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Abstract: We present a detailed description of the tectono-stratigraphic architecture of the eclogite-
facies Internal Piedmont Zone (IPZ) metaophiolite, exposed in the Lanzo Valleys (Western Alps),
which represents the remnant of the Jurassic Alpine Tethys. Seafloor spreading and mantle ex-
humation processes related to the Alpine Tethys evolution strongly conditioned the intra-oceanic
depositional setting, which resulted in an articulated physiography and a heterogeneous stratigraphic
succession above the exhumed serpentinized mantle. “Complete” and “reduced” successions were
recognized, reflecting deposition in morphological or structural lows and highs, respectively. The
“complete” succession consists of quartzite, followed by marble and caleschist. The “reduced” suc-
cession differs for the unconformable contact of the calcschist directly above mantle rocks, lacking
quartzite and gray marble. The serpentinite at the base of this succession is intruded by metagabbro
and characterized at its top by ophicalcite horizons. Mafic metabreccia grading to metasandstone
mark the transition between the “complete” and “reduced” successions. The character of the recon-
structed succession and basin floor physiography of the IPZ metaophiolite is well comparable with
the Middle Jurassic-Late Cretaceous succession of both the Queyras Complex (External Piedmont
Zone) and the Internal Ligurian Units (Northern Apennines) and with modern slow-spreading
mid-ocean ridges.
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1. Introduction

During the rifting stage and seafloor spreading evolution of oceanic basins, the ocean
floor commonly results the object of a strong tectono-stratigraphic mobility in response
to the development of different types of active tectonic structures at different scales, such
as extensional detachment faults, fracture zones, and transfer and tear faults (see, e.g.,
in [1-7]). The temporal and spatial development of these tectonic structures strongly con-
trols the morphology of the oceanic basin, forming structural highs and lows that, in turn,
influence the syn-extensional deposition, resulting in strong vertical and lateral facies and
thickness variations (see, e.g., [5,8—-18] and refrs. therein). The exposure of mantle rocks on
the seafloor is also associated with serpentinization and ophicarbonation processes [7,19-21],
which may form primary weakness horizons within the oceanic mantle.

During convergence tectonics both the intra-oceanic tectonic structures (i.e., exten-
sional detachment faults, fracture zones, and transfer and tear faults) and the hetero-
geneous stratigraphy with its internal rheological contrasts (see, e.g., in [5,7-16] and
references therein), represent, among others, important inherited weakness zones along
which tectonic deformation commonly localizes (see, e.g., in [17,18,21-30]). Therefore, the
tectono-stratigraphic reconstruction of the pre-orogenic oceanic basin physiography is
highly significant to better constrain and understand the evolution of orogenic belts.
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In exhumed polyphasic and metamorphosed orogenic belts, such as the Western
Alps, the reconstruction of the pre-orogenic physiography of the oceanic basin (i.e., the
Jurassic Alpine Tethys) is strongly complicated by the overprinting of a multistage, intense
deformation and metamorphic recrystallization that these belts experienced during a
complete orogenic cycle of oceanic subduction, continental collision, and exhumation.

Throughout detailed geological mapping, systematic structural, and stratigraphic
observations, this paper documents the internal structure and stratigraphy of the eclogite-
facies metaophiolite units of the Stura di Viu Valley in the axial zone of the Western Alps
(Figure 1). The restoration of the syn-orogenic and polyphasic tectonic deformation of this
sector allows us to distinguish and reconstruct the main tectono-stratigraphic characters
of the intra-oceanic (pre-orogenic) ophiolite succession of a sector of the Jurassic Alpine
Tethys (Ligurian-Piedmont Oceanic Basin), characterized by a strongly heterogeneous fossil
mantle-sediment interface and preserved unconformities within the metasedimentary
succession.
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Figure 1. (a) Structural map of the Western Alps, modified after Balestro etal. [3

1]. ARL: Aosta-Ranzola fault, CL: Canavese Line,

IL: Insubric Line, LTZ: Lis-Trana Fault Zone, PF: Penninic Front. Black square indicates the location of Figure 1b. (b) Structural
sketch map of the Stura di Vit Valley area, modified after Nicolas [32], Perotto et al. [33], Bigi et al. [34], Ghignone et al. [35].

Red square indicates the study area.
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2. Regional Geological Setting of the Western Alps

The Western Alps orogenic belt (Figure 1a) represents the result of complex geody-
namic processes between the European and Adriatic continental margins and the inter-
posed oceanic basin (i.e., the Alpine Tethys) [36-38]. The Alpine Tethys evolved after the
Late Triassic—Early Jurassic rifting between these two continents, followed by the Middle to
Late Jurassic seafloor spreading [17,39-42]. Subsequent alpine evolution mainly consisted
of (I) subduction of the Tethyan oceanic lithosphere and distal European continental margin
(Late Cretaceous to Middle Eocene), recording HP to UHP metamorphic conditions; (1I)
continental collision between the European and Adriatic margins (Late Eocene to Early
Oligocene), resulting in the Alpine Tethys closure and exhumation of previously subducted
oceanic and continental units; and (I1I) final deep Adriatic crust-mantle indentation and
shallow crustal tectonics (Late Oligocene to Neogene) [17,42—49].

The axial sector of the Western Alpine belt represents an exhumed fossil subduction
complex, corresponding to the most deformed (U)HP tectonometamorphic units [50,51],
which consist of both ocean-derived and continental-derived rocks. The Western Alps
metaophiolites (Piedmont Zone) represent the remnants of the Jurassic Alpine Tethys and
are generally differentiated into (I) the eclogite-facies Internal Piedmont Zone (IPZ) and
(11) the blueschist-facies External Piedmont Zone (EPZ), both tectonically overlying the
thinned European continental palaeomargin (i.e., the Upper and Middle Penninic Units;
see, e.g., in [52-54]).

The study area (Figure 1b) is located in the Stura di Vit Valley (Lanzo Valleys), which
represents a sector of the Western Alps axial zone where the eclogite-facies metaophiolites
of the IPZ are exposed. This area lacks detailed descriptions of the primary stratigraphic
successions of metaophiolites and reconstruction of the pre-orogenic oceanic basin tectono-
stratigraphic setting. On the contrary, several studies documented its tectonometamorphic
evolution [33,55-59]. This evolution resulted from four main alpine ductile deformational
phases (D1-D4), which occurred under different metamorphic conditions and were closely
related to those observed in the adjacent Susa Valley [35,58,60,61].

The IPZ likely reached the alpine eclogite metamorphic peak during early D1 defor-
mation phase [56] for which different P-T peak conditions have been proposed, ranging
from 13 kbar—450 °C to 29 kbar-530 °C [61-63]. The subsequent D2 deformation phase
developed under greenschist facies metamorphic conditions during exhumation.

Later deformation phases (D3 and D4) document the alpine doming which involved
the IPZ and the underlying Dora-Maira unit, forming a structurally homogeneous tec-
tonic element [35,60]. Consequently, the western portion of the regional structural dome
(i.e., Dora-Maira Unit and IPZ) suffered a regional-scale tilting with top-to-W extensional
sense of shear, mostly developed along a first order shear zone separating the IPZ from
the above EPZ [35,64,65]. This shear zone, that in the study area represents a polypha-
sic tectonic contact bounding the IPZ to both north and west (see Figure 2a), was rec-
ognized by various authors in the adjacent Susa Valley (i.e., the Susa Shear Zone of
Ghignone et al. [35,65], Gasco et al. [66]) and in the northern Col de Entrelor (i.e., the
Entrelor Shear Zone of Butler and Freeman [67], Malusa et al. [68]).
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Figure 2. (a) Simplified geological map (1:10,000 scale) of the study area. (b) Schematic map showing the location of cross
sections and lithostratigraphic columns. Schematic cross sections are shown in Figure 3. An integrated geological map
showing the location of cross sections and lithostratigraphic columns is reported in Figure S1.
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3. Methods

Geological and structural data, collected at 1:5000 scale during field mapping, are
synthetized in a detailed geological map at 1:10,000 scale (Figure 2a). Four main regional
deformational phases have been distinguished through overprinting and cross-cutting
relationships among the different tectonic structures (see Section 5), such as the folds
geometry and style, their interference patterns, the orientation of structural elements, and
the sense of shear of kinematic indicators. The S2 foliation, which almost completely
parallelizes the older S1 and SO (i.e., primary stratigraphy) surfaces to D2 axial planes, has
been recognized as the regional foliation and used as the reference surface (Figure 3).

Although pervasive tectonic overprinting was present, particular attention was dedi-
cated to recognizing both primary stratigraphic contacts between different lithotypes and
the remnants of the original stratigraphic succession (see Figures 4 and 5), whose details
are shown through a dense grid of cross sections (E1, E2, E3, and E4 and N1, N2, and N3
in Figure 3), orthogonal to each other (i.e., E-W and N-S striking, respectively). Lithos-
tratigraphic columns (E1.1, E1.2, E2.1, N1.1, N1.2, N1.3, etc.; see Figures 3, 6 and S1) have
been realized where remnants of primary stratigraphic relationships among the different
lithotypes have been recognized in order to reconstruct the characters of the stratigraphic
succession.

Finally, optical microscope-based petrographic observations of the most significant
lithotypes have been carried out in order to identify mineral assemblages and, mostly, to
confirm field meso-scale evidences.
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Figure 3. Schematic cross sections (not to scale) traced in Figure 2b, showing the geological-structural setting and related
main deformational structures (i.e., D2 large-scale isoclinal sheath folds in N2). Red lines indicate the location of well-
preserved stratigraphic sequences used for the reconstruction of lithostratigraphic columns shown in Figure 6.
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4. Lithostratigraphy of the IPZ

In the study area (Figure 2), the IPZ consists of a metaophiolitic basement, charac-
terized by ultramafic (serpentinite) and mafic (metagabbro) rocks, and a heterogeneous
metasedimentary supra-ophiolite cover, including detrital horizons with metabasite clasts,
quartzite, and gray marble, which are followed by a thick calcschist succession.

Massive to schistose serpentinite, ranging from light to blackish green colors along
with the magnetite content, is up to one-hundred meters thick and mainly crops out in the
southeastern sector of the study area (Figure 2a). Serpentine and minor chlorite lamellae
define the main foliation. This lithotype shows primary contacts with both metabasic rocks
and the calcschist succession (Figure 4a). In the latter case, the contact is locally marked
by horizons of ophicarbonate, serpentinite breccia (Figure 4b), and actinolite-chlorite-
serpentine schist. Metadoleritic bodies, probably corresponding to primary dykes, occur
within the serpentinite, displaying sharp contacts and a banding defined by epidote-rich
and albite-chlorite-rich layers.

Metagabbro scarcely crops out in the study area, mainly occurring as elongated bodies,
up to few meters in thickness, embedded within the serpentinite (Figure 4c). It consists of
plagioclase, epidote, chlorite, and amphiboles, and it displays a massive to weakly foliated
texture defined by amphibole and chlorite preferred orientations (locally underlined by a
compositional banding).

Metabasic rocks are mainly represented by abundant mafic to intermediate paraderiv-
ates (mainly metagreywacke, metasandstone, and metabreccia) and by scarce metabasalt,
ranging in thickness from centimeters to few hundreds of meters (south of Nero Lake,
Figure 2a). Metabasalt occurs in the lowest portion of the sequence, showing massive and
homogeneous structures, with few relicts of primary igneous textures, such as pillow-lavas
with sub-lenticular geometry (Figure 4d).

The metabasalt is overlain by the metasedimentary cover, whose first terms consist of
decimeter-thick horizons of metagreywacke, and matrix-to clast-supported metabreccia
(Figures 4e,f and 5a) with angular to sub-rounded mafic clasts, up to few dm in size, in
a fine-grained epidote-albite-bearing mafic to carbonate matrix. Internally, most of these
detrital horizons show alternating fine- and medium- to coarse-grained levels of mafic
composition, up to decimeters thick. Fine-grained levels show albite enrichments, while
medium to coarser ones include sub-angular to sub-rounded and elongated recrystallized
clasts mainly made of epidote, amphibole, and chlorite within a bluish amphibole-chlorite-
rich matrix (Figure 4e,f). Some horizons are characterized by mm-to-cm-sized epidote-
albite levels alternating with amphibole-chlorite bands, locally containing sub-rounded
recrystallized clasts, suggesting a sedimentary origin which is consistent with mafic fine-
to medium-grained metasandstone. Locally, metabasic rocks are represented by carbonate-
bearing actinolitic schist and gabbroic metasandstone with graded structures, from coarse
to medium grained clasts. Mafic paraderivates are enriched in phyllosilicates and carbonate,
suggesting a sedimentary origin.

The above-described lithostratigraphy is overlain by the supra-ophiolitic metasedi-
mentary cover consisting of different types of quartzite, up to a few meters in thickness,
which differ each other’s in the quartz-phyllosilicate relative abundance (Figure 5a—c).
Pure fine-grained quartzite layers, dm- to m-thick, locally drape the top of the metabasic
rocks. The most widespread quartzite type, instead, is a light gray garnet-bearing mica-
ceous quartzite (Figure 5b). This is internally characterized by the occurrence of some
cm-sized dark-colored layers shown by the abundance of very fine-grained accessory
minerals (Figure 5a), thin carbonate-bearing layers, and sub-rounded quartz-mica aggre-
gates, mm- to cm in size, which could represent clasts or primary boudins. These features
and the difference in grain size among levels define a banded texture (locality Gr.e Ciape
in Figure 2a). Locally, a quartz-graphite-rich micaschist occurs above or laterally to the
quartzite, showing transitional vertical to lateral (Figure 5c) contacts. Mica-quartz-graphite
rounded aggregates, up to centimeters in size, also occur within those levels, representing
former clasts or primary boudinated layers.
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Figure 4. Field photographs of the main lithotypes , preserved primary stratigraphic contacts and relationships, and
pre-alpine relict structures in the study area. (a) Folded stratigraphic contact between calcschist and serpentinite. 45°12"22.5”
N 7°09'10.6” E. (b) Close-up view of metaophicarbonate horizon between serpentinite and calcschist, showing a brecciated
structure as well as thin, anastomosing calcite veins. 45°1223.2” N 7°09'12.5” E. (c) Boudinated Mg-Al metagabbro body
embedded in foliated serpentinite. 45°12'24.3” N 7°08’58.0” E. (d) Metabasalt showing relicts of pillow structure inside a
fine-grained mafic matrix. 45°11'42.9” N 7°08’52.1” E. (e) Mafic paraderivate horizon interlayered in calcareous calcschist,
in which mafic metabreccia (made up of greenish sub-angular clasts and a bluish fine-grained matrix) passes upwards to
medium- to fine-grained mafic metasandstone, which displays a relict graded texture. 45°12"25.9” N 7°08’56.0” E. (f) Detail
of the relict texture in mafic metabreccia, highlighting the size and the shape of the recrystallized clasts, embedded in a fine
grained matrix. 45°12"25.9” N 7°08’56.0” E.
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All the lithostratigraphic units and rocks of the IPZ described above are overlain by a
thick calcschist succession, suggesting that its base corresponds to an unconformity surface.
From the bottom upwards, the calcschist succession consists of three different members,
showing transitional primary contacts between them as well as thickness variations: (I)
calcareous calcschist, (II) calcareous-phyllitic calcschist, and (111) phyllitic calcschist. Al-
though the complex structural setting and the lack of continuous stratigraphical markers,
the total thickness of each member, as well as the whole calcschist succession, is difficult to
be defined in detail but it can be evaluated around few hundred meters.

The carbonate content increases upward in the lithostratigraphic units and the quartzite
gradually passes to a discontinuous gray marble, which, however, locally directly overlays
both metabasic and mantle rocks, such as in the Gr.e Castelletto and Gr.e Ciape sectors
(Figure 2a). The gray marble is a chlorite-bearing micaceous calcite marble (Figure 5d) with
minor amounts of quartz and, locally abundant, cm-sized tourmaline crystals. It ranges in
thickness from few decimeters to one hundred meters.

The calcareous calcschist member, up to about 100 m in thickness, consists of alternat-
ing few centimeters thick levels of medium-grained calcite with minor quartz, white mica,
and chlorite, locally containing garnet and tourmaline porphyroblasts. Often, quartz-rich
thin levels are observed. Phyllite-micaschist lenses, up to centimeters thick, frequently
occur in levels within the calcareous calcschist, representing primary clasts or boudins.

A lenticular body of graphitic micaschist, several meters in thickness, locally crops
out (i.e., near Nero Lake, see Figure 2a) at the base of this member, marking the contact
with the underlying gray marble. It consists of alternating garnet-rich graphitic micas-
chist and quartz-micaschist layers, up to decimeters in thickness, with thinner micaceous
graphite-bearing quartzite levels. Some mafic metagreywacke, metaconglomerate, and
metasandstone horizons, up to decimeters thick, are also interfingered within the calcare-
ous calcschist member and are locally followed by thin quartz-rich levels. At the same
tectono-stratigraphic level, a block of metagabbro, a few meters wide, crops out along the
Stura di Vit River, East of Malciaussia Lake (see Figure 2a).

The calcareous-phyllitic calcschist member is composed of calcite, white mica, chlo-
rite, and quartz, and it ranges in thickness from 100 to 150 m, tapering out toward those
sectors where the underlying calcareous calcschist member is reduced or absent (see
Figures 2a and 3). Inside this member (and locally at its contact with calcareous calcschist,
Figure 5e) few discontinuous levels of graphitic micaschist, up to some meters thick,
also occur.

The calcareous-phyllitic calcschist member gradually passes upward to the phyllitic
calcschist member (Figure 5f), according to the increase of phyllosilicates content. The
latter consists of thick phyllosilicate levels with abundant quartz, alternating with thin
poorly carbonate phyllite levels. Graphite is almost the ubiquitarian component, resulting
in the dark gray color and the shiny appearance of these metasedimentary unit. In the
upper part of the member, a m-thick polymictic discontinuous metaconglomerate body
occurs, showing clasts of metabasic rocks, micaschist, and marble mm-to dm in size and
rounded to elongated in shape, embedded in a carbonate-phyllitic matrix.
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Figure 5. (a) Stratigraphic (primary) contact between mafic metagreywacke, with a relict clastic texture and secondary
carbonate cement, and quartzite, characterized by a primary alternating of quartz-carbonate-mica (dark) levels and quartz
(whitish) layers. 45°12726.1” N 7°09"15.1” E. (b) Details of the garnet-bearing micaceous quartzite, showing different
layers enriched in quartz (whitish levels) and white mica (grey levels), both studded of cm-sized garnet. 45°12'28.1” N

7°09’01.6” E. (c) Graphite-rich quartz-micaschist, showing several graphite- and white mica-rich irregular clast relicts.
45°12'32.4” N 7°09°49.1” E. (d) Gray marble with dm- to cm-sized quartz-bearing micaschist layers, representing the
transitional contact between marble and underlying quartzite. 45°12’27.0” N 7°09'33.0” E. (e) Overturned contact between
calcareous calcschist and micaschist. The former shows alternating cm-sized carbonate-rich and phyllosilicate-rich layers,
which appear interrupted along the contact. Micaschist is enriched in quartz, showing a modest graphite (and rarely
carbonate) content. 45°12'28.7” N 7°08744.3” E. (f) Transitional stratigraphic contact between the phyllitic calcschist and the
calcareous-phyllitic calcschist. 45°12727.6” N 7°08'54.9” E.
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5. Alpine Structural Evolution

The IPZ succession is deformed by four main alpine ductile phases, from D1 to D4. The
first phase (D1) is preserved only in the more competent lithologies, where it corresponds to
the oldest tectono-metamorphic foliation (S1), also representing the axial plane of isoclinal
folds. The D2 deformation phase developed large-scale (hundreds of meters) isoclinal folds
(Figures 2a and 3), whose S2 pervasive axial plane foliation corresponds to the regional
foliation, N-NW plunging. Both D1 and D2 phases developed sheath folds, which are well
documented at all scales by anvil- or eye-shaped folds, such as the map-scale one occurring
in the calcschist to the south of Lake Nero (see Figure 2a and the N2 insert in Figure 3).
Along the D2 folds limbs, the parallelism between S1 and S2 defines a composite S1 + S2
fabric. The D3 phase developed open to closed folds, whose axial plane is locally defined
by crenulation cleavage in weaker lithologies. The D4 phase developed open to gentle
folds, locally with kink geometry and axial plane defined by disjunctive cleavage.

The tectonic contact between the IPZ and the overlying EPZ consists of a thick shear
zone (see Figures 1b and 2), which represents the northern prosecution of the Susa Shear
Zone (sensu Ghignone et al. [35], Gasco etal. [60], Ghignone etal. [65]). It is characterized
by a tectonic mélange-like blocks-in-matrix structure (see [69]), with huge exotic blocks
of metabasite, serpentinite, and marble embedded in a mylonitic calcschist matrix, and
records a first shear event with top-to-E sense of shear reactivated by top-to-W sense of
shear. The mylonitic foliation is deformed by the D3 and D4 regional deformation phases.

6. Discussion

Although the pervasive overprinting of Alpine tectonic deformation and metamor-
phism is present, detailed geological mapping (Figure 2) and structural and stratigraphical
observations (Figures 3 and 6) allow us to recognize remnants of an original intra-oceanic
(pre-orogenic) stratigraphic succession (Figure 6) in the IPZ of the Stura di Viu Valley,
which also preserves primary stratigraphic contacts between different lithotypes as well
as some relict primary textures and structures. The reconstruction of the structural set-
ting through several N-S- and E-W-oriented cross sections (Figure 3) shows that the
stratigraphic succession, which consists of a metaophiolite basement followed by syn-
extensional and post-extensional metasediments, is characterized by a strong lateral and
vertical heterogeneity.

In the following, we discuss the character and tectono-stratigraphic significance
(Section 6.1) of this heterogeneous succession in order to reconstruct the intra-oceanic
(pre-orogenic) physiography of this sector of the Alpine Tethys (Section 6.2).

6.1. The Intra-Oceanic Stratigraphy of the IPZ Metaophiolite

Above the mantle rocks, the lateral and vertical correlations among different selected
and representative litostratigraphic columns (Figure 6) that we have reconstructed from
both field observations (Figure 2) and cross sections (Figure 3) allow documenting, in detail,
the heterogeneity of the stratigraphic succession. These correlations outline that below the
calcschist, two different successions (Figure 7), differing each to other in their completeness,
characterize different sectors of the studied area.

Sectors to the east and SE of the Nero Lake and to the west of the Malciaussia Lake
are characterized by a “complete” stratigraphic succession (Figures 2a and 7) which is
defined by the occurrence of all the terms of the lithostratigraphic succession (i.e., mafic
metabreccia and metasandstone, quartzite, and marble) above the mantle rocks. The
latter consist of serpentinite with rare metagabbro intrusions and no ophicalcite horizons.
Mafic metasandstone is prevalent with respect to the mafic metabreccia, and locally they
are absent (Figures 2a, 3 and 6). On the contrary, sectors to the east of the Malciaussia
Lake and to the south of the Nero Lake are characterized by a “reduced” stratigraphic
succession (Figures 2a and 7), which is defined by the unconformable contact of the
calcschist above the mantle rocks, lacking quartzite and gray marble. In these sectors, the
serpentinite is commonly intruded by metagabbro bodies, while its top is characterized by
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thick ophicalcite horizons. Mafic metabreccias is prevalent, showing a gradual transition to
mafic metagreywake and metasandstone towards sectors where the “complete” succession
is exposed (Figures 2a, 3 and 6). Toward the same directions, the “complete” succession
tapers out up to disappear, with the marble and quartzite elision (see, e.g., E1.1, E2.3, E3.3,
N2.2 and N3.2 in Figure 6).

Furthermore, the calcschist shows vertical and lateral variations above the “complete”
and “reduced” successions. Above the former, the calcschist is commonly characterized by
the occurrence of all the three members or at least two when the uppermost one is absent
(see, e.g., E1.2,E2.1, E2.3, E4.2, and N2.3 in Figure 6). On the contrary, in sectors where the
“reduced” succession prevails, the calcschist sequence locally lacks the lower member (i.e.,
the calcareous calcschist member; see, e.g., E3.1 and E3.4 in Figure 6).

E2.1

Calcareous (csp),
phyllitic-calcareous (csg)
and phyllitic (csg)

| calcschist with embedded
graphitic micaschist (a),
metagabbro block (b) and
mafic paraderivates (c)

csgl

CSA

b 4 Grey marble (mr)

sr

‘| Micaceous quartzite (qz)

_ Mafic metagreywacke,
.| metasandstone,
b| metabreccia and
minor metabasalt (mb)

Figure 6. Lithostratigraphic columns (not to scale) reconstructed along the E-W (E1 and E2 above; E3 and E4 middle) and
the N-S-oriented (N1, N2, and N3 below) cross sections of Figures 2b and 3. The stratigraphic base of both gray marble and
quarzite is correlated throughout all columns with a red line.
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6.2. Reconstruction of the Intra-Oceanic Seafloor Physiography

In the metaophiolite basement, the occurrence of Mg-Al metagabbro bodies (Figure 2a,
and E2.4, E3.2, E3.3, and N2.1, in Figure 6) likely corresponds to shallow intrusions of mafic
melts (such as dykes and more irregular intrusive lenticular bodies) in the upper mantle
peridotites as documented during the main magmatic event, which commonly predates
the upper mantle exhumation (see, e.g., in [7,70,71]). The hosting serpentinite represents
the widespread serpentinization of the former peridotite, which is commonly attributed to
seawater interaction during mantle exhumation on the ocean floor.

Ophicarbonate horizons at the top of the serpentinite document a period of mantle
rocks exposure on the ocean floor during which brittle deformation facilitated hydrothermal
fluid circulation (see, e.g., in [21,72,73]). In the same sites, evidences that calcschist directly
overlies both mantle rocks and ophicarbonate horizons (E3.1, E3.3, and N3.2 in Figure 6)
suggest that these sectors likely corresponded to morphological or structural highs within
the depositional basin, where the “reduced” succession deposited (Figures 7 and 8).

The existence of this articulated seafloor topography, with such morphological or
structural highs, is also supported by the occurrence of mafic metabreccia, metagreywacke,
and metasandstone resting directly above both serpentinized mantle and pillow metabasalt
(Figures 7 and 8). Although partially reworked and deformed by Alpine-related tectonics
and metamorphic recrystallization, the preserved sedimentological characteristics and
textures of those detrital units suggest they represent the product of downslope transforma-
tion from hyperconcentrated flows (e.g., matrix- and clast-supported breccia) to turbidity
currents (e.g., greywacke and sandstone). The very poorly sorted and clastic texture of
mafic metabreccia document deposition proximal to the source area (i.e., along or at the
base of the scarp), according to a reduced downslope transport, while the most sorted and
finer-grained mafic metagreywacke and metasandstone document deposition in a more
distal sector (i.e., from base of the scarp to proximal basin). The lack of metabasalt rocks
cropping out in the morphological or structural highs suggests that the source area for
this mafic detrital material was located outside of the studied sector, even if very close
to it. Alternatively, this source may have been completely eroded from morphological or
structural highs, although less probable. The occurrence of quartzite and gray marble above
the mafic metabreccia, metagreywacke and metasandstone represents the deposition of a
“complete” succession (Figure 7) in a basinal sector (i.e., morphological or structural low)
of the articulated seafloor topography with respect to the source area of detrital material
(i.e., morphological or structural highs).

The quartzite represents the first pelagic siliceous deposit, mainly laying on mafic
metabreccias, metagreywacke, and metasandstone (E3.5 and N2.3 in Figure 6) but locally
resting directly on the serpentinite in primary contact (N3.2 in Figure 6). Its banded texture
suggests a very pure siliceous deposit, which is well comparable with the Middle Bathonian
to Early Callovian radiolarian chert of the Northern Apennines and Queyras Complex
in the Western Alps (see, e.g., in [7,13,14,39,74-76]). The local occurrence (locality Gr.e
Ciape in Figure 2a) above the lower part of the quartzite of supposed clasts made of quartz-
mica aggregates and lithologic variations defined by intercalations of phyllosilicates-rich
levels and/or containing impurities suggests that these sectors represent proximal basin
portions where detrital material coming from morphological or structural highs reached
the depositional area. The occurrence of thin micaceous quartzite and micaschist levels
within the quartzite may represent primary intercalations of quartz-arenite and pelite,
respectively, likely corresponding to turbidite inputs. Thin marble levels in the uppermost
part of the quartzite document the gradual depositional change in the oceanic basin, which
marks the transitional contact from quartzite to the above gray marble (Figure 8).

The distribution of marble is similar to that one of quartzite, representing deposi-
tion in pelagic environment, far from morphological or structural highs (Figure 8). Its
compositional characteristics and stratigraphic position above the quartzite and below
the caleschist succession suggest a close comparison with the Calcari a Calpionella of the
non-metamorphosed Northern Apennines (see, e.g., in [14,74,76]) and the white marble
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of the blueschist-facies Queyras Complex (see, e.g., in [7,9,39,75]), which is Tithonian to
Berriasian in age (i.e., between c. 152 and 140 Ma). A comparable whitish marble is also
described in the eclogite-facies Monviso metaophiolite Complex by Balestro et al. [7].
These two lithostratigraphic units represent the onset of the post-extensional succession
associated to the rifting stage. Particularly, the unconformity at the base of the gray marble
marks the temporal boundary between the lithospheric-scale extension and a period of
tectonic quiescence, during which pelagic deposition took place in and across the Alpine
Tethys as documented from both the Northern Apennines (see, e.g., in [14,76]) and the
Western Alps (see, e.g., in [7,15] and references therein).

The features of the thick calcschist succession, which shows an upward gradual de-
crease in the carbonate content from the lowermost to the uppermost members, document a
gradual deepening of the depositional environment. The occurrence of minor quartz within
the calcareous calcschist member agrees well with deposition of distal mixed carbonate-
siliciclastic turbidites sourced from a continental margin area. However, the occurrence of
mafic metagreywacke intercalations (E3.1; Figure 6) and of an isolated block (E3.3; Figure 6)
of metagabbro documents that oceanic reliefs, consisting of mantle rocks, still emerged
from the seafloor. The gradual increasing of phyllosilicate content within the overlying
calcareous-phyllitic calcschist and the phyllitic calcschist members documents deposition
of a distal turbidite system. The widespread occurrence of graphite as ubiquitarian com-
ponent also suggests that high organic content characterized the depositional basin at
this stage, as also documented by the occurrence of discontinuous lenticular bodies of
graphitic micaschist, up to some meters thick, at different stratigraphic levels within the
whole calcschist succession.

The intercalation within the phyllitic calcschist member of a metaconglomerate hori-
zon, with mixed continental and oceanic clasts (metabasite, micaschist and marble), sug-
gests gravitational flows likely sourced from the accretionary wedge during the conver-
gent stage.

polymictic metaconglomerate
phyllitic calcschist
micaschist

calcareous-phyllitic calcschist
micaschist

calcareous calcschist

Mg-Al metagabbro

metabasic rocks

micaschist

micaceous quartzite

metabasic rocks

serpentinite

Complete succession
Low morphological sector

Reduced succession
High morphological sector

polymictic metaconglomerate
phyllitic calcschist

calcareous-phyllitic calcschist

calcareous calcschist

metaophicarbonate

Mg-Al metagabbro

serpentinite

Figure 7. Stratigraphic columns of the “complete” and “reduced” successions, reconstructed from field data.
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The different lithostratigraphic characteristics of the lower (i.e., calcareous calcschist)
and the two overlying (i.e., calcareous-phyllitic calcschist and the phyllitic calcschist) mem-
bers of the calcschist succession show a good comparison with the Replatte Formation and
Roche Noir Formation, respectively, of the blueschist Queyras Complex in the EPZ (see, e.g.,
in [39,75]). The two latter formations of the Queyras Complex were classically compared
with the non-metamorphosed Palombini Shale (Early to Late Cretaceous) and Val Lavagna
Schist Group (Late Cretaceous) of the Northern Apennines (see, e.g., in [7,13,14,77]), respec-
tively. Differently from the Northern Apennines, where mantle rock olistoliths (i.e., blocks
of gravitational origin) are not present within the Palombini Shale (e.g., [76]), the occurrence
of the gabbro block within the lower member of the calcschist succession may suggest that
topographic or structural mantle reliefs characterized the seafloor of the studied sector dur-
ing the Early-Late Cretaceous period. Uplifted mantle ridges were, however, documented
to characterize the intra-oceanic seafloor topography of the Ligurian-Piedmont oceanic
basin of the present-day Northern Apennines since Cenomanian time (see the “Ruga del
Bracco” in [78]) where Palombini Shales directly lies above mantle rocks, at least locally
(see, e.g., in [14]). The occurrence of mafic metagreywake intercalations within the same
calcschist member hosting the metagabbro block thus seems to exclude a tectonic origin
for this block occurrence, even if additional analyses are necessary to better support our
interpretation.

Moreover, on the basis of their compositional features and stratigraphical position,
the metaconglomerate horizons within phyllitic calcschist could be tentatively correlated
with the Bocco Shale (Early Palaeocene?) from Northern Apennines (see, e.g., in [79,80]).

7. Conclusions

Our detailed geological mapping, structural, and stratigraphical observations allowed
us to reconstruct the intra-oceanic stratigraphy and tectono-sedimentary depositional
setting of the Jurassic Alpine Tethys for the sector presently corresponding to the IPZ
metaophiolite of the Stura di Vi1 Valley (Lanzo Valleys), in the axial zone of the eclogite
facies Western Alps. Our findings document that the character of the stratigraphic succes-
sion shows, in general, a good comparison with both the oceanic succession of the Queyras
Complex in the External Piedmont Zone (EPZ) of Western Alps (see, e.g., in [7,9,39,75])
and the Internal Ligurian Units in the Northern Apennines (see, e.g., in [14,74,76]), ranging
from Middle Jurassic to Late Cretaceous in age.

This metaophiolite succession, which consists of a serpentinized mantle with rare
metagabbro intrusions and metabasalt effusions followed by a heterogeneous metased-
imentary cover, is characterized by significant variations in both thickness and facies.
Variations reflect a strongly articulated seafloor physiography and mantle-sediment inter-
face, resulting from tectono-stratigraphic processes related to the Middle to Late Jurassic
seafloor spreading stage and mantle exhumation. Mafic metabreccia and metasandstone
above the serpentinized mantle with gabbro intrusions represent a syn-extensional deposit,
ranging from hyperconcentrated flows to turbidite currents, whose distribution marked
the physiography of slope sectors connecting morphological or structural highs and lows
within the basin. However, the source area of these mafic detrital materials was likely
outside of the studied area, even if close to it, because the reconstructed morphological or
structural high sectors in the studied area are devoid of exposed metabasite rocks.

The reconstructed metaophiolite succession shows a close similarity with the tectono-
stratigraphic settings observed in modern slow-spreading (Atlantis Massif, Mid-Atlantic
Ridge - MAR) and the ultraslow-spreading (Atlantis Bank, Southwest Indian Ridges
(SWIR)) mid-ocean ridges (see, e.g., in [1-4,6]), fundamentally differing from those Penrose-
type [81] and subduction-influenced suprasubduction-zone ophiolites (e.g., Troodos in
Cyprus, Semail-Oman in Oman, and Mirdita in Albania). Moreover, the scarcity of pre-
served lavas and the great abundance of reworked mafic products directly above the
exhumed mantle allow us to refer this metaophiolite to the “continental margin type” of
Dilek and Furnes [82].
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Gr.e Castelletto

Malciaussia Lake Nero Lake

Phyllitic calcschist (cs¢), embedding

polymictic conglomerate (d) SRV

Calcareous-phyllitic calcschist (csB),

embedding graphitic micaschist (a) MicaceouSiquantzite

. . Mafic metagreywacke, metasandstone, metabreccia,
Calcareous calcschist (csA), embedding metaconglomerate and minor metabasalt
graphitic micaschist (a), metagabbro

block (b) and mafic paraderivates (c)

Serpentinite with metagabbro (a)
and metaophicarbonate (b)

Figure 8. Simplified E-W (a) and N-S (b) striking reconstructions (not to scale) of the intra-oceanic (pre-orogenic) tectono-
stratigraphic seafloor architecture of the Alpine Tethys in the studied sector at time of calcschist deposition (i.e., Late
Cretaceous—Early Palaeocene?). Dark red dotted lines show the position of inferred faults, bounding high sectors. The
red vertical lines show the position of the lithostratigraphic columns of Figure 6 (see text for details). (c) Fence diagram
showing the lateral and vertical heterogeneities within the reconstructed Jurassic succession of the Alpine Tethys in the IPZ.
The whole calcschist succession has been omitted to better show the inherited Jurassic basin floor physiography. The black
central vertical line represents the E3.1 lithostratigraphic column, which is present in both the sections.
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“Complete” and “reduced” successions were recognized, documenting deposition in
morphological or structural lows and highs, respectively. The articulated seafloor phys-
iography was gradually smoothed by deposition of quartzite and gray marble, which
represent the post-extensional succession (see, e.g., in [7]). However, isolated mantle reliefs
persisted during the calcschist deposition. The occurrence of quartz-rich levels within the
lower calcschist member (i.e., the calcareous calcschist member), as well as that one of the
graphitic micaschist intecalations, suggests that the deposition setting received material
sourced from the erosion of a continental margins since the Early Cretaceous. The mixed
oceanic and continental clasts of the metaconglomerate horizon in the uppermost member
of the calcschist succession (i.e., the phyllitic calcschist member), which is well compa-
rable with Late Cretaceous sediments of the Queyras Complex (see, e.g., in [7,9,39,75])
and Northern Apennines (see, e.g., in [14,74,76]), probably document the onset of the
convergence stage.

In conclusion, our results may provide significant tectono-stratigraphic constraints to
take into consideration for a better understanding of the Western Alpine evolution. In fact,
it is well documented that the occurrence of both a heterogeneous stratigraphic succession,
with its internal rheological contrasts, and an articulated tectono-stratigraphic architecture
of the depositional setting, represent, among others, important inheritance elements which
may provide ideal conditions to nucleate tectonic and rheological weakness zones that can
drive deformation during the subsequent convergent stage (see, e.g., in [17,18,21-30]).
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