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Abstract: Geological mapping, stratigraphic observations, and U/Pb dating allow reconstructing
the pre-orogenic setting of the transition zone between the distal European passive margin and the
Alpine Tethys in the southwestern Alps. Although convergent tectonics overprinted the syn-rift
Jurassic tectonic features, our data document an articulated Jurassic physiography. From the distal
European passive margin oceanward, we distinguished: the Dronero Unit (the southernmost Dora
Maira massif), represents a continental margin composite basement wherein monometamorphic
metasediments are interlayered with Late Permian (253.8± 2.7 Ma) metavolcanic rocks; the Sampeyre
Unit, represents a structural high consisting of Lower Triassic Verrucano-facies siliciclastic metased-
iments unconformably sealed by Cretaceous calcschist bearing Globotruncana sp.; the Maira Unit,
corresponds to a Middle Triassic platform succession detached from the Sampeyre Unit; the Grana
Unit, corresponds to a Late Triassic–Late Jurassic platform to basin succession; the Queyras Schistes
Lustrès Complex, represents the ocean basin succession. Tectonic slices of Cambrian (513.9 ± 2.7 Ma)
metadiorite hosted in the Valmala Shear Zone, separating the Dronero Unit from the underlying
(U)HP units of the Dora Maira massif, suggests a potential pre-Alpine activation of the shear zone.

Keywords: ocean-continent transition zone; structural inheritance; tectonostratigraphy; Dora Maira
massif; Western Alps

1. Introduction

The Alps are the most studied orogen in the world and a natural laboratory wherein
models related to orogenic building are currently developed and improved. Models focused
on mechanisms causing the formation of collisional belts [1] increasingly take into account
the role of inherited (i.e., pre-Alpine) structures in controlling orogenic architectures [2,3]. In
the Western Alps, paleogeographic and tectonic reconstructions significantly rely on struc-
tural inheritances arising from rifted margin and oceanic lithosphere architectures [4–8],
and from basement/cover or platform/basin transitions [9–11]. These inheritances have
indeed an important role in controlling subduction initiation and collision processes [12–14].

Since Alpine-related tectonics strongly overprint the pre-Alpine structures and crustal
architectures, the study of pre-Alpine structures has to be focused on low strain domains,
wherein the effects of deformation and metamorphism are less pervasive [15]. This is the
case of a sector of the southwestern Alps, wherein remnants of the Permian-Triassic pre-rift
and Jurassic syn-rift successions occur (Figure 1). After the key works of Vialon (1966) [16]
and Michard (1967) [17], this sector was poorly investigated although in the Western Alps,
it is the only one wherein an almost complete section of the transition between the distal
European margin and the Alpine Tethys is partly preserved [18].
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Figure 1. Simplified tectonic map of the Western Alps showing the location of the study area (red
square). CL, Canavese Line; PF, Penninic Front; PTF, Padane Thrust Front; ST, Saluzzo Thrust; SFS,
Stura Fault System; SSZ, Susa Shear Zone; LTF, Lis-Trana Fault.

In this paper, through data reviewing and new chronostratigraphic data, we describe
in detail the lithostratigraphies of the superposed tectonostratigraphic units in the inner
southwestern Alps. This allowed us to reconstruct the pre-Alpine tectonostratigraphic
setting of the transition between the distal European passive margin and the Alpine Tethys,
as documented in other sectors of the Alps [19,20]. We document the existence of an
articulated pre-Alpine tectonic setting of the margin, with inherited faults and structural
highs and lows, and the importance of the role of inherited structures in constraining
the development of Alpine shear zones and basement/cover detachments at different
lithostratigraphic levels.

2. Geological Setting

The tectonic evolution of Western Alps resulted from the Cenozoic convergence be-
tween Europe and Adria and was influenced by a complex inherited paleogeography, such
as the Mesozoic crustal architecture. The latter was characterized by a major Tethyan
seaway (i.e., the Jurassic-Cretaceous Ligurian-Piedmont Ocean Basin; LPOB hereafter)
interposed between the Briançonnais European micro-continent and the Adria African
promontory [21–24]. The Western Alpine orogenic belt formed through (i) Late Cretaceous
to Middle Eocene subduction, (ii) Late Eocene to Oligocene continental collision and deep
crust/mantle indentation, and (iii) Neogene strike-slip and extensional tectonics [25–28].
During these three geodynamic stages, the axial sector of the belt grew up as a dou-
ble verging accretionary wedge [29–31], involving terranes derived from the Adria (i.e.,
the Austroalpine units) and Europe (i.e., the Penninic units) paleomargins and from the
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LPOB [32] (i.e., the Piedmont Zone). Alpine tectonic units have been characterized by
different PTt trajectories, and they are progressively less deformed and metamorphosed
from inner eastern to external western sectors of the axial belt [33,34].

In the southwestern sector of the axial belt (Figure 1), different tectonic units derived
from the paleo-European continental crust and passive margin, and from LPOB, have been
distinguished [35,36]. These tectonic units form a complex nappe stack wherein carbonate
metasedimentary successions [17,37] (i.e., the pre-Piedmont Auct.) and oceanic units of the
Piedmont Zone [8,38–42] (i.e., the Monviso meta-ophiolite and Queyras Schistes Lustrès
complexes) are tectonically interposed in between continental crust units of the Dora Maira
Massif [43] and Briançonnais Domain [44]. Due to late Alpine hinterland-verging folding
and backthrusting [45], units of the Internal Briançonnais Domain overlie the Queyras
Schistes Lustrès Complex.

The Dora-Maira Massif (DMM hereafter) is a slab of European crust likely sourced
from the more distal sector of Briançonnais micro-continent [8], and it now corresponds to
a composite stack of units [16,46–48]. These units consist of pre-Carboniferous basement
rocks, Lower Permian magmatic bodies, and Upper Carboniferous to Triassic metasedi-
ments [49–54]. The lowermost unit exposed in the Pinerolo tectonic window was meta-
morphosed under blueschist-facies metamorphic conditions [55,56] and in the southern
sector of the DMM, was overthrusted by different eclogite-facies (San Chiaffredo and Rocca
Solei) and coesite eclogite-facies (Brossasco-Isasca) units [57–61]. The latter units are in turn
tectonically overlain by the blueschist-facies Dronero and Sampeyre units [62–64].

The Internal Briançonnais (IBD hereafter) and the External Briançonnais domains de-
rive from the Briançonnais microcontinent, which is thought to had been located between
the Valaisan basin and LPBO [65]. Compared to the DMM, the IBD was less affected by
Alpine tectonometamorphic processes. In the southwestern Alps, two main units [66–68]
(i.e., the Acceglio and Grum units) of IBD tectonically overlie the Queyras Schistes Lustrès
Complex. They are mainly made up of Permian volcanic rocks and Early Triassic silici-
clastic metasediments, with minor slices of Jurassic carbonate metasediments, and were
metamorphosed under low- to high-grade blueschist-facies conditions [69].

The southwestern sector of the axial belt (Figure 1) is characterized by widespread
carbonate metasedimentary successions, which are detached from their basements (the
Maira-Sampeyre and Val Grana Allochthons of Michard et al., 2022 [36]) and derive from the
transition zone between the European distal margin and the LPBO [69]. These successions
were indicated as pre-Piedmont units [37] and, based on paleontological relicts, they
are constrained in age between the Triassic and Jurassic [17,70–72]. The pre-Piedmont
succession mainly consists of metadolostone, marble, and carbonate-rich calcschist overlain
by detrital complexes of calcschist and carbonate metabreccia and olistoliths [17].

The Piedmont Zone encompasses the remnants of the LPBO sampled in the orogeny
wedge and in the southwestern Alps, consists of the southern termination of the Monviso
meta-ophiolite Complex [5,73,74] and of the overlying Queyras Schistes Lustrès Complex
(QSLC hereafter). The latter consists of meta-ophiolite blocks that are embedded in an
oceanic metasedimentary succession [38]. Blocks are made up of serpentinized meta-
peridotite, metagabbro, metabreccia with mafic–ultramafic clasts, and metabasalt [38,75],
whereas the metasedimentary succession mainly consists of Middle Bathonian to Late
Oxfordian metachert, Tithonian to Berriasian marble, and Cretaceous calcschist [76,77]. As
well as in the Monviso meta-ophiolite Complex [78], in the QSLC findings of ocean-related
structures and oceanic core complexes, architectures have been described [40,41]. During
Alpine tectonics, the QSLC was dismembered into tectonometamorphic units [79,80], whose
metamorphic conditions range between low temperature to high temperature blueschist-
facies [81,82].

3. Methods

The lithostratigraphic successions and the present day tectonic stack have been de-
tected through geological mapping carried out at 1:10,000 scale, using common techniques
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of field mapping. Petrographic and microfossil data have relied on both mesoscale ob-
servations and optical microscope analysis. U–Pb geochronology was carried out using a
Resonetics RESOlution M-50 series 193 nm excimer laser ablation system equipped with a
Laurin Technic Pty S-155 ablation cell. Details about instrumental conditions are reported
in Supplementary Materials (Tables S1 and S2).

4. Tectono-Stratigraphic Setting

The present day tectono-stratigraphic setting of the inner southwestern Alps con-
sists of the tectonic stack of five main tectonostratigraphic units (Figure 2; [83]), which
are separated by major shear zones. These units represent the remnants of (i) the distal
European passive margin (i.e., the Dronero, Sampeyre and Maira units), (ii) the transi-
tion zone between the margin and the LPBO (i.e., the “pre-Piedmont” Grana Unit), and
(iii) the LPBO (i.e., the QSLC of the Piedmont Zone), differing for the characteristics of the
lithostratigraphic succession.

The tectonic stack is bounded at the top and bottom by the tectonic contact with
the IBD and the eclogite-facies DMM units, respectively, whose description is out of the
aim of this paper. In the following (Sections 4.1–4.3), the tectonostratigraphic units are
described by focusing on primary (i.e., pre-Alpine) contacts and on the reconstruction of
stratigraphic successions that, despite the Alpine deformation and metamorphic overprint,
can be recognized in the study area. Chronostratigraphic constraints are provided by
remnants of fossils, which are described in the following, and by U–Pb geochronology (see
Section 5). Ages of protoliths are referred to the geological timescale of the International
Chronostratigraphic Chart by Cohen et al. (2013, updated) [84].

4.1. The Distal European Passive Margin Succession

The stratigraphic succession of the distal European passive margin outcrop in three
tectonostratigraphic units (i.e., the Dronero, Sampeyre units, and Macra Unit), which differ
in the structural position within the orogenic stack and the lithostratigraphic characteristics
(Figure 2).

4.1.1. The Dronero Unit

The Dronero Unit (Dronero Ensemble [16]; DU hereafter) represents the lowermost
tectonostratigraphic unit (Figure 2). It is bounded at the base by the Valmala Shear Zone [85]
(VSZ hereafter), along which it is juxtaposed to the Brossasco-Isasca and Rocca Solei units
(Figure 2). The up to several hundreds of meters-thick VSZ consists of tectonically juxta-
posed lenticular slices of metadiorite, garnet- and chloritoid-bearing mylonitic micaschist,
mylonitic augen gneiss, quartz-rich mylonitic schist and quartzite, and marble). The VSZ
also includes discontinuous slices of massive serpentinite, carbonate-bearing serpentine
schist, mylonitic metabasite, and mylonitic calcschist. Among the lithologies of these
tectonic slices, a metadiorite sample has been selected for U/Pb dating (see Section 5.1).

The DU is characterized by a composite lithostratigraphic succession (Figure 3A), con-
sisting of a polymetamorphic basement (i.e., rocks metamorphosed during both the Variscan
and Alpine orogenic cycles), and of monometamorphic metaintrusives and metasediments
(i.e., rocks metamorphosed only during the Alpine orogenic cycle) [49,62,85]. The poly-
metamorphic basement mainly consists of coarse-grained garnet- and chloritoid-bearing
micaschist (Figure 3B) with relics of Variscan staurolite and garnet in the mineral assem-
blage [57]. The micaschist locally hosts meter-sized bodies of metabasite and levels of
quartzite. Monometamorphic metaintrusive rocks mainly consists of K-feldspar bearing
coarse- to medium-grained augen gneiss (Figure 3C) derived from several hundreds of
meters-sized granite and tonalite bodies. Medium-grained leucogneiss and orthogneiss of
granodioritic composition also occur.
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Figure 3. (A) Pre-Alpine stratigraphic columnar section of the Dronero Unit (the stratigraphic
location of the representative field images is shown); (B) close-up view of the polymetamorphic
micaschist (South of Valmala); (C) close-up view of the monometamorphic metagranitoid (West
of Mt. S.Beranardo); (D) close-up view of the Permian monometamorphic micaschist (North of
Dronero); (E) view of the outcrop of micro-augen gneiss selected for U/Pb dating (North of Dronero);
(F) close-up view of a metabasite body with nodular texture hosted in the monometamorphic micas-
chist (North of Dronero).

The monometamorphic metasediments consist of greyish fine-grained micaschist
(Figure 3D), varying from garnet- and/or chloritoid-bearing micaschist to quartz-rich
micaschist and albite-rich micaschist, hundreds of meters in thickness, locally alternating
with micaceous quartzite and graphite-bearing micaschist horizons, up to a few meters
thick. Metasediments are locally characterized by intercalations of micro-augen gneiss
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layers, up to several meters in thickness. This gneiss is medium-grained and greyish to
whitish in color (Figure 3E), and it shows a mineral assemblage characterized by K-feldspar
porphyroclasts, up to several millimeters in size, which are embedded in a fine-grained
matrix mainly consisting of quartz, albite, and white mica, with minor epidote, biotite,
apatite, and zircon. The textural relics and mineral assemblage suggest that the augen gneiss
derives from poorly reworked volcaniclastic layers of acidic composition, which emplaced
in the metasedimentary succession, now represented by the above described micaschists.

Massive to pervasively foliated metabasite bodies (Figure 3F), up to few meters thick
and locally characterized by centimeters to decimeters rounded nodules of epidosite, are
also interlayered within the metasediments. The metabasite is fine to medium-grained and
greenish in color, and shows relics of porphyritic texture, which is defined by tabular to pris-
matic aggregates mainly consisting of epidote and amphibole, and epidote and white mica,
likely replacing phenocrysts of pyroxene and plagioclase, respectively. These aggregates are
embedded in a very fine-grained matrix consisting of epidote, chlorite, amphibole, albite,
biotite, white mica, and quartz. The textural relics and the mineral assemblage suggest that
the metabasite derives from volcanic rocks of mafic- to intermediate-composition.

The monometamorphic metasediments can be attributed to the Permian Period, mainly
because of (i) the lack of Variscan-related mineral relics, and (ii) their stratigraphic position
above the polymetamorphic basement and below the detached Mesozoic successions
(i.e., the Sampeyre and Maira units). One of the metavolcanic horizons interlayered in these
metasediments, has been here selected for U/Pb dating to better constrain this age (see
Section 5.2).

4.1.2. The Sampeyre Unit

The Sampeyre Unit (Sampeyre Ensemble [16]; SU hereafter) is bounded at the base by
a several hundreds of meters-thick shear zone (the San Damiano Shear Zone [36]; SDSZ
hereafter; Figure 2). The latter consists of tectonic slices wrenched from the DU and SU
successions, but it also embeds lenticular bodies of metadolostone and marble sourced
from the carbonate succession of the Maira Unit (see Section 4.1.3).

The SU consists of a siliciclastic metasedimentary succession locally overlain by car-
bonate metasediments (Figure 4A). It shows lateral thickness variations, with a maximum
thickness of about few hundreds of meters, tapering out toward SE (Figure 2).

The siliciclastic metasediments consist of quartz-rich schist and quartzite. The former
is light grey in color, medium-grained, and pervasively foliated, with a mineral assemblage
mainly characterized by quartz, chloritoid, and minor garnet, albite, chlorite, amphibole,
epidote, and carbonate. The quartz rich schist turns upward into pale green poorly foliated
white mica-bearing quartzite and massive thick-bedded white quartzite. These two rock
types are interpreted as deriving from a quartz-rich conglomerate. The mineral assemblage
also consists of minor carbonate, chlorite, and albite. In the massive quartzite, sedimentary
textures are partially preserved and defined by (i) whitish to pinkish clasts of quartz
(Figure 4B), and (ii) rare K-feldspar porphyroclasts. This succession corresponds to the
“Werfenian quartzites” [47] and can be compared to the Ponte di Nava Quartzite, which
represents the upper part of the Late Permian–Early Triassic Briançonnais Verrucano [86] in
the Ligurian Alps (i.e., the southeastern prosecution of the Briançonnais Domain; Figure 1).
Comparable siliciclastic metasediments also occur in the IBD successions [66], where their
top has been referred to the Olenekian Stage based on local vertebrate footprints [87].

Through a well preserved primary lithostratigraphic contact (i.e., devoid of any my-
lonitic structure), the siliciclastic metasediments are locally overlain by calcschist, up to
few tens of meters in thickness. The calcschist (Figure 4C) is commonly greyish in color
and fine- to medium-grained. The mineral assemblage mainly consists of calcite, white
mica, and quartz, with minor dolomite, ankerite, chlorite, and Fe-oxides. Remarkably,
very fine-grained aggregates of calcite and Fe-oxide (Figure 4D–F) document remnants of
planktonic Foraminifera (i.e., Globotruncana species). These remnants, which were never
described before in the study area, are well-comparable with those locally described in
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other calcschists of the Western Alps [88–90] and mostly referred to the lower part of the
Upper Cretaceous, suggesting that the calcschist succession unconformably deposited
above the Late Permian–Early Triassic deposits.
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Figure 4. (A) Pre-alpine stratigraphic columnar section of the Sampeyre Unit (the stratigraphic
location of the representative field images is shown); (B) close-up view of the Early Triassic con-
glomeratic quartzite with centimers-sized clasts of quartz (South-East of Mt.Rastcias); (C) close-up
view of the Cretaceous calcschist bearing Globotruncana sp., which stratigraphically overlies the
quartzite (South-East of Mt.Rastcias); (D–F) thin section images (plane polarized ligh) of the calc-
schist of Figure 4C, including aggregates of calcite and Fe-oxide replacing planktonic Foraminifera
(i.e., Globotruncana sp.).

4.1.3. The Maira Unit

The Maira Unit (MU hereafter) corresponds to the Trias Calcaro-Dolomitique [17], and
consists of metadolostone and marble, up to several hundreds of meters in thickness,
and thinning toward SE. In the sector wherein the SU does not occur, the MU is directly
juxtaposed to the DU through the SDSZ (Figure 2). Differently from other shear zones,
the tectonic contact between SU and MU is (i) pervasively folded, (ii) limited in thickness
(i.e., from several meters to few tens of meters), and (iii) it mainly consists of mylonitic
marble, pervasively fractured quartzite, and tectonic carbonate breccia.

The lower part of the MU succession (Figure 5A) is characterized by yellowish meta-
dolostone (Figure 5B), vuggy metadolostone, and dolomitic marble. They mainly consist of
dolomite and calcite, with minor ankerite, white mica, and pyrite. Local cavernous textures
likely result from dissolution/recrystallization processes of primary evaporite (Anisian?)
as also suggested by rare findings of gypsum levels within the succession [71].
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Figure 5. (A) Pre-Alpine stratigraphic columnar section of the Maira Unit (the stratigraphic location
of the representative field images is shown); (B) (Anisian?) yellowish metadolostone (North-East of
San Damiano); (C) close-up view of the Ladinian whitish metadolostone alternating with layers of
grey dolomitic marbles (South of Dronero); (D) close-up view of the Ladinian whitish metadolostone
retaining fragments of crinoids (South of Dronero).

The MU succession continues upward with whitish and massive metadolostone
(Figure 5A), which is fine grained and mainly consists of dolomite with minor sub-millimeters
white mica-bearing levels. The metadolostone is locally alternating with layers of dolomitic
marble (Figure 5C), consisting of calcite, dolomite, ankerite, and with mica, with minor
quartz and pyrite, and with rare centimeter to decimeter-thick interlayers of blackish schist,
deriving from very fine-grained anoxic layers. The metadolostone is also locally interbed-
ded with decimeter-thick horizons of pale brownish to pale greenish dolomite-bearing
calcschist, which has been interpreted as original tuffite beds emplaced during carbonate
sedimentation [17].

Recrystallized fragments of crinoids (Figure 5D), dasycladacean algae, and gastropods
(details about faunas) [17,71] allowed dating the whitish and massive metadolostone to the
Ladinian age. The stratigraphic characteristics of the MU is well comparable with those
of the San Pietro dei Monti Dolomite [91] in the Ligurian Alps, which in fact is referred to
the Ladinian age based on the paleontological content (details in Vanossi, 1969, [91], and
Decarlis and Lualdi, 2008 [92]).

4.2. The Transitional Zone Succession

The transition zone between the distal European passive margin and the LPBO
(Figure 6A) consists of a single tectonostratigraphic unit (i.e., the Grana Unit; GU here-
after) thinning toward NW (Figure 2), which corresponds to the pre-Piedmont Auct. [37].
It records the stratigraphic transition between the Late Permian–Middle Triassic dis-
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tal European margin succession and the Jurassic–Cretaceous oceanic succession of the
Alpine Tethys.
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Figure 6. (A) Pre-Alpine stratigraphic columnar section of the Grana Unit (the stratigraphic location
of the representative field images is shown); (B) panoramic view of the Pradleves anticline deforming
the lower part of the GU succession and the underlying Pradleves subunit (dashed blue line: contact
between the Ladinian metadolostone and the Carnian-Norian metadolostone; dashed red line:
tectonic contact between the GU and the Pradleves subunit); (C) view of the Carnian-Norian cyclic
carbonate metasediments consisting of alternating banded metadolostone and marble layers (South-
East of Narbona, along the Grana river); (D) view of the ammonite-bearing Sinemurian marble and
carbonate-rich calcschist (South-East of Narbona); (E,F) close-up views of remnants of recrystallized
and partly deformed ammonites (South-East of Narbona); (G) view of the alternating Early to Middle
Jurassic marble and calcschist (East of Narbona); (H) close-up view of an Early to Middle Jurassic
poorly matrix-supported metabreccia consisting of angular clasts of metadolostone and marble in a
carbonate matrix (Narbona); (I) view of the Late Jurassic light grey marble (South of Celle di Macra).
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The GU is bounded by a one-kilometer-thick shear zone, which is the thickest one of the
studied sector, and corresponds to the southeastern continuation of the Cima Lubin Shear
Zone (CLSZ hereafter) [36]. The CLSZ consists of up to a kilometer-long and hundreds of
meter-thick tectonic slices, which were wrenched both from SU, MU, and GU successions.
Slices of serpentinite and of metabasite also occur (Figure 2).

The Grana Unit

The lower part of the GU succession consists of tens of meters-thick dark grey fetid
metadolostone passing upward to roughly two hundreds of meters-thick whitish and
massive metadolostone, which is texturally and mineralogically comparable with the above
described Ladinian metasediments of MU succession. Differently from the latter, GU better
preserves its paleontological content (i.e., recrystallized fragments and remnants of crinoids,
dasycladacean algae, gastropods, foraminifera, and rare ammonoid cephalopods; details in
Michard, 1967 [17] and Michard and Sturani, 1963 [93]). It is worth to point out that, in the
Pradleves area, the metadolostone tectonically rests above conglomeratic quartzite, which
in turn stratigraphically overlies micaschist with bodies of metabasite (i.e., the Pradleves
subunit in Figure 2). The tectonic contact between GU and the Pradleves subunit, similarly
to that between MU and SU, is folded (i.e., the Pradleves anticline; Figure 6B) and defined
by several meters-thick tectonic carbonate breccia and mylonitic metadolostone.

The GU succession continues upward to cyclic carbonate metasediments (Figure 6C),
up to four hundreds of meters in thickness, consisting of alternating very fine-grained
banded metadolostone, mainly grey in color, and marble layers, mainly made up of calcite
with minor dolomite, white mica, and quartz. Recrystallized fragments and remnants of
Dasycladacean algae, gastropods, ostracods, and bivalves (details in Michard, 1967 [17]
and Franchi and Di Stefano, 1896, [94]), allowed dating this lithostratigraphic unit to the
Carnian-Norian age. A comparison with part of the Norian Monte Arena Dolomite [95],
which represents a peri-to-subdital deposit, is suggested.

The succession continues upward with three hundreds of meters thick marble, which
can be divided into a lower and an upper part. The former consists of banded, fine-
grained, dark grey marble locally alternating with decimeters thick metadolostone layers.
Recrystallized fragments of gastropods and lamellibranches, allowed Franchi (1898) [71]
dating these rocks to the Rhaetian-Hettangian age. The upper part consists of medium-
grained marble with nodular beds, and of carbonate-rich grey calcschist (Figure 6D), made
up of different amounts of calcite, quartz, and white mica, with minor chlorite, epidote, and
albite. This upper marble is characterized by three biostratigraphic levels with remnants
of ammonites (Figure 6E,F) and belemnites. These three levels have been attributed to
the base, the lower and upper parts of Sinemurian age (details in Sturani, 1961, [72], and
Ellenberger et al., 1964 [96]).

The upper part of the GU succession consists of up to three hundreds of meters-thick
alternating metacalcarenite, grey marble, and calcschist with discontinuous quartz layers
(Figure 6G), which are both interlayered by different horizons of carbonate metabreccia
and megabreccia blocks (i.e., olistoliths and olitoliths fields). The bottom of this part of
the GU succession corresponds to the Calcaires de la Bercia of Michard [17], which have
been attributed to the Pliensbachian age based on their stratigraphic position above the
late Sinemurian metasediments. This age attribution also agrees with the age of the Rocca
Livernà Limestone (Early Hettangian–Pliensbachian–Toarcian(?)), described by Boni et al.
(1971) [95] and Decarlis and Lualdi (2011) [97] in the Ligurian Alps, even if, in contrast with
the Calcaire de la Bercia, significant breccia layers are lacking.

The metabreccia horizons are mainly decimeter-thick and consist of poorly matrix-
supported angular clasts of Carnian-Norian metadolostone and Rhaetian-Hettangian
marble [17,72], embedded in a scanty grey-blackish calcite matrix (Figure 6H). The megabreccia
(i.e., olistoliths field), roughly occurs in the same stratigraphic position of metabreccia horizons,
and mainly consists of meter-sized rounded to lenticular metadolostone, grey metadolo-
stone, and yellowish dolomitic marble with cavernous texture blocks. Meter-wide blocks
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of quartzite with quartz micro-clasts have also been described [98]. The age of these blocks
is well comparable with that of the above described metabreccia clasts. The metabrec-
cia can be referred, except for the lack of blocks of the Paleozoic basement and of the
volcanic sequence, to the Monte Galero Breccia of the Prepiedmont Units of the Ligurian
Alps [95,99], whose age span is between the upper part of Lower Jurassic and the lower
part of Middle Jurassic.

The uppermost part of the GU succession consists of (i) calcschist interbedded by
horizons of quartz-rich schist and (ii) tabular light grey marble (Figure 6I), up to fifty meters
in thickness. This marble, which can be tentatively referred to the Late Jurassic (see also
Michard et al., 2022 [36]), is anyway mostly detached from the underlying Early to Middle
Jurassic lithostratigraphic units of the GU succession and partially sliced along the shear
zone that separates the GU from the QSLC (see below).

4.3. The Ocean Basin Succession

The LPBO succession (Figure 7A) outcrops in the southeastern sector of the QSLC [100],
which is separated from the GU through the Queyras Basal Shear Zone (QBSZ hereafter;
Figure 2). The latter shows a maximum thickness of about few hundreds of meters and
consists of mylonitic calcschist embedding tectonic slices of serpentinite, metabasite and
marble, and blocks of metadolostone. These blocks are almost transformed into tectonic
carbonate breccia and distributed parallel to the margin of the shear zone (i.e., the coussinet
tectonique of Michard, 1961 [83]). The QSLC is in turn overthrust by the IBD. Further
description of this tectonic contact is out of the aim of the paper.

The Queyras Schistes Lustrès Complex

The QSLC consists of calcschist embedding lenticular bodies of metaophiolite and
continuous horizons of marble. The calcschist consists of interlayered by decimeter-thick
light brown to grey carbonate-rich layers and dark grey carbonate-poor and graphite-rich
layers (Figure 7B), about decimeters in thickness. The mineral assemblage is made up
of calcite, white mica, quartz, and graphite, with minor chlorite, ankerite, and opaque
minerals and textural relics of lawsonite. This calcschist has been generically referred to
the Early Cretaceous and to the earliest Late Cretaceous [17,100] by comparison with the
Palombini Shale of the non-metamorphosed cover of the Internal Ligurian ophiolites in
the Northern Apennines [40,101]. The rounded and lenticular bodies of metaophiolite, up
to few hundreds of meters in size, locally preserve terms of the primary oceanic “com-
plete” successions, consisting of serpentinite, metagabbro, mafic/ultramafic metabreccia,
metabasalt, metachert, and marble [40,41,102,103].

The serpentinite is mainly massive and medium-grained, with rare textural relics of the
primary peridotite assemblage, and mostly consists of serpentine and magnetite, with minor
talc, amphibole, and chlorite. The metagabbro ranges from Mg-Al to Fe-Ti-rich composition,
and occurs as both dykes and up to decameter-wide masses with massive textures. The
Mg-Al metagabbro is coarse-grained and retains primary textural relics (Figure 7C), with
aggregates of albite, zoisite, and clinozoisite grown on sites of magmatic plagioclase, and
aggregates of omphacite, amphibole, albite, and epidote replacing magmatic pyroxene. The
Fe-Ti metagabbro is medium-grained and is mainly made up of omphacite, amphibole,
albite, chlorite, epidote, titanite, and rutile. The metagabbro is also locally crosscut by
metadolerite dykes. The mafic/ultramafic metabreccia rarely occurs as few meters-thick
horizons, stratigraphically overlying the serpentinite and metagabbro. It corresponds to
the first sedimentary layers originally deposited on seafloor exhumed mantle rocks [103].
The metabreccia is commonly poorly sorted, and mostly consists of centimeter-sized clasts
of serpentinite and metagabbro embedded in a matrix made up of calcite, amphibole,
and chlorite.
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Figure 7. (A) Pre-Alpine stratigraphic columnar section of the Queyras Schistes Lustrès Complex
(the stratigraphic location of the representative field images is shown); (B) Cretaceous calcschist
consisting of interlayered light brown carbonate-rich and dark grey carbonate-poor layers (North-East
of Mt.Rocca Cucuja); (C) massive coarse-grained metagabbro of Mg-Al rich composition mainly
consisting of dark grey pyroxene and greenish white plagioclase (Mt. Rocca Pergo); (D) metabasalt
retaining pillow-breccia structures (Mt. Rocca Pergo); (E) panoramic view of a tabular body (dashed
white lines) of Late Jurassic whitish marble within the calcschist; (F) close-up view of the massive
whitish marble and of the more foliated carbonate-rich calcschist.

The metabasalt, up to tens of meters in thickness, were originally emplaced both
above the serpentinite and metagabbro, and above mafic/ultramafic metabreccia. It mainly
corresponds to banded metabasite, which often retains magmatic textures consisting of
decimeters-sized pillow and pillow-breccia structures (Figure 7D). Its mineral assemblage
is made up of albite, amphibole, chlorite, epidote, white mica, stilpnomelane, and calcite.
The metabasalt is locally overlain, or interlayered close to its top, by banded metachert.
The latter is up to few meters in thickness, fine-grained and greyish in color, and mainly
consists of quartz, with minor white mica and opaque minerals.

In the meta-ophiolite bodies, the serpentinite and metagabbro or the metabasalt and
metachert are overlain and or wrapped, at least in part, by meter-thick horizons of fine-
grained tabular whitish to grey marble. The latter is mostly made up of calcite, with minor
quartz, amphibole, white mica, ankerite, and opaque minerals. A similar tabular marble,
grading to light grey carbonate-rich calcschist, occurs within the calcschist as tabular bodies
(Figure 7E,F), which are up to several tens of meters in thickness and lateral continuous
along a few kilometers [18]. This marble shows a close facies similarity with the Late
Jurassic uppermost part of the GU succession.

Although radiometric ages from magmatic rocks of the meta-ophiolite bodies are
not available in the study area, metachert west of the study area (i.e., the Traversiera
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Massif, [104]) retains radiolarian microfossils early referred to the Late Oxfordian–Early Kim-
meridgian age [104] and then revised to Late Bathonian–Early Callovian age (UAZ 7) [105,106].
The age of the whitish and tabular marble is constrained to the upper part of the Late
Jurassic to the earliest part of the Early Cretaceous [107] by correlation with the Calpionella
Limestone of the non-metamorphosed cover of the Internal Ligurian ophiolites in the
Northern Apennines [101].

5. U–Pb Geochronology

U–Pb dating of zircons has been carried out from two samples, a metadiorite from
VSZ and a metavolcanite from DU, in order to detect their magmatic ages. Results of U–Pb
dating are given in the following. Details about analyses and instrumental conditions are
reported in Supplementary Materials (Tables S1 and S2).

5.1. U–Pb Dating of the Metadiorite from the Valmala Shear Zone

The metadiorite (sample 204) has been sampled ENE of Valmala locality (right side
of the Varaita River Valley; Long. 7◦24′25”, Lat. 44◦33′39”; Figure 2). The metadiorite
is massive and contains decimeter-sized mafic enclaves and highly transposed (i.e., few
decimeters thick but hundreds of meters long) acidic dykes (Figure 8A,B). The mineral
assemblage consists of albite, blue and green amphibole, clinozoisite, and chlorite, with
minor garnet, quartz, white mica, titanite, ilmenite, rutile, and zircon.
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Figure 8. (A) View of the metadiorite with acidic dykes (N of Valmala); (B) close-up view of the
outcrop of the metadiorite with a mafic enclave selected for U/Pb dating (ENE of Valmala); (C) CL
image of some of the analyzed zircon grains (measured spots are shown by yellow circles with
related ages); (D) concordia Tera–Wasserburg (207Pb/206Pb vs. 238U/206Pb) and weighted average
(206Pb/238U ages) diagrams for analyzed zircons (sample 204).
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Result of U/Pb analyses are detailed in the Supplementary Table S1. Fifty-nine laser
ablation analyses were carried out on the core of fifty-six zircon crystals, consisting of
subhedral colorless crystals (50–200 µm in size) partly characterized by magmatic oscilla-
tory zoning (Figure 8C). 206Pb/207Pb and 238U/206Pb ratios have been plotted in a Tera–
Wasserburg diagram and are almost concordant, yielding a concordia age of 513.9 ± 2.7 Ma
(weighted average age = 511 ± 3.4 Ma; MSWD = 1.7; Figure 8D), corresponding to the
magmatic age of the diorite. U/Pb dating thus highlights that Cambrian intrusive rocks
were tectonically sampled along the VSZ. It is here remarked that meta-intrusive rocks
with comparable composition and age, have never been reported in the units surrounding
the VSZ. The potential geological meaning of this occurrence of Cambrian metadiorite is
discussed in the following (Section 6.3).

5.2. U–Pb Dating of the Metavolcanics from the Dronero Unit

The metavolcaniclastic horizon (sample 1920) has been sampled North of Dronero
locality (left side of the Maira River Valley; Long. 7◦21′53”, Lat. 44◦28′50”; Figure 2). The
sample contains millimeters-sized K-feldspar porphyroclasts embedded in a fine-grained
matrix mainly consisting of quartz, albite, and white mica, with minor epidote, biotite,
apatite, and zircon.

Analytical methods and result of U/Pb dating are reported in the Supplementary
Table S2. Euhedral to subhedral zircon grains are clear, colorless, and 50–200 µm in
size, with magmatic oscillatory zoning, and a magmatic high-temperature type morphol-
ogy [108]. Fifty-two laser ablation analyses were carried out on the core of forty-eight
zircon crystals (Figure 9A). 206Pb/207Pb and 238U/206Pb ratios have been plotted in a Tera–
Wasserburg diagram and are almost concordant, yielding a concordia age of 253.8 ± 2.7 Ma
(weighted average age = 253.8 ± 2.0 Ma; MSWD = 1.8; Figure 9B). Since the metavolcani-
clastic layers can be considered as nearly coeval with the hosting metasediments [109], the
U/Pb dating roughly constrains the age of monometamorphic metasediments protolith of
the DU succession to the Lopingian Epoch (i.e., Late Permian).
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Figure 9. (A) CL image of some of the analyzed zircon grains (measured spots are shown by yellow
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6. Discussion

The reconstruction of the structural setting of the southern part of the Western Alps,
allowed to distinguish tectono-stratigraphic units that preserve different portions of the
primary transition between the LPBO and the European passive margin. The stratigraphic
characteristics and facies variation within each tectono-stratigraphic unit allow reconstruct-
ing in detail of the pre-orogenic tectonic evolution, which can be subdivided in two main
stages (Sections 6.1 and 6.2). The overall inherited (i.e., pre-Alpine) tectonostratigraphic
setting and structural architecture is discussed in Section 6.3.
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6.1. Permian to Triassic Continental Lithosphere Extension

This stage is recorded in DU, SU, and MU successions. Although these units are
tectonically separated through SDSZ, their stratigraphic successions allow defining a
continuous record of Middle Permian–Middle Triassic sedimentation.

The characteristics of the polymetamorphic basement of DU, which mainly consists of
garnet- and chloritoid-bearing micaschist, are comparable with those of the polymetamor-
phic basement described in the southern DMM [61] (i.e., in the Brossasco-Isasca and Rocca
Solei units) in which different metagranitoid bodies [62] have been dated as Guadalupian
(i.e., Middle Permian; ~275 Ma, [58]; ~262 Ma, [110]). The monometamorphic basement
consisting of different types of micaschist, interlayered with bodies of metabasite derived
from mafic- to intermediate tuffites, and with acidic meta-volcaniclastic rocks [108], sug-
gests pyroclastic eruptions [111,112] in a continental environment. U/Pb dating constrains
metavolcanic rocks to the Lopingian Epoch (i.e., Late Permian; ~255 Ma), indirectly dating
the hosting metasediments. This age documented for the first time in the DMM and is
well-comparable with the ~258 Ma age of K-alkaline rhyolite within the Permian conti-
nental successions from the Briançonnais domain in the Ligurian Alps [113]. According
to the reconstructed evolution of the Ligurian Alps [86], the metavolcanic rocks likely
represent the product of large-scale lithospheric extension (i.e., the second magmatic cycle
of Cortesogno et al., 1998 [114]), which took place after widespread calc-alkaline volcanic
activities (i.e., the first magmatic cycle of Cortesogno et al., 1998 [114]) associated with
the Early Permian transtensional tectonics and collapse of the Variscan belt [115]. In the
DMM, differently from the Briançonnais Domain, the Early Permian magmatism was
characterized by emplacement of intrusive bodies [50] rather than by volcanic activity.

The Late Permian magmatism was associated with variation in the thermal state of the
lithosphere and widespread extensional and transtensional tectonics [24,116]. Extension
lasted until the Triassic and controlled the development of Late Permian–Early Triassic
WNW-trending graben basins [86], wherein Verrucano clastic sediments deposited. The
characteristics of siliciclastic metasediments of SU, consisting of quartz-rich schist and
quartzite, are well-comparable with the Briançonnais Verrucano, representing the Late
Permian–Early Triassic deposition of a fluvio-deltaic succession of sand, siltstone, well-
sorted arkose, and conglomerates as also documented in different sector of the Alpine-
Mediterranean region [117]. The depositional contact with the Permian sediments and
volcanic rocks, which corresponds to a regional scale unconformity, is not exposed because
SU is tectonically separated from DU by SDSZ.

The unconformable deposition of the Upper Cretaceous calcschist protoliths, pre-
serving remnants of planktonic foraminifera (Globotruncana sp.), on Verrucano deposits
(i.e., the stratigraphic contact between siliciclastic and carbonate metasediments) outlines
that SU represented a structural/morphological high up to Late Cretaceous as discussed in
the following (Section 6.3). On the contrary, the occurrence in MU of a complete Anisian
(i.e., vuggy metadolostone and dolomitic marble with local occurrence of cavernous texture
resulting from dissolution/recrystallization processes of primary evaporite) to Ladinian
(i.e., metadolostone comparable with the Ladinian San Pietro dei Monti Dolomite [91] in the
Ligurian Alps) succession, documents the onset of platform carbonate sedimentation in the
sector represented by this unit.

The lack of terms younger than the Ladinian metadolostone does not allow to com-
pletely understand if MU was a sector of relative structural/morphological high or of
low. Its present-day structural position between the structural/morphological high of the
SU and the GU succession, which represents a structural/morphological low, tentatively
suggests that MU corresponded to a sector of connection between SU and GU. In the GU,
in fact, the Ladinian metadolostone turns in a cyclic peri- to sub-tidal Carnian–Norian
succession (i.e., comparable with the Monte Arena Dolomite [95]) of alternating very fine-
grained banded metadolostone and marble, which are in turn followed by a complete and
fossil-rich Early Jurassic succession.
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At the regional scale, the deposition of the Middle to Late Triassic platform successions
was linked to a widespread subsidence resulting from lithospheric cooling after the Permian
thermal event [118]. Evidence of extensional tectonics in the Briançonnais and Prepiedmont
domains of the Ligurian Alps, are provided by syn-sedimentary normal faults in the San
Pietro dei Monti Dolomite [86].

6.2. Jurassic Ocean Spreading

This stage, related to the opening of the Alpine Tethys, is recorded in the fossil-rich
succession of GU, whereas on the contrary of DU, SU, and MU consists of an almost
complete Late Triassic–Late Jurassic platform to basin succession. This succession differs
from the typical Briançonnais successions, which emerged and was eroded during Late
Triassic to Early Jurassic regional uplift [92]. The depositional environment in which the
GU succession deposited was affected by a continuous subsidence with respect to the
European continental margin (i.e., DU, SU, and MU). A first rifting stage has been referred
to the deposition of Norian Monte Arena Dolomite [86], but the main tectonic input (i.e., the
second rifting stage of Decarlis et al., 2013 [86]) is recorded in Early–Middle Jurassic by
the carbonate metabreccia horizons and megabreccia or olistolith fields (i.e., the Complexe
Détritique of Lemoine, 1971 [119]), triggered by mass-wasting processes along faults scarps.
Composition and facies of clasts and olistoliths constrain their source from the tectono-
gravitational dismemberment of the pre-Pleinsbachian carbonate platform successions.

In the Prepiedmont units of the Ligurian Alps, two main sub-stages have been distin-
guished within the second rifting stage [86]: the first one was characterized by activation
of extensional and strike-slip faults followed by fast subsidence (i.e., the deposition of the
Early Jurassic Rocca Livernà Limestone); the second sub-stage corresponds to the margin
collapse with detrital deposition along active fault scarps (i.e., the Early–Middle Jurassic
Monte Galero Breccia).

Remnants of the ocean spreading-related tectonics also occur in the meta-ophiolite
bodies of the QSLC, which however are tectonically embedded within the Lower- to Upper
Cretaceous calcschist (i.e., the former Late Cretaceous-Paleocene accretionary prism; [120]).
These bodies preserve, in fact, different portions of the mantle-cover oceanic lithosphere
succession, recording the seafloor spreading of a restricted oceanic basin (i.e., the LPBO)
from the Middle Jurassic [121,122] to the Late Jurassic–Early Cretaceous [40].

In GU, the upper temporal constraint to the ocean spreading stage is represented by
the uppermost part of the GU succession, consisting of the Upper Jurassic tabular marble.
The close similarity of this marble with the Upper Jurassic massive carbonate-rich calcschist
and marble occurring as elongated bodies in the QSLC succession, suggests an original
lateral facies transition between GU and QSLC.

6.3. The Inherited (Pre-Alpine) Structural Architecture

The Late Triassic to Middle Jurassic stratigraphic successions, ranging from reduced
(i.e., SU and MU) to complete (i.e., GU and the successions within the meta-ophiolite bodies
of the QSLC), clearly documented the role played by active extensional tectonics in forming
an articulated tectono-stratigraphic depositional environment at the transition between the
European distal margin and LPBO (Figure 10). Although convergent tectonics reworked,
overprinted, and masked in large part the primary tectonic features that controlled sedi-
mentation, they likely corresponded to extensional to transtentional faults as extensively
documented in other sectors of the Western Alps [7,20,123].

Evidence that the Upper Permian–Lower Triassic Verrucano-facies metasediments of
SU were unconformably sealed by the Upper Cretaceous calcschist bearing Globotruncana
sp., clearly indicates that the inherited Late Triassic to Middle Jurassic architecture locally
characterized portions of the European distal margin–Alpine Tethys transition zone up to
Early Cretaceous and/or the beginning of Late Cretaceous. The MU and SU successions
are juxtaposed through a deformation zone that, differently from the other shear zones,
is pervasively folded and thinner. This deformation zone is characterized by tectonic
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carbonate breccia and may represent a reactivated extensional fault that controlled sedi-
mentation and formation of a structural high, as also Michard et al. (2022) [36] suggested.
A similar tectonic contact occurs in the Pradleves sector of GU, separating the quartzite
of the Pradleves subunit from the above metadolostone and localized at the base of the
carbonate platform succession. It is not excluded that both the contacts between MU and
SU and between the Pradleves subunit and GU represent the remnants, at a margin-scale,
of a same (inherited) fault system. The latter could be structurally linked with a main exten-
sional detachment fault, which likely drove the exhumation of the pre-Mesozoic succession
forming extensional allochthons (Figure 10). It is worth to point out that, although tectonic
metabreccia with reworked basement has not been found within the shear zones [124], both
in VSZ, SDSZ, and CLSZ tectonic slices of mantle rocks and Variscan basement occur.
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At the large scale, another possible evidence of the architecture of the European distal
margin–Alpine Tethys transition zone is suggested by the occurrence of the tectonic slices
of Cambrian (~510 Ma) metadiorite within the VMZ. Rocks with comparable magmatic
(protolith) ages have never been described in DMM, wherein dated meta-intrusives are
mostly Early Permian in age and, to a lesser extent, Ordovician [50]. The Cambrian
metadiorite should be originally part of a Caledonian basement, which seems to be not
exposed throughout the tectonic units of the DMM. Notably, a Caledonian basement has
been described in the Briançonnais Paleozoic basement of the Ligurian Alps [125]. Although
more investigations are needed, if a relatively allochthon basement has been sampled along
VMZ (Figure 10), the existence of a main inherited (Jurassic?) structure can be speculated,
allowing interpretation of DU (i.e., the hanging wall of the VMZ) as an original extensional
allochthon as also supposed for the Brossasco-Isasca Unit by Bonnet et al. (2022) [64].

Our reconstruction of the pre-Alpine tectono-stratigraphic setting of the southwest-
ern Alps allows to highlight the rheological contrasts that controlled the localization of
convergent deformation and large-scale basement/cover detachments (the so-called Maira-
Sampeyre and Val Grana allochthons [36]). The here described nappe stack allows to detect
the main mechanical weaknesses which correspond to (i) the Late Permian fine-grained
sediments occurring at the base of SU, (ii) the original gypsum horizons likely occurring
at the base of the carbonate platform succession of MU and GU, as also suggested for
other Briançonnais units [69,126] and other evaporite rocks [127], (iii) the Middle to Late
Jurassic carbonate-siliceous sediments in the uppermost part of the GU succession, and
(iv) the Cretaceous sediments now forming QSLC, as also suggested for pelagic shales by
Herviou et al., 2022 [128].
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7. Conclusions

In the Western Alps, studies about inherited structural settings of distal margin-
ocean transition zones are mainly focused on the Adria paleomargin, wherein lithospheric
thinning, exhumation of lower crustal, and mantle rocks, as well as the formation of
extensional allochthons, are well documented [4]. In this paper, through detailed geological
mapping, stratigraphic observations, and U/Pb dating, we document the structural setting
of the southern part of Western Alps and the inherited different portions of the so far poorly
investigated transition between the European passive margin and the LPBO.

We show that, in the present-day orogen-scale setting, the tectonostratigraphic units
are arranged in an upright nappes stack, with the oldest succession at the bottom (the DU)
and the youngest one at the top (the QSLC). These successions were sampled from the
same basin and are now separated by Alpine shear zones. The finite Alpine deformation
recorded by these units decreases from the northeastern sectors, wherein successions
are more pervasively folded and sheared, to the southwestern ones, wherein pervasive
deformation is mainly localized and primary textures and paleontological contents are
partly retained. The Alpine P-T metamorphic peaks seem to follow the same trend, varying
from coesite-eclogite facies in northern-eastern sectors to low grade blueschist-facies in
southern-western ones [36,63,64,69,82].

In conclusion, the here proposed reconstruction of the pre-Alpine tectono-stratigraphic
setting of the southwestern Alps allows us to reveal the existence of an articulated pre-
Alpine structural setting of the margin, with inherited faults and structural highs and
lows, which had a role as structural inheritances during the Alpine convergence. This
study also highlights useful clues for detecting the rheological contrasts, which control
the localization of deformation during plate convergence. Mechanical weaknesses within
the Late Paleozoic–Late Cretaceous stratigraphic successions strongly constrained the
localization, mode, and characteristics of subduction processes (see also Agard, 2021 [8])
and, therefore, the structural evolution at depth.
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