ma in the Penninic Gran Paradiso units [43].
Comparable ages of the eclogite facies metamorphism are recorded in the Valais units (ca.
42-40 Ma ago) [22]. However, all these ages differ from those revealed by metaophiolites
located to the north of the ARL (e.g., 65 Ma in the Valtournenche area) [44] or in the
Austroalpine Sesia Lanzo Zone (e.g., 79-65 Ma) [45]. These data clearly suggest that the
subducted units in this region of the Western Alps attained their maximum P-T imprint di-
achronously. Exhumation of the subducted metaophiolites of the Western Alps occurred in
a shorter time span, ranging between ca. 42 and 36 Ma [46—49]. The Alpine belt is truncated
by the Insubric Line (Figure 1B), a roughly E-W trending fault system, which separates the
northern tectonic units, deeply involved in the Alpine orogeny and deformed by N-vergent
thrust, from the Southern Alps composed of dominant sedimentary Mesozoic and Tertiary
rocks and pre-Alpine metamorphic basement dislocated by S-vergent thrusts [50,51].
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Figure 1. Geographic and geological location of the study areas (modified after Balestro et al. [52] and Festa et al. [53]. (A) Sketch
of the Mediterranean area with location of the Western Alps (red rectangle). Main orogenic belts are marked by a black line with
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a triangle on the hanging wall. (B) Tectonic map of the Western Alps showing the distribution of tectonic domains referred

to the continental paleo-Adria and paleo-European plates, to the oceanic Ligurian-Piedmont and Valaisan Oceans. The

dashed violet line approximately separates the internal eclogite facies belt from the external blueschist and greenschist

facies belt of the Western Alps. The main post-collisional fault systems and thrust faults are also reported (see Legend for

explanations). Location of Figure 2 (Aosta Valley and Soana valleys) and Figure 3 (Monviso Complex) is reported.

In the Western Alps, where the study areas of the present contribution are located, ophi-
olites and related sediments derive from the Ligurian-Piedmont Ocean (i.e., the “Piemonte
Zone”) [54], a composite nappe stack presently sandwiched between the Pennidic and
Austroalpine continental domains [8,9,55,56]. The Piemonte Zone consists of two main
tectonic units: The eclogite facies (HP to UHP) Zermatt-Saas unit and the low-grade (mostly
greenschist facies with blueschist facies relics) Combin unit; they were defined in Switzer-
land [57] and then extended to other sectors of the Western Alps, namely the Aosta Valley
region [12-14,58-61]. The Zermatt-Saas metaophiolites extend southwards along the inner
arc of the Western Alps (Figure 1), where they constitute other eclogite facies metaophiolites
such as the Monviso Complex [12,62,63], the Rocciavré metaophiolite [64], and the Voltri
Group [65]. The Combin unit extends to the south in the Queyras area (Figure 1) [66,67]
constituting the external blueschist facies belt of the Western Alps (Figure 1B). Finally, the
eclogite facies metaophiolites of the Valaisan Ocean are exposed in the outermost sectors of
the Western Alps (Figure 1B).

2.2. The Aosta Valley

Located in the northwestern part of the Alpine belt (Figure 2), the Aosta Valley
represents a natural geotraverse through the Alpine orogenic wedge, from the innermost
continental units of the Sesia-Lanzo Zone to the oceanic units of the Piemonte Zone until
the continental Penninic and Helvetic units.

In the southern Aosta Valley, to the south of the ARL where some of our study areas are
located (Figure 2), the metaophiolites are dominated by mantle-derived (now serpentinized)
peridotites intruded by gabbro and rodingitized gabbro dykes, and minor mafic rocks,
metatrondhjemite, and metasediments comprising quartzite (probably from radiolarite),
marble, and calc schists [68-73]. These metaophiolites are mostly comparable to the
Zermatt-Saas unit, showing a dominant early Alpine subduction-related metamorphic
imprint under eclogite facies conditions, variously retrogressed under greenschists facies
conditions [42,69,74-78]. More recently, the metaophiolites exposed in the southern Aosta
Valley have been subdivided into several tectonic units, according to their rock assemblage
and dominant metamorphic imprint related to the Alpine orogenesis [79]: Among these,
there are the Zermatt-Saas and Grivola-Urtier units, that were metamorphosed under
eclogite facies conditions; the Combin and Aouilletta units, characterized by calc schists and
minor amounts of ophiolites showing prevalent greenschist facies mineral assemblages; and
the Cogne units, interpreted as continental cover sequences but included in the Piemonte
Zone. The metaophiolites of the southern Aosta Valley are thrust over the northern
end of the Pennidic Gran Paradiso massif and in turn overthrust by slices (or klippen)
of Austroalpine continental crust (i.e., the Mount Emilius, Glacier-Rafray, Tour Ponton,
and Acque Rosse tectonic units [42,80,81] (Figure 2), that show a comparable Alpine
metamorphic evolution.
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Figure 2. Geographic location and geological context of the study areas in the Aosta Valley region and Soana valley.
(A) Geographic location of the study area in the NW-Alps (Italy). (B) Tectonic map of the NW Alps, modified after
Balestro et al. [52], with location of the St. Marcel valley (red star), Cogne-Urtier valley area (black star), Miserin lake
area (yellow star), and Soana valley (blue star). Simplified lithostratigraphic columnar sections of the St. Marcel valley,
Cogne-Urtier valley (North and South), Miserin lake, Soana valley are reported. Palaeo-European domain: Briangonnais
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Canavese Line; ARL: Aosta-Ranzola Line; IL: Insubric Line; PF: Penninic Front; SF: Simplon Fault.
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2.3. The Metaophiolite Monviso Complex

Located in the southwestern part of the Alpine belt (Figure 1B), the Monviso corre-
sponds to an area wherein one of the major and better investigated eclogitized remnants
of the Ligurian—Piedmont oceanic lithosphere in the Western Alps (i.e., the metaophiolite
Monviso Complex) is exposed. The Monviso Complex is tectonically interposed between
the continental Dora Maira crystalline Massif and the Queyras Schistes Lustrés Complex,
to the East and West, respectively [61,62]. The Dora Maira Massif represents a slab of
the paleo-European margin, which consists of various tectonic units, differing from each
other for their lithostratigraphic features, Alpine metamorphic P-T peaks (from blueschist-
to eclogite-coesite facies), and structural position [82-87]. The Queyras Schistes Lustrés
Complex, which is separated from the Monviso Complex along a major ductile fault [88,89],
represents the external part of the Alpine accretionary wedge [90] (Figure 1B). It consists
of carbonate-rich metasedimentary succession with metaophiolite bodies [67,91], which
were metamorphosed under blueschist facies conditions during the late Cretaceous-early
Eocene subduction of the Ligurian-Piedmont Ocean [92,93] and pervasively deformed
during Alpine tectonics [36].

The structure of the Monviso Complex, which consists of several tectonically jux-
taposed units [62,63,94-96], resulted from three main tectonic stages developed during
(i) the Late Cretaceous to Middle Eocene subduction, (ii) the Late Eocene-Early Oligocene
collision and W-verging accretion, and (iii) the Late Oligocene to Neogene westward tilting,
which was driven by crust and mantle indentation and doming of the Dora Maira Mas-
sif [97,98]. The partially preserved subduction-related mineral assemblages constrain the
P-T peak metamorphic conditions roughly at 2.5 GPa-550 °C [96,99,100].

The metaophiolite sequence of the Monviso Complex consists of serpentinite, metagab-
bro, metabasalt, and metasedimentary rocks [62]. The original upper mantle peridotite
was intruded during Late Jurassic by gabbro (163 &+ 2 Ma in age) [101] and quartz-diorite
(152 £+ 2 Ma) [102]. An association of talc-chlorite and serpentine schists with blocks
of metagabbro occurs throughout the Monviso Complex, and it has been interpreted
as a remnant of intra-oceanic detachment faulting (i.e., the “Baracun Shear Zone” of
Festa et al. [103]) (Figure 3). The Baracun Shear Zone separates serpentinite and metagab-
bros in its footwall from metabasalt and metasediments in its hanging wall. The metabasalt
includes pillow metalavas and volcanic metabreccia. The metasediments derive from two
different successions, which have been referred to as a Late Jurassic syn-extensional succes-
sion and a Cretaceous post-extensional one [52]; extension is related to the Late Jurassic
spreading resulting in the formation of the Ligurian-Piedmont oceanic basin (see below).
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3. Methods

The most significant results from selected metaophiolite and metasedimentary succes-
sions of the Western Alps are reviewed. These data are implemented with new original
data obtained on metasedimentary successions by field mapping at various scales (from
1:10,000 to 1:500). Tens of thin sections were then selected for petrographic descriptions un-
der optical microscope (Zeiss Axioscope polarizing transmitted light; Zeiss, Jena, Germany)
for documenting the main HP mineral assemblages. The aim is to synthesize the most
representative examples of metasedimentary successions associated to metaophiolites, and
to reconstruct their pseudostratigraphic features for inferring possible scenarios of the
original geological setting.

4. Metasedimentary Tectono-Stratigraphic Successions
4.1. Ophiolitic Metasediments across the Southern Aosta Valley Region

Our study areas are located in the southern sector of the Aosta Valley region (see
Figure 2). The metaophiolite structural position is between the underlying Upper Penninic
Gran Paradiso nappe and the overlying Austroalpine klippen. We focus our investigation
on the metasedimentary tectono-stratigraphic successions covering the metaophiolites
of the St. Marcel valley and the Cogne-Urtier valley-Champorcher area (see Figure 2).
Two main types of those successions are recognizable. The first type comprises quartzite
(probably from radiolarite), marble, and calc schists [68,69,104,105]. These metasediments
directly cover the ophiolitic metabasalts or metagabbro, often associated with manganese-
or sulphide-ore deposits. The second succession type consists of ophicarbonate breccias or
mixed mafic-ultramafic breccias, which directly lie upon serpentinized mantle peridotites,
followed by calc schists with (scarce) ophiolitic interbeds [106,107]. A few case studies
were selected as being the most significant and representative of distinct metaophiolite
suites with associated metasediments, as described below.

4.1.1. The St. Marcel Valley Section

The St. Marcel valley is a right tributary of the Aosta valley, it is north-south ori-
ented, and extends for about 8 km in length (see Figure 2). In the St. Marcel valley, the
metaophiolite basement is almost unique, being composed of crustal lithologies of the
oceanic lithosphere, and not of mantle serpentinites as in most sectors of the Aosta valley.
Metaophiolites consist of eclogite facies Fe-Ti- and Mg-metagabbros, metabasalts repre-
sented by glaucophanites with garnet and lawsonite (now pseudomorphed) and enclosing
eclogite boudins, garnet-chloritoid-glaucophane-chlorite-bearing schists, and minor talc
schists [69,104,105,108]. These rocks include a well-known Cu-Fe sulfide mining district
and a Mn-rich deposit interpreted as palaeo-hyrothermal fields referable to the Jurassic
oceanic environment [108-110].

Metasediments occur on both sides of the St. Marcel valley; their thickness, although
falsified by multiple folding, ranges from a few meters up to 800 m going from the north
to the south along the valley. The metasediments are always floored by metabasalt or
metagabbro, partially retrogressed under greenschist facies conditions and often enclosing
eclogite boudins, whilst a stratigraphic contact with serpentinite has never been observed.
The contact between metaophiolite and metasediments is commonly sharp and marked by
actinolite schists, with scarce repetition of metaophiolite layers within metasediments.

The metasedimentary sequence starts with quartzites followed by fine-grained, impure
marbles (Figure 4A-D). Several types of quartzites were recognized (Figure 5A-D): Garnet-
bearing micaceous quartzites with epidote, clinopyroxene, blue-amphibole, and relict
cummingtonite included in garnet; manganiferous quartzites (probably deriving from
radiolarite); micaceous quartzites; amphibole-chlorite-rich quartzites; carbonate-rich and
garnet-bearing micaceous quartzites; quartz-chloritoid-rich mica schists. In the northern
St. Marcel valley, metabasalts and quartzites are associated with sulfide- and Mn-rich ore
deposits [110]. Marbles consist of impure, fine-grained pale-grey marbles and micaceous
marbles (Figure 5E,F). The sequence ends with calc schists consisting of siliceous marly



Minerals 2021, 11, 411 9 of 32

limestone (marble) alternating with shaly beds (Figures 4E,F and 5G,H), including minor
quartz-carbonate-rich micaschists. The contact between quartzites or micaschists and the
calc schists is often marked by quartz-rich calc schists or by graphitic calc schists.

Figure 4. General view of the St. Marcel valley metasedimentary successions covering the metaophiolites. (A) Quartzites
(Qtz) and fine-grained marbles (M) on top of metaophiolites represented by mafic rocks and actinolite schist (Mb). (B) Close-
up view of quartzite. (C) Micaceous quartzite with quartz porphyroclast covered by a thin film of Mn-rich oxide. (D) Grey
to yellow marble covering the quartzite. (E) Calc schist consisting of siliceous marly limestone alternating with shaly
beds. (F) Close-up view of calc schist: Marble layer including a folded micaceous layer (arrow). Lws: millimeter-scale

pseudomorphs on lawsonite now composed of mica-epidote-albite aggregate.
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Metaophiolites and metasediments are characterized by a common structural evolu-
tion that produced a regional-scale subduction-related foliation extended at the scale of the
entire valley and marked, in the metaophiolites by glaucophane, garnet, and omphacite,
and in the metasediments by garnet, chloritoid, and pseudomorphed lawsonite. Mineral
retrogression acquired during exhumation under greenschists facies conditions is poorly
recorded. Estimation of the peak P-T conditions for the St. Marcel valley eclogites provides
T =550 £ 60 °Cand P = 2.1 & 0.3 GPa [108]. These P-T values are higher than those previ-
ously obtained in the same area (Tmax = 550 = 20 °C; Pmax = 1.2 = 0.1 GPa performed by
Martin and Tartarotti [69] on eclogite boudins; Tmax = 500°C; Pmax = 1.4 GPa obtained on
eclogite Mn-assemblages by Brown et al. [111], Mottana [112], and Martin and Kienast [76].
The eclogitic imprint is of Eocene age (4542 Ma) like in the overlying Austroalpine tectonic
units (i.e., the Mount Emilius klippe: 4940 Ma) [42].

4.1.2. The Cogne-Urtier Valley Sections

The Cogne valley is right tributary of the Aosta valley and extends for about 32 km in
length. It is southeast-northwest oriented in its upper segment (named Urtier valley) and
mid segment (named Grand’Eyvia valley), becoming north-south oriented in the lower
segment, towards the confluence with the main stream of the Aosta valley, i.e., the Dora
Baltea river (see Figure 2).

The tectono-metamorphic setting of the Cogne area is complicated by the presence
of different tectonic units of both continental and oceanic origin, locally intensely de-
formed and transposed together. They include the Middle and Upper Penninic continental
basement units (i.e., the San Bernardo and Gran Paradiso Nappes, respectively; Figure 2)
with their own metasedimentary covers, closely set one upon the other, and the oceanic
metaophiolites of the Piemonte Zone. The metaophiolites are exposed all along the north-
ern border of the Gran Paradiso massif and extend to the North (i.e., towards the St.
Marcel valley) and to the East, along the Urtier valley. They are tectonically overthrust
upon all the Penninic basement and cover units and are in turn covered by hectometer- to
kilometer-scale Austroalpine tectonic slices, such as the Mount Emilius and Tour Ponton
units presently occurring as klippen because of the erosion of the uppermost metaophio-
lites. Other minor Austroalpine slices are pinched within the metaophiolites in the highest
Urtier valley, near the border with the Champorcher valley [81,113].

For their rock assemblages and metamorphic imprint, the Cogne-Urtier valley metaophi-
olites have been compared to the Zermatt Saas Zone, although some authors have attributed
these metaophiolites to differents units (or sub-units), on the basis of their rock assemblages
and metamorphic imprint [79,114-117]. For simplicity, the Cogne-Urtier metaophiolites are
here referred to “Zermatt Saas metaophiolites”. They consist of antigorite- Ti-clinohumite
serpentinites, Fe-Ti- metabasalts transformed into glaucophanites with garnet and law-
sonite (now pseudomorphed) enclosing eclogite boudins, Mg- and Fe-Ti metagabbros, and
serpentinites [54,75,79,115-119]. Similar to the metaophiolites described in the St. Marcel
valley, the Cogne-Urtier metaophiolites are mostly characterized by high-pressure metamor-
phism variously retrogressed under greenschists facies conditions. Estimation of the peak
P-T conditions for the Urtier valley eclogites provides T = 500 &= 50 °C and P = 1.2 GPa [77],
comparable to those of the St. Marcel valley (T = 550 &+ 60 °C and P =2.1 £ 0.3 GPa) [108]
although showing lower pressure conditions. These P-T values are also comparable with
those obtained in the Gran Paradiso (T = 500-520 °C and P = 1.8-2.0 GPa of Eocene age at
42 Ma) [43] and in the overlying Austroalpine tectonic units where the eclogitic imprint has
been estimated of T = 440-550 °C and P = 1.2-1.5 GPa, still of Eocene age (i.e., the Mount
Emilius klippe: 4940 Ma) [42]. The ages of the eclogitic peaks differ from those revealed by
metaophiolites from the northern Aosta Valley (e.g., 65 Ma in the Valtournenche area) [44]
or in the Sesia Lanzo Zone (e.g., 79-65 Ma) [45], suggesting that the subducted tectonic
units in this region of the Western Alps attained their maximum P-T imprint diachronously.
Exhumation of the subducted metaophiolites of the Western Alps occurred in a time span
ranging between ca. 42 and 36 Ma [46—49].
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Metaophiolites and related metasedimentary rocks of the Cogne-Urtier valley area
show different features in the northern and southern sectors.

In the northern sector, near the Corona lakes and towards the orogenic divide with
the St. Marcel valley, metaophiolites are mostly represented by mafic rocks associated to
quartzites and calc schists (see also Figure 2, Cogne-Urtier valley North section). These
latter are made of marble layers regularly alternating with micaceous layers; centimeter-
sized lawsonite porphyroblasts now pseudomorphed by white mica + clinozoisite typically
characterize these rocks (Figure 6A) together with chloritoid (Figure 7A). North of the
Cogne village, metaophiolites include a kilometer-sized slice of serpentinite hosting the
well-known Cogne magnetite mineralization, the biggest of the Alps [120-124] and some
small-sized Cu-Fe sulphide stockworks. Recent works by Toffolo et al. [124] have shown
the hydrothermal origin of this magnetite mineralization and the primary magmatic nature
(troctolite composition) of the hosting serpentinite. U-Th-Pb dating of magnetite-associated
uraninite constrains the formation of the deposit to Late Jurassic (ca. 150 Ma), during an
advanced stage of the opening of the Tethys supporting a genetic affinity of this serpentinite
with the Zermatt Saas metaophiolites hosting the Cu-Fe hydrothermal mineralizations of
the St. Marcel valley.

The right side of the Urtier valley (see also Figure 2, Cogne-Urtier valley South section)
is characterized by the occurrence of metadolostones, marble, metaconglomerates, and
metasandstones (i.e., the “Faisceau de Cogne” unit, or “FDC”) [125], easily recognizable
in the field for their white-yellowish color (Figure 6B-D). These metasedimentary rocks
often show an evident compositional layering marked by carbonate-rich layers alternating
with quartzite layers or calc-mica schists with quartz porphyroclasts (Figure 7B). This
layering can be attributed to the effect of pervasive isoclinal folding of D;-D, Alpine
phases (Figure 6C) and shearing, likely occurred under high-pressure metamorphic condi-
tions, as suggested by petrographic features of carbonate-rich rocks (Figure 7C,D). These
metasedimentary carbonatic rocks are strongly sheared and tectonized, and mechanically
mixed with serpentinites to form an assembly of tectonic slices about 300-500 m thick.
This mixing can be recognized also at the micro-scale (Figure S1). The FDC unit likely
derives from sedimentary cover sequences of the Penninic domain. Moreover, not far away
from the Urtier valley, in the Grand’Eyvia valley (lower part of the Cogne valley), similar
carbonate-rich metasediments of Carboniferous to Liassic age are in stratigraphic contact
with the Gran San Bernardo basement, and thus interpreted as the Gran San Bernardo
original sedimentary cover (i.e., the so called “Ensemble A” of Elter [54]). Similarly, in the
Valnontey and Valsavaranche valleys, the metasedimentary cover of Gran Paradiso is well
recognizable, even if transposed with metagranites [126,127].

In the lower right side of the Urtier valley, a series of garnet-bearing calc schists and
micaschists rich in quartz porphyroclasts or mm-cm thick layers (Figure 6E) are in tectonic
contact with the serpentinite slices and the underlying FDC unit and attributed to the
Zermatt-Saas metaophiolite [79].
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Figure 5. Photomicrographs of the St. Marcel valley metasediments. (A) Garnet-bearing micaceous quartzites with epidote
(Ep); plane polarized light (sample EM286). (B) Same view as (A) under crossed nicols. (C) Garnet (Grt)-bearing quartzite
(Qz) with blue-amphibole (Amp); plane polarized light. (D) Greenish micaceous quartzite with garnet poikiloblast, chlorite
(Chl), epidote, white mica (Wm); plane polarized light (sample EM296). (E) Fine-grained marble (with yellow coating);
crossed nicols (sample EM295). (F) Quartz-rich micaceous marble; plane polarized light (sample EM272). (G) Micaceous
layer from calc schist; graphite levels and zoisite (Zo); crossed nicols (sample EM283). (H) Quartz-bearing marble from calc
schist; a thin layer of quartz is folded by D, isoclinal fold showing relict S; foliation near the F2 fold hinge; crossed nicols
(sample EM292). Mineral abbreviations on pictures according to Whitney and Evans [128] except for white mica (Wm).
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Figure 6. General view of the Cogne-Urtier valley metasedimentary successions. (A) Calc schist of the Corona lakes
area (north of the Cogne village) with centimeter-sized pseudomorphs of white mica + clinozoisite replacing lawsonite.
(B) Panorama of the dextral side of the Urtier valley showing metadolostone and marble (white rocks) of the Faisceau
de Cogne (FDC) unit interbedded within calc schists and metaophiolites of the Zermatt-Saas unit. (C) Example of the
FDC lithologies: Quartz-rich layers and porphyroclasts interbedded with marble by isoclinal folding. (D) FDC: Grey-
yellow marble (thicker layers; see also Figure 7C) alternating with white mica-chlorite-albite-schists (partly dissolved
by weathering). (E) Zermatt-Saas metaophiolite of the Urtier valley (lower right side): calc schists rich in quartz-layers
deformed by destral (top to East) shearing (see also Figure 7E,F). (F) Southern side of the Urtier valley: Serpentinite
metabreccia with a carbonate-rich matrix interbedded with calc schist (Cals) in the Eaus-Rousses valley. (G) Southern side
of the Urtier valley: Mn-garnet-quartzite (mt-qtz) in contact with metabasite (mtb) grading to micaschist and calc schist
(near Goilles Dessous bridge). (H) Details of metabasite clast included in the calc schist shown in Figure 6G.
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Figure 7. Photomicrographs of the Cogne-Urtier sequences. (A) Zermatt-Saas metaophiolite north of Cogne: Calc schist
with chloritoid (Cld) and carbonate (Cb); near the Corona lakes; plane polarized light (sample 2B_15). (B) FDC (right side
of the Urtier valley): recrystallized quartz porphyroclast in quartz-rich marble (right side of the Urtier valley); crossed
nicols (sample MZ-2; magnification: 10x). (C) FDC (right side of the Urtier valley): Garnet-bearing marble (see Figure 6D
for the field view); plane polarized light (sample MZ-18). (D) Same picture of Figure 7C; crossed nicols. (E) Zermatt-Saas
metaophiolite, lower right side of the Urtier valley: Calc schists with quartz-white mica layers defining a compositional
layering. The rock is deformed by dextral (top to the East) shear developing C-type shear bands and white mica fishes.
Lower half: A white mica “fish” (inside quartz layer) with (001) parallel to the shortest side of the fish. Synthetic slip on
(001) is inferred; plane polarized light (sample 1C_15). (F) Same of Figure 7E, crossed nicols. (G) Southern side of the Urtier
valley, near the Goilles Dessous bridge (see Figure 6G,H for field view): Quartzite including a clast of foliated mafic rock
consisting of clinopyroxene; crossed nicols (sample U55; field of view: 3 x 2 cm?). (H) Close-up view of the mafic rock;
crossed nicols (sample U56; field of view: 3 x 2 cm?). Mineral abbreviations according to Whitney and Evans [128] except
for white mica (Wm).
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The Zermatt-Saas metaophiolites extensively crop out along the axial Urtier valley
and within the sinistral tributary valleys (Valnontey, Valleille, Bardoney, and Vallon des
Eaux Rousses valleys), up to the orogenic divide with the Champorcher valley, to the east.
They constitute the so-called Grivola-Urtier unit [79,117] or the Lower Ophiolitic Unit [114],
which overlays the Upper Penninic Gran Paradiso Nappe. Similarly to the northern side of
the Urtier valley, the Zermatt-Saas metaophiolites exposed in the southern side (Valnontey
valley) are interlayered with carbonatic rocks of the Penninic covers. Here, metaophiolites
were in fact transposed under high-pressure conditions with dolostones and limestones
of the Penninic covers, as suggested by the occurrence of lawsonite pseudomorph in
calc schists (for example, at the Loie lake, P. ta Fenilia, Loson Pass, “the Tuf “peak, Trajo
Pass) [118]. However, along the southern side of the Urtier valley and its lateral valleys, the
metaophiolites mostly exhibit a tectonic setting, which differ from that recognized in the
opposite side and in the St. Marcel valley, for showing a chaotic arrangement with blocks
and/or slices of various size and composition, similar to a mélange. The largest ophiolitic
slices, up to hundreds of meters wide, consist of serpentinite including chlorite-schist lay-
ers (probably representing original dykes) which envelop huge (hectometer scale) gabbro
intrusions or mega-boudins (e.g., the Pointe Noire Fe-Ti metagabbro). More fine-grained
material is represented by dm- to cm-sized mafic or ultramafic blocks and clasts embedded
in a carbonate matrix [116,117]. These metabreccias may be tectonically transposed with
calc schists (e.g., Eaus-Rousses valley; Figure 6F), serpentinite (e.g., Loie lake), or metagab-
bro (e.g., near Champlong). A direct and sharp contact between the ophiolitic basement
and its metasedimentary cover is only locally well preserved in this sector of the Cogne
area [116], such as near the Broillot alm or at Mt. Poucet, where some huge (hundreds of me-
ters thick) eclogitic metabasalts or partly retrogressed metabasites are in contact with thick
micaceous calschists. Near the Goilles Dessous bridge, Mn-garnet-quartzite grading to
micaschists and calc schists are in direct contact with metabasite (Figures 6G,H and 7G,H);
however, also in this latter case, quartzites in contact with metabasite include cm-thick
layers or clasts of clinopyroxene-rich mafic rock (see Figure 6G,H).

This mélange-like rock assemblage exposed along the southern side of the Urtier
valley suffered a tectonic evolution common with that of the underlying Gran Paradiso
Nappe dominated by a regional-scale high-pressure foliation marked, in the metaophiolites,
by glaucophane, garnet, and omphacite [116,117,129] and a heterogeneous retrogression
under blueschist-greenschists facies conditions. Metasediments the eclogite facies imprint
is documented by phengite, garnet, and (now pseudomorphed) lawsonite [117].

4.1.3. The Miserin Lake Section

This study area is located in the southern sector of the Aosta valley (see location
in Figure 2) and is mainly exposed in the high Champorcher valley, near lake Miserin.
The Miserin lake metaophiolites consist of serpentinite + veined serpentinite overlain by
a composite chaotic rock unit [107,130]. A calc schist unit directly overlies the chaotic
rock unit or, where this latter is absent, the serpentinite basement. The contact between
serpentinite or veined serpentinite and the chaotic unit is underlined by a more or less
continuous layer, centimeters- to meters-thick, consisting of amphibole + carbonates-rich
metasomatic rocks [131]. Serpentinites occur as thin slices of foliated rocks consisting
of antigorite and oxides (Cr-Ni-rich magnetite, ilmenite, chromite). These rocks can be
correlated with serpentinites of the nearby Mount Avic massif, which include, in addition
to antigorite and oxides, Ti-clinohumite, relict augite, and diopside [71,73]. Serpentinites
often grade towards veined serpentinites characterized by sets of veins 1-2 cm thick filled
with carbonates, antigorite, or talc (Figure 8A). The veined serpentinite (or ophicarbonate)
is overlain by a wedge-shaped composite chaotic unit, with a ca. 40 m maximum thickness,
which represents the Alpine tectonic reworking and boudinage of primary mass transport
deposits with a block-in-matrix arrangement and coarse-grained ultramafic sandstone
alternating with marble layers. The block-in-matrix arrangement mainly consists of clast-
supported metabreccias (“BrFm1” and “BrFm?2” of Tartarotti et al. [107] (Figure S1). The
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metabreccia gradually passes upward into a chaotic rock unit (“sedimentary mélange” of
Tartarotti et al. [107]), which consists of serpentinite and ophicarbonate blocks, up to meters
wide, in a carbonate (now marble) matrix. This marble is unconformably overlain by a
calc schist unit with a layered fabric due to carbonate-rich beds alternating with micaceous
beds rich in garnet and chloritoid (Figure 8D). These calc schists are generally avoid of
ophiolitic material, although in the nearby areas they include tectonic slices of micaceous
quartzites and metabasalt.

4.2. The Soana Valley Section across the Piemonte-Aosta Valley Border

The Soana valley (Italian Graian Alps) is a lateral tributary of the Orco valley, lo-
cated in the Piemonte region; it borders with the Aosta Valley to the north in the Cogne-
Champorcher area. The upper Soana valley, similar to the Cogne-Champorcher area, is
characterized by a stack of metaophiolite and continental basement units involved in the
Alpine collisional belt. From bottom to top, the nappe pile includes: The Upper Pen-
ninic Gran Paradiso basement, the Piedmont Zone including slices of metaophiolites with
metasediments, the Austroalpine Santanel klippe, and the Sesia-Lanzo Zone of continental
origin. The structural setting of the Soana valley suggests an early-Alpine coupling of con-
tinental and oceanic units within the subduction zone followed by post-peak exhumation
and folding under greenschist facies conditions. The complex structural setting and the var-
ious extent of rock re-equilibration during exhumation are mirrored by the imbrication of
eclogitic and non-eclogitic units. This nappe stack has been then deformed by post-nappe
folding during the mid-Tertiary [132].

The eclogite facies metaophiolite units consist of antigorite-Ti-clinohumite-bearing
serpentinites, Mg- and Fe-Ti metagabbros, sometimes with relict igneous textures, and fine-
grained metabasalts, with the latter often retrogressed under greenschists facies conditions.
Serpentinites make up lenticular slices of foliated or massive rocks that, in the Campiglia
valley (western branch of the Soana valley), are a few hundred meters thick and include
eclogitic metagabbro and metabasalt bodies. In the eastern branch of the Soana valley
(i.e., the Piamprato Soana valley) the eclogite facies metaophiolites consist of predominant
glaucophane, garnet-bearing metabasites and omphacite, garnet, glaucophane, rutile-
bearing Fe-Ti metagabbros and Mg-metagabbro. This latter structural setting defined by
mega-boudins of metagabbro wrapped by serpentinites is recurring in this area (i.e., Mt.
Nero massif); it also recalls the one described in the Urtier valley where the eclogitic Pointe
Noire Fe-Ti is wrapped by serpentinites.

Metasediments associated to the metaophiolites of the eclogitic units (Campiglia val-
ley) consist of thin layers of garnet-bearing micaceous quartzites, chloritoid-garnet-bearing
phyllites, and lawsonite-bearing calc schists. This sequence has a total thickness of a few
hundred meters, although distorted by multiple folding effect. In the Piamprato Soana
valley, metasediments are more abundant and represented by several types of rocks: Gar-
net, white mica-bearing quartzites often bearing Mn-rich minerals (piemontite, spessartine,
+alurgite), which give the rock a pink-violet color (Figure 8E); garnet, chloritoid-bearing
phyllites and micaschists; dark carbonate-rich calc schist; qtz-rich calc schists; garnet-
bearing chlorite- schists and calc schists. These latter are characterized, as in most calc
schists outcrops of the Cogne-Urtier-Champorcher area, by a recurring compositional
layering defined by marble layers alternating with micaceous layers bearing evident pseu-
domorphs on lawsonite (Figure 8F). Chlorite schists are locally associated with sulphide
mineralization [133].

Most metasediments exposed in the Piamprato Soana valley have been attributed
to a blueschist-to-greenschist facies unit [132] for not showing HP mineral assemblages
and are not considered in this paper. Nevertheless, we cannot exclude that these rock
units (mostly made of carbonate-rich calc schists; quartz-rich calc schists; chlorite, white
mica-bearing calc schists, phyllites and micaschists, and cm-thick layers of quartzites)
result from pervasive re-equilibration of HP rocks under greenschist facies conditions.
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Summing up, the metasedimentary sequence of the Soana valley metaophiolite is
comparable to the one described in the St. Marcel valley metaophiolites.

Miserin Lake

Figure 8. General views and photomicrographs of the Miserin lake and Soana valley sequences. (A) Miserin lake area (high
Champorcher valley): Veined serpentinites with various sets of veins, 1-2 cm thick, filled with carbonate, antigorite, or talc.
Hammer for scale. (B) Serpentinite (Srp) clasts and blocks enclosed in a carbonate-rich impure matrix (Cb) (hammer as
scale; length ca. 70 cm). (C) Miserin lake area: Photomicrograph of serpentinite metabreccia with carbonate-rich matrix;
plane polarized light (sample MIS 3D). (D) Miserin lake area: Detail of zoned garnet in micaceous layers within calc schist;
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plane polarized light (sample MIS65). (E) Soana valley (high Piamprato Soana valley, near the Mt. Nero peak): foliated

quartzites with Mn-rich minerals (piemontite, spessartine) giving the rock a pink-violet color. (F) Soana valley (Piamprato

Soana valley) outcrop view of calc schists with typical compositional layering defined by marble layers alternating with

micaceous layers bearing evident pseudomorphs on lawsonite. (G) Photomicrograph of Mn-rich quartzite from the high

Soana valley (see Figure 8E for outcrop view). Layering defined by garnet+piemontite (Pmt) lithons alternating with

quartz + white mica lithons; plane polarized light (sample VS7). (H) Same as (G) under crossed nicols (sample VS7;

magnification: 10x). Mineral abbreviations according to Whitney and Evans [128] except for white mica (Wm).

4.3. Metasediments and Metaophiolites in the Monviso Massif

The Monviso Massif is a well-preserved composite ophiolite nappe (i.e., the Monviso
Complex), N-S trending, located in the southwestern part of the Alpine belt (Figures 1 and 3)
and crosscut by the Varaita, Po and Pellice valleys from south to north, respectively [134].
The metaophiolite sequence was metamorphosed under eclogite facies conditions; it con-
sists of serpentinite, metagabbro, talc schist, metabasalt, and metasedimentary rocks. The
massive serpentinite is mainly made of antigorite and magnetite, with rare strongly de-
formed porphyroclasts of clinopyroxene and orthopyroxene, and textural relics of spinel
and olivine. Locally preserved lizardite with mesh structure suggests primary ocean-floor
serpentinization. At the uppermost part of the serpentinite, both massive and sheared
metaophicarbonate locally occur. The latter consists of irregular calcite and dolomite vein
networks that lace around centimeter to decimeter ‘clasts” of serpentinite. The serpenti-
nite hosts bodies of Mg- and Al-rich and minor Fe- and Ti-rich metagabbros, ranging in
size from dykes of decimeters thickness to bodies of hundreds of meters thickness and
sub-kilometer length. Contacts between the massive serpentinite and metagabbro are
marked by rodingitic reaction rinds. Locally, the lack of pervasive Alpine metamorphic
overprint [135] indicates that the rodingite-forming metasomatic event started as part of
an in situ oceanic serpentinization process. The overlying talc schist and serpentine schist
(i.e., the Baracun Shear Zone), are up to a few tens of meters in thickness and include
blocks of Fe- and Ti-rich metagabbro of decimeters to meters in length [12,136]. Unlike the
metagabbro bodies within the massive serpentinite, this metagabbro is devoid of rodingitic
reaction rims, indicating that their emplacement must have occurred after the main phase
of intra-oceanic serpentinization of the upper mantle peridotites [52].

The massive serpentinite and metagabbros, and the serpentine schist- and talc schist-
bearing shear zone, are discontinuously overlain by metabasalt and by different types of
metasediment. The metabasalt ranges in thickness from tens of meters to several hundreds
of meters, and includes fine-grained aphyric metabasalt, pillow metalavas (up to 1 m in
size), and volcanic metabreccia. The metasediments discontinuously occur throughout
the Monviso Complex and are up to a few hundred meters thick. They mainly consist of
two different types of successions, which basically differ for the occurrence or absence
of ophiolite-derived detrital material, according to the tectono-sedimentary environment
of their deposition (i.e., the Late Jurassic syn-extensional succession and the Cretaceous
post-extensional succession, respectively [52].

The first type of succession originally deposited above mantle rocks exhumed on the
seafloor (serpentinized peridotite with gabbro bodies and rocks of the detachment-related
Baracun shear zone) and was laterally interfingered with basaltic lavas [12]. It mainly
consists of calc schist containing ophiolite-derived material and calc schist interbedded by
mafic metasandstone horizons, up to decimeters in thickness (Figure 9A). Locally, bodies
of metabreccia of gabbroic composition, up to a few meters in thickness, also occur. The
calc schist is medium-grained and mainly made up of carbonate minerals (i.e., calcite,
minor dolomite and ankerite), quartz, and white mica, with subordinate chloritoid, zoisite,
and centimeter-sized aggregates of white mica, zoisite and graphite on post-lawsonite
pseudomorphs (Figure 9B). Detrital ophiolitic material is represented by abundant Mg-
rich chlorite, relics of chromite crystals rimmed by Cr-rich white mica, and magnetite
pseudomorphs after spinel (Figure 9C). The mafic metasandstone and metabreccia are
made of angular to poorly rounded grains and up to several centimeter-sized clasts. The
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latter consists of omphacite and aggregates of chlorite, Cr-rich white mica, and epidote,
and are embedded in a groundmass of zoisite, amphibole, pistacite, albite, chlorite, quartz,
and white mica [61].

Figure 9. Field images and photomicrographs of metasediments from the Monviso ophiolite (Colle del Baracun area).
(A) Calc schist interbedded by a layer of mafic metasandstone. (B) Close-up view of a calc schist with black aggregates on
post-lawsonite pseudomorphs. (C) Thin section image of a calc schist including chromite crystals (Chr) rimmed by Cr-rich
white mica (Cr-Wm) and Mg-rich chlorite (Mg-Chl); crossed nicols. (D) Close-up view of the contact between metabasite
derived from a basaltic breccia and a horizon of quartzite. (E) Overturned contact between mafic metasandstone and marble.
(F) close-up view of calc schist with layers of marble. (G) Calc schist with horizons of with quartz-schist. (H), (I), and (L)

thin section images of calc schist including aggregates of calcite and Fe-oxide likely replacing planktonic Foraminifera;
plane polarized light.
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The second type of succession consists of quartzite, marble, and calc schist that origi-
nally sealed the intra-oceanic seafloor architecture of the Monviso ophiolite. In different
sectors of the Monviso Complex, they show stratigraphic contacts above serpentinite,
metagabbro, rocks of the Baracun Shear Zone, and the first type succession (calc schists
and metabasalt) [103]. The quartzite derives from chert or radiolarite, and marks the
transition from the syn-extensional succession and the post-extensional one. It discon-
tinuously occurs as centimeters- to decimeters-thick horizons, which are interbedded at
the top of basaltic metabreccia or stratigraphically rest above metabasalt (Figure 9D) [62].
The quartzite is fine-grained and mainly made up of quartz and white mica, with minor
garnet, Mg-Fe chlorite, pistacite, amphibole, and Mn-rich calcite. In a narrow sense, the
very bottom of the second type succession is represented by decimeters-thick beds of withe
or yellow marble (Figure 9E). The latter closely resembles the Upper Jurassic-Lower Cre-
taceous Calpionella Limestone of the non-metamorphosed cover of the Internal Ligurian
ophiolites in the Northern Apennines [137,138]. The marble is fine-grained and mainly
consists of calcite, with minor white mica, quartz, zoisite, and chlorite. The quartzite
and marble horizons are stratigraphically overlain by tens of meters thick calc schist, the
most widespread rock variety in this succession of the Monviso Complex. This calc schist,
devoid of any ophiolite-derived detrital material, is typically interbedded by centimeters-
to decimeters-thick layers of marble (Figure 9F) [12]. It is fine- to medium-grained and
made up of carbonate minerals (calcite, and minor dolomite and ankerite), quartz, and
white mica, with subordinate chloritoid, Mg-Fe chlorite, and zoisite. Locally, the calc schist
is also interbedded by several centimetres-thick layers of quartz-schist made up of quartz,
white mica, and chlorite with minor albite and garnet (Figure 9G). This latter quartz schist
probably derives from terrigenous sandstone occurred into mixed siliciclastic-carbonate
turbidites, which filled the ocean basin. Remarkably, the calc schist is rarely characterized
by occurrence of sub-millimeter aggregates of calcite and Fe-oxide, which closely resemble
the outline of planktonic Foraminifera sections (Figure 9H). Similar aggregates have been
detected in calc schist in the Western Alps [139,140] and Corsica [141], and they have been
overall referred to the Albian-Cenomanian period.

5. Discussion

The Alpine metaophiolites are evidence of the sutured Jurassic Tethys Ocean that
was interposed between the palaeo-European and palaeo-Adria continental plates. The
Alpine metaophiolites have been involved in the orogenic cycle including subduction,
collision, and exhumation. Consequently, part of them was probably removed, and part was
exhumed and still remains within the Alpine orogenic wedge. They occur as dismembered
and metamorphosed tectonic slices that rarely or never correspond to the idealized ophiolite
suite defined by the Penrose conference [11]. In spite of the Alpine tectono-metamorphic
reworking, some metaophiolites and their original sedimentary cover preserve records
of their primary depositional setting and can be used for constraining the pre-orogenic
evolution of the Jurassic Tethys Ocean.

The eclogite facies belt of the Western Alps, and particularly the metaophiolites ex-
posed in the Aosta Valley and in the Monviso Complex, preserves textural and structural
records of the pre-orogenic evolution, since it escaped the general structural reworking
and recrystallisation during the exhumation and final stages of the Alpine convergent
orogeny [142]. In fact, the occurrence of well-preserved HP mineral assemblages is likely
due to the effect of deformation partitioning [143], acting since the inception of the Alpine
subduction, which separated low-strained rock portions from high-strained ones. High-
pressure metamorphic minerals and associated fabrics thus represent good markers for
individuating low-strain domains that may preserve records of the primary intra-oceanic
(pre-orogenic) architecture of the Tethyan depositional setting. Metasediments associated
with ophiolites provide critical constraints to the reconstruction of the original deposi-
tional environment characterizing the Jurassic oceanic basin. This is well documented for
ophiolites that were affected by low or very low-grade orogenic overprint, such as those
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exposed in the Northern Apennines [138]. In fact, it turned out that a comparative analysis
of HP-metasedimentary sequences with analogue poorly deformed and recrystallized
sections has been helpful for envisaging a possible scenario for the formation processes of
the investigated successions [12,107,116,137,138].

5.1. Different “Tectono-Stratigraphic” Successions in the Western Alps

Structural and lithostratigraphic field observations as well as petrographic and miner-
alogical data related to the eclogite facies internal belt of the Western Alps allow to identify
three main different tectono-stratigraphic successions that likely represent different tectono-
sedimentary depositional environments and tectonic evolutionary steps. Nevertheless, we
are aware that our inferences surely underestimate the huge information widespread at a
regional scale.

The first type of tectono-stratigraphic succession (hereafter “type 1”; Monviso and Mis-
erin lake areas; Figure 10) is identified for the occurrence of serpentinites and metagabbros
associated with abundant detrital material of ophiolitic composition mixed or interbed-
ded within metasediments. The ophiolite basement rocks of this succession consist of
serpentinites made of serpentine (antigorite), Cr-Ni-rich magnetite, ilmenite, and chromite.
Rare porphyroclasts of clinopyroxene and orthopyroxene, and textural relics of spinel and
olivine were recognized, attesting the mantle nature of these serpentinites. The occurrence
of lizardite with mesh structure suggests a possible record of primary ocean-floor serpen-
tinization. Serpentinites grade to metaophicarbonates consisting of serpentinite crosscut by
veins or vein networks filled with carbonates, antigorite, or talc. This mantle section may
host gabbroic intrusions forming dykes or bodies, with or without metasomatic rinds, as
observed in the Monviso Complex. Only in the Monviso Complex area, the serpentinite +
metagabbro basement can be discontinuously overlain by metabasalt ranging in thickness
from tens of meters to several hundreds of meters, also including volcanic metabreccia.

The metasedimentary cover sequence of the type 1 succession starts with ophicar-
bonate breccias (“type 1a”) or with calc schist containing ophiolite-derived material and
calc schist interbedded by mafic metasandstone horizons (“type 1b”). The ophicarbonate
breccias of type 1a include both clast- and matrix-supported breccias, with block-in-matrix
and/or sedimentary mélange-type internal fabrics (e.g., the chaotic rock unit of the Mis-
erin lake series). The monotonous composition of clasts and the occurrence of Cr-rich
opaque minerals, reflect the ultramafic nature of the source feeding these breccias. In type
1b succession (e.g., Monviso Complex), the detrital ophiolitic material is represented by
Mg-rich chlorite, relics of chromite crystals rimmed by Cr-rich white mica, and magnetite
pseudomorphs after spinel. However, a mafic component is also recorded and attested by
the occurrence of metasandstones and metabreccias preserving omphacite (in the Monviso
Complex area) and of clinopyroxenite clasts within calc schist (in the Cogne-Urtier area).
Both type 1a and 1b successions end with calc schists devoid of ophiolitic material, with a
thickness ranging between a few meters to tens of meters; calc schists may include layers
of marble and quartz-rich mica schists (Monviso and Miserin lake areas).

Therefore, the type 1 tectono-stratigraphic succession corresponds to a “reduced”
succession where calc schists devoid of ophiolitic material unconformably overlain either
mantle rocks or calc schists with detrital ophiolitic material, with no supra-ophiolitic covers
(i.e., quartzite and marble) interposed. “Reduced” successions commonly characterize
deposition along scarps of morphological or structural high reliefs within an articulated
depositional environment.
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Figure 10. Conceptual model illustrating interpretative reconstructions of the Jurassic Ligurian-Piedmont paleo-structure as
deduced from the metasedimentary successions of the Aosta Valley and Monviso areas. The stratigraphic columnar sections
of the studied areas (above) are tentatively projected to the inferred location within the reconstructed Jurassic ocean (middle).
Type 3 section (below) represents the result of tectonic mixing between continental-derived and oceanic-derived units.

The second type of tectono-stratigraphic succession (hereafter “type 2”; Monviso
Complex, St. Marcel and Soana valleys; Figure 10) consists of quartzite, marble, and calc
schists devoid of ophiolitic material. These calc schists are well comparable with those
described for the upper part of types 1a and 1b successions. The type 2 cover succession
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can overly type 1b successions or be in stratigraphic contact directly with serpentinite,
metagabbro, or with the serpentine schist- and talc schist-bearing intra-oceanic extensional
shear zones (e.g., the “Baracun shear zone” in the Monviso Complex) [52,103]. More often,
this succession directly covers metamafic rocks, although the stratigraphic nature of the
contact cannot be inferred certainly due to the occurrence, as in the St. Marcel valley, of
actinolite schists underlying the contact between metaophiolite and quartzites and that
could correspond to a tectonic contact. Summarizing, the type 2 tectono-stratigraphic
succession may range from a “partially complete” succession (i.e., when it directly overlies
mantle rocks) to a “complete” one (i.e., when it overlies type 1b successions), consisting of
all the stratigraphic terms that were originally deposited in a basinal environment.

The third type of tectono-stratigraphic succession (hereafter “type 3”; Cogne-Urtier
area; Figure 10) is characterized by the strict association of carbonate- and dolomite-rich
rocks, metaconglomerates, and evaporitic rocks (mainly “cargneule”) with calc schists,
quartzites rich in quartz porphyroclasts. This association is of tectonic origin and must
not be confused with a primary succession. It formed through tectonic transposition
as attested by the occurrence of relict fold hinges related to the Alpine D;-D, phases,
or to tectonic mixing as suggested by the presence of serpentinite slices interfingered
within metasediments. Therefore, this tectono-stratigraphic unit or rock assemblage (i.e.,
the FDC) is particularly significant because it formed by the tectonic mixing of both
rocks commonly interpreted as the sedimentary cover of thinned continental margins and
ophiolite units [54,125].

5.2. Pre-Orogenic Evolution of the Alpine Metaophiolites as Deduced from the
Metasedimentary Successions

Although subduction- to exhumation-related tectonic deformation and metamorphic
recrystallisation partly obliterated the internal structure of the Tethyan oceanic lithosphere
and the stratigraphic features of its cover successions, records of the primary tectono-
stratigraphic features can be recognized in several areas of the Western Alps, thus repre-
senting useful markers for unravelling the pre-orogenic evolution of the oceanic realm,
and related passive continental margins. We used the tectono-stratigraphic successions de-
fined above as markers to constrain various stages of the pre-Alpine history. The different
characteristic and composition of those successions indicate that the emplacement of the
oceanic lithosphere on the seafloor of the Jurassic Tethys oceanic basin was followed by
various stages of sedimentation, often assisted by tectonics.

Syn-extensional stage. The occurrence of serpentinites, veined serpentinites, and
metaophicarbonates, although partly attributable to the effect of Alpine carbonation of ser-
pentinites [107,130,131,144], attest for upper mantle exhumation during widespread exten-
sional deformation that, at least locally, was favored by the development of a lithospheric-
scale detachment fault [12,52,103]. A record of this latter kind of structure has been
identified in the Monviso Complex (i.e., the “Baracun Shear Zone”) also producing a Late
Jurassic oceanic core complex [52]. The upper mantle peridotites (now serpentinized) were
intruded by gabbroic bodies and dykes probably before or during the emplacement of
the mantle peridotite (i.e., the “main magmatic event” of Balestro et al. [12] now recog-
nizable in the Monviso Complex and in the Aosta valley [72,73]. Subsequent magmatic
events delivering basaltic lava flows account for the occurrence of metabasalts directly
covering the serpentinized peridotites or gabbros, as in the Monviso area [12]. However,
this stage of extensional tectonics during the opening of the Jurassic ocean was mostly
characterized by the formation of ophiolitic breccias and mafic metasandstone as products
of syn-tectonic sedimentation ranging from hyperconcentrated flows to turbidite currents
(i.e., mass transport processes). In this context, type 1a and type 1b successions are records
of this syn-extensional stage (i.e., the “syn-extensional successions” of Balestro et al. [12,52]
representing the lower part of “reduced” successions deposited along tectonic or morpho-
logical scarps of active structural or morphological high sectors within the oceanic basin.
The deposition of breccias was triggered by the action of extensional faults, with or without
concurrent volcanism. In the Aosta valley, detrital Cr-rich minerals and serpentine clasts



Minerals 2021, 11, 411

24 of 32

within carbonate-rich rocks are the key mineralogical evidence for this syn-extensional
stage. Types la and 1b successions are often directly covered by calc schists devoid of
ophiolitic material (i.e., the same of the type 2 succession) that definitively sealed the syn-
tectonic articulated morphology of the intra-oceanic basin (see below). All these features
are consistent with a geodynamic setting close to a ridge axial valley or to a ridge-transform
intersection (with or without oceanic core complex).

Post-extensional stage. The characteristics of type 2 tectono-stratigraphic succession,
which consists of quartzites (from probable radiolarite), marble, and calc schists that
are devoid of any intercalations of ophiolitic detrital material, are well comparable with
those of the Tethyan ophiolites exposed in the non-metamorphosed Northern Apennine
belt (i.e., radiolarian cherts, Calpionella Limestone, and Palombini Shales [138,145,146].
Similar to the Northern Apennines, the type 2 succession, was unconformably deposited
on the articulated morphology of the oceanic basin, resulting from the lithospheric-scale
extension associated to mantle exhumation (i.e., the syn-extensional stage). Therefore,
type 2 succession can be interpreted as being post-extensional (i.e., the “post-extensional
succession” of Balestro et al. [52]). The regional unconformity beneath this succession
marks the temporal boundary between the lithospheric-scale extension and upper mantle
exhumation (i.e., the syn-extensional stage) and a period of tectonic quiescence during
which mainly pelagic deposition (i.e., type 2 succession) took place in and across the
oceanic basin. Calc schists that are devoid of ophiolitic detrital material (i.e., calc schists
of the uppermost types 1la and 1b successions and type 2 succession), rest directly above
all the different types of successions (i.e., from “reduced” to “complete”) or above mantle
rocks, varying from the ophiolitic breccias and/or chaotic units of the type 1 succession
(e.g., Monviso Complex and Miserin Lake) to metamafic rocks that were likely delivered
during a magma-dominated stage (e.g., St. Marcel and Soana valleys). The occurrence in
the Monviso Complex of sub-millimeter aggregates of calcite and Fe-oxide, which closely
resemble the outline of planktonic Foraminifera sections of Albian-Cenomanian age, also
confirm that part of the calc schists of the type 2 succession are comparable in age with the
middle-uppermost part of the Lower to early Upper Cretaceous Palombini shale of the
Northern Apennines. Interestingly, in the St. Marcel and Soana valleys, the occurrence of
Cu-Fe sulphide mineralizations and a Mn-rich deposit interpreted as palaeo-hyrothermal
fields of the Jurassic ocean [108,109,133] suggests that type 2 successions of these valleys
likely resemble a pelagic sequence sedimented not far away from hydrothermal vents [105].
These post-extensional successions are inferred to be consistent with the same geodynamic
settings of that postulated for syn-extensional successions.

Type 3 succession represents a tectono-stratigraphic unit, likely derived from tectonic
mixing or tectonic transposition of both oceanic and continental lithostratigraphic succes-
sions or tectonic slivers during the early stages of the Alpine convergence. The composition
of the tectonic slivers, including carbonate- and dolomite-rich rocks, metaconglomerates
and evaporitic rocks with calc schists, and quartzites rich in quartz porphyroclasts, suggest
that this succession likely consisted of primary pre- to syn-rifting sediments deposited on
the thinned passive continental margin. We thus cannot exclude that the Cogne-Urtier
tectono-stratigraphic rock assemblage at least in part was formed near an ocean-continent
transition (i.e., OCT) environment.

This tectonic mixing includes serpentinites and troctolites hosting a magnetite min-
eralization of hydrothermal origin. The age of ca. 150 Ma obtained for this magnetite
mineralization near Cogne constrains its origin to an advanced stage of the Tethys opening
associated to hydrothermal activity.

For type 3 tectono-stratigraphic unit, the identification of garnet within the regional
HP foliation in metasediments from the Cogne-Urtier valley area supports the hypothesis
that this tectonic mixing occurred during the Alpine subduction.
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5.3. Constraints for the Pre-Alpine and Alpine Evolution

Vertical facies variations in the meta-sedimentary successions investigated in the
eclogite facies internal belt of the Western Alps and their mineralogy provide important
clues for deciphering the physiography of the Jurassic Tethys ocean and its evolution
during the Alpine convergence (Figure 10). The syn-extensional sedimentary successions
(types 1a and 1b) are identified for their abundance of ophiolitic breccias directly covering
the serpentinites (ophicarbonate breccias) or occurring as intercalations within finer-grained
sediments. These successions are consistent with a rugged seafloor topography resulting
from intense tectonics, likely related to the development of extensional or transform faults
with scarce magma delivering. Oceanic core complexes and detachment faults are likely
structures contributing to the shape of the Jurassic Tethys (Figure 10). All these features
have been documented in modern slow- to ultraslow-spreading oceans [147-149] where
sediments are often dominated by the occurrence of breccias [150,151]. Serpentinite breccias
have been also documented near modern OCT, such as the Galicia margin [152-154], so we
cannot exclude that part of the studied successions were emplaced not far away from the
Tethys passive continental margins. The calc schists of both types 1 and type 2 successions
found in the investigated areas of the Western Alps, likely deposited above both the
“complete” (e.g., in the Monviso area, St. Marcel and Soana valleys) and the “reduced”
successions, where the basal quartzites and marble are lacking (e.g., Miserin lake area). This
evidence suggests that at the time of calc schists’ deposition, the articulated syn-extensional
seafloor physiography of the Tethyan Ocean floor was roughly flattened, allowing the
deposition of distal turbidite system.

Finally, the type 3 tectono-stratigraphic unit, although most probably inherited from
the Alpine tectonics acting since the inception of the convergence and subduction, repre-
sents clear evidence of the existence and involvement of a passive continental margin and
its related sedimentary cover.

5.4. Concluding Remarks

The meta-sedimentary tectono-stratigraphic successions here analyzed belong to the
Alpine metaophiolites deriving from the closure of the Jurassic Tethys Ocean. These suc-
cessions have been involved in the subduction and collision processes responsible for the
formation of the Alpine orogenic belt, as attested by the occurrence of well-preserved eclog-
ite facies mineral assemblages, partly re-equilibrated under greenschist facies conditions.
In spite of the severe Alpine reworking, these successions are among the best-preserved
examples ever found in the Western Alpine metaophiolites. They provide useful tools for
deciphering their original setting and the pre-orogenic evolution of the Jurassic Tethys.
Three main types of tectono-stratigraphic successions were identified in the Aosta Valley
region and in the Monviso area (Piemonte region):

1.  Type 1 succession has an ophiolite basement composed of serpentinite, ophicarbonate,
and metagabbros covered by a metasedimentary cover rich in ultramafic and mafic
breccias and detrital material sealed on top by calc schists devoid of ophiolitic material.
Its lower part (i.e., types 1la and 1b), below calc schists, is inferred to represent a
“reduced” succession deposited along morphological or structural scarps of high
reliefs, developed during the syn-extensional stage of the Jurassic Tethys Ocean
leading to upper mantle exhumation favored by the development of a lithospheric-
scale detachment fault.

2. Type 2 succession consists of quartzite, marble, and calc schists that are devoid
of ophiolitic material intercalations. This cover succession can be in stratigraphic
contact above both types 1a and 1b successions or on mantle rocks. It is interpreted
as a “partially complete “to “complete” succession, unconformably deposited on
the articulated morphology of the oceanic basin during the post-extensional stage,
possibly not far away from hydrothermal vents.

3. Type 3 succession is characterized by the strict association of carbonate- and dolomite-
rich rocks alternating with metaconglomerate, evaporitic rocks (mainly “cargneule”),
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calc schists, quartzites, and serpentinite slivers. This rock association is interpreted
as deriving by tectonic transposition of both continent-derived and ocean-derived
lithologies during the early Alpine ductile deformation phases. Although tecton-
ically mixed, these rocks are attributable to an original ocean-continent-transition
(OCT) zone.

Finally, the ophiolite-free calc schist sedimentation sealing the metasedimentary suc-
cessions suggests that at the time of calc schists” deposition, the articulated syn-extensional
seafloor physiography of the Tethyan Ocean floor was roughly flattened, allowing deposi-
tion of distal turbidite system.

5.5. Future Perspectives

A comparative analysis of the Western Alpine metaophiolite metasedimentary covers,
with the sedimentary sequences of poorly deformed and metamorphosed orogenic belts
such as the Apennine chain, would be useful to better identify their original counterparts.
However, among the tectono-stratigraphic successions here investigated, only type 2 suc-
cession is comparable to the radiolarian cherts-Calpionella Limestone-Palombini Shales
series of the Northern Apennines, dated as Middle Jurassic-Early Upper Cretaceous.

In all the studied areas, there is no clear evidence of successions comparable with the
classical Late Cretaceous (i.e., Maastrichtian)-Paleocene flysch succession (e.g., Helmintoides
flysch Auct.) or with the Late Cretaceous (Santonian-Campanian) sedimentary mélanges
with blocks and olistoliths of mantle rocks and supra-ophiolitic covers (e.g., Casanova
Complex Auct.) observed in the non- to low-grade metamorphic units of Alpine-Apennine
system (i.e., Internal and External Ligurian Units of the Northern Appennines, and Schistes
Lustrés and Combin units in Western Alps). Several reasons could be invoked to address
this issue among which: (i) No sediments analogue to those observed in the Northern Apen-
nines were deposited; (ii) the Alpine subduction completely swallowed these sediments
into deep mantle; (iii) they were accreted into the Alpine frontal wedge during convergent
stages and thus early decoupled from the HP metaophiolite units. As future developments,
further investigations should be carried out in more external units of the Western Alps
characterized by huge volumes of calc schists s.l. englobing ophiolitic materials (e.g.,
Schistes Lustrés and Combin units) in order to address this issue.

A further topic of investigation regards the type 3 tectono-sedimentary unit, which is
inferred to be the product of tectonic folding and transposition during the early stages of
the Alpine evolution under HP metamorphic conditions. Its proximity to the continental
Pennidic units may support the hypothesis of a tectonic mixing between oceanic and
continental-derived slices during the convergent tectonics, possibly derived from a primary
ocean-continent transition (OCT) zone. The challenge is now to quantify the contribute of
convergent tectonics in juxtaposing and mixing continental and oceanic units with respect
to a primary OCT zone, which already consisted of extensional continental allochtons
above mantle rocks (i.e., definition of the hyper-extended margin physiography). This
challenge should be tested in similar areas of the Western Alps close to the main contacts
between oceanic and continental units (e.g., Monte Rosa, Dora Maira Penninic units),
providing new essential constraints to better understand the evolution of Western Alps as
well as the role played by the inherited pre-orogenic settings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11040411/s1, Figure S1: Photomicrographs of the Cogne-Urtier sequences.
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