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Abstract

Fragments of subducted slow-spreading oceanic lithosphere are exposed continuously in the
Liguro-Piemont domain of the Western Alps. By combining new and literature petrological
data, interpolated maps of maximum temperatures, maximum Si contents of phengite as a
proxy for peak pressure and thermodynamic modelling, we provide a detailed framework of
the peak metamorphic conditions experienced by the distinct subduction slices. High-
resolution mapping confirms the marked eastward increase in metamorphic grade throughout
the domain, as well as within some slices. The compilation of lithostratigraphic, structural and
radiochronological data and the estimation of sediment/mafic-ultramafic ratio for each slice
allow refining the origin of these tectonometamorphic units within the former oceanic domain.
The refined structural sketchmap allows to restore the geometries of the Alpine subduction at
peak burial conditions. Results point to a trimodal distribution of the units with an increase in
metamorphic conditions from the Upper (LPU; 320-400°C- 1.2-1.9 GPa) to the Middle (LPM;
415-475°C- 1.7-2.2 GPa) and to the Lower units (LPL; 500-580°C- 2.2-2.8 GPa). The
blueschist-facies LPU and LPM units are dominated by sediments (>90%), whereas the
eclogitic LPL units are far richer in mafic-ultramafic rocks (>40%). These characteristics,
along with lithostratigraphic differences, reflect major differences in their initial
paleogeography and/or in the mechanisms responsible for material offscraping from the
downgoing slab. The peak burial depths of the LPU, LPM and LPL units are similar to those
inferred for slicing and underplating in both modern and fossil subduction zones. Petrological

and lithostratigraphic data suggest that the offscraping of the LPU and LPM units was mostly
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controlled by lithological contrasts, within pelagic shales or along contacts within the
uppermost serpentinized mantle. In contrast, major dehydration reactions (such as lawsonite
breakdown in sediments) likely controlled the offscraping of the LPL units at eclogite-facies

conditions, possibly through high fluid pressure conditions and rocks embrittlement.

1. Introduction

Subduction zones trigger devastating earthquakes and volcanic eruptions (e.g. Ruff and
Kanamori, 1980; Tatsumi, 1986; Stern, 2002). Understanding mechanical coupling and mass
transfer occurring at the subduction plate boundary, and the complex interplay of short and
long-term processes, is therefore critical to decipher subduction dynamics and risk
assessment (Ripke et al., 2004; Agard et al.,, 2018; Behr and Birgmann, 2021). During
convergence, some material is removed from the downgoing plate (the 'slab") sporadically
and accreted, or 'underplated’, to the upper one (Karig and Sharmann, 1975; Scholl et al.,
1980; Platt, 1986). At shallow depth, offscraping at the roof of the oceanic crust results in the
formation of accretionary wedges dominated by sediments (Platt, 1988). Deeper accretion
also takes place along the subduction plate interface (Willner, 2005; Agard et al., 2009) and
leads to the juxtaposition, and later exhumation, of deeply subducted slices with distinctive
subduction histories (Plunder et al., 2012, 2015; Angiboust et al., 2013, 2014, 2016, 2018;
Tewksbury-Christle et al., 2021). The removal of oceanic material from the slab, and
potential accretion to the upper plate, require the down-stepping of the plate interface
décollement into the slab (Kimura and Ludden, 1996; Kimura et al., 2007), hence an increase
in mechanical coupling (Agard et al., 2016, 2020) and strain localization into weakness zones
(Kimura and Ludden, 1996; Kimura et al., 2007; Angiboust et al., 2012c; Ruh et al., 2015).
The worldwide record of blueschist- and eclogite-facies subducted oceanic fragments shows
that this happens transiently (Agard et al., 2009; Monié and Agard, 2009; Bonnet et al., 2018)
and at non-random depths (Plunder et al., 2015; Agard et al., 2018).

The processes leading to coupling and slicing in the slab are still debated, despite
suggestions that large sediment inputs (Behr and Becker, 2018) and serpentinization of the
slab (Ruh et al., 2015) or of the mantle wedge (Agard et al., 2009, 2016; Guillot et al., 2009,
2015), or fluid-mediated deformation mechanisms (Agard et al., 2020), may enhance the
lubrication of the plate interface, and thereby promote decoupling (Agard et al., 2018; Garber
et al., 2020b). More specifically, what are the mechanical processes driving deep slicing of
the downgoing plate and the recovery of slivers at the surface? Do rock recovery clusters

correspond to downdip changes of the mechanical behavior along the plate interface or to
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lithological heterogeneities? How do dehydration reactions impact slab fragments, from the

base of the seismogenic zone down to sub-arc depths?

Since direct access through deep drilling is limited to the few first kilometers (e.g. Tobin et
al., 2019), the investigation of fossil subduction fragments with a diagnostic high pressure
low temperature (HP-LT) imprint is paramount. In the Western Alps, remnants of subducted
slow-spreading oceanic lithosphere (Lagabrielle and Cannat, 1990) are exposed along the
200 km-long and up to 50 km-wide Liguro-Piemont domain (L-P; or Piemonte-Liguria
domain; Deville et al., 1992; Agard, 2021; Agard and Handy, 2021). This nappe-stack is one
of the largest, better-preserved and most studied examples of fossil subduction complexes,
spanning a range from ~30 to 80 km depth (Berger and Bousquet, 2008; Agard et al., 2002,
2018; Agard, 2021), and providing an access to subduction processes along those depths
(Bebout et al., 2013; Herviou et al., 2021).

In the L-P domain, a major distinction can be made between the metamafic-ultramafic
dominated (MUM units of Agard, 2021) eclogite-facies units and the metasedimentary
dominated (S units of Agard, 2021) blueschist (BS)-facies units (Dal Piaz, 1974b; Caby et al.,
1978; Droop et al., 1990; Pognante, 1991; Agard et al., 2001a). Within these distinct zones,
several slices, generally three to four in total, were identified along different transects of the
L-P domain (Fudral, 1996; Agard et al., 2001a; Tricart and Schwartz, 2006; Lagabrielle et al.,
2015). However, tectonic contacts preserving the pristine, initial juxtaposition of the units
sliced during subduction are often obscured by later deformation and almost impossible to
follow over great distances. Consequently, very few studies (e.g. Deville et al., 1992) have
attempted to correlate these tectonic slices across the entire domain, and their extension and
distribution across the L-P domain remain poorly known. A detailed knowledge of this
tectonometamorphic set-up is nevertheless critical to reconstruct the 2D and 3D geometries

and to understand subduction-related processes along the L-P domain.

In the Liguro-Piemont domain, metamafic and ultramafic bodies are generally embedded in
volumetrically dominant sediments. These sediments, more sensitive to P-T changes (Goffé
and Chopin, 1986; Bousquet et al., 2008) are also cropping out continuously along the
complex and across the different slices. They provide the opportunity to follow in detail the
evolution of (i) the index mineralogy (Goffé et al.,, 2004; Bousquet et al., 2008), (ii) the
variation of their stratigraphic succession (Deville et al., 1992; Lemoine, 2003), (iii) the
maximum temperature experienced by these rocks during peak burial (Beyssac et al., 2002),

and (iv) the peak pressure, through adequate indicators (Agard et al., 2001a, 2001b).

This study tightly and systematically combines lithostratigraphic, structural and petrologic

data, both new and from the literature, across the entire L-P domain of the Western Alps, in
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order to precise its tectonometamorphic set-up. A refined model of the distribution of
equivalent tectonic slices along the L-P complex is proposed. We then discuss the
mechanisms driving the recovery of the distinct rock types (MUM versus S units) from
selective depths and the insights gained on Alpine subduction dynamics, as well as on the

processes driving slab slicing and nappe stacking at depth.

2. Geological setting
2.1 Fragments of subducted oceanic lithosphere in the Western Alps

The Western Alps formed as a result of an east- to south-east-dipping and slow (~1 cm/yr)
subduction of the 100 to 1000 km wide Valais and Liguro-Piemont oceans below Adria/Apulia
(Le Pichon et al., 1988; Schmid et al., 1996, 2017; Lapen et al., 2003; Handy et al., 2010;
Agard and Handy, 2021). Subduction of these slow-spreading oceanic domains (Lagabrielle
and Cannat, 1990) started in the Late Cretaceous and was over by ~35 Ma (Stampfli et al.,
1998; Schmid et al., 2017). Subduction of oceanic material was followed by a phase of
continental subduction (Chopin, 1984; Rubatto and Hermann 2001; Bonnet et al., submitted)
before Eurasia-Adria/Apulia collision started (Simon-Labric et al., 2009; Bellahsen et al.,
2014).

Remnants of subducted Liguro-Piemont oceanic lithosphere are now exposed in the internal
domain of the Western Alps and form a nappe-stack known as the Liguro-Piemont (L-P)
domain (Agard, 2021; Agard and Handy, 2021; Fig. 1a) or Schistes Lustrés complex (Caron,
1977; Agard et al., 2001a, 2009), owing to their characteristic sedimentary features.
Metasediments (Schistes Lustrés s.s.) are volumetrically dominant in this complex and range
from the Late Jurassic (De Wever and Caby, 1981; Lagabrielle, 1987) to the Late Cretaceous
(Lemoine et al., 1984; Lagabrielle, 1987). They correspond to an initial ~200-400 m thick
sequence of pelagic and hemipelagic seafloor deposits (marls, shales and limestones
metamorphosed as calcschists, metapelites and marbles; Lemoine et al., 1984; Lemoine and
Tricart, 1986; Lemoine, 2003; Deville et al., 1992; Michard et al., 1996) embedding variable
amounts of mafic and ultramafic rocks (Fig. 1a). The serpentinized mantle generally contains
sparse pockets of Jurassic mafic material (e.g. Decrausaz et al., 2021) highlighting the
discontinuous character of the oceanic crust (Lagabrielle, 1987; see Agard, 2021 and
references therein). Exposed fragments of L-P lithosphere often preserve pre-alpine oceanic
structures (Lagabrielle et al., 2015, Balestro et al., 2018, 2019; Decrausaz et al., 2021).

During subduction, these rocks were buried between ~30 and 80 km depth (Agard et al.,
2002, 2009) and were intensely folded, leading to significant thickening of the initial
sedimentary pile (Agard et al., 2002; Tricart and Schwartz, 2006). Agard et al. (2009) roughly
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estimated that approximatively 30% to 50% of the sedimentary deposits were scraped off
from the downgoing plate and exhumed, whereas only ~5% of the oceanic crust and

serpentinized mantle were.

After a peak burial between 60 and ~40 Ma (e.g. Agard et al., 2002; Rubatto and Hermann,
2003), these rocks were detached as slices from the subducting plate and were exhumed
from the Late Eocene to the Miocene (Agard et al., 2002, 2009; Schwartz et al., 2007, 2020;
Malusa et al., 2005; Angiboust and Glodny, 2020). This complex stack of slices formed a
deep accretionary complex, probably built by progressive underplating (Platt, 1986; Marthaler
and Stampfli, 1989; Agard et al., 2009, 2018; Agard, 2021), where structurally upper slices
may have been underplated earlier (Kimura et al., 2007; Dumitru et al., 2010; Plunder et al.,
2012; Agard and Vitale-Brovarone, 2013; Angiboust et al., 2016).

Rocks from the Western Alps L-P domain, metamorphosed under BS- to eclogite-facies
conditions, exhibit an almost continuous increase of metamorphic grade from west (~1.2
GPa-330°C) to east (~2.5 GPa-550°C), along a ~8°C metamorphic gradient characteristic of
subduction zones (Agard et al., 2001a; Gabalda, 2009; Plunder et al., 2012; Schwartz et al.,
2013; Agard, 2021). This gradient is recognizable by the evolution of metamorphic mineral
assemblages and notably by the subtle evolution of index minerals in metasediments (Goffé
and Chopin, 1986; Agard et al., 2001a; Goffé et al., 2004; Bousquet et al., 2008; Fig. 1b). For
example, in the western part of the Schistes Lustrés complex, and especially south of Ambin
massif, Fe-Mg carpholite is frequently present in pelitic layers (Fig. 1b; Goffé et Chopin,
1986; Agard et al.,, 2001a). Further east, Fe-Mg capholite gradually disappears at the
expense of chloritoid (Fig. 1b; Goffé et Chopin, 1986; Agard et al., 2001a). In both areas
lawsonite can be observed in the metasedimentary matrix as well as in metamorphic veins
(Caron, 1974; Bocquet, 1974; Saliot et al., 1978; Lefeuvre et al., 2020; Herviou et al., 2021).
Finally, the easternmost part of the L-P domain is characterized by the occurrence of garnet,
generally coexisting with chloritoid (Agard et al., 2001a; Plunder et al., 2012; Ghignone et al.,
2021a). In these metasediments, Fe-Mg carpholite is characteristic of low-temperature BS-
facies while chloritoid generally appears in high-temperature BS-facies (Goffé et Chopin,
1986; Goffé et al., 2004). Lawsonite is present over a wide range of P-T conditions in these
BS-facies rocks (Herviou et al., 2021), whereas the presence of garnet is indicative of
eclogite-facies metamorphism (Agard et al., 2001a; Plunder et al., 2012; Vitale-Brovarone et
al., 2014) except for rare spessartine and grossular-rich garnet in marbles (Ballévre and
Lagabrielle, 1994; Manzotti et al., 2021).

Besides this metamorphic gradient, several units/slices were identified in the L-P domain of

the Western Alps based on lithostratigraphic and tectonometamorphic contrasts (Lagabrielle,
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1987; Fudral, 1996; Agard, 2021). In particular, the metamafic-ultramafic dominated eclogite-
facies units crop out eastward of and tectonically below the BS-facies metasedimentary-
dominated units (Fig. 2c; Dal Piaz, 1974b; Caby et al., 1978; Droop et al., 1990; Pognante,
1991; respectively MUM and S units of Agard, 2021 and Agard and Handy, 2021). These
zones are separated by a major extensional tectonic contact (Philippot, 1990; Ballévre et al.,
1990; Ballévre and Merle, 1993). Inside these different zones, distinct slices, generally 3 to 4
were described in different transects of the L-P domain (Lagabrielle, 1987; Fudral, 1996;

Agard, 2021) and are described in the next section.

3. Subduction slices across the Western Alps Liguro-Piemont domain

3.1 Valais-Aosta transect

In this northern zone, the identification of a major sharp divide was first made in the Zermatt-
Saas area by Bearth (1959, 1962, 1967). Kienast (1973), Dal Piaz (1974a, 1974b) and Caby
et al. (1976, 1978) later described a similar divide in the Aosta Valley. These authors
identified a zone of “Lower Schistes Lustrés” rich in mafic and ultramafic rocks
metamorphosed in eclogite-facies that they distinguish from a zone of “Upper Schistes
Lustrés” only metamorphosed in blueschist- and greenschist-facies and almost devoid of
ophiolites. The eclogite-facies slices or Zermatt-Saas zone are cropping out eastward of the
Dent Blanche klippe and are tectonically overlain by the blueschist slices named Combin
zone (or Tsaté Nappe). These zones are separated by a Late Cretaceous-Early Tertiary

extensional fault, the Combin fault (Ballevre et Merle, 1993, Fig. 1a-c).

Different tectonic slices were identified in the Zermatt-Saas zone: the Zermatt-Saas and Avic
slices found on both sides of the Aosta fault (ZS and AV in Fig. 1c; Dal Piaz et al., 2010;
Polino et al.,, 2015). Thermodynamic modelling, multi-equilibrium thermobarometry and
Raman Spectroscopy on Carbonaceous Material (RSCM) allowed to estimate peak P-T
conditions around 550 + 50°C and 2.5 £ 0.5 GPa for the Zermatt-Saas unit (Bucher et al.,
2005; Bucher and Grapes, 2009; Angiboust et al., 2009; Angiboust and Agard 2010; Negro
et al., 2013; Zanoni et al., 2016) and around 550 * 50°C and 2.1-2.3 GPa for the Avic unit
(Martin et al., 2008; Angiboust et al., 2009; Angiboust and Agard 2010; Dragovic et al.,
2020). While the homogeneity of the P-T conditions recorded in these two units may hint to
largely coherent slices (Angiboust et al., 2009), these two units show at smaller scale a
series of tectonic slices separated by serpentinite layers (Angiboust and Agard, 2010). Near
Lago di Cignana, a small 2 km? ZS slice contains diamond- and coesite-bearing
metasediments indicative of ultra-high pressure (UHP) conditions of 2.8-3.2 GPa and 600°C
(Reinecke, 1991, 1998; Compagnoni and Rolfo, 2003; Groppo et al., 2009; Frezzotti et al.,
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2011). Finally, south of the Avic unit, an eclogite-facies slice is cropping out around the Gran
Paradiso massif, the Grivola-Urtier unit (GU in Fig. 1c; Bocchio et al., 2000; Dal Piaz et al.,
2010; Polino et al., 2015). P-T conditions of 550°C, 2.3-2.5 GPa are estimated for this slice
mostly made of calcschists enveloping mafic blocks (Bousquet, 2008; see also Reynard and
Ballévre, 1988).

Based on multiple methods, most peak burial ages range between 40 and 50 Ma for the
Zermatt-Saas unit (Bowtell et al., 1994; De Meyer et al., 2014; Skora et al., 2015; Weber et
al., 2015; Rebay et al., 2018), between 42-46 Ma for the Avic unit (Dal Piaz et al., 2001;
Dragovic et al., 2020) and between 40 and 49 Ma for the Lago di Cignana slice (Rubatto et
al., 1998; Amato et al., 1999; Lapen et al., 2003; Gouzu et al., 2006, 2016; Skora et al.,
2015). For the Grivola-Urtier unit, peak burial ages were constrained between 42 and 48 Ma
by Rb-Sr and Ar-Ar on white mica in both metasediments and metamafics (Dal Piaz et al.,
2001; Villa et al., 2014) and between 55 and 60 Ma by Lu-Hf on bulk garnet-omphacite or
garnet-glaucophane assemblages (Villa et al., 2014). D1 syn-peak deformation stage is
dated at 48 Ma while D2 syn-BS facies exhumation is dated at 40 Ma (Villa et al., 2014). K-Ar
data on white-micas from two localities of the Grivola-Urtier unit gave 54-39 Ma ages

(Delaloye and Desmons, 1976).

In the BS-facies Combin zone, below the Dent Blanche klippe, the presence of a synformal
stack of slices was inferred from the distribution of RSCM temperatures (Negro et al., 2013;
Angiboust et al., 2014; Manzotti et al., 2021), possibly two or three slices (Angiboust et al.,
2014). Recently, Manzotti et al. (2021), based on petrological data and field observations,
suggested the presence of two slices, the Cornet unit separated from the underlying By unit
by a major tectonic discontinuity (respectively CO and BY in Fig. 1c). Based on this
distinction, peak temperatures range between 364 and 422°C in the Cornet unit and between
421 and 530°C in the By unit (Negro et al., 2013; Angiboust et al., 2014; Decrausaz et al.,
2021; Manzotti et al., 2021). The large By unit may comprise several slices (Broilliot and
Aouilletta slices; Ellero and Loprieno, 2018; Polino et al., 2015), but their extension is
unknown. Peak pressures are estimated at 1.6-1.7 GPa for the By unit and 0.8-0.9 GPa for
the Cornet unit (Manzotti et al., 2021). The D2 to D3 exhumation-related episodes of these
units were dated between 41 and 37 Ma (Reddy et al., 2003; Angiboust et al., 2014).
Potentially independent tectonic slices, rooted in the Briangonnais area and belonging to the
complex Valsavarenche mega-fold (Bucher et al., 2003), crop out around the Valgrisenche,
Val de Rhémes and Valsavarenche valleys. These slices, grouped in the Avise-Tsaboc-
Feluma unit (ATF in Fig. 1c), seem to have recorded BS-facies conditions (Debelmas et al.,
1991; Caby, 1996; Polino et al., 2015). In the Avise area, D1 deformation was dated a 45.4

Ma and followed by a 39.5 Ma D2 deformation. Finally, a slice may be present in the eastern
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side of Grand Paradiso between the Grivola-Urtier slice and the Sesia complex, featured as
a thin tongue of BS-facies L-P rocks in literature maps and cross-sections (Ballévre et al.,
1986; Dal Piaz et al., 2001; West-Sesia, i.e. W-SS in Fig. 1c).

3.2 Savoy-Susa transect

A similar contrast between the BS-facies “Upper Schistes Lustrés” and eclogite-facies “Lower
Schistes Lustrés” was observed in the Savoy area by Bocquet (1974), Caby et al. (1976),
Chopin (1979) and Robert (1979), and in the Susa Valley by Pognante (1980, 1984). Chopin
(1979) first distinguished two sets of slices within the BS-facies zone, with the “Upper Unit”
characterized by low-grade BS-facies metamorphism atop the “Intermediate Unit” composed
by a thick series of calcschist metamorphosed in BS-facies. Based on lithostratigraphic and
structural arguments, Deville (1987), Fudral et al., (1987) and Fudral (1996) refined Chopin's
(1979) distinction by also suggesting the presence of three units in the Savoy region and by
mapping their distribution. These units are the eclogite-facies “Lower Oceanic Unit”, the BS-
facies “Middle Oceanic Unit” and the “Upper Oceanic Unit” also metamorphosed in BS-

facies.

The “Upper Oceanic Unit” (Savoy Upper Unit) crops out as rare klippen scattered across the
region (Lamet, Jovet, Sana, Grand Vallon; respectively LA, JO, SN-U and GV in Fig. 1c, see
also 2a). Their limited extent across the area precludes assessing whether they are
independent slices or instead correspond to a single one. Nevertheless, the Grand Vallon
klippe (Fig. 1c) contains a stratigraphic succession distinct from the other “Upper Oceanic
Unit” klippen (Deville, 1986, 1987; Fudral, 1996). Its detrital-rich sediments were dated as
Late Maastrichtian by the presence of foraminifera, as for the unmetamorphosed Helminthoid
Flysch (Deville, 1986). Such deposits are rarely encountered in the Schistes Lustrés,
suggesting that this klippe constitutes an independent slice (Deville, 1986; Deville et al.,
1992; Fudral, 1996). The “Upper Oceanic Unit” is characterized by a low-grade BS-facies,
marked by the presence of Fe-Mg carpholite or lawsonite and absence of chloritoid (Fig. 1b).
Peak burial temperatures range between 376 and 404°C in the Savoy region (Gabalda et al.,
2009; Plunder et al., 2012). No pressure or age constraints are available for these tectonic

slices.

The “Middle Oceanic Unit” (Savoy Middle Unit, i.e. SMU in Fig. 1c) predominates in this
region and seems to be made of several slices with uncertain boundaries (Fudral, 1996).
These slices mostly crop out across the Haute-Maurienne valley and have also been
identified in the Grande Sassiére and Chardonney klippen and at the base of the Sana klippe
(Deville, 1987, Fudral, 1996; respectively GS, CH and SN-L in Fig. 1c). Near Susa, a distinct
Venaus slice was recognized (Polino et al., 2002; Cadoppi et al., 2002; VN in Fig. 1c) within
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the previously defined Savoy slices (Fudral, 1996). The “Middle Oceanic Unit” is mostly
made of massive calcschist slices and characterized by the presence of chloritoid, lawsonite
and relics of Fe-Mg carpholite (Fig. 1b). Peak P-T are 384-503°C and 1.6-1.9 GPa (Rolland
et al., 2000; Gabalda et al., 2009; Plunder et al., 2012). Recent in situ Ar-Ar white-mica
dating of the “Middle Oceanic Unit” around Susa gave ages for an early foliation S1 between
49 and 40 Ma, while retrograde fabrics (S2 and mylonitic foliation) range between 40 and 37
Ma (Ghignone et al., 2021b). Previous Ar-Ar dating on white mica for this unit gave 42-37 Ma
ages (Chopin and Maluski, 1980).

The eclogite-facies “Lower Oceanic Unit” (Savoy Lower Unit, i.e. SLU in Fig. 1c¢) crops out in
the eastern part of the Haute-Maurienne area, immediately above the Gran Paradiso massif
(Fig. 2a; Chopin, 1979) and in the Susa, Viu and Ala Valleys (Fig. 1c). At least two slices
named Ciamarella-Gran Uia and Averole where recognized in this unit (Fudral, 1996), but
their exact distribution remains uncertain. A large slice of eclogitized mantle is also present in
the eastern part of this transect, the Lanzo massif (Lagabrielle et al., 1990; Debret et al.,
2013; Fig. 1a, b, c). Its ultramafic lithology contrasts with those of the “Lower Oceanic Unit”,
and whether it represents oceanic or sub-continental mantle is disputed (Bodinier et al.,
1991; Mintener et al., 2005; Pelletier and Muntener, 2006; Piccardo et al., 2007). The
“Lower Oceanic Unit” is characterized by the appearance of garnet coexisting with chloritoid,
suggesting the existence of a pressure gap with the “Middle Oceanic Unit” (Plunder et al.,
2012; Vitale-Brovarone et al., 2014). Estimated peak P-T are 460-570°C and 2.2-2.9 GPa
(Rolland et al., 2000; Gabalda et al., 2009; Plunder et al., 2012; Ghignone et al., 2021a).
Recent in-situ Ar-Ar dating on an early S1 foliation gave 47-42 Ma ages, while retrograde
fabrics (S2 and mylonitic foliation) range between 40 and 36 Ma (Ghignone et al., 2021b).
Previous Ar-Ar on white micas data for the HP stages of this unit yielded a wide range
between 68 and 39 Ma (Chopin and Maluski, 1980).

3.3 Cottian Alps transect

In this transect, the different L-P units are particularly well-exposed across a long ridge
between Susa and the Chisone valley, which constitutes a reference cross-section (Caron,
1977; Agard et al.,, 2001a, 2001b, 2009; Agard, 2021; Fig. 2b). A strong eastward
metamorphic gradient was identified by the progressive increase of the tschermak
substitution in white-mica (which serves as proxy for pressure; Velde, 1967; Massonne and
Schreyer, 1987) and by the evolution of index minerals in sediments (Agard et al., 2001a,
2001b; Fig. 1b). These trends are also reflected in the eastward increase of RSCM
temperatures (Beyssac et al., 2002). In this region, as well, a zone of BS-facies

metasedimentary-dominant slices stands out from an eclogite-facies zone containing more
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metamafics and ultramafic rocks (Agard, 1999; Agard et al., 2001a; Fig.1a, c). These zones
are separated by a major tectonic contact, well exposed at the Finestre Pass (Fig. 2b;
Ballévre et al., 1990; Agard et al., 2001a).

Several tectonic slices were described in the BS-facies zone. Structurally on top, the Lago
Nero unit (Polino et al., 2002; Barféty et al., 2006; LN in Fig. 1c, see also 2b) shows Fe-Mg
carpholite-bearing metasediments and the appearance of chloritoid in the eastern outcrops
(Agard et al., 2001a, 2001b). These rocks also contain massive amounts of lawsonite
(Lefeuvre et al., 2020). Peak P-T range from 300-350°C- 1.2-1.3 GPa at west to ~380°C- 1.8
GPa at east (Agard, 1999; Agard et al., 2001a, 2001b; Beyssac et al., 2002; Gabalda et al.,
2009). The Lago Nero unit was considered as analogous to the “Oceanic Upper Unit” of the
Savoy transect (Plunder et al., 2012; Agard, 2021). Below this slice, five BS-facies tectonic
slices were identified: (i) the Cerogne-Ciantiplagna unit (Polino et al., 2002; Cadoppi et al.,
2002; CC in Fig. 1c, see also 2b); (ii) the Albergian unit, separated from the Cerogne-
Ciantiplagna unit by a major tectonic contact nicely exposed in the Chisone valley (Polino et
al., 2002; ALB in Fig. 1c); (iii) the Puys unit, considered as an equivalent of the Venaus slice
from the Savoy-Susa transect (Polino et al., 2002; Barféty et al., 2006; PY in Fig. 1c); (iv) the
Aigle unit (Polino et al., 2002; Barféty et al., 2006; AG in Fig. 1c) and (v) the small Vin Vert
unit (Polino et al., 2002; Barféty et al., 2006; VV in Fig. 1c) immediately above the Ambin
massif. The Cerogne-Ciantiplagna and Albergian units are characterized by the presence of
chloritoid (Fig. 1b) and peak P-T conditions of 423-463°C- ~1.9 GPa (Agard et al., 20013,
2001b, Beyssac et al., 2002). These slices were inferred to be equivalent to the “Middle
Oceanic Unit” of the Savoy-Susa transect (Plunder et al., 2012; Agard, 2021). The Puys,
Aigle and Vin Vert slices are essentially lacking P-T constraints, although a RSCM
temperature of 386°C was estimated in the Aigle unit (Gabalda et al.,, 2009). In
metasediments from the Lago Nero and Albergian units, several deformation stages were
identified and dated (Agard et al., 2001a, 2002; see also Ghignone et al., 2021a). D1
deformation relates to the development of early fabrics, km-scale folds and crystallization of
peak metamorphic assemblages at 61-55 Ma for the Lago Nero unit and 64-49 Ma for the
Albergian unit. A second phase (D2), dated at 51-43 Ma for the Lago Nero, corresponds to
the ductile east-vergent deformation accompanying early exhumation under BS-facies
conditions. The third fabric (D3), between ~38 and 36 Ma for the Lago Nero unit, is marked
by top-to-the-west ductile to brittle deformation associated with greenschist-facies
exhumation. Two K-Ar ages on white mica from the Lago Nero unit gave 67-62 Ma ages

(Delaloye and Desmons, 1976).

In the eclogite-facies zone, the presence of different slices is unclear. In the Orsiera-

Rocciavré unit (OR in Fig. 1c, Cadoppi et al., 2002), the Rocciavré massif is a large eclogitic
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gabbroic and ultramafic body containing negligible amounts of metasediments (Pognante,
1985). In contrast, to the west, from Monte Orsiera to Finestre pass, mafic and ultramafic
rocks are embedded in metasediments that seem to be volumetrically equivalent to the
ophiolitic bodies (Fig. 1c). The existence of a tectonic contact between these two parts of the
unit was suggested by Cadoppi et al. (2002). Metasediments contain garnet and chloritoid
(Fig. 1b) and their estimated P-T conditions are 500-542°C and ~2-2.1 GPa (Agard, 1999;
Agard et al., 2001a, 2001b, Beyssac et al.,, 2002; Gabalda et al., 2009). No recent P-T
estimates are available for the mafic rocks. The Orsiera-Rocciavré unit is interpreted as the
southern extension of the “Lower Oceanic Unit” of the Savoy-Susa transect (Plunder et al.,
2012). In metasediments from the Orsiera-Rocciavré unit, the same D1 to D3 events of BS-
facies slices were described (Agard et al., 2001b). An early-HP stage, close to D1
deformation is dated at 61-53 Ma by in situ Ar-Ar in white mica, whereas D2 is dated at 46-42
Ma and D3 at 42-38 Ma (Agard et al., 2002). In Rocciavré metagabbros, Rb-Sr on phengite
with high Si content gave a 46 Ma age (Angiboust and Glodny, 2020).

3.4 Queyras-Monviso and Ubaye transects

Along these southernmost transects, the BS-facies slices are separated from eclogite-facies

units by a major extensional contact (Philippot, 1990; Ballévre et al., 1990; Fig. 2c).

Three BS-facies slices were identified in the Queyras region around the Guil valley, from
west to east (Lagabrielle, 1987; Lagabrielle et Polino, 1988; Lagabrielle et al., 2015): (i) the
Calcschist unit (CS in Fig. 1c, see also 2c), almost devoid of ophiolitic material, is
characterized by Fe-Mg carpholite and lawsonite occurrences (Herviou et al., 2021; Fig. 1b,
c); (ii) the Pelvas-Taillante unit (PT in Fig. 1c, see also 2c) also contains Fe-Mg carpholite
and lawsonite occurrences, and chloritoid appears in the eastern part (Fig. 1b); (iii) the
Mirabouc-Bouchet unit (MB in Fig. 1c, see also 2c), which is characterized by the presence
of lawsonite and chloritoid (Fig. 1b). Estimated P-T conditions are 320-340°C- ~1 GPa for the
Calcschist unit, 338-373°C- ~1.2 GPa for the Pelvas-Taillante Unit and 383-469°C- ~1.3 GPa
for the Mirabouc-Bouchet unit (Schwartz, 2000; Tricart and Schwartz, 2006; Schwartz et al.,
2013).

The eclogite-facies zone of this transect corresponds to the Monviso massif, a large mafic-
ultramafic body (Lombardo et al., 1978) comprising at least two tectonic slices (Schwartz et
al., 2000a; Angiboust et al., 2012b; Locatelli et al., 2018, 2019a). The Monviso Unit (MV in
Fig.1c, see also 2c), to the west, recorded 476-498°C- ~2.2 GPa P-T conditions (Angiboust
et al., 2012b; Schwartz et al., 2013) and the Lago Superiore unit to the east (LS in Fig. 1c,
see also 2c) recorded 514-580°C- 2.5-2.8 GPa (Groppo and Castelli, 2010; Angiboust et al.,
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2012b, Schwartz et al., 2013; Locatelli et al., 2018). Metasediments from these two slices are

characterized by garnet-chloritoid-bearing assemblages (Fig. 1b).

The Lago Superiore unit peak-burial conditions were dated between 50 and 45 Ma by
multiple methods (Duchéne et al.,, 1997; Rubatto and Hermann, 2003; Rubatto and
Angiboust, 2015; Garber et al. 2020a). The D2 and D3 exhumation-related deformation
episodes were dated at 38-37 Ma and 35 Ma in the Lago Superiore and Monviso slices
(Angiboust and Glodny, 2020; Rb-Sr on phengite). For the BS-facies slices, a 42-40 Ma Ar-
Ar age on white mica, supposedly close to peak P-T conditions, was obtained for the
Calcschist unit (Lanari, 2012). In the Pelvas-Taillante unit, two ages between 43 and 41 Ma
were obtained by bulk K-Ar on white mica (Delaloye and Desmons, 1976). Finally, Ar-Ar
dating on white mica on a sample from the Mirabouc-Bouchet unit gave 68-58 Ma for an
early S1 fabric (prograde to peak?), 45 Ma for a second fabric (S2) and a <30 Ma age for a
S3 foliation (Lanari, 2012). D3 deformation in the same slice was dated at ~35 Ma by Rb-Sr
on phengite (Angiboust and Glodny, 2020). All these BS- and eclogite-facies units were
stacked and exhumed from late Eocene to Miocene times (Angiboust and Glodny, 2020;
Schwartz et al., 2007, 2020). Along the Ubaye transect, an eastward metamorphic increase
was identified from the Brianconnais units to the Liguro-Piemont domain (Michard et al.,
2004), with no distinction of L-P slices. We will consider that the Queyras-Monviso slices

extend across this valley (Fig. 1c).

4. Compilation of lithostratigraphic data and size of the recovered slices
4.1 Stratigraphic columns of the different slices

In order to identify similarities between the tectonic slices of the different transects and gain
information on the paleogeography of the L-P slices (Fig. 3a), we compiled lithostratigraphic

columns across the Western Alps L-P domain (Fig. 3b).

In the Western Alps, the Chabriére series (stratigraphic column 1, Fig. 1a, 3b; Lemoine et al.,
1970; Tricart, 1974) is considered as the characteristic and idealized sequence of L-P
deposits. This stratigraphic column allowed to differentiate the L-P series deposited on an
oceanic basement from the Gondran-type series (Lemoine, 1959, 1971), which are made of
sediments deposited on the Piemont/Pre-Piemont continental margins (Fig. 1a-c; Lemoine,
1971; Elter, 1971; Bourbon et al., 1979; Lemoine et al., 1986). The Chabriére-type series
starts with radiolarian cherts or shales deposited on an oceanic basement. This formation,
dated between the Oxfordian and the Kimmeridgian (De wever and Caby, 1981; De Wever et

al.,, 1987a, 1987b; Lagabrielle, 1987) corresponds to the first argillite-dominated episode of
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the series (A2; Fig. 3b; Lemoine, 2003), characterizing sediments deposited below the CCD.
These A2 deposits are often composed by manganese-rich quartzite layers instead of cherts
(Chopin, 1978, 1979). Overlying the cherts, there is a level of whitish to bluish marbles
attributed to the Late Jurassic (Tithonian and up to Berriasian?) by analogy with the
“Calpionelles Limestones” of the Ligurian Appenines (Decandia and Elter, 1969, 1972;
Lagabrielle, 1987). This formation corresponds to the first calcareous-dominated episode of
the series (C3; Fig. 3b; Lemoine, 2003), with deposition above the CCD. The above, younger
formation, made of shales with intercalations of calcareous beds with a characteristic reddish
patina, is named “Replatte formation” (Lemoine et al., 1970). This formation is attributed to
the Lower Cretaceous by analogy with the “Palombini shales” of the Ligurian Appenines
(Lemoine et al., 1970, Lemoine and Tricart, 1986; Lagabrielle, 1987). Just above, there is a
characteristic formation of black shales, often called the “Roche Noire formation” (Fig. 3b;
Tricart, 1974), assigned to the Mid-Cretaceous (Aptian-Albian?) given their similarity with the
“Val Lavagna Schists” of Ligurian Appenines (Decandia and Elter, 1972; Tricart, 1974;
Lagabrielle, 1987). These two Lower Cretaceous formations correspond to the second
argillite-dominated episode of the series (A3; Fig. 3b; Lemoine, 2003). For the sake of clarity,
we herein use A3a for the “Replatte formation” and A3b for the “Roche Noire formation” (Fig.
3b). Finally, these series end by a thick and fairly homogeneous formation of massive
calcschists dated as Late Cretaceous (Cenomanian-Turonian) by the presence of planktonic
foraminifera in various localities (Marthaler, 1984; Lemoine et al., 1984; Lagabrielle, 1987;
Deville, 1987). In scarce places the L-P series ends with a formation of Maastrichtian
calcareous flyschs considered as lateral equivalents of the unsubducted Helminthoid Flysch
(Deville, 1986; Deville et al., 1992). These Late Cretaceous formations correspond to the last
calcareous-dominated deposit of the series (C4; Fig. 3b; Lemoine, 2003; C4a is used below
for the Cenomanian-Turonian calcschists and C4b for the Maastrichtian flyschs). Some of
these C4 flyschs may correspond to trench-filling deposits (Marthaler, 1984). The different
formations of the Chabriére-type series generally contain detritic and breccia horizons made

of continental and/or oceanic material (e.g., Deville et al., 1992) not considered here.

The Chabriére series therefore consists of pelagic/hemipelagic and rarer clastic deposits
overlying mafic and ultramafic rocks. Changes of the stratigraphic record and/or tectonic
repetition of this succession may help reveal the distinct paleogeography and/or preferential

zones of detachment inside the sequences (Kimura et al., 1996).

In the Western Alps L-P domain, stratigraphic columns equivalent to the Chabriére series

were described in several of the blueschist-facies slices.
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In the Queyras-Ubaye region, the complete Chabriére series was observed in the Pelvas-
Taillante slice (Fig. 1a, 3b, stratigraphic columns 1,2; Lemoine et al., 1970; Tricart, 1974,
Lemoine and Tricart, 1986; Lagabrielle, 1987). In the Calcschist unit, the deposits are mainly
made of a thick C4a calcschist formation overlying a thin A3b formation (Fig. 3b, stratigraphic
column 3; Lagabrielle, 1987; Deville et al., 1992). The lack of Jurassic deposits and
ophiolites led the authors to suggest that the Calcschist unit sediments may have been
deposited on continental margin rather than oceanic basement (Lagabrielle, 1987; Deville et
al., 1992). The lithostratigraphic column of the Mirabouc-Bouchet (Fig. 1a, 3b, stratigraphic
column 4; Lagabrielle, 1987) is close to the complete Chabriére series but differs by the

absence of A2 cherts and the presence of a thick C4a calcschist formation.

In the Cottian Alps region, a series close to the Chabriére one was described in the Lac des
Cordes (Fig. 1a, 3b, stratigraphic column 5; Dumont et al., 1984; Lemoine and Tricart, 1986).
This series is nevertheless lacking the Middle Jurassic cherts and contains a A3a calcschist
formation instead of the Replatte formation. In general, Chabriére-type series were identified
in the Lago Nero (Fig. 1a, 3b, stratigraphic columns 6 and 7; Caron, 1977; Polino and
Lemoine, 1984; Lemoine and Tricart, 1986) and Aigle slices (Fig. 1a, 3b, stratigraphic
column 9; Barféty et al., 2006). C4a is characterized by a calcareous flysch rather than
calcschists in the Lago Nero locality (Fig. 3b, stratigraphic column 6; Polino and Lemoine,
1984). Deposits in the Puys slice consist of undifferentiated Cretaceous calcschists probably
corresponding to C4a (Fig. 1a, 3b; stratigraphic column 8; Barféty et al., 2006), whereas the
Vin Vert slice contains massive C4a calcschists and C3 marbles (Fig. 1a, 3b; stratigraphic
column 10; Barféty et al., 2006). Very few sedimentary descriptions are available for the
Cerogne-Ciantiplagna and Albergian slices. The Cerogne-Ciantiplagna sediments
nevertheless mostly comprise massive calcschists with very few pelitic alternations (Fig. 2b),
as for C4a calcschists. For the Albergian slice, where ophiolites are present in greater
amounts (Fig. 1a), the sedimentary sequence rather corresponds to a Chabriére-like series
analogous to that of the Mirabouc-Bouchet unit (Caron, 1977; Fig. 1a, 3b, stratigraphic

column 4).

Around the Savoy region, different series where identified in the Savoy Upper Unit klippen. In
most of them, such as for the Lamet klippe (Fig. 1a, 3b, stratigraphic column 11; Fudral,
1996), the metasediments correspond to C4a calcschists whereas the Grand Vallon klippe is
composed by the Maastrichtian C4b flysch (Fig. 1a, 3b, stratigraphic column 13; Deville,
1986, 1987; Deville et al., 1992). However, the Savoy Middle Unit stratigraphic column
seems to correspond to an incomplete Chabriére-type series (Fig. 1a, 3b, stratigraphic
column 12; Fudral, 1996; Deville et al., 1992): these C4 calcschists overly deposits markedly

from the A3 sediments, and this series may therefore lack Lower Cretaceous sediments.
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Finally, around the Valais region, the Combin sediments resemble a Chabriere-like series
with C4 composed by a calcareous flysch (Fig. 1a, 3b, stratigraphic column 14; Marthaler,
1984; Sartori, 1987; Kunz, 1988; Marthaler and Stampfli, 1989; Stampfli and Marthaler, 1990;
Deville et al., 1992).

In the eclogite-facies slices, stratigraphic columns are always lacking Upper Cretaceous
formations (Fig. 1a, 3b, stratigraphic columns 15-18; Lagabrielle, 1987; Sartori, 1987;
Stampfli and Marthaler, 1990; Deville et al., 1992; Balestro et al., 2019; Tartarotti et al.,
2021). These sedimentary series are generally exposing A2 cherts and C3 marbles, overlain
by Lower Cretaceous A3a Replatte-like deposits or calcschists. In these slices, the thickness
variation of the sedimentary-series is interpreted as reflecting deposition on a rugged
seafloor (De Togni et al., 2021).

4.2 Sediment/ophiolitic ratios and surface extension of the slices

The ratio of sedimentary versus ophiolitic material (mafic and ultramafic rocks) cropping out
in each L-P slice was calculated using imagej©. This software was also used to compute the
approximate aerial exposure of each L-P slice using the geological outlines of the 1:250000
BRGM maps (Gap; Annecy and Thonons-les-Bains). For the different contours we used
1:50000 ISPRA maps (Aosta; Bardonecchia; Chatillon, Monte Cervino and Susa), 1:50000
BRGM maps (Lanslebourg-Mont d’Ambin; Névache-Bardonecchia-Modane; Tignes) and
some articles/PhD. theses (Lagabrielle, 1987; Fudral, 1996; Lagabrielle et al., 2015; Manzotti
et al., 2021). The Chenaillet and Lanzo massifs (Fig. 1a-c) were not considered in the

calculations.

The results highlight the predominance of sediments in the Western Alps L-P domain (71%;
Table 1). Almost all BS-facies slices surfaces have more than 90% (Table 1) of sediments
except for the Combin domain (By + Cornet slices) where numerous volcano-sedimentary
horizons (prasinites) are mapped, but where sediments still prevail (76%; Table 1). The
whole BS-facies zone surface only contains 9% of mafic and ultramafic rocks (Table 1). The
eclogite-facies slices surfaces drastically differ from the BS-facies slices (Table 1). Indeed,
four out of the six studied areas contain less than 40% of sediments, whereas the two
remaining areas contain around 60% of sediments (Table 1). The whole eclogite-facies zone
displays 62% of mafic and ultramafic rocks at the surface. Finally, in the two slices for which
few metamorphic informations are available (Avise-Tsaboc-Feluma and West-Sesia; Fig. 1c)

sediments predominate (more than 90%; Table 1).

The outcropping surface of the L-P slices ranges from a few km? in the Savoy Upper Unit
klippen (less than 1 km? for the Lamet klippe; Table 1) to several hundred of km? (Table 1). In

the blueschist-facies zone, most of the slices (14 over 19) represent less than 100 km?,
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whereas the Lago Nero and Calcschist units are respectively around 130 and 160 km? (Table
1). The three remaining zones correspond to greater surfaces but the poor knowledge of the
boundaries between the slices imposed some grouping (By+Cornet, Savoy Middle Unit,
Albergian+Mirabouc Bouchet; Table 1). In the eclogite-facies zone, most of the slices are
larger than 100 km? (5 over 6; Table 1), which may suggest the presence of several slices in

these areas.

5. Evolution of temperature and pressure in the Western Alps Liguro-Piemont

slices
5.1 Raman Spectroscopy of Carbonaceous Material temperatures
Methodology

The abundance of carbonaceous material in the almost continuously exposed L-P
metasediments allows quantifying the maximum temperature (Tnax) experienced by these
metasediments during peak burial, using the Raman Spectra of Carbonaceous Material
technique (RSCM; Beyssac et al., 2002, 2003). Despite previous studies across the L-P
domain of the Western Alps, large gaps remain across the studied transects (Beyssac et al.,
2002; Gabalda et al., 2009; Angiboust et al., 2009, 2012b, 2014; Angiboust and Agard, 2010;
Plunder et al., 2012; Negro et al., 2013; Decrausaz et al., 2021; Manzotti et al., 2021; see
Fig. 4a). Complementary sampling (108 new samples added to the existing 289 ones) was
therefore conducted to constrain the maximum temperature of the entire domain (as for the
Central Alps; Wiederkehr et al., 2011), as well as to characterize the thermal imprint of
individual tectonic slices (Fig. 4a). Note that two samples, one from this study and another
form Schwartz et al. (2013), belong to the west-Chenaillet Gondran sediments, which may

rather correspond to Piemont margin deposits (Fig. 4a; Lemoine, 1971).

Raman spectra of carbonaceous material, were obtained using a Renishaw inVia
Spectrometer at ENS Paris. The excitation light was provided by a laser (Cobolt Fandango)
at 514.5 nm and at a power of 50 mW, focused on the sample using a x100 objective (Leica).
Thirteen to seventeen spectra per sample were acquired in the 1000-2000 cm™ range;
acquisition time was 30-90 seconds with 10% of laser power following the spectral
acquisition parameters of Beyssac et al. (2002). Peak position, baseline correction and band
width were determined using Peakfit® software and Matlab© codes. Temperatures were
determined using Beyssac et al. (2002) method for most of the samples (105 samples) and
using Lahfid et al. (2010) method for the very rare low-temperature samples (<330°C; 3

samples). The RSCM data from the literature and this study were then interpolated using the
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inverse distance weighted interpolation method of QGis© software (Fig. 4b, ¢). Temperature

estimates, mineralogy and GPS coordinates of the samples can be found in Sup. mat. 1.
Results

RSCM temperatures and their interpolation illustrate the eastward increase of metamorphic
grade across the Western Alps L-P domain (Fig. 4a-c). This is particularly conspicuous south
of the Gran Paradiso massif, where western samples recorded 300-350°C peak
temperatures while eastward samples are generally greater than 500°C (Fig. 4a-c). The
distribution of the L-P tectonic contacts allows studying the specific maximum temperature of
each slice (Fig. 4c). It reveals the presence of both intra-slice metamorphic gradients, where
temperature overlaps rather smoothly across the slices, and temperature gaps matching
tectonic contacts (Fig. 4c). For example, some BS-facies slices (Fig. 1c; §3) are dominantly
in bluish-color in the interpolation maps, exposing temperatures below 400°C, while others
have greenish to yellowish colors outlining a temperatures range between 400°C and 500°C
(Fig. 4b-c). The eclogite-facies slices exhibit almost only orange to red colors suggesting
temperatures above 500°C (Fig. 4b-c). More irregular patterns in the temperature
interpolation, especially south of Gran Paradiso massif, result from the lack of data in these

areas (Fig. 4b).

The temperature distribution for each slice (mean, median, standard deviation, number of
samples and temperature range) is compiled in Table 2. While many slices show a wide
range of temperatures, reflecting their internal metamorphic gradient (Table 2; Fig. 4a-c), the
mean-median temperatures of slices appear clustered around three temperature ranges in
each of the four studied transect (Valais-Aosta, Savoy-Susa, Cottian Alps and Queyras-
Monviso; Table 2). These clusters are around 350-390°C (Cornet, Savoy Upper Unit, Lago
Nero, Puys, Aigle, Calcschist Unit and Pelvas-Taillante), 415-475°C (By, West-Sesia, Savoy
Middle Unit, Venaus, Vin Vert, Cerogne-Ciantiplagna, Albergian, Mirabouc-Bouchet) and
490-540°C (Zermatt-Saas, Avic, Grivola-Urtier, Avise-Tsaboc-Feluma, Savoy Lower Unit,
Orsiera-Rocciavré, Monviso and Lago Superiore). Temperatures indeed follow a trimodal
distribution with Gaussian-like curves centered around 370-380°C, 460-470°C and 530-
550°C (Fig. 5a). Cumulative histograms of the RSCM temperatures for each transect, where
individual slices were grouped into the three distinct temperature clusters (Fig. 5b-e), show
that these groups have specific temperature distributions and only overlap around the

minimum and/or maximum values (Fig. 5b-e).
5.2 Si™*™ values of phengite

Methodology
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Tschermak substitution (Al + AV = Si'V + Fe"', Mg"') in phengite is known to be highly
sensitive to pressure variations in K-feldspar- or talc-bearing assemblages (Velde, 1967;
Massonne and Schreyer, 1987,1989; Massone, 1995) and in HP-LT metapelites (Saliot and
Velde, 1982; Massonne, 1992; Jolivet et al.,1996, 1998; Goffé and Bousquet, 1997;
Bousquet et al., 1998, 2002; Agard et al., 2001a, 2001b). The maximum Si values (Si"**Ph)
of highly substituted early phengite therefore provide an estimate of the peak pressure
experienced by the rocks during burial (Si values also depend on rock composition, see §6
below). This is a minimum value since phengite may have reequilibrated during the

max

retrograde path. In the Western Alps L-P domain, the map of Si" “"Ph isopleths revealed an

eastward increase in peak-pressure along the Cottian Alps transect (Agard, 1999; Agard et
al.,, 2001a). In the Savoy-Susa transect, the differences between the Savoy Lower Unit and
max

the Savoy Middle Unit are further supported by their contrasting Si
al., 2012).

Ph values (Plunder et

In order to map out the peak pressure distribution across the Western Alps L-P domain,
emphasis was placed on the southern half of the domain (Cottian Alps to Ubaye valley),
where a strong eastward metamorphic gradient was detected along several transects (Agard
et al., 2001a; Gabalda et al., 2009; Schwartz et al., 2013). This is also where numerous
slices were identified and very few P-T constraints are available for most of them (see § 3.3;
3.4). Thirty-two samples were selected (see Sup. mat. 1 for location and mineralogy). In each
sample, the different generations of white mica were carefully studied in order to locate early,
highly substituted phengite. In optimal samples, where up to three successive schistosities
(S1, S2 and S3) could be recognized, similar to those of Agard et al. (2001a; Fig. 6a-b),

phengite from the S1 generation was selected.

Electron Probe Microanalyis (EPMA) was performed at Camparis (Sorbonne Université,
Paris) using both Cameca SX-5 and SX-100 instruments. Point measurements were made in
classical analytical conditions (15 kV acceleration voltage, 10 nA beam current allowing ~2
Mm beam size in wavelength-dispersive spectroscopy mode) using diopside (Ca, Mg, Si),
MnTiO3; (Mn, Ti), orthoclase (K, Al), Fe,O3; (Fe), albite (Na) and Cr,O3 (Cr) as standards for
calibration of elements in parentheses. Representative electron microprobe compositions of

phengite are presented in Sup. mat. 2.

max

Phengite structural formulae were calculated on an 11 oxygen basis and the Si"“"Ph value of

each sample is considered as a proxy for the minimum peak-pressure recorded by the rocks.

In order to complete this dataset Si"®

Ph value from the same region were compiled from
literature (Bocquet, 1974; Liewig, 1981 and Agard et al., 2001a; Bonnet et al., submitted).

Selected Si™Ph values from this work and from the literature are given in Sup. mat. 3.
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Results

Phengite microprobe data are shown in the muscovite-celadonite-pyrophyllite ternary
diagram (Fig. 7a). Most analyses plot close to the muscovite-celadonite axis, i.e. along the
tschermak substitution trend (Fig. 7a), and generally contain less than 20% of pyrophyllite.
We discard phengite containing more than 20% of pyrophyllite to avoid considering Si values

related to the pyrophyllitic substitution rather than to peak pressure (see Agard et al., 2001b).

Si™®Ph values range between 3.25 and 3.67 atoms per formula units (a.p.f.u.) highlighting a

max

large range of tschermark substitution. Selected Si"“"Ph values from our data and the

literature were plotted against their corresponding RSCM temperatures (Fig. 7b). Most of the

points expose a relatively clear trend of Si™

Ph increase with temperature, evidencing a
subduction-related HP-LT gradient in these rocks (Fig. 7b). Some points, especially for high
temperature (> to 440°C), are plotting away from the trend. These points may represent

samples where the most substituted phengite formed at peak burial was not preserved.

The selected Si™Ph are superimposed on the simplified structural sketch map of the
Cottian Alps-Queyras region in order to discern the evolution of peak-pressure across the L-
P domain (Fig. 8). Except for samples that may not have preserved peak Si values (Fig. 7b),

these data reveal an increase of Si"®*

Ph values from west (generally lower than 3.35 a.p.f.u.)
to east (generally greater than 3.55 a.p.f.u.), consistent with previous findings on specific
sections (Agard et al., 2001a, 2001b) and with the strong eastward increase in metamorphic
grade. Our dense sample distribution allows to draw approximate Si"*Ph isopleths for 0.10
a.p.f.u. steps and to map out the distribution of estimated peak pressure across the L-P
domain (Fig. 8). A finer resolution would nevertheless be necessary to scrutinize the
pressure evolution across individual tectonic contacts between the L-P slices (Fig. 1c),
except maybe for the contact between the BS and eclogite-facies slices, which appears close

to the Si 3.55 a.p.f.u. isopleth.

6. Themodynamic modelling for an average composition, peak pressure and

dehydration in the tectonic slices
Methodology

In order to compare the peak pressure of the different slices, a reference P-T pseudosection
was calculated with the Perple_X software (version 6.9.1; Connolly, 1990, 2005, 2009; Fig.
9a). The updated thermodynamic database is that of Holland and Powell (1998), with the

corresponding solution models (for chloritoid, Fe-Mg carpholite, garnet, phengite) except for
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chlorite (after Holland et al., 1998). For this pseudosection, we used the bulk composition
CBas912m of Henry et al. (1996; Fig. 9a) since that is considered as a representative L-P
calcschist (and was already used for the Schistes Lustrés by Bebout et al., 2013). The used
Na,0O-CaO-K,0-FeO-MgO-Al,03-SiO,-H,O (NaCaKFMASH) chemical system is assumed to
describe realistically most of the L-P metasediments. Manganese is largely restricted to
garnet cores and was thus neglected in the calculations. TiO, and BO; are only present in
accessory phases (rutile, titanite, tourmaline). Cr,O3; is minor and dominantly stored in
phengite (and/or lawsonite) and was therefore neglected. The pseudosection was calculated
with H,O in excess in the P-T range of 0.9-2.5 GPa and 300-600°C encompassing most of
the peak P-T conditions in the Western Alps L-P domain. The Si-in-phengite isopleths
(a.p.f.u.), shown on the P-T grid (Fig. 9a), are relatively flat-lying, outlining the good
sensitivity of the phengitic tschermak substitution to pressure variations. The relative peak
pressure conditions were determined from the intersection of Si"®Ph values (along Si-in-
phengite isopleths) of this study and literature samples with their respective RSCM
temperatures. The estimated P-T ranges for the studied slices are given in Table 3 (see Sup.
mat. 3 for all P-T estimations). These pressure estimates must be considered with caution
since the Si content in phengite depends, to a minor extent, on each bulk rock composition.
Varying randomly the weight percent of each system component by a few percents results in

pressure variations of £ 0.1-0.15 GPa.

In order to track the evolution of metamorphic assemblages during burial, mineral proportions
were calculated along the 8°C/km gradient inferred for the Western Alps (Fig. 9b; Agard et
al., 2001a; Agard, 2021). We computed the evolution of water content bound in minerals
along the same gradient (Fig. 9c) to identify the major dehydration steps and assess their

potential impact on slicing mechanisms.
Results

The pseudosection reproduces mineral assemblages observed in L-P sediments (Fig. 1a, 9a,
b). Quartz and phengite are the dominant phases and are present in all fields (Fig. 9a, b). Fe-
Mg carpholite is present in low-grade sediments and progressively disappears at the
expense of chloritoid (Fig. 9a, b). Across a 8°C/km gradient, garnet appears around ~525°C
and ~2.2 GPa. This is in good agreement with the almost systematic lack of garnet in BS-
facies slices (Fig. 1a; §2.2, 3). Along the same gradient lawsonite is stable up to ~575°C and
~2.4 GPa, fitting with the presence of lawsonite in the ~470°C peak P-T assemblages of the
L-P domain (Herviou et al., 2021). The major mismatch is the presence of Na-bearing
silicates (glaucophane, jadeite) and kyanite in minor proportions above 2 GPa (glaucophane
<6 vol%; jadeite ~1 vol%; kyanite 6-7 vol%), as already noticed by Bebout et al. (2013). The
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amount of mineral-bound water first decreases significantly when crossing the chloritoid-in
reaction (Fig. 9b-c), and then progressively as Fe-Mg carpholite (~12% H,O) is gradually
replaced by chloritoid (~7.5% H,0O; Fig. 9b). At higher grade two major steps of dehydration
are observed along this gradient (Fig. 9b, c): (i) the first one corresponds to chlorite
breakdown at ~500°C and 2 GPa (~3.5 to ~2.8 wt% H,O in the system), followed by final
disappearance of carpholite (ii) the second one to lawsonite and chloritoid breakdown
reactions, at ~575°and 2.4 GPa (~2.5 to ~1.2 wt% H,0 in the system).

Peak pressures estimated using the Si™

Ph and RSCM temperatures intersection range
between ~1.3 and 2.5 GPa (Table 3; Sup. mat. 3). Above 500°C, however, pressure
determination is limited by the steepening of the Si-in-phengite isopleths (Fig. 9a). The
obtained pressures are in good agreement with data available from literature, at least for
Cottian Alps (Agard et al., 2001a, 2001b). Indeed, for Lago Nero slice, the pressures
obtained range between ~1.3 GPa at west to ~1.9 GPa at east (Table 1) versus 1.2-1.3 and
1.8 GPa for Agard et al. (2001a) in the same samples. In Albergian slice, peak pressure
ranges between 1.8 and 2.3 GPa (Table 3) with most samples clustering around 2 GPa (Sup.
mat. 3) while Agard et al. (2001a) obtained ~1.9-2 GPa in the same slice. These pressures
are a bit higher than those of Agard et al. (2001a) but fit the 2-2.3 GPa peak pressure
recently estimated by Corno et al. (2021) for extensional allochtons embedded within the
Albergian slice (Corno et al., 2019; Fig. 1a-c). For the Orsiera-Rocciavré sediments, we
obtained slightly higher pressure (~2.2 to ~2.5 GPa; Table 3) than Agard et al. (2001a; 2-2.1
GPa). These values nevertheless fit better with the eclogitic sediments of the other L-P slices
(Bousquet, 2008; Angiboust et al., 2012b; Plunder et al., 2012), as well as the 8°C/km
gradient of the Western Alps. In the Puys, Vin Vert and Cerogne-Ciantiplagna units, where
no pressure estimates exist, the obtained ranges are repectively 1.7-1.8 GPa, 2.1 GPa and
1.7- ~2.2 GPa.

For the Queyras-Monviso BS-facies slices, the estimated pressures are higher than the
scarce literature values. Pressure is in the range 1.4-2 GPa for the Calcschist unit, 1.4-1.7
GPa for the Pelvas-Taillante unit and 1.9- ~2.4 GPa for the Mirabouc-Bouchet unit (with most
data around 1.9-2 GPa in the latter unit; Table 3; Sup. mat. 3). These pressure values
significantly contrast with those previously estimated for metamafic rocks of the same slices
(Schwartz, 2000; Tricart and Schwartz, 2006), i.e. respectively ~1 GPa (for ~300°C), ~1.2
GPa and ~1.3 GPa (for ~450°C). These older P-T estimates align along a ~16-17 °C/km
gradient, which seems inconsistent with the HP-LT gradient usually considered for Western
Alps (Agard, 2021), suggesting that peak pressure was strongly underestimated in these

previous works. Finally, the estimated peak pressure for the Lago-Superiore slice is >2.4
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GPa (Table 3), in good agreement with literature data (see §3.4; Angiboust et al. 2012b;
Locatelli et al., 2018).

Individual slices were then plotted in a P-T space considering their mean RSCM temperature
and their approximate mean peak pressure (Fig. 10a). For the slices where no pressure was
determined by our study, the compiled P-T estimates from the literature of §3 were used. No
pressure data is available, however, for the Avise-Tsaboc-Feluma, West-Sesia, Savoy Upper
Unit, Venaus and Aigle slices, which are not shown in figure 10a. The slices were color-
coded on the basis of the trimodal temperature distribution (Fig. 5b-e; §5.1). The different
slices are also shown considering their peak pressure and age (see references in §3) in
figure 10b.

Figure 10a strengthens the existence of a trimodal distribution of tectonic slices with respect
to peak burial conditions. The first cluster is characterized by mean peak conditions of 350-
400°C and ~1.5-1.7 GPa. These slices (Calcschist unit, Lago Nero, Pelvas-Taillante and
Puys) mosty consist of sediments (>90%; Table 1; Fig. 1a, 10a, b). Cornet unit has the same
range of mean temperature (390°C; Table 2) but lower pressure (0.8-0.9 GPa; Manzotti et
al., 2021). Some pressure estimates for the lower grade rocks of Lago Nero and Calcschist
units (Agard et al., 2001a, 2001b; Tricart and Schwartz, 2006) are relatively close to those of
Cornet unit, then considered to belongs to the same cluster. The second cluster shows mean
peak conditions of 415-475°C and ~1.7-2.1 GPa. These units (Albergian, By, Cerogne-
Ciantiplagna, Mirabouc-Bouchet, Savoy Middle Unit and Vin Vert) are also dominantly
composed by sediments (Table 1, Fig. 1a, 10a). The third cluster is characterized by mean
RSCM temperature of ~490-540°C and mean peak pressures of 2.2- ~2.6 GPa. These slices
(Avic, Lago Superiore, Monviso, Savoy Lower Unit, Zermatt-Saas) are mostly composed by
mafic and ultramafic rocks (~60%; Table 1; Fig. 1a, 10a) except for the Grivola-Urtier and
Orsiera-Rocciavre, which nevertheless show a higher ophiolitic content than all BS-facies

slices.
7. Discussion

7.1 Correlations between tectonic slices, distribution, and revised structural

sketchmap

Using the peak P-T conditions, lithostratigraphy, zoneography of index minerals and
structural constraints, three groups of tectonic slices can be recognized in the L-P domain
(Figs. 11,12a-d):

— the Liguro-Piemont Upper units (LPU):
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These units, which make up ~18% of the Western Alps L-P surface (~440 km?; Table 1), crop
out in the west of the L-P domain (Figs. 11, 12a-d) and are dominated by metasediments
(>90%, Table 1; Fig. 1a). They are largely exposed in the southern L-P domain (Queyras-
Monviso and Cottian Alps, Fig. 11) while gradually disappearing from the Savoy-Susa to the
Valais-Aosta region, where they are relatively rare (except for the Cornet slice; Fig. 11). From
north to south, the LPU include the Cornet slice (Valais-Aosta), the Savoy Upper Unit with
the Jovet, Grand Vallon, Upper Sana and Lamet klippen (Savoy-Susa region), the Lago
Nero, Aigle and Puys slices (Cottian Alps) and the Calcschist and Pelvas-Taillante slices
(Queyras-Monviso). Some of these slices exhibit an almost complete Chabriére-type
stratigraphic succession (Lago Nero, Pelvas-Taillante, Cornet; Fig. 3b), whereas some only
contain C4a-b calcschists-flyschs (Calcschist unit, Puys, Savoy Upper Unit; Fig. 3b). The
lack of Lower-Cretaceous and Jurassic deposits in the latter units may indicates a more
proximal origin (Fig. 3a) or reflects differences in décollement depth (see §7.4). These LPU
units are characterized by low- to medium-temperature BS-facies peak metamorphism
highlighted, in metasediments, by the presence of Fe-Mg carpholite and lawsonite (Fig. 1b).
Chloritoid only appears in their higher-grade metasediments, in the eastern part of these
units (Fig. 1b). Peak P-T conditions range mostly between 320-400°C and 1.2 to 1.9 GPa
(Fig.4a-c, 5b-e, 10a; Table 2, 3, see §3). Mean and median RSCM temperatures for these
units are ~373°C (86 samples; Fig. 13a), while mean/median values of Si"®*Ph are 3.40/3.42

a.p.f.u. (30 samples; Fig. 13b).

Some uncertainties remain on the exact distribution of the LPU slices. In Savoy-Aosta, the
extent of the Cornet slice and the precise location of its contact with the underlying By slice
(Manzotti et al., 2021) still need to be investigated to the east of the Dent Blanche Nappe
(Fig. 11). In the Queyras-Monviso region, we have considered that Acceglio's half-window
separates the Pelvas-Taillante (LPU) to the west from the Mirabouc-Bouchet to the east of
Acceglio, the two samples closest to the contact nevertheless show temperatures <400°C,
which is significantly lower than most temperatures obtained for the Mirabouc-Bouchet slice
(Fig. 4a-c) and may indicate that the Pelvas-Taillante slice is cropping out over a short
distance to the east of Acceglio. Finally, only few temperature constraints are available for
the Savoy Upper Unit (4 samples), Puys (1 sample) and Aigle (3 samples) slices, and almost
no pressure constraints (only 1 sample for Puys). While their estimated RSCM temperatures
are similar to LPU units (Table 2, Fig. 5b-e, 10a), more P-T estimates are needed to confirm

this interpretation.

— the Liguro-Piemont Middle units (LPM):
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These units make up ~42% of the L-P aeral exposure (~1050 km?; Fig. 11, Table 1) and are
also dominated by metasediments (generally >90%, Table 1; Fig. 1a). They crop out
eastward of the LPU units (Fig. 11, 12a-d), except in Savoy-Susa where the LPU is found as
klippen and in Valais-Aosta where the Cornet slice (LPU) forms a synformal stack atop the
By slice (LPM; Fig. 12a). The Liguro-Piemont Middle units comprise the By slice (Valais-
Aosta), the Savoy Middle Units (including Grande Sassiére, Lower Sana and Chardonnet
klippen) and the Venaus slice (Savoy-Susa), the Albergian, Cerogne-Ciantiplagna and Vin
Vert slices (Cottian Alps) and the Mirabouc Bouchet slice (Queyras-Viso), and possibly the
West-Sesia and Avise-Tsaboc-Feluma slices (see below). These slices generally exhibit a
stratigraphic succession corresponding to an incomplete Chabriére-like series, commonly
with a thick sequence of — and in places restricted to — Upper-Cretaceous C4a deposits (Fig.
3b). The LPM are characterized by a high-temperature blueschist-facies and up to
transitional BS-eclogite-facies metamorphism highlighted in metasediments by the
appearance of chloritoid in peak assemblages, the disappearance of Fe-Mg carpholite, the
presence of lawsonite and the absence of garnet (Fig. 1b). Most P-T conditions range
between 415-475°C and 1.7-2.2 GPa (Fig.4a-c, 5b-e, 10a; Table 2, 3, see §3). Mean/median
RSCM temperatures for these units are 459°C/463°C (191 samples; Fig. 13a), while
mean/median values of Si"®Ph are 3.52/3.51 a.p.f.u. (23 samples; Fig. 13b).

Uncertainties on the spatial extent of the LPM concern slices with limited lithostratigraphic
and P-T data. While the Venaus slice was already considered as an equivalent of the Savoy
Middle Unit (Fudral, 1996) and shows a RSCM temperature of 485°C consistent with LPM,
the attribution is less clear for the West-Sesia and Avise-Tsaboc-Feluma slices. The RSCM
temperature for the West-Sesia slice (433°C; Fig. 4a-c; Table 2) fits LPM temperatures (no
such low value was found in the eclogite-facies units; Table 2, Fig. 5b-e, 10a). It is
furthermore largely dominated by metasediments (~93%; Table 1), in contrast with the LPL
lithology (Table 1, Fig. 1a), and would be the only BS-facies slice eastward of eclogite-facies
LPL (Fig. 11). We therefore suggest that this slice may be analogous to the other LPM units
and reflect the doming of Savoy Middle Unit-like slices above the Gran Paradiso massif (Fig.
11). For the Avise-Tsaboc-Feluma slice(s), while the RSCM temperature of 522°C fits in the
LPL temperature range (Table 2; Fig. 5b-e, 10a), its estimated sediment/mafic-ultramafic
ratio does not fit with the LPL units (~99% of sediments; Table 1), notwithstanding the fact
that a few temperatures are close to 500°C in the LPM Savoy Middle Unit, and even higher in
the LPM By and Mirabouc-Bouchet slices. Further P-T constraints are needed to confirm

these attributions.

— the Liguro-Piemont Lower units (LPL)
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These units occupy ~40% of the L-P surface (~990 km?) and contain much more mafic and
ultramafic material than the LPU and LPM units (Table 1; Fig. 1a). Most LPL slices contain
>60% of ophiolitic material (Avic, Zermatt-Saas, Savoy Lower Unit, Monviso, Lago Superiore;
Table 1) and correspond to the MUM units of Agard (2021), while a few have ~40% of
ophiolites (Grivola-Urtier, Orsiera-Rocciavre; Table 1). The Liguro-Piemont Lower units
comprise the Avic, Grivola-Urtier and Zermatt-Saas slices (Valais-Aosta), the Savoy Lower
Unit (Savoy-Susa), the Orsiera-Rocciavré slice (Cottian Alps) and the Monviso and Lago
Superiore slices (Queyras-Monviso). The LPL units are characterized by a specific,
incomplete Chabriére-type series, devoid of Upper Cretaceous deposits (Fig. 3b), which may
reflect a distinct paleogeography and/or high topography on the seafloor or a tectonic
removal of its sedimentary cover during the subduction/exhumation processes. These LPL
slices were metamorphosed from BS-eclogite-facies to eclogite-facies as outlined by the
presence of chloritoid-garnet assemblages in metasediments (Fig. 1b). Most P-T conditions
range between 500 and 580°C and 2.2 to 2.8 GPa (Fig.4a-c, 5a-e, 10a; Table 2, 3, see §3).
Mean/median RSCM temperatures for these units are 529°C/534°C (118 samples; Fig. 13a),
while mean/median values of Si"®Ph are 3.55/3.54 a.p.f.u. (4 samples; Fig. 13b). Note that
some Alpine units fit the LPL in term of peak P-T conditions but appear slightly different in
terms of lithology, containing either almost only ophiolitic material for the Lanzo massif
(>90% of mafic and ultramafic rocks; Lagabrielle et al., 1990) or almost only metasediments

for the small Lago di Cignana UHP slice (e.g., Compagnoni and Rolfo, 2003).

The LPL units are exposed on the eastern side of the domain and appear separated from the
BS-facies LPM by a major extensional contact (Philippot, 1990; Ballévre et al., 1990; Ballévre
and Merle, 1993; Fig. 2a-c, 11, 12a-d). One might further sub-divide the LPL between mafic-
ultramafic-dominated (~60% mafic-ultramafic; Table 1) and sediment-dominated slices
(~60% sediments; Table 1), with the latter potentially representing the former cover of the
MUM units (Agard, 2021). Indeed, some of the described slices (Savoy Middle Unit, Orsiera-
Rocciavré; §3) contain large amount of sediments embedding mafic-ultramafic rocks in their
western side and are almost devoid of sediments in their eastern side (Fig. 1a). This
distribution may either be explained by the west-dipping foliation of the slices (i.e., with the
oceanic basement at the base) or by the presence of tectonic contacts juxtaposing
sedimentary dominated eclogite-facies slices on top of mafic-ultramafic dominant slices. The
different peak burial age inferred for the Orsiera massif metasediments (61-53 Ma, Agard et
al., 2001a; Fig. 10b; §3, 7.3) and the Rocciavré metagabbros (46 Ma, Angiboust and Glodny,
2020; Fig. 10b; §3, 6.3) rather supports this distinction. The Grivola-Urtier slice, which is
richer in metasediments than most LPL units, would be an analogous of these sediments-

dominated eclogite-facies slices.



868

869

870
871
872
873
874
875
876
877
878
879
880
881
882
883

884
885
886
887
888
889
890
891
892
893

894
895
896
897
898
899
900
901
902

7.2 Diachronous burial and stacking, and possible paleogeographic origin

The similar peak P-T conditions, structural position and lithological content among slices in
each of the three L-P groups (§7.1) suggest that they may have recorded similar subduction
histories and processes. The plot of RSCM temperatures versus longitude for each transect
highlights the similarity of slice-stacking of LPU, LPM and LPL units across the L-P domain
(Fig. 14a-e). The eastward-trend of temperature increase exposes the HP-LT subduction
gradient, less conspicuous for the Valais-Aosta transect where a stronger collisional imprint
on the nappe-stack (synformal-stack implying upper plate fragments) slightly erased this
trend (Fig. 14e). Subtle differences in lithostratigraphy nevertheless point out to differences in
their paleogeographic origin (Fig. 15a-c; see §7.3, 7.4), and all slices with similar P-T were
probably not buried, sliced and juxtaposed at the same time. While the formation of deeply
underplated nappe stacks suggests that the structurally lower units may have been buried,
detached and underplated later (Kimura et al., 2007; Bachmann et al., 2009; Dumitru et al.,
2010; Plunder et al., 2012), available metamorphic ages are here discussed to precise the
slicing and underplating sequence of the LPU, LPM and LPL units (Fig. 10b, 14a, 15b).

Very few robust ages are available for the BS-facies LPU and LPM units (Fig. 10b; §3). The
Lago Nero slice (LPU) was dated by in-situ Ar-Ar on phengite and gave 61-55 Ma, 51-43 Ma
and 38-36 Ma ages for D1 (peak P-T), D2 and D3 fabrics respectively (Agard et al., 2002).
Moreover, bulk Ar-Ar on separated generations of phengite from the Calcschist unit (LPU)
gave a 42-40 Ma age for a peak P-T foliation (Lanari, 2012; Fig. 10b). These ages suggest a
diachronous slicing of the LPU characterized by Chabriére-type series, which were buried
and underplated earlier than the LPU units lacking deposits older than the Upper Cretaceous
(Fig. 3b, 10b, 14a, 15a, b). The latter ones may have been originally located close to
Piemont margin and been underplated on top of the L-P stack at the very end of oceanic
subduction (Fig. 15b, 14a; see also Herviou et al., 2021, their Fig. 13 and §7.2.1).

In LPM (Albergian slice, Fig. 11), in situ Ar-Ar dating on phengite gave 64-49 Ma and ~50 Ma
ages for D1 (peak P-T) and D2 fabrics (Agard et al., 2002; Fig. 10b). This method also gave
47-42 Ma and 40-36 Ma for S1(peak) and S2 (potentially equivalent to D3 of Agard et al.,
2002; Fig. 10b) foliation in the Savoy Middle Unit (Ghignone et al., 2021b; Fig. 10b). Bulk Ar-
Ar on isolated generation of phengite from the Mirabouc-Bouchet slices (LPM) gave 68-58
Ma for an early foliation (prograde to peak?), 45 Ma for a S2 (peak or early retrograde?) and
an age younger than 30 Ma for a late S3 foliation (Lanari, 2012; Fig. 10b) while Rb-Sr on D3
phengite from the same slice gave ~35 Ma (Angiboust and Glodny, 2020; Fig. 10b). In the
Valais-Aosta region, D2 to D3 exhumation-related episodes of By (LPM) and Cornet (LPU)
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slices were dated between 41 and 37 Ma (Reddy et al., 2003; Angiboust et al., 2014; Fig.
10b). These peak burial ages of the LPM units, either undistinguishable from or younger than
those for the Lago Nero unit, are broadly consistent with a slicing and underplating
somewhat later than the LPU Chabriére-serie slices (Fig. 10b, 14a, 15a, b) and with their

present structural position (Fig. 12a-d).

Finally, for LPL mafic-ultramafic-dominated units, most of the peak burial ages (from various
methods; see §3) range between 50 and 40 Ma (§3; Fig. 10b) and may represent the
sampling of a mafic-rich zone close to the Piemont margin units (Fig. 14a, 15a), as pointed
out by Agard (2021). Sediment-dominated units have older ages: 61-53 Ma, 46-42 Ma, 42-38
Ma in D1 (peak P-T), D2 and D3 fabrics of Orsiera massif sediments (in situ Ar-Ar in
phengite; Agard et al., 2002; Fig. 10b) and 60-48 Ma for Grivola-Urtier slice (bulk Lu-Hf and
Ar-Ar on phengite, Villa et al., 2014; Fig. 10b) suggesting that the few sediment-dominated
eclogite-facies units may have been stripped from and underplated before the ophiolitic-
dominated MUM LPL units (Fig. 14a, 15a). For each transect, the corresponding slices
successively detached from the Alpine slab during a short-lived period prior to continental
burial and were stacked together during exhumation around 40-35 Ma at ~20 km depth (Fig.
10b, 14a, 15a).

7.3 Trimodal distribution of units: insights into subduction processes

The three groups of L-P slices show peak P-T conditions comparable to those of subducted
oceanic fragments recovered worldwide, for which two major recovery depths were
recognized at 30-40 km and 80 + 10 km, with a potential third cluster at 55-60 km (Fig. 16a-c;
Agard et al., 2018; see also Plunder et al., 2015). The same distinct recovery depths were
detected in continental-subduction slivers (Agard and Vitale-Brovarone, 2013; Soret et al.,
2021). These rock clusters are thought to reflect major changes in mechanical coupling along
the plate interface (Agard et al., 2018), which occur transiently (Monié and Agard, 2009) and
in places coevally across-dip (Bonnet et al., 2018). While offscraping from the downgoing
slab requires an increase in mechanical coupling (Agard et al., 2016, 2020), the stepping
down of the plate interface décollement into the slab and strain localization into zones of
weakness (Kimura and Ludden, 1996; Kimura et al., 2007; Angiboust et al., 2012c; Ruh et
al., 2015), mechanical processes controlling slicing are unknown. Similar depth clusters (35 +
10 km and 60 £ 5 km) for the locus of interplate deformation bounding earthquakes were also
recently identified by a mechanical analysis of the topography along the Chilean margin
(Cubas et al., submitted; Fig. 16a). These depths are interpreted as zones of distributed

deformation ultimately leading to slicing of the slab, underplating and topographic build-up
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(Menant et al., 2019, 2020), which are responsible for stress build-up eventually leading to
the nucleation of earthquakes propagating across the domains B and C as defined by Lay et
al. (2012; Cubas et al., submitted; see Fig. 16¢). The LPU, LPM and LPL units, with their
slicing depths of ~35-45 km, ~55-65 km and ~70-80 km, respectively, may therefore provide
insights into the mechanisms that control strain localization and slicing along the plate
interface (Fig. 16b).

— Offscraping mechanisms in the LPU units

The LPU ~35-45 km depth coincides with the downdip end of the seismogenic zone, where
the transition from upper plate continental crust to mantle wedge likely induces a strong
change in interplate coupling (Agard et al., 2018), and where ductile shear and dissolution-
precipitation creep (DPC) may be the dominant deformation mechanisms (Wassmann and
Stockhert, 2013; Platt et al., 2018; Agard et al, 2018). Both geophysical and petrological data
suggest the presence of fluids and high pore fluid pressure (Audet et al., 2009; Saffer and
Tobin, 2011; Behr and Burgmann, 2021), which reduces shear strength and enhances strain
localization in weak zones (Kimura and Ludden, 1995; Kimura et al., 2007; Saffer and Tobin,
2011; Kameda et al., 2017).

In the LPU units, the presence of fluids at peak burial conditions is attested by the large
amount of hydrated phases in sediments and metamorphic veins (Goffé and Chopin, 1986;
Lefeuvre et al., 2020; Herviou et al., 2021). The formation of lawsonite-bearing extensional
cracks in these rocks reflects near-lithostatic fluid-pressure (Lefeuvre et al., 2020; Herviou et
al., 2021). At these depths and for such a cold subduction gradient, however, no major
dehydration reaction is predicted (Peacock, 1993; Van Keken et al., 2011). Only the eastern
samples contain chloritoid (Fig. 1b), showing that the progressive carpholite-out reaction is
only crossed by the highest grade samples of LPU units, as predicted by our thermodynamic
modelling (Fig. 9a-c; see also Agard et al., 2001a; Bebout et al., 2013; Herviou et al., 2021).
Veins therefore likely formed by the local redistribution of material in the fluid through DPC-
controlled deformation (Herviou et al., 2021). Slicing of the LPU units may then be related to
inherited heterogeneities in the lithological succession and/or high fluid pressure rather than

to embrittlement by major fluid release (e.g., Hacker et al., 2003).

In the LPU slices limited to Upper Cretaceous deposits (Fig. 3b, §4.1, 7.1, 7.2), strain may
have localized between the Lower Cretaceous pelagic A3 and the more clastic Upper
Cretaceous C4 calcschists-flyschs (Fig. 15¢; see also Fig. 3b; §4.1), as observed between
pelagic sediments and trench-filling turbidites in accretionary prisms (Karig and Sharman,
1975; Moore, 1975; Kimura et al., 2007). The Middle Cretaceous A3b shales would have

served as a zone of rheological weakness (weaker than more siliceous hemipelagic
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sediments; |kari et al., 2018) leading to deformation localization and slicing as in silty clays at

slow aseismic creep conditions (Vannucchi et al., 2017).

In the LPU Chabriére-series slices (3b, 14; §4.1, 7.1, 7.2), which contain a dismembered
ophiolitic basement (Table 1; Fig; 3b), slicing occurred deeper in the oceanic lithosphere
(Fig. 15a, c), possibly along the numerous pre-Alpine structures identified in the L-P domain
(e.g., oceanic-detachments; Manatschal et al., 2011; Lagabrielle et al., 2015; Balestro et al.,
2018; Decrausaz et al., 2021; Agard, 2021). Fluid infiltration along theses structures, as
notably attested by the strong hydrothermal alteration of the L-P oceanic fragments
(Selvertsone and Sharp, 2013; Busigny et al., 2011, 2018; see also Herviou et al., 2021),
promoted strain localization (Fig. 15c). Strain localization in serpentinized horizons, in
particular, is commonly considered for slicing in the slab (Angiboust et al., 2011; Agard et al.,
2018; Tewksbury-Christle et al., 2021) and supported by modeling (e.g., Ruh et al., 2015).

— Offscraping mechanisms in the LPM units

At ~55-65 km, the slab is juxtaposed against the partly serpentinized and decoupled mantle
wedge, explaining the lesser recovery of rocks for this range of subduction depths (Guillot et
al., 2015; Agard et al., 2018; Fig. 16c). In the LPM units, fresh lawsonite is found in both
metasediment matrix and veins (Fig. 1a; Herviou et al., 2021) and therefore considered to
have remained stable during burial, as predicted by our pseudosection (Fig. 9a-c; 10a). In
these slices, Fe-Mg carpholite is only found as micrometric needles in quartz crystals
preserved from recrystallization (Agard et al., 2000; 2001a), whereas chloritoid is widespread
in pelitic layers (Fig. 1a). The Fe-Mg carpholite (~12 wt% H,0) to chloritoid (~7-8 wt% H,O)
reaction is therefore well under way. The carpholite-out reaction along a 8°C/km gradient is
predicted at ~500°C-2 GPa (Fig. 9b, c, 10a), which fits the highest P-T conditions recorded
by the LPM units (Fig. 5b-e; table 2, 3). However, no other major dehydration reaction
releasing a large amount of water during a short P-T window is predicted for the LPM
metasediments (Fig. 9b-c) or mafic-ultramafic rocks (Angiboust and Agard, 2010). The slicing
of the LPM units may therefore be related to a combination of inherited lithological
heterogeneities and fluid release (Fig. 15c, 16b). We therefore consider that strain localized
in the Middle Cretaceous A3b shales for the Upper Cretaceous LPM slices (as for the LPU
units; Fig. 3b, 15¢) and around oceanic detachment faults for the Chabriére-like LPM (Fig.
3b, 16c).

— Offscraping mechanisms in the LPL units

The third cluster at ~70-80 km coincides with the depth beyond which rocks are generally not
recovered, due to density and slab pull changes as well as to viscous recoupling (Wada and

Wang, 2009; Syracuse et al., 2010, see also Kerswell et al., 2021; Fig. 16c) dragging down
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irreversibly the slab into the mantle once serpentinite is fully dehydrated (Agard et al., 2009;
2018; Duesterhoeft et al., 2014). A change in deformation mechanisms from fluid-assisted

DPC to dislocation creep may drive this viscous coupling (Agard et al., 2020).

The transition from BS- to eclogite-facies is considered as a major dehydration-step for the
downgoing plate (Peacock, 1993; Angiboust and Agard, 2010; Van Keken et al., 2011;
Paulatto et al., 2017). The boundary between these two facies coincides with the location of
intermediate-depth  earthquakes, suggesting that rocks undergo weakening and
embrittlement during dehydration at eclogite-facies conditions (Hacker et al., 2003; Kita et al.,
2006; Abers et al.,, 2006, 2013), especially for the coldest slabs (Abers et al., 2013).
Dehydration reactions such as the lawsonite-out (~12 wt% H,O) were suggested because
crustal intermediate-depth seismicity coincide with the thermal stability of lawsonite (Abers et
al., 2006), and because lawsonite dehydration may trigger brittle failure as unstable fault slip
(Okazaki and Hirth, 2016; Incel et al., 2017). Brittle-deformation was furthermore evidenced
in exhumed eclogites and may reflect an increase in fluid pressure induced by dehydration
reactions (Angiboust et al., 2017; Hertgen et al., 2017; Behr et al., 2018).

In LPL units, eclogitic breccias and veins reveal rupture events along rheological contrasts
and during fluid ingression at ~80 km (Angiboust et al., 2011, 2012a; Locatelli et al., 2018,
2019a, b; Broadwell et al., 2019). Furthermore, pseudotachylites formed in the same depth
range were reported in Lanzo massif, adjacent to the LPL units (Scambelluri et al., 2017;
Pennacchioni et al., 2020). At peak P-T conditions, in LPL units mafic crust, lawsonite is
supposedly still stable (Angiboust and Agard, 2010; Angiboust et al., 2011, 2012b; Locatelli
et al.,, 2018) whereas chlorite (~12 wt% H,0) is predicted to breakdown at the BS- to
eclogite-facies transition (Angiboust and Agard, 2010). In the LPL ultramafic rocks, antigorite
(=12 wt% H0) is still stable at peak P-T conditions (Angiboust et Agard, 2010; Schwartz et
al.,, 2013). In the LPL mafics and ultramafics, the only reaction that may contribute to high
fluid pressure and affect rheology is therefore chlorite breakdown. Dehydration reactions
occurring deeper, such as antigorite breakdown, may also affect rocks at LPL units peak-
burial depths (Angiboust et al., 2012a).

The P-T estimates for the LPL units lie close to predicted major dehydration reactions for
metasediments (Fig. 9a-c; 10a), supporting the potential role of fluids in LPL slicing. While
the chlorite and Fe-Mg carpholite breakdown in sediments is predicted at ~500°C-2 GPa
(with a decrease in water content from ~3.5 wt% to ~2.8 wt% H,0O; Fig. 9b-c, 10a), another
major step of dehydration (leading to a decrease from ~2.5 wt% to ~1.2 wt% Hy0) is
predicted at ~575°C-2.4 GPa for chloritoid (~7-8 wt% H,0O) and lawsonite breakdown (Fig.

9b-c, 10a). We note that this second step coincides with most of the maximum P-T
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conditions recorded in LPL units (Fig. 9c, 10a, see §3, 7.1), where lawsonite is no longer
stable, and that large amounts of lawsonite, up to ~40 vol% of the host rocks, were present in
metasediments (Lefeuvre et al., 2020). We therefore propose that the destabilization of these
large amounts of lawsonite, accompanied by chloritoid-out reaction and/or chlorite
breakdown (in mafic rocks), may have induced high fluid pressure and embrittlement able to
slice LPL units from the downgoing slab (Fig. 15c, 16b; as supported by experiments;
Okazaki and Hirth, 2016). These reactions would have helped localize strain deeper in the
downgoing slab than for the LPU and LPM units, explaining the larger volume of mafic and
ultramafic rocks in the present-day stack of LPL units (Fig. 1a, 10a, 15a, c; see §4, 7.1, 7.2).
As for the LPU and LPM units, inherited detachment faults may have served as rheological

weaknesses to localize the strain (Fig. 15a, 16¢).

Conclusions

Through the compilation of petrological data (peak P-T estimations, zoneography of index
minerals) and report of new RSCM temperatures, RSCM interpolation, maximum Si values of
phengite (as a proxy for peak pressure) and thermodynamic modelling, this study provides a
detailed framework of the peak P-T conditions recorded by the various Liguro-Piemont slices.
A strong eastward increase in metamorphic grade through the Liguro-Piemont domain, as
well as inside some slices, is notably highlighted by the distribution of RSCM temperatures
and maximum Si values of phengite. In addition, the compilation of lithostratigraphic,
structural and radiochronological data, together with the estimation of the sediment versus
mafic-ultramafic content from aerial exposures, for each slice, allow refining the origin and
evolution of these tectonometamorphic units/slices across the Liguro-Piemont domain. The
revised structural organization of the various Liguro-Piemont units allows restoring the
geometries of the Alpine subduction at peak burial conditions. Results point to a trimodal
distribution of units with an almost continuous increase in metamorphic conditions from the
Liguro-Piemont Upper units (LPU; 320-400°C- 1.2-1.9 GPa) to the Liguro-Piemont Middle
units (LPM; 415-475°C- 1.7-2.2 GPa) and to the Liguro-Piemont Lower units (LPL; 500-
580°C- 2.2-2.8 GPa). The LPU and LPM units, metamorphosed under blueschist-facies
conditions at peak P-T conditions, are dominated by sediments (>90%) whereas the LPL
units, metamorphosed at eclogite-facies conditions at peak burial, are much richer in mafic-
ultramafic rocks (>40%). These two types exhibit major differences in terms of initial
paleogeography and/or mechanisms responsible for material-offscraping from the downgoing
slab. Peak burial depths of the LPU, LPM and LPL units are similar to those deduced for the

slicing and underplating of rocks in modern and fossil subduction zones, pointing to specific
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mechanisms controlling transient changes in interplate coupling at these depths. Combined
petrological and lithostratigraphic data suggest that strain localization leading to the
offscraping of the LPU and LPM units was mostly controlled by lithological contrasts across
sedimentary packages, within the shales or along the contacts within the uppermost
serpentinized mantle (some of which may have been inherited from former oceanic
detachment faults), which acted as rheological weaknesses, possibly under high fluid
pressure conditions. In contrast, major dehydration reactions (such as lawsonite breakdown
in sediments and chlorite breakdown in mafics) likely controlled the offscraping of the LPL
units at eclogite facies conditions, possibly through high fluid pressure conditions and rock
embrittlement. In these units too, strain localization may have been guided by preexisting

heterogeneities such as inherited oceanic detachment faults.
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Table captions

Table 1: Lithological ratio (sediment versus mafic-ultramafic) and aerial exposure of the
Liguro-Piemont slices. See text (§4.2) for details in the methodology.

Table 2: RSCM temperatures of the Liguro-Piemont slices. All the compiled RSCM
temperatures (from this study and literature) are presented in Sup. Mat 1.

Table 3: Maximum Si a.p.f.u. values of phengite (Si"**Ph) and estimated peak pressure for
Liguro-Piemont slices. Peak pressures were estimated by crossing RSCM temperatures (see
Table 1; Fig. 4a-c, 5a-e) with the calculated isopleths of Si a.p.f.u. in phengite for a
representative rock composition (Fig. 9a). Selected Si"®*Ph, RSCM temperature for the
same samples and all estimated pressure values are presented in Sup. mat. 3.
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Figure captions

Figure 1: Maps of the Western Alps focused on the Liguro-Piemont (L-P) domain. A)
Distribution of sediments and mafic-ultramafic rocks across the L-P domain and location of
the stratigraphic columns presented in figure 3b and the tectonic contacts separating L-P
slices. B) Zoneography of index metamorphic minerals of L-P metasediments, both from field
observations (this study) and compiled from literature (Bocquet, 1974; Agard et al., 2001a;
Goffé et al., 2004; Bousquet et al., 2008; Manzotti et al., 2021). C) Distribution of blueschist-
and eclogite-facies metamorphism across the L-P domain and location of the L-P tectonic
slices described in literature. References for the different slices are in the text (see §3). Che:
Chenaillet. Abbreviations for the tectonic slices: AG: Aigle; ALB: Albergian; ATF: Avise-
Tsaboc-Feluma; AV: Avic; BY: By unit; CC: Cerogne-Ciantiplagna; CH: Chardonnet klippe;
CO: Cornet; CS: Calcschist unit; GU: Grivola-Urtier; GS: Grande-Sassiére klippe; GV: Grand
Vallon klippe; JO: Jovet klippe; LA: Lamet klippe; LN: Lago Nero; LS: Lago Superiore; MB:
Mirabouc-Bouchet; MV: Monviso unit; OR: Orsiera-Rocciavre; PT: Pelvas-Taillante; PY:
Puys; SLU: Savoy Lower Unit; SMU: Savoy Middle Unit; SN-L: Lower Sana klippe; SN-U:
Upper Sana klippe; VN: Venaus; VV: Vin Vert; W-SS: West-Sesia unit; ZS: Zermatt-Saas.

Figure 2: Panoramic pictures of the Liguro-Piemont domain exposing the present slice-
stacking. A) Savoy-Susa transect from Rocciamelone summit. B) Cottian Alps transect. C)
Queyras-Monviso transect from Bric-Froid summit. B) and C) are modified after Agard
(2021).

Figure 3: Stratigraphy and paleogeography of the Liguro-Piemont rocks. A) Schematic
cross-section of the European margin and Liguro-Piemont ocean before subduction with
emphasis on the paleogeograhic unknowns. Grey sticks with question marks correspond to
potential locations for the stratigraphic columns of figure 3b. B) Compilation of stratigraphic
columns of the L-P domain. Description, references of the different stratigraphic columns,
stratigraphic formations and events are in the text (§4.1). Location of the stratigraphic
columns across the L-P complex are in figure 1a. Stratigraphic column 1 (Chabriére-series)
corresponds to the reference complete succession of L-P deposits ranging from Middle-
Upper Jurassic to Upper Cretaceous deposits. Most of the blueschist-facies slices have an
almost similar stratigraphic succession with only few formations missing. Few blueschist-
facies slices (column 3, 8, 10, 11, 13) (almost) only have Upper Cretaceous sediments. All
stratigraphic colums from eclogite-facies slices are devoid of Upper Cretaceous.
Abbreviations for the tectonic slices: AV: Avic; AG: Aigle; CS: Calcschist unit; CO: Cornet;
GV: Grand Vallon klippe; LA: Lamet klippe; LN: Lago Nero; MB: Mirabouc-Bouchet; MV:
Monviso unit; PT: Pelvas-Taillante; SLU: Savoy Lower Unit; SMU: Savoy Middle Unit; VV:
Vin Vert; ZS: Zermatt-Saas.

Figure 4: Distribution and interpolation of RSCM temperatures across the Liguro-Piemont
domain. A) RSCM temperatures and L-P tectonic contacts across the domain notably
highlighting the eastward metamorphic gradient. B) Interpolation of RSCM temperatures
across the L-P domain with 25°C intervals. C) Smoothed interpolation of RSCM
temperatures across the domain and tectonic contacts of the L-P slices. This map as C)
highlights the burial temperature recorded by rocks across the whole L-P domain and the
specific temperature range of each tectonic slice. Some slices have blue color corresponding
to 300-400°C while other have green-to yellow colors highlighting ~400-500°C Tmax. Finally,
easternmost slices (eclogite-facies) have orange-to red colors corresponding to T.,.x above
500°C. Most of the slices expose an internal eastward increase in T For the three maps,
square symbols correspond to our samples (108 samples) while round symbols correspond
to RSCM temperatures compiled from literature (289 samples; Beyssac et al., 2002; Gabalda
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et al., 2009; Angiboust et al., 2009; 2012b, 2014; Angiboust and Agard, 2010; Plunder et al.,
2012; Negro et al., 2013; Schwartz et al., 2013; Decrausaz et al., 2021; Manzotti et al.,
2021). Samples description, temperature and mineral assemblages as well as compiled
RSCM temperatures from literature are presented in Sup. mat. 1.

Figure 5: Statistical distribution of RSCM temperatures in Liguro-Piemont domain. A) Bar
chart of all RSCM temperatures showing a trimodal distribution with peaks at 370-380°C,
460-470°C and ~540°C. B) to E) Cumulative bar charts of RSCM temperatures along Valais-
Aosta, Savoy-Susa, Cottian Alps and Queyras-Monviso transects, all showing the same
three temperature clusters of A). Slices were color-coded according to their specific
temperature ranges (Table 1). Fo all charts, RSCM temperatures are both from this study
and compiled from literature (see Fig. 4 caption)

Figure 6: Microphotographs highlighting the successive deformation structures observed in
our representative metasedimentary samples. A) to B) S1 and S2 foliation are marked by
phengite (Ph) and chlorite crystals. D3 deformation corresponds to small shear bands cross-
cutting S1 and S2. Index minerals, such as chloritoid (Cld), lawsonite, Fe-Mg carpholite or
garnet often show textural equilibrium with S1 phengite.

Figure 7: Phengite composition. A) Ternary diagram of point electron microprobe analyses
of phengite. B) Maximum Si values of phengite (Si"®*Ph; peak pressure indicator) versus
RSCM temperatures of the same samples or samples from the same locality. Most samples
plot on a linear trend, highlighting the increase of Si"®*Ph with temperature and the efficiency
of Si value use as peak pressure indicator. Square/round symbols correspond to our
samples/literature Si"*Ph (Bocquet, 1974; Liewig, 1981; Agard et al., 2001a; Bonnet et al.,
submitted). Light-blue symbols with dotted contours correspond to samples in which phengite
with peak burial Si values was not preserved or not found. Representative compositions of
analyzed phengite are presented in Sup. mat. 2 and selected Si"®Ph values are presented
in Sup. mat. 3.

Figure 8: Distribution of maximum Si values of phengite (Si"®*Ph) across the L-P domain, in
Cottian Alps and Queyras-Monviso region. Si"*Ph values progressively increase toward
east, showing an eastward pressure gradient as highlighted for temperature in figure 4a-c.
Square symbols correspond to our samples while round symbols correspond to literature
data (see Fig. 7 caption). Symbols with dotted contours correspond to samples where peak
burial Si values were not preserved or foundd. Selected Si"*Ph values are presented in
Sup. mat. 3.

Figure 9: Thermodynamic modelling for a representative composition of Liguro-Piemont
metasediments. A) Pseudosection (system NaCaKFMASH, with all assemblages containing
quartz, phengite and H,0) calculated using Perple_X software (Connolly, 1990, 2005, 2009)
for the bulk composition of CBas912m sample of Henry et al. (1996) considered as
representative of most Liguro-Piemont calcschists. Calculated isopleths of Si a.p.f.u. in
phengite are represented. The red line corresponds to a 8°C/km gradient. Calculated B)
evolution of mineral modes and C) H,O content and major dehydration reactions, along a
8°C/km gradient (from 300°C-1.25 GPa to 600°C-2.5GPa) for the pseudosection presented
in A). Mineral abbreviations: Car: carpholite; Chl: Chlorite; Cld: chloritoid; GIn: glauchophane;
Grt: grenat; Jd: jadeite; Ky: kyanite; Lws: lawsonite; Pg: paragonite; Ph: phengite; Qz: quartz;
Zo: zoisite. Reaction abbreviations: Car-: carpholite-out; Chl-: chlorite-out; Cld+: chloritoid-in;
Cld- chloritoid-out; Lws-: lawsonite-out. Mineral assemblages in A) 1: Car Jd Lws Stp; 2: Car
Chl Jd Lws Stp; 3: Car Jd Lws Pg Stp; 4: Car Chl Jd Lws Pg; 5: Chl Cld Lws Pg Zo; 6: Car
GIn Jd Lws; 7: Car Chl GIn Jd Lws; 8: Car GIn Grt Jd Lws; 9: Car Cld GIn Jd Lws; 10: Car Grt
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Figure 10: A) Mean peak P-T conditions (circles) for the Liguro-Piemont slices. Slices were
plotted in this P-T grid using their mean RSCM temperature and mean pressure retrieved
from Si"®Ph and the pseudosection (Fig. 9), or estimated in literature (§3). Increasing
thickness of symbol contours represents increasing sediment/mafic-ultramafic ratio (table 1)
in the slices: Sed.+: =2 90% of sediments; Maf.Umaf.+: ~60% of sediments. Maf.Umaf.++:
~40% of sediments (MUM units of Agard, 2021). The three major clusters of peak P-T
conditions correspond to groups of slices with distinct sediment/mafic-ultramafic ratios. The
major dehydration reactions of figure 9c are also reported. B) Subuction ages of Liguro-
Piemont slices. Symbols correspond to the peak burial of the slices while dotted arrows
depict their paths. This figure highlights the successive slicing of LPU, LPM, sediment-rich
LPL and mafic-ultramafic-rich LPL from the downgoing slab and their stacking at ~36-35 Ma.
Slices only composed by Upper Cretaceous deposits may be the last units sliced as
highlighted by the peak burial age of CS. References for ages are in the text (§3; 7.2, 7.3).
LPU: Liguro-piemont Upper units; LPM: Liguro-Piemont Middle units; LPL: Liguro-Piemont
Lower units. Slice abbreviations: ALB: Albergian; ATF: Avise-Tsaboc-Feluma; AV: Avic; BY:
By unit; CO: Cornet; CS: Calcschist unit; GU: Grivola-Urtier; LN: Lago Nero; LS: Lago
Superiore; MB: Mirabouc-Bouchet; SLU: Savoy Lower Unit; SMU: Savoy Middle Unit; ZS:
Zermatt-Saas. Abbreviations for continental units: DM: Dora-Maira; GP: Gran Paradiso; MR:
Monte Rosa. Modified after Agard (2021).

Figure 11: Simplified map showing the distribution of the three Liguro-Piemont units across
the Western Alps. Location of cross-sections shown in figure 12 is indicated (A-A’; B-B’; C-C’;
D-D’). LPU: Liguro-Piemont Upper units; LPM: Liguro-Piemont Middle units; LPL: Liguro-
Piemont Lower units.

Figure 12: Cross-sections of the four major Liguro-Piemont transects described in this study
exposing the actual stacking of the different slices and units. Cross-section locations are
indicated in figure 11. A) to D) were repectively modified after Negro et al. (2013); Plunder et
al. (2012); Agard (2021); Lagabrielle (1987). LPU: Liguro-Piemont Upper units; LPM: Liguro-
Piemont Middle units; LPL: Liguro-Piemont Lower units. Slice abbreviations: BY: By unit; CC:
Cerogne-Ciantiplagna; CO: Cornet; CS: Calcschist unit; GV: Grand Vallon klippe; LA: Lamet
klippe; LN: Lago Nero; LS: Lago Superiore; MB: Mirabouc-Bouchet; MV: Monviso; OR:
Orsiera-Rocciavre; PT: Pelvas-Taillante; SLU: Savoy Lower Unit; SMU: Savoy Middle Unit;
ZS: Zermatt-Saas.

Figure 13: Statistical distribution of RSCM temperatures in the Liguro-Piemont units. A)
Boxplots of RSCM temperature for the three Liguro-Piemont units, both from this study and
compiled from literature (see Fig. 4 caption). B) Boxplots of Si"®Ph for the three Liguro-
Piemont units, both from this study and compiled from literature (see Fig. 7 caption). inside
boxes, lines and crossed circles correspond to median and mean values of each boxplot,
given in the text (§7.1). LPU: Liguro-Piemont Upper units; LPM: Liguro-Piemont Middle units;
LPL: Liguro-Piemont Lower units.

Figure 14: Sketch of the slicing and stacking of Liguro-Piemont slices. A) Idealized view of
the Alpine subduction zone at ~50-45 Ma, showing the relative location of the slices (for the
four transects) discuted in the text. At this time, Chabriére-type LPU and LPM are already
offscraped from the slab and are exhuming, as for the sedimentary-dominated LPL. Mafic-
Ultramafic LPL, initially close to the continental margin are being sliced. Upper Cretaceous
LPU and LPM will be the last to offscraped from the downgoing slab. Two different transects
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defined by Agard (2021) are represented (sectors A and B). Modified after Agard (2021). B)
to E) RSCM temperature versus longitude for the four transects detailed in the text (see also
Fig. 11, 12). These graphs show the increase of peak temperature from W to E and the
current stacking of the L-P units, with LPU structurally at the top of LPM and LPL.
Square/round symbols correspond to our samples/literature data respectively (see Fig. 4
caption). Abbreviations: LPU: Liguro-Piemont Upper units; LPM: Liguro-Piemont Middle
units; LPL: Liguro-Piemont Lower units. AG: Aigle; ALB: Albergian; ATF: Avise-Tsaboc-
Feluma; AV: Avic; BY: By unit; CC: Cerogne-Ciantiplagna; CO: Cornet; CS: Calcschist unit;
GU: Grivola-Urtier; LN: Lago Nero; LS: Lago Superiore; MB: Mirabouc-Bouchet; MV:
Monviso; OR: Orsiera-Rocciavre; PT: Pelvas-Taillante; PY: Puys; SLU: Savoy Lower Unit;
SMU: Savoy Middle Unit; SUU: Savoy Upper Unit; VV: Vin Vert; W-SS: West-Sesia unit; ZS:
Zermatt-Saas. U.K. slices: slices mostly made by Upper Cretaceous sediments such as the
Savoy Upper Unit at Grand Vallon or Lamet klippe.

Figure 15: A) Potential paleogeographic position of Liguro-Piemont units before subduction.
B) Suggested slicing and stacking sequence of Liguro-Piemont units. C) Stratigraphic
columns with recovered portion of the different Liguro-Piemont units and suggested
decollement layers and offscraping mechanisms. For the Upper-Cretaceous LPU and LPM,
the initial basement may either have been made of continental or oceanic rocks. We suggest
that strain localization leading to LPU and LPM units’ slicing mostly occurred due to major
lithological contrasts in the pile, such as levels of pelagic sediments or serpentinized mantle
acting as rheological weaknesses, possibly under high fluid pressure conditions. On the
other side, LPL units slicing at eclogite facies conditions may be linked to major dehydration
reactions (as lawsonite breakdown in sediments), under high fluid pressure conditions,
responsible for rocks embrittlement. LPU: Liguro-Piemont Upper units; LPM: Liguro-Piemont
Middle units; LPL: Liguro-Piemont Lower units.

Figure 16: Depth clusters and mechanisms of slicing in the Liguro-Piemont subduction zone.
A) Bar chart of underplating depth (distributed deformation along the plate interface) along
the Chilean margin (after Cubas et al., submitted). Mean peak burial depths estimated in this
study for the Liguro-Piemont units LPU an LPM are in good agreement with the underplating
depth clusters observed along the Chilean margin. The peak burial depth of the eclogite-
facies LPL units is similar tot the estimated peak burial depth for most of worldwide
recovered eclogites (after Agard et al., 2018). B) Schematic peak P-T depth conditions for
the Liguro-Piemont units, and suggested major slicing mechanisms, i.e. major litholical
heterogeneities for LPU and LPM and fluid release combined with lithological heterogeneities
for LPL. C) Schematic view of a subducting slab with discontinuous oceanic crust, subjected
to three main depths of slicing at ~35-45 km, 55-65 km and 70-80 km. The heterogeneously
distributed deformation leads to slicing of the slab, underplating and topographic build-up
responsible for the nucleation of earthquakes propagating across the B and C domains.
Modified after Cubas et al. (submitted). Abbreviations: LPU: Liguro-Piemont Upper units;
LPM: Liguro-Piemont Middle units; LPL: Liguro-Piemont Lower units.
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Slice Metamorphic zone Sediments % Mafic-ultramafic %  ~ outcroping surface (km2)

All Liguro-Piemont domain Blueschist and eclogite facies zones 71 29 2477
All Blueschist-facies slices Blueschist-facies zone 91 9 1516
All Eclogite-facies slices Eclogite-facies zone 38 62 961
Aigle + Vin vert Blueschist-facies zone 98 2 20
Albergian + Mirabouc-Bouchet " 96 4 258
Cerogne-Ciantiplagna " 95 5 78
Chardonnet klippe (Savoy Middle Unit) " 100 0 2
Combin (By + Cornet) " 76 24 433
Calcschist unit " 99 1 161
Grande-Sassiére klippe (Savoy Middle Unit) " 99 1 38
Grand Vallon klippe (Savoy Upper Unit) " 100 0 9
Jovet klippe (Savoy Upper Unit) " 100 0 9
Lamet klippe (Savoy Upper Unit) " 100 0 <1
Lago Nero " 99 1 134
Pelvas-Taillante " 90 10 70
Puys " 99 1 14
Savoy Middle Unit " 98 2 181
Lower Sana klippe (Savoy Middle Unit) " 96 4 14
Upper Sana klippe (Savoy Upper Unit) " 91 9 3
Venaus " 99 1 28
Avise-Tsaboc-Feluma ? 99 1 28
West-Sesia ? 93 7 34
Avic unit Eclogite-facies zone 28 72 211
Grivola-Urtier " 61 39 113
Monviso unit + Lago Superiore " 40 60 101
Orsiera-Rocciavre " 59 41 70
Savoy Lower Unit " 36 64 314

" 35

(o]
()]

Zermatt-Saas 152

Table 1: Lithological ratio (sediment versus mafic-ultramafic) and aerial exposure of the Liguro-Piemont slices. See text (§4.2) for details in the
methodology.



Transect Slice MeanT (°C) Med. T (°C) sd nsamples Trange (°C) References

Valais-Aosta Cornet (Combin) 390 392 18 21 364-422 Negro et al. (2013); Angiboust et al. (2014); Decrausaz et al. (2021);
Manzotti et al. (2021)

This study; Angiboust et Agard (2010); Negro et al. (2013); Angiboust et

By (Combin) 476 474 25 106 421-532 41 (2014); Decrausaz et al, (2021); Manzotti et al. (2021)
" Zermatt-Saas 533 536 12 26 495-546 Angiboust et al. (2009); Angiboust et Agard (2010); Negro et al. (2013)
" Avic 538 538 7 12 523-547 Angiboust et al. (2009); Angiboust et Agard (2010)
" Grivola-Urtier 499 483 31 3 479-534 This study
Y Avise-Tsaboc- / / / 1 522 This study

Feluma
" West-Sesia / / / 1 433 This study
Savoy-Susa Savoy Upper Unit 384 377 14 4 376-404 This study; Gabalda et al. (2009); Plunder et al. (2012)
" Savoy Middle Unit 445 449 36 31 384-503 This study; Gabalda et al. (2009); Plunder et al. (2012)
" Venaus / / / 1 484 This study
" Savoy Lower Unit 530 533 21 24 471-580 This study; Gabalda et al. (2009); Plunder et al. (2012)
Cottian Alps Lago Nero 372 373 20 33 330-423 This study; Beyssac et al. (2002); Gabalda et al. (2009)
" Puys / / / 1 364 This study
" Aigle 373 377 15 3 357-386 This study; Gabalda et al. (2009)
" Vin Vert 414 414 3 2 413-416 This study
" Cerogne-

Ciantiplagna 421 423 34 5 373-463 This study; Beyssac et al. (2002)
" Albergian 452 453 29 16 386-491 This study
" Orsiera-Rocciavre 517 517 22 8 483-542 This study; Beyssac et al. (2002); Gabalda et al. (2009)
Queyras-Monviso Calcschist unit 364 349 43 14 320-437 This study; Schwartz et al. (2013)
" Pelvas-Taillante 355 362 17 10 319-363 This study; Schwartz et al. (2013)
" Mirabouc-Bouchet 427 419 34 29 376-517 This study; Schwartz et al. (2013)
" Monviso unit 488 489 8 7 476-498 Angiboust et al. (2011); Schwartz et al. (2013)
" Lago Superiore 536 534 14 37 514-571 Angiboust et al. (2011); Schwartz et al. (2013)

Table 2: RSCM temperatures of the Liguro-Piemont slices. All the compiled RSCM temperatures (from this study and literature) are presented in Sup. Mat 1.



Slice Si"Ph Mean Si"®Ph Med. Si"*Ph sd n samples Relative pressure (GPa) References for Si"**Ph

This study; Agard et al. (2001); Liewig

Lago Nero 3.27-3.5 3.39 3.42 0.082 19 ~1.3-~19 (1981)

Puys 3.46 / / / 1 1.7-1.8 This study

Vin Vert 3.55 / / / 1 21 This study
Cerogne-Ciantiplagna 3.4-3.57 3.49 3.49 0.113 2 1.7-~2.2 This study; Agard et al. (2001)
Albergian 3.39-3.64 3.5 3.48 0.082 11 1.8-~2.3 This study; Agard et al. (2001)
Orsiera-Rocciavre 3.47-3.67 3.53 3.47 0.125 3 2.2-~25 This study; Agard et al. (2001)
Calcschist unit 3.34-3.5 3.43 3.42 0.059 8 1.4-2 This study; Liewig (1981)
Pelvas-Taillante 3.31-3.42 3.37 3.37 0.077 2 1.4-1.7 This study; Bocquet (1974)
Mirirabouc-Bouchet 3.48-3.59 3.53 3.54 0.037 9 1.9-~2.4 This study

Lago Superiore 3.61 / / / 1 >2.4 Bonnet et al. (submitted)

Table 3: Maximum Si a.p.f.u. values of phengite (Si"**Ph) and estimated peak pressure for Liguro-Piemont slices. Peak pressures were
estimated by crossing RSCM temperatures (see Table 1; Fig. 4a-c, 5a-e) with the calculated isopleths of Si a.p.f.u. in phengite for a
representative rock composition (Fig. 9a). Selected Si"®*Ph, RSCM temperature for the same samples and all estimated pressure values are
presented in Sup. mat. 3.





