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ABSTRACT

In the Sesia-Lanzo Zone (SLZ), the Rocca Canavese Thrust Sheets (RCT) subunit is
characterized by a mixture of mantle- and crust-derived lithologies, such as metapelites,
metagranitoids, metabasics, and serpentinized mantle slices with sizes ranging from meters to
hundreds of meters. Structural and metamorphic history suggests that the RCT rocks experienced
a complex evolution. In particular, two different peak conditions were obtained for the
metabasics, representing different tectono-metamorphic units (TMUs), namely, Dla under
eclogite facies conditions and D1b under Lws-blueschist-facies conditions. The two TMUs were
coupled during the syn-D2 exhumation stage under Ep-blueschist-facies conditions. The
different rocks and metamorphic evolutions and the abundance of serpentinites in the tectonic
mixture suggest a possible subduction-related mélange origin for the RCT. To verify whether a
subduction-related mélange can record tectono-metamorphic histories similar to that inferred for

the RCT, we compare the PT evolutions with the results of a 2D numerical model of ocean-
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continent subduction with mantle wedge serpentinization. The predictions of the numerical
model fully reproduce the two peak conditions (D1la and D1b) and the successive exhumation
history of the two TMUs within the subduction wedge. The degree of mixing estimated from
field data is consistent with that predicted by the numerical simulation. Finally, the present-day
location of the RCT, which marks the boundary between the orogenic wedge (Penninic and
Austroalpine domains) and the southern hinterland (Southalpine domain) of the Alpine chain, is
reproduced by the model at the end of the exhumation in the subduction wedge. Therefore, the
comparison between natural data and the model results confirms the interpretation of the RCT as

a subduction-related mélange occurred during exhumation within a serpentinized mantle wedge.

INTRODUCTION

Mélanges are defined as chaotic bodies of mixed rocks with a block-in-matrix fabric
whose internal structure and evolution are intimately linked to the structural, sedimentary,
magmatic, and metamorphic processes in the tectonic setting of their formation (Festa et al.,
2010, 2012). Subduction-related mélanges form in subduction environments as a result of
structural and metamorphic processes; accordingly, they can be described as a tectonic mix of
rock units of different sizes (from m- to km-scale), lithologies, origins, ages and metamorphic
evolutions enclosed in a highly sheared serpentinite- and/or metasediments-rich matrix
(Raymond, 1984; Polino et al., 1990; Federico et al., 2007; Guillot et al., 2009; Cowan, 1985;
Malatesta et al., 2012; Roda et al., 2012; Balestro et al., 2015; Wakabayashi, 2015; Ernst, 2016;
Roda et al., 2018). Several numerical models highlight the role of the serpentinite-rich matrix in

the subduction wedge during the mixing and coupling of blocks of different lithologies and P-T
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paths (Gerya et al., 2002; Gerya and Stockhert, 2005; Guillot et al., 2009; Meda et al., 2010;
Malatesta et al., 2012; Roda et al., 2012; Ruh et al., 2015).

Examples of subduction-related mélanges include the Franciscan complex in North
America (e.g., Wakabayashi, 2011b, 2011a; Ernst, 2015; Ogawa et al., 2015; Ernst, 2016), the
Diahot Unit in New Caledonia (Fitzherbert et al., 2004, 2005), the Rio San Juan Complex in the
Dominican Republic (Krebs et al., 2008, 2011), and the Voltri Massif in the Italian Western Alps
(Federico et al., 2007; Malatesta et al., 2012; Scarsi et al., 2018). Common features of these
mélanges are the occurrence of blocks with different P-T paths recorded within the subduction
zone and the serpentinitic nature of the matrix.

As in the previously described complexes, the Rocca Canavese Thrust Sheets (RCT) in
the Austroalpine domain of the Western Alps (Fig. 1) consists of a mixture of slices, ranging
from meters to hundreds of meters in size, characterized by mantle- and crustal-derived rocks
enclosed in a serpentinite-rich matrix (Pognante, 1989a; Spalla and Zulbati, 2003; Barnes et al.,
2014; Cantu et al., 2016). The Alps are a double-verging orogen that developed since the
Cretaceous as a result of the convergence between Europe and Adria with the subduction of the
Alpine Tethys ocean (Ligurian-Piedmont ocean) between the two continental margins (Polino et
al., 1990; Spalla et al., 1996; Dal Piaz et al., 2003; Beltrando et al., 2010; Lardeaux, 2014). The
Austroalpine domain represents a portion of the Adria plate, buried and exhumed during the
oceanic subduction, and now tectonically coupled with the Penninic domain, which represents
the oceanic suture zone (e.g., Bousquet et al., 2004; Spalla et al., 2010 and references therein).
The Alpine metamorphic history of the RCT accounts for two different peak conditions for the
metabasic lenses; one developed under eclogite-facies conditions, and the other developed under

Lws-blueschist-facies conditions. Therefore, they are interpreted as two different tectono-
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metamorphic units (TMUs; Roda et al., 2018). The serpentinite-rich matrix does not show any of
the two peak conditions, but it is characterized by a lower pressure assemblage. The
interpretation is that the two TMUs were coupled with the matrix during such lower pressure
stage (Roda et al., 2018). The block-in-matrix structural setting, the lithological mixture and the
different P-T-d-t paths inferred for the lenses suggest that the RCT rock assemblage is a
subduction-related mélange (Roda et al., 2018), analogous to the mélanges described above.
However, a comparison between the tectono-metamorphic evolution of the RCT and a numerical
model of a subduction system that develops a subduction-related mélange is still lacking.

The aim of this work is to investigate whether the tectono-metamorphic evolution of the
RCT can be compared to that of a subduction-related mélange using a 2D numerical model of an
ocean-continent subduction zone with serpentinization of the mantle wedge. In particular, we
present detailed comparisons between the RCT rock assemblage and the assortment of
lithologies represented by numerical markers involved in the subduction wedge and between the
metamorphic history inferred for the RCT and that recorded by markers during subduction. We
also evaluate the structural setting of the subduction-related mélange at the end of the
subduction, and we compare the degree of mixing between the crustal and mantle markers
predicted by the model with the actual ratio of crustal and mantle-derived rocks that form the

RCT. The mineral abbreviations are after Whitney and Evans (2010).

GEOLOGICAL DATA
Geological setting
The Alps are a subduction-collisional belt that developed since the Cretaceous as a result

of the convergence between Europe and Adria. The latter is alternatively considered as a
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promontory of Africa or as an independent micro-plate (Dewey et al., 1989; Rosenbaum et al.,
2002; Dilek, 2006; Stampfli and Hochard, 2009; Handy et al., 2010). The convergence involved
the SSE-dipping subduction of the Alpine Tethys ocean (Ligurian-Piedmont ocean) below Adria
plate during the Cretaceous and the subsequent Cenozoic collision of the two continental
margins (Polino et al., 1990; Spalla et al., 1996; Dal Piaz et al., 2003; Beltrando et al., 2010;
Lardeaux, 2014). The Ligurian-Piedmont ocean originated after the Triassic-Early Jurassic
magma-poor rifting between Europa and Adria continents, followed by the Middle to Late
Jurassic slow-rate seafloor spreading (Lemoine and Trimpy, 1987; Michard et al., 1996;
Manatschal and Muntener, 2009; Saccani et al., 2015; Marotta et al., 2018; Roda et al., 2018;
Balestro et al., 2019).

The most external tectonic domain is the European Foreland, which is flexured and
underthrust at lithosphere-scale late in the Alpine orogeny, and bounds four main structural
domains that are usually distinguished from the external (NW) to the internal (SE) part of the
Western Alps (Fig. 1A; e.g., Polino et al., 1990; Dal Piaz et al., 2003; Bousquet et al., 2004;
Handy and Oberhansli, 2004; Schmid et al., 2004). The tectonic setting, lithostratigraphy, pre-
Alpine and Alpine evolutions of the domains are described in detail in Table 1. The Helvetic
domain, a thick-skinned thrust system of basement rocks and sedimentary cover, results from
Cenozoic reactivation, by tectonic inversion of normal faults, which fragmented the European
passive margin initially. The Penninic domain is intensely deformed and thermally reactivated
since the Cretaceous (early-Alpine) before and during the continental collision and consists of a
mixture of thin continental slices and oceanic units (ophiolites from the Ligurian-Piedmont
ocean). The ophiolites are characterized by metagabbros, metabasalts and serpentinites, with a

geochemical affinity from MORB to subcontinental mantle (Piccardo and Guarnieri, 2010;
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Barnes et al., 2014; Rampone et al., 2014; Saccani et al., 2015; Picazo et al., 2016; Zanoni et al.,
2016; Luoni et al., 2018; Balestro et al., 2019), and part of them has been interpreted as
continental margin ophiolites (Dilek and Furnes, 2011; 2014). The serpentinites represent
metasomatized peridotites that were exhumed during continental rifting and subsequent seafloor
spreading, although they may locally include intensely hydrated peridotites derived from a
mantle wedge (e.g., Federico et al., 2007; Debret et al., 2013). The Austroalpine domain
predominantly consists of highly deformed continental rocks derived from the Adria plate,
thermally and tectonically reactivated during Alpine subduction-collision-exhumation processes
(Gosso, 1977; Lardeaux, 1981; Gosso et al., 1982; Meda et al., 2010; Roda et al., 2012;
Lardeaux, 2014). Finally, the Southalpine domain represents the hinterland of the Alpine belt and
iIs a S-verging thick-skinned thrust system involved basement and cover units, only locally
imprinted by Alpine metamorphism (Spalla et al., 2014 and references therein).

The RCT is the most internal portion of the Sesia-Lanzo Zone (SLZ; Fig. 1B), which is
part of the Austroalpine domain of the Italian Western Alps. The SLZ consists of Paleozoic
continental basement rocks (Dal Piaz et al., 1972; Compagnoni et al., 1977) that record pre-
Alpine HT metamorphism during the Permian (Lardeaux and Spalla, 1991; Rebay and Spalla,
2001; Schuster and Stliwe, 2008; Spalla et al., 2014). The Alpine evolution was characterized by
polyphase deformation under blueschist- to eclogite-facies conditions followed by retrogression
under blueschist- to successive greenschist-facies conditions (Compagnoni, 1977; Gosso, 1977,
Pognante et al., 1980; Lardeaux et al., 1982; Williams and Compagnoni, 1983; Vuichard, 1987,
Lardeaux and Spalla, 1991; Zucali et al., 2002; Gosso et al., 2010; Zucali, 2011; Zucali and
Spalla, 2011; Gosso et al., 2015; Corti et al., 2017). The Alpine metamorphic evolution occurred

at a low T/depth ratio, which is compatible with oceanic subduction (Cloos, 1993; Handy and
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Oberhansli, 2004; Meda et al., 2010; Roda et al., 2012; Regorda et al., 2017), and these
conditions persisted until the exhumation of the SLZ (Spalla et al., 1996; Zucali et al., 2004;
Stockhert and Gerya, 2005; Berger and Bousquet, 2008; Zanoni et al., 2008, 2010; Spalla et al.,
2010; Roda et al., 2012).

The SLZ is subdivided into several elements: the Seconda Zona Diorito-Kinzigitica
(IIDK), the Gneiss Minuti (GMC) and the Eclogitic Micaschist (EMC) complexes (Dal Piaz et
al., 1972; Compagnoni, 1977; Spalla et al., 1983; Pognante, 1989b; Stunitz, 1989; Lardeaux and
Spalla, 1991; Wheeler and Butler, 1993; Handy and Oberhansli, 2004; Babist et al., 2006;
Manzotti et al., 2014; Cantu et al., 2016; Corti et al., 2017). The RCT has been recognized as a
metamorphic complex that is part of the SLZ (Pognante, 1989a), and it consists of several thrust
sheets derived from the pre-Alpine continental crust and upper mantle (Pognante, 1989a, 1989b;
Spalla and Zulbati, 2003; Barnes et al., 2014; Roda et al., 2018) that are confined by blueschist-
/greenschist-facies mylonitic zones of Alpine age. The RCT is bounded by the EMC to the
northwest, the Periadriatic (Canavese) Lineament to the east towards the Southalpine domain,
and the Lanzo Massif (LM) to the south (Fig. 1B).

The Southalpine domain is traditionally subdivided into the Ivrea (or Ivrea—Verbano)
Zone and the Strona—Ceneri Zone. Alpine deformation was responsible for significant translation
and tilting (Brodie et al., 1992; Berger et al., 2012) of the Ivrea Zone, and the metamorphic
imprint reached anchizone to low greenschist-facies conditions (Beltrando et al., 2010).
Therefore, this portion of the continental margin of the Adria plate was not involved at deep

structural levels during Alpine subduction.

Structural and metamorphic evolution of the RCT
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The RCT consists of a mixture of mantle- and crust-derived slices composed of
metagranitoids and metabasics, with sizes ranging from meters to hundreds of meters, enclosed
in a sheared serpentinite- and metapelite-rich matrix (Fig. 1C; Spalla and Zulbati, 2003; Cantu et
al., 2016; Roda et al., 2018). Metabasics consist of glaucophanites, metagabbros and minor
pyroxenites and omphacitites and may be derived from oceanic or continental protoliths.
Metagranitoids and metabasics are characterized by coronitic to mylonitic fabric while
serpentinites are generally mylonitic foliated, although some relicts of orthopyroxene,
clinopyroxene and spinel can be still detected (Barnes et al., 2014). Four groups of structures and
fabric elements have been recognized within the RCT rocks (Pognante, 1989a, 1989b; Spalla and
Zulbati, 2003; Cantu et al., 2016; Roda et al., 2018). The first group of structures (D1) consists
of a S1 foliation and it is preserved in metapelites and metabasics. In the metagabbros and Jd-
bearing glaucophanites, S1 is marked by sodic clinopyroxene, garnet, phengitic mica and
epidote. In contrast, in the Lws-bearing glaucophanites, S1 is marked by glaucophane, lawsonite,
white mica, garnet and epidote (Roda et al., 2018). Thermobarometric estimates indicate two
different peak conditions, for the metabasics (Fig. 2): a) the metagabbros and Jd-bearing
glaucophanites experienced a D1a metamorphic stage characterized by pressures of 1.3-1.8 GPa
and temperatures of 450-550°C under eclogite-facies conditions; and b) the Lws-bearing
glaucophanites experienced a D1b metamorphic stage at temperatures <470°C and pressures of
ca. 1.2-1.5 GPa under Lws-blueschist-facies conditions.

The second group of structures (D2) is characterized by a S2 mylonitic foliation, which
affects all lithologies and is responsible for the transposition of the original lithostratigraphy, as
demonstrated by gabbro boudins within the serpentinites and by glaucophanite lenses within

metapelites (Roda et al., 2018). S2 developed under Ep-blueschist-facies conditions (Fig. 2;
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P=0.9-1.3 GPa, T=380-500°C), as indicated by the mineral association of glaucophane, garnet,
white mica and pumpellyite (Roda et al., 2018). In the serpentinite-rich matrix S2 is marked by
Srp and Mag and wraps around clinopyroxene and opaque mineral porphyroclasts, and Chl
coronas develop around Mag. Syn-S2 mineral assemblage is compatible with Ep-blueschist-
facies conditions (Pognante, 1989a, 1989b; Spalla and Zulbati, 2003; Cantu et al., 2016; Roda et
al., 2018). The exhumation from D1a to D2 occurred with decreases in temperature and pressure,
whereas the exhumation path from D1b to D2 is characterized by a small increase in temperature
(Fig. 2).

The D3 structures are recorded in all lithologies except the metagabbros and consist of
centimeter- to meter-scale folding (PA3) of the previous fabric that is associated with an S3 axial
plane foliation that developed under greenschist-facies conditions. The D3 imprint coincides
with the re-equilibration of previous mineral assemblages in the stability field of chlorite, green
amphibole, plagioclase and epidote (Roda et al., 2018). The mineral assemblage is indicative of
pressures below 0.9 GPa and temperatures below 380°C (Fig. 2). The D4-related structures are
recorded only in the metapelites and consist of a centimeter-spaced crenulation that is locally
associated with rough foliation marked by fine-grained chlorite and white mica (Roda et al.,
2018).

The tectonic contact between the RCT, the EMC and the LM is characterized by a 100-
200-meter-thick mylonitic zone that developed from D2 under blueschist-facies conditions
(Spalla and Zulbati, 2003; Cantu et al., 2016; Roda et al., 2018) to D3 under greenschist-facies
conditions.

In summary, the RCT is composed of at least two distinct tectono-metamorphic units

(TMUSs) before D2 (Fig. 2). The first accounts for the exhumation of the metagabbros and Jd-
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bearing glaucophanites from eclogite- to Ep-blueschist-facies conditions. The second unit (Lws-
bearing glaucophanites), on the other hand, represents the exhumation stage from Lws-
blueschist- to Ep-blueschist-facies conditions. The two TMUs were coupled during the
exhumation at D2 metamorphic conditions, together with metagranitoids within a serpentinite-
and metapelite-rich matrix to form a single TMU, until the final exhumation. The mylonitic zone
that marks the tectonic contact between the RCT, the EMC and the LM began forming during
D2. The thermal state achieved during the entire metamorphic history is consistent with a P/T
ratio for oceanic subduction (Cloos, 1993; Handy and Oberhénsli, 2004; Meda et al., 2010; Roda
etal., 2012; Regorda et al., 2017; Roda et al., 2018).

Therefore, the RCT consists of a tectonic mixture of metagabbros, Jd- and Lws-bearing
glaucophanites, and metagranitoids different metamorphic histories. They were subsequently
incorporated into a serpentinite- and metapelite-rich matrix during D2 deformation phase,
reminiscent of other tectonic mélanges described in the literature (e.g., Ernst, 2016; Festa et al.,
2019). These features and analogies suggest that the RCT mélange formed within the Alpine

subduction wedge (Roda et al., 2018).

NUMERICAL MODELING
Model setup

We used the 2D finite element method to simulate ocean-continent subduction (Regorda
et al., 2017) to compare the metamorphic history and lithological heterogeneity of a subduction-
related mélange with those that characterize the RCT. The physics of the crust-mantle system
during subduction are described by coupled equations for continuity, conservation of momentum

and conservation of energy (Marotta et al., 2006). The equations are solved by means of the 2D
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finite element code Submar (Marotta et al., 2006), which includes erosion and sedimentation
processes (Roda et al., 2012) and oceanic crust dehydration and mantle serpentinization
mechanisms (Roda et al., 2010, 2012). According to Regorda et al. (2017), a viscous rheology is
assumed for the sublithospheric mantle, and a brittle/plastic rheology is assumed for the
lithosphere. The material and rheological parameters used in the simulation are listed in Table 2.

An initial continental lithospheric thickness of 80 km, including 30 km of continental
crust, is assumed (Fig. 3) to represent the originally thinned passive margin that characterized the
former margin of Adria (Dal Piaz, 2001; Roda et al., 2012; Marotta et al., 2018). An oceanic
lithospheric thickness of 80 km is chosen to represent an age of ca. 40 Myr for the Ligure-
Piemont Ocean (Handy et al., 2010; Roda et al., 2012) based on the cooling model of a semi-
infinite half-space (Turcotte and Schubert, 2002). To simulate plate convergence, a horizontal
velocity of 3 cm/yr is imposed along the bottom of the oceanic crust (Roda et al., 2010, 2012).
The model runs for 65 Myr of oceanic subduction (from 100 to 35 Ma; Dal Piaz et al., 2003;
Handy et al., 2010; Roda et al., 2012). Additional details about the model setup are summarized

in the caption of Fig. 3.

Model results

The evolution of the model is similar to other simulations performed with the same code
(Roda et al., 2010, 2012; Regorda et al., 2017), and it is consistent with the results obtained with
other models of ocean-continent subduction zones (e.g., Gerya and Stockhert, 2005; Stockhert
and Gerya, 2005; Faccenda et al., 2008; Guillot et al., 2009; Butler et al., 2013) and hydrated
subduction wedges (e.g., Billen and Gurnis, 2001; Gerya et al., 2002; Honda and Saito, 2003;

Malatesta et al., 2012; Le Voci et al., 2014).
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In summary, the subduction of the oceanic lithosphere induces the ablation of the
continental crust of the overriding plate because of the strong coupling along the plate boundary.
The burial flow involves oceanic and continental crustal material, trench sediments and mantle
markers. With the progression of the serpentinization of the mantle wedge (due to the continuous
dehydration of the subducting oceanic plate), an intense counterclockwise small-scale convection
flow develops in the upper part of the mantle wedge, which causes the exhumation of the
subducted material to superficial structural levels, in agreement with the “return flow” model
proposed by Cloos (1982, 1986). However, only a small part of the recycled material reaches the
surface, and the rest remains in the deeper portion of the mantle wedge or is buried in the
sublithospheric mantle. The result is the occurrence of a subduction-related mélange composed
of a mixture of exhumed upper and lower oceanic and continental crustal slices, buried and
exhumed trench sediments and continental lithospheric mantle enclosed within the serpentinite-
rich matrix derived from the hydrated mantle wedge.

The subducted materials record different PT peak conditions, different P-T-t evolutions
and different exhumation trajectories, and the size of a single tectono-metamorphic unit ranges
from 2-3 km? to several tens of km?, which is consistent with the results discussed by Roda et al.
(2012). At the surface, the material involved in the subduction processes (accretion, burial and
exhumation) is located in a narrow belt 50-60 km from the trench. The internal part of the upper
continental plate (i.e., the hinterland) is not involved in the subduction processes, although it

records deformation, resulting in the lateral variation in thickness of the continental crust.

COMPARISON BETWEEN MODEL RESULTS AND GEOLOGICAL DATA
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To test whether the reconstructed tectono-metamorphic evolution of the RCT can be
reproduced by the numerical model, we extrapolate markers that record PT peak conditions
similar to those estimated from the metabasics of the RCT (D1a and D1b, Fig. 2). The origin of
these rocks is still under debate and, based on the mineral assemblages, they can be attributed to
continental or oceanic crust. Furthermore, the RCT consists of a mixture of metabasics,
metapelites and metagranitoids that were coupled during D2 under blueschist-facies conditions
(Figs. 1 and 2). For this reason, we extrapolate markers of the continental and oceanic crusts and
trench sediments. The discrimination of markers that experienced PT peak conditions
comparable to those of D1a and D1b is also based on the peak metamorphic ages. Because no
radiometric data are available for this region of the Austroalpine domain, we refer to the interval
between 80 and 55 Ma (20-45 Myr of oceanic subduction), such as the time span of the SLZ
metamorphic climax (Roda et al., 2012; Regis et al., 2014; Corti et al., 2018; Giuntoli et al.,
2018; and references therein). Finally, we compare the evolution of these markers during
exhumation within the subduction wedge with the metamorphic history obtained for the RCT
rocks (Fig. 2).

The two peak conditions (D1a and D1b) are reproduced well by those of several markers
of the oceanic and continental crusts and trench sediments from 20 to 45 Myr of oceanic
subduction (Fig. 4). The markers experienced Dla peak conditions and exhume up to D2
conditions (ca. 1.0-1.2 GPa and ca. 400-500°C) isothermally or with a small decrease in
temperature (Fig. 4A). In contrast, the exhumation up to D2 conditions of the markers that
experienced D1b peak conditions occurs with a gradual small increase in temperature (Fig. 4B).
The two groups of markers are coupled at D2 conditions (Fig. 5), and they exhume up to D3 (ca.

0.5-0.8 GPa and ca. 200-300°C) during the successive steps of oceanic subduction (until 65 Myr;
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i.e., 35 Ma) with gradually decreasing temperature (Fig. 5). Therefore, the entire metamorphic
history of the RCT rocks is fully reproduced by the evolution of the markers within the
serpentinized subduction wedge.

After 65 Myr of subduction (i.e., at 35 Ma), the markers that reproduce the metamorphic
history of the RCT form a single tectonic unit composed of slices of continental and oceanic
crust and trench sediments (Fig. 6A), which recorded different peak conditions and somewhat
different exhumation trajectories (Figs. 4 and 5). The slices are assembled in a narrow strip
associated with continental lithospheric mantle and serpentinized mantle that extends from the
surface to a depth of ca. 30 km (red area in Fig. 6B). This rock mélange marks the limit between
the region that experienced subduction (to the left) and the region that was not involved in the
subduction (to the right; Fig. 6B).

We also compared the degree of mixing between crustal, sedimentary and mantle
materials predicted by the model with the actual ratio of crustal-derived lithotypes and
serpentinites that outcrop in the RCT. The amounts of crustal and mantle markers in the tectonic
unit (Fig. 6B) at the end of the subduction corresponds to a crust/mantle ratio of 61%. The actual
ratio between crustal and mantle-derived materials in the RCT inferred from the geological map
(Cantu et al., 2016) is ca. 80%. Thus, the degree of crust-mantle mixing predicted by the model
underestimates that obtained from the geological map. However, the estimate derived from the
map has a low degree of confidence due to the small percentage of outcrops (less than 10% of
the area in the outcrop map of Cantu et al. (2016)). Furthermore, on the geological map, we
estimate the degree of mixing in a horizontal direction. In contrast, in the model, we calculate the
degree of mixing vertically. Considering these uncertainties, the difference between the two

ratios is not significant, and the agreement can be considered acceptable.
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DISCUSSION AND CONCLUSIONS

The RCT is characterized by a mixture of mantle- and crust-derived lithologies, such as
metagranitoids, metagabbros and glaucophanites blocks, with sizes from meters to hundreds of
meters, enclosed in a serpentinite- and metapelite-rich matrix. Geological data suggest a complex
metamorphic history for the RCT, which is characterized by two peak conditions for the
metabasics, including eclogitic- and Lws-blueschist-facies conditions, both of which indicate
thermal states compatible with oceanic subduction. The rocks of the RCT record the first
common imprint during D2, which was still under blueschist-facies conditions. Therefore, the
coupling between the different blocks and the formation of the tectonic mixture within the
serpentinite- and metapelite-rich matrix occurred during the exhumation, under a thermal state
compatible with that of a subduction wedge. This suggests that the RCT is a subduction-related
mélange, tectonically formed during the exhumation. The two different pre-D2 PT conditions
recorded in the metabasics represent the minimum number of contrasting PT evolutions that
characterize the RCT mélange. The number of different PT conditions may increase as a result of
further detailed petro-structural analyses of the RCT.

Using a numerical model of an ocean-continent subduction zone, we have verified
whether a subduction-related mélange can form and evolve within a subduction wedge and
whether the metamorphic history of the RCT can be achieved by a subduction-related mélange
(Fig. 5). The results of the numerical model indicate that during the subduction of oceanic
lithosphere, a mixture of different rocks (oceanic and continental) can coalesce within a
serpentinized mantle wedge. The subducted material starts to be exhumed during subduction

within the subduction wedge while maintaining a low-temperature state. The materials within the

15



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

subduction wedge record different PT peak conditions, different P-T-t evolutions and different
exhumation trajectories, and they form a mixture of different tectono-metamorphic units (TMUSs)
with variable sizes that corresponds to a subduction-related melange. This scenario is similar to
the subduction channel mélange proposed by (Cloos, 1982, 1986) for the Franciscan Complex
that accounts for the occurrence of a low viscosity zone of finite width between the lower and
upper plate, where a return flow can localize. The low viscosity zone is the result of dehydration
of the oceanic crust and consequent hydration and serpentinization of the upper plate mantle
(Billen and Gurnis, 2001; Gerya et al., 2002; Hirth and Kohlstedt, 2003; Honda and Saito, 2003).
Numerical models, as well seismic and tomographic studies agree with a wedge-shape of the low
viscosity zone in the upper plate mantle during the subduction (Billen and Gurnis, 2001; Gerya
and Stockhert, 2002; Honda and Saito, 2003; Arcay et al., 2005; Gerya and Stockhert, 2005;
Abers et al., 2006; Rondenay et al., 2008; Roda et al., 2010, 2012; Quinquis and Buiter, 2014;
Regorda et al., 2017). Furthermore, the very different P/T ratios and exhumation paths recorded
by some rocks during the subduction suggest a larger low viscosity zone than a thin channel
(e.g., Roda et al., 2012; Penniston-Dorland et al., 2018). The shape and width of the hydrated
mantle wedge (low viscosity zone) can vary with subduction rate, duration of the subduction,
thickness of the oceanic plate, thickness of the overriding plate and subduction dip (e.g., Meda et
al., 2010; Roda et al., 2010, 20114, 2012; Regorda et al., 2017). In this scenario, the serpentinite-
rich matrix of RCT mélange would derive from the hydrated mantle wedge as proposed for the
Voltri Massif (Federico et al., 2007; Malatesta et al., 2012).

The entire tectono-metamorphic history of the RCT is fully reproduced by the evolution
of numerical markers within the serpentinized subduction wedge in terms of the lithological

mixing, quantitative P-T estimates and exhumation trajectories. Based on the final spatial
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distribution of markers, the subduction-related mélange was exhumed at the boundary between
the zone of mixing of recycled crustal material and variably serpentinized mantle, and the zone
with the lithospheric material was never involved in the subduction (Fig. 6). This agrees with the
geological setting of the RCT that marks the boundary between the inner, subduction-related,
units of the Alpine chain (Penninic and Austroalpine domains) and the outer units, such as the
Southalpine domain, which likely acted as the buttress of the subduction system.

Based on our comparison of the tectono-metamorphic history of the RCT lithologies with
the evolution of crust- and mantle-derived markers within a modeled subduction wedge, we infer
that the RCT represents a subduction-related mélange in the Austroalpine domain of the Alps.
We depict the time-progressive development of this mélange in a tectonic model diagram in
Figure 7. During the subduction of the Ligurian-Piedmont ocean the burial of oceanic,
continental and sedimentary rocks occurred (Fig. 7A), subsequently recycled within the hydrated
mantle wedge (Fig. 7B). Accordingly, the metabasics blocks of RCT recorded different PT
conditions within the mantle wedge (Dla and D1b, Fig. 7B). Subsequently, during the
exhumation, they are coupled with other lithologies within a serpentinite-rich matrix (D2
metamorphic conditions, Fig. 7C), forming the RTC tectonic mélange. The RTC tectonic
mélange exhumed as a single tectono-metamorphic unit (Fig. 7D) until the continental collision
of the European plate (Fig. 7E), and now marking the boundary between the orogenic wedge
(Austroalpine and Penninic domains), and the southern hinterland of the Alpine belt (Southalpine
domain), not involved in the subduction process (Fig. 7F). The orogenic wedge is a tectonic
mixture of oceanic and continental rocks buried at different depths and exhumed to crustal

levels, with part of the hydrated mantle wedge.
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Table 1 — Schematic overview of Alpine structural domains. Structural, metamorphic and
lithological characters synthetized in the table are widely discussed in Ernst, (1973); Brack,
(1981); Milano et al., (1988); Polino et al., (1990); Hunziker, (1992); Spalla et al., (1996);
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Helvetic Domain

Penninic Domain

Austroalpine Domain

Southalpine Domain

External to the Penninic Front. This domain consists of
Permian-Cenozoic cover sequences overlaying a Variscan
basement, mainly characterized by pre-Alpine structural,

The Penninic heterogeneous nappe system, occupying
the axial part of the belt (comprised between the
Penninic Front and the Periadriatic Lineament), is

The uppermost tectonic domain of the axial part of the
Alpine belt consists of continental rocks overlying
tectonically the Penninic stack of oceanic and

Internal to the Periadriatic Lineament the Southalpine
domain constitutes the hinterland of the Alpine belt. It
is structured as a South-verging thrust system of

j=2
E metamorphic and stratigraphic signatures. Since the | deformed and metamorphosed since Cretaceous, | continental rocks (ocean suture). It does not contain | continental basement and cover units since
3 Palaeogene continental collision, Alpine tectonics | during Alpine oceanic subduction, exhumation and | Mesozoic ophiolites but is infolded within them and | Cretaceous, locally displaying a weak Alpine
2 reactivated the Mesozoic listric normal faults of the | continental collision. It consists of a mélange of thin | the related Mesozoic sediments. Metamorphic | metamorphic imprint.
§ European passive margin into a thick-skin thrust system | continental and oceanic basement and cover nappes. | conditions of Austroalpine do indicate in some places
3 of basement and cover slices and decollement cover | Continental slices mainly consist of Variscan | of the Western and Eastern Alps its implication in
= nappes. metamorphic and igneous rocks overlaid by Permian- | subduction processes since Upper Cretaceous to
Mesozoic covers. Ophiolitic slices derive from the | Paleocene. Subduction - collision structures are sealed
oceanic lithosphere of the sutured Tethys ocean. by Oligocene-Miocene intrusive stocks.
Variscan basement comprises well preserved to re- | Continental units comprise metaintrusives, | Eclogites and ultramafics, metagranitoids and | Metamorphic  basement contains  metapelites,
equilibrated eclogite-facies rocks, granulites, | paragneisses, micaschists, metabasics, marbles, | paragneisses, kyanite-schists and mylonites with | amphibolites, meta-granitoids, quartzites,
amphibolites, migmatitic metasediments and | migmatites, granulites, ultramafics that are Variscan | minor metagabbros, marbles, manganiferous cherts, | carbonaceous schists, marbles, migmatites, granulites,
metagranitoids, marbles, peridotites and serpentinites. | protoliths widely reworked during Alpine subduction | amphibolite, migmatites and Late Variscan granitoids | ultramafics and pegmatites.
) Eclogites and related HP-rocks generally occupy the core | and collision. Oceanic units comprise metagabbros, | are the protoliths of variably re-equilibrated Alpine | Sedimentary covers comprise Upper Carboniferous to
S of amphibolite pods, embodied in migmatitic gneisses; | metabasalts, widely serpentinized  ultramafics, | metamorphic tectonites. Permian sandstones, conglomerates and volcanics,
@ HP-rocks predate Late Paleozoic intrusives and sediments. | micaschists, quartzites, carbonaceous schists and Triassic and Jurassic carbonaceous sediments, mainly
Post Variscan cover rocks comprise sandstones, | marble+G1:G3s. The oldest intrusive photoliths have terrigenous Cretaceous sediments and volcano-clastic
conglomerate and volcanic rocks (Upper Carboniferous- | Middle Jurassic age. Cenozoic sequences.
Permian), Triassic carbonaceous sequences and Eocenic-
Oligocenic volcano-sedimentary sequences.
Eclogites and spinel-bearing Iherzolites developed during | Variscan subduction-related rocks, such as eclogites, | Eclogites and garnet-bearing ultramafics in lenses, up | Intermediate pressure and intermediate temperature
Variscan subduction, whereas during continental collision | are preserved as relict pods within mafic lenses of the | to km-scale, within granulitic gneisses from Eastern | metamorphism (epidote amphibolite-facies imprint) of
granulites and high-pressure migmatites originated. The | Penninic polymetamorphic continental basement. | Alps testify Variscan subduction. Eclogite-facies | Devonian age is considered as the record of Variscan
late-orogenic collapse is testified by the occurrence of | Widespread occurrence of amphibolites and | imprint predates the amphibolite imprint, well | subduction. Carboniferous metamorphic ages (330-
= low-pressure migmatites and granulites and by late- | migmatites account for Variscan continental collision, | developed during continental collision. The | 340 Ma) are interpreted as dating the amphibolite-
Q Variscan granitoids. whereas late Variscan granitoids are the markers of the | eclogitized continental crust is evidence of the deep | facies T-peak, developed during Variscan collision. A
5 late orogenic collapse. involvement of continent slices in the subduction | late Variscan re-equilibration under greenschist-facies
> zone, during a still active oceanic subduction or the | conditions is characterized by a high T/P ratio

early stages of the continental collision. Migmatites
and Late Variscan granitoids are witnesses of
continental collision and late orogenic collapse,
respectively.

coherent with the thermal state of a late orogenic
collapse.

Permian-
Jurassic

Porphyritic dykes of andesitic composition intersect
Variscan structures and rocks (Argentera Massif) as well
as spilitic lava flows are associated with tuffs and mafic
dykes of Triassic age (Pelvoux Massif): These magmatic
products suggest the onset of Permian-Triassic
lithospheric thinning.

During Jurassic oceanization follows continental
rifting; gabbro emplacements, basaltic lava flows,
deposit of siliceous and carbonaceous sediments
occur. Mineral assemblages accounting for high
temperature and low-pressure metamorphic conditions
developed during oceanic metamorphism (e.g.
Chennaillet).

Permian-Triassic ~ amphibolites and  granulites
dominant in Western Alps, associated with spinel- and
plagioclase-bearing ultramafics, Permian gabbros and
Triassic pegmatites are the records of lithospheric
thinning and continental rifting precuring the Tethys
opening.

Permian-Triassic amphibolites, granulites, gabbros
and ultramafics, together with basaltic lava flows,
pegmatites and volcano-clastic Triassic sequences are
the signatures of a lithospheric thinning precuring the
Jurassic oceanization.

Alpine

Alpine structures consist of mylonitic belts, shear zones
and open folds associated with foliations marked by
greenschist- or epidote amphibolite-facies conditions.
Metamorphic ages, ranging between 35 and 27 Ma, allow
to interpret these structures as developed during the
collisional stage.

Continental units: the subduction stage is testified by
eclogites and garnet-bearing peridotites re-equilibrated
under blueschist facies conditions. Widespread
amphibolite facies imprint gives evidence of the
collisional evolution, whereas low-pressure granulites
and migmatites characterize mature collision and late-
orogenic collapse.

Oceanic units: eclogites and serpentinites, locally with
ultra-high-pressure relics, are the marker of
subduction. Re-equilibration under blueschist- or
under amphibolite- facies conditions indicates that
exhumation can occur during subduction or collision
stages. During late Alpine times a greenschist re-
equilibration occur.

Some slices do not record the Alpine metamorphic
imprint and show exclusively the metamorphic
signatures of oceanic environment; therefore, they are
interpreted as obducted (e.g. Chenaillet, Engadine
Window).

Spinel- and garnet-bearing peridotites and eclogites
develop in Western and Eastern Alps during
subduction and are re-equilibrated under blueschist-
(Western Alps, pre-collisional exhumation) or
amphibolite- (Eastern Alps, sin-collisional
exhumation) facies conditions. During late Alpine
times a greenschist facies re-equilibration is
heterogeneously recorded.

Alpine deformation and metamorphism are highly
heterogeneous. Shear zones and open folds develop in
the metamorphic basement and are associated with a
basement-cover thrust system. Foliations are marked
by greenschist- or prehnite pumpellyite-facies
minerals. The northernmost thrust system is
intersected by Cenozoic intrusives, therefore predating
the collisional stage.
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Table 2 - Material and rheological parameters used in the simulation. References: a) Ranalli and

Murphy, 1987; b) Afonso and Ranalli, 2004; c) Kirby, 1983; d) Haenel et al., 1988; e¢) Chopra

and Paterson, 1981; f) Dubois and Diament, 1997; Best and Christiansen, 2001; g) Roda et al.,

2011; h) Schmidt and Poli, 1998; i) Gerya and Stockhert, 2005; j) Roda et al., 2012; k) Gerya

and Yuen, 2003; I) Meda et al., 2010.

Lower
Continental | Upper oceanic Serpentinized Sticky
oceanic Dry mantle Sediments
crust crust mantle air
crust
Rheology Dry granite | Wet diabase Diabase Dry dunite | Serpentinite
Ko (Pas) 3.47e21 1.61e19 1.61e22 5.01e20 1.00e19 1.00e19 | 1.00e19
po (kg m?) 2640 2961 2961 3200 3000 2640 1000
K (Wm!K? 3.03 2.1 2.1 4.15 4.15 3.03 0.026
H, (uW m™) 2.5 0.4 0.4 0.002 0.002 2.0 -
E (kJ mol™) 38.43 103 103 130
References a,dfl b,f,j.k,l a,b,c.fl cdefjl d,fg,h,i g, g,
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FIGURE CAPTIONS

Figure 1. (A) Tectonic sketch map of the Alpine chain. The gray ellipse indicates the location of
the Sesia-Lanzo Zone shown in B. (B) Structural outline of the Sesia-Lanzo Zone in the
Austroalpine domain of the Western Alps redrawn after Zucali et al. (2002). The gray ellipse
locates the geological map of the Rocca Canavese Thrust Sheets (RCT) in panel C. (C)
Interpretative geological map of the Rocca Canavese Thrust Sheets (RCT) redrawn after Roda et

al. (2018). Coordinate system: Gauss-Boaga (Monte Mario 1).

Figure 2. P-T-d-t history of metabasics from the RCT redrawn after Roda et al. (2018). Dla
represents the PT peak conditions inferred for the metagabbros and Jd-bearing glaucophanites,
and D1b represents the PT peak conditions inferred for the Lws-bearing glaucophanites. D2 and
D3 represent the PT conditions commonly recorded by the different types of metabasics during
the development of the second and third groups of structures, respectively. The D2 and D3
structures are consistently recorded by the metapelites, metagranitoids, metabasics and
serpentinites. (a) and (b) represent the two pre-D2 exhumation trajectories obtained for the
metabasics of the RCT. The metamorphic facies are after Ernst and Liou (2008):
GS=greenschist; Ep-A=epidote-bearing amphibolite; BS=blueschist; AM=amphibolite;
EC=eclogite. Geotherms: Vi=stable geotherm (England and Thompson, 1984); 1=“warm”

subduction zones, 2=“cold” subduction zones (Cloos, 1993).

Figure 3. Model setup after Regorda et al. (2017). The model domain is 1400 km wide and 710

km deep. The initial lithosphere thickness is 80 km and is defined by the 1227°C isotherm. The

velocity boundary conditions correspond to a free slip condition along the bottom of the domain
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and a fixed velocity along the top boundary. The vertical component of the velocity vector (Uy)
is fixed at 0 cm/yr on the right boundary along the entire lithospheric thickness (80 km depth)
and along the left side from 0 to 700 km depth. No slip conditions are imposed on the right and
left sides of the domain from the topographic surface to the upper boundary. Plate convergence is
simulated with a horizontal velocity of 3 cm/yr, and it is fixed along the bottom of the oceanic
crust and at the nodes of the numerical grid and distributed along a 45°-dipping plane from the
trench to a depth of 100 km. The thermal boundary conditions correspond to 0°C at the top of the
domain and 1227°C at the bottom. The initial thermal configuration corresponds to a uniform
purely conductive upper thermal boundary layer throughout the lithosphere (from 0 to 80 km
depth and from 0°C to 1227°C) and a uniform sublithospheric temperature of 1227°C (inset).
The temperatures are fixed along the left vertical sidewall, and a zero thermal flux is imposed on

the right side.

Figure 4. (A) Dla PT peak conditions extrapolated from markers of oceanic crust (dark gray
diamonds), continental crust (light gray diamonds) and trench sediments (white diamonds) from
20 to 45 Myr of oceanic subduction (from 80 to 55 Ma), and their evolution from 40 to 65 Myr
(50-35 Ma; dark gray, light gray and white circles, respectively). (B) D1b PT peak conditions
extrapolated from oceanic crust markers (dark gray squares), continental crust (light gray
squares) and trench sediments (white squares) from 20 to 45 Myr of oceanic subduction (from 80
to 55 Ma), and their evolution from 40 to 65 Myr (50-35 Ma; dark gray, light gray and white

circles, respectively).
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Figure 5. P-T-t evolution of markers from peak conditions (D1a - light gray circles and D1b -
dark gray circles) to exhumation (white circles) in the subduction wedge (D3) during 65 Myr of
oceanic subduction compared to P-T-d-t paths obtained from the RCT metabasics (D1a, D1b, D2
and D3 areas and gray path). The entire metamorphic history of the RCT is fully reproduced by

the evolution of the numerical markers.

Figure 6. (A) Thermal states and depths of the markers with different lithological affinities
recording the P-T-t evolution shown in Figure 5 after 65 Myr of subduction (i.e., 35 Ma). The
tectonic mixture is composed of markers that belong to continental (green) and oceanic (black)
crust and trench sediments (yellow). (B) Locations of markers recording the P-T-t evolution
shown in Figure 5 after 65 Myr of subduction (red markers) with respect of all of the markers
involved in the model. The RCT tectonic mixture occurs as a narrow strip associated with
lithospheric mantle, serpentinized mantle and accreted sediments, and it marks the boundary
between the region that experienced subduction process (left) and the region that was not

involved in the subduction (right). White lines are the isotherms in degrees Celsius.

Figure 7: Conceptual representation of the evolution of RCT within the tectonic frame of
the Western Alps, compatible with the results of the numerical model of subduction (this work)
and collision (Regorda et al., 2017). (A) During subduction of the Ligurian-Piedmont ocean
below the Adria plate, the burial of oceanic, continental and sedimentary rocks occurred. (B)
While part of the subducted materials was recycled within the hydrated mantle wedge, the
metabasic blocks of RCT recorded different PT peak conditions (Dla and D1b metamorphic

conditions). (C) During exhumation, RCT blocks coupled together within a serpentinite-rich
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912 matrix (D2 metamorphic conditions), that constituted the supporting material of the tectonic
913 mélange of RTC. (D) The mélange exhumed as a single tectono-metamorphic unit until (E) the
914  continental collision of the European plate. (F) The RCT marks the boundary between the
915  orogenic wedge (Austroalpine and Penninic domains, in light blue) and the southern hinterland
916  of the Alpine belt (Southalpine domain). The orogenic wedge is considered as a tectonic mixture
917  of oceanic and continental rocks buried at different depths and exhumed to crustal levels, and
918  part of the hydrated mantle wedge. In the inset, a conceptual cross section across the Western

919  Alps (NW-SE) is shown (Polino et al., 1990; Spalla et al., 1996).
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