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A B S T R A C T

We developed a 2D numerical model to simulate the evolution of two superposed ocean-continent-ocean sub-
duction cycles with opposite vergence, both followed by continental collision, aiming to better understand the
evolution of the Variscan belt. Three models with different velocities of the first oceanic subduction have been
implemented. Striking differences in the thermo-mechanical evolution between the first subduction, which ac-
tivates in an unperturbed system, and the second subduction, characterised by an opposite vergence, have been
enlighten, in particular regarding the temperature in the mantle wedge and in the interior of the slab. Pressure
and temperature (P-T) conditions predicted by one cycle and two cycles models have been compared with natural
P-T estimates of the Variscan metamorphism from the Alps and from the French Massif Central (FMC). The
comparative analysis supports that a slow and hot subduction well reproduces the P-T conditions compatible with
data from the FMC, while P-T conditions compatible with data of Variscan metamorphism from the Alps can be
reproduced by either a cold or hot oceanic subduction models. Analysing the agreement of both double and single
subduction models with natural P-T estimates, we observed that polycyclic models better describe the evolution of
the Variscan orogeny.
1. Introduction

The Variscan belt is the result of the Pangea accretion that most marks
the European continental lithosphere from Iberian Peninsula to Poland
(von Raumer et al., 2003; Lardeaux et al., 2014) and, as in all collisional
belts, the debate on the number of oceans and subduction systems that
have been active during the orogen formation is open (Pin, 1990; Faure
et al., 1997; Franke et al., 2017). It is part of a 1000 km broad and 8000
km long Paleozoic mountain system (Matte, 2001) and results from the
successive collision of Gondwana and Gondwana-derived micro-
continents, such as Avalonia, Mid-German Crystalline Rise (MGCR) and
Armorica, against Laurussia during Devonian–Carboniferous times (e.g.
Giorgis et al., 1999; Matte, 2001; von Raumer et al., 2003; Marotta and
Spalla, 2007; Compagnoni and Ferrando, 2010; Cocks and Torsvik, 2011;
Edel et al., 2013; Lardeaux et al., 2014). The final convergence between
the supercontinents of Laurussia, to the north, and Gondwana, to the
south, was associated with an intensive deformation of the assembled
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Avalonia and Armorican terranes (Edel et al., 2013, 2018).
Avalonia comprises the northern foreland of the Variscan belt and is

geologically well defined because it lies between major sutures: the
Iapetus and the Tornquist Caledonian sutures to the north separating
Avalonia from North America and from Baltica, respectively, and the
Rheic Variscan suture to the south (Fig. 1). Avalonia drifted northward
independently from Armorica during the Early Palaeozoic (Trench and
Torsvik, 1991; Cocks and Torsvik, 2011), detaching from Gondwana
during Ordovician times originating the Rheic Ocean, while the Iapetus
closed southward and then northward by subduction beneath the
Taconic arc of Newfoundland (Pickering, 1989). Armorica is not defined
precisely on the basis of palaeomagnetic data, but it has been interpreted
as a small continental plate between the northern Rheic suture and the
southern Galicia-southern Brittany suture (Eo-Variscan suture, e.g. Faure
et al., 2005; Fig. 1).

Two scenarios concerning the geodynamic evolution of the Variscan
orogeny have been proposed:
ctober 2019

Production and hosting by Elsevier B.V. This is an open access article under the

mailto:alessandro.regorda@unimi.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gsf.2019.10.005&domain=pdf
www.sciencedirect.com/science/journal/16749871
www.elsevier.com/locate/gsf
https://doi.org/10.1016/j.gsf.2019.10.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.gsf.2019.10.005
https://doi.org/10.1016/j.gsf.2019.10.005


Fig. 1. Simplified tectonic sketch of the Variscan belt (modified after Delleani et al., 2018 and references therein). Arm–Armorican Massif; BCBF–Bristol Channel-Bray
Fault; BM–Bohemian Massif; Ca–Cantabrian terrane; Cib–Central Iberian; Co–Corsica; FMC–French Massif Central; MT–Maures-Tanneron Massif; OM–Ossa Morena;
Py–Pyrenees; Sa–Sardinia; Si–Sicilian-Apulian basements; SP–South Portuguese Zone; WL–West Asturian-Leonese.
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(1) Monocyclic scenario: for some authors (e.g. Torsvik, 1998)
Armorica remained more or less closed to Gondwana during its
northward drift, from Ordovician to Devonian times, in agreement
with the lack of biostratigraphic and palaeomagnetic data that
suggest a short-lived narrow oceanic domain, smaller than
500–1000 km (Matte, 2001; Faure et al., 2009; Lardeaux, 2014a).
This type of geodynamic reconstruction assumes a single
long-lasting south-dipping subduction of a large oceanic domain,
as proposed for the Bohemian Massif (e.g. Schulmann et al., 2009,
2014; Lardeaux et al., 2014);

(2) Polycyclic scenario: this geodynamic scenario envisages two main
oceanic basins opened by the successive northward drifting of two
Armorican microcontinent (Pin, 1990; Faure et al., 1997; Franke
et al., 2017) and closed by opposite subductions (Lardeaux,
2014a; Lardeaux et al., 2014; Franke et al., 2017), as suggested by
the occurrence of HP/UHP metamorphism (approximately at 400
and 360 Ma) on both sides of the Variscan belt. The northern
oceanic basin is identified as the Saxothuringian ocean, while the
southern basin can be identified as the Medio-European (Lar-
deaux, 2014a; Lardeaux et al., 2014) or Galicia-Moldanubian
(Franke et al., 2017) ocean. The width and the duration of the
Medio-European oceanic domain are debated, due to discrep-
ancies between metamorphic and paleo-geographic data. How-
ever, the duration of the southern ocean is testified by the records
of low temperature (LT) and high to ultrahigh pressure (HP/UHP)
metamorphism produced under a low-thermal regime that last for
at least 30 Myr, which implies the subduction of a significant
amount of oceanic lithosphere. For the French Massif Central
(FMC) many authors (e.g. Faure et al., 2005, 2008, 2009; Lar-
deaux, 2014a) proposed a Silurian north-dipping subduction of
Medio-European ocean and the northern margin of Gondwana
underneath a magmatic arc developed on continental crust of
either the southern margin of Armorica or an unknown and lost
microcontinent (e.g. the Ligerian arc; Faure et al., 2008), followed
by a late Devonian south-dipping subduction of the Saxothur-
ingian ocean. The evolution inferred from the pre-Alpine base-
ment of the External Crystalline Massifs of the Western Alps has
1026
been interpreted as compatible with the one proposed for the FMC
(Guillot et al., 2009).

Recently, Baes and Sobolev (2017) have demonstrated the possibility
that a continental collision following the closure of an oceanic domain on
a continental side can induce external compressional forces on the pas-
sive margin on the other continental side, with a consequent spontaneous
initiation of a new subduction with opposite vergence. Numerical models
characterised by multiple subductions have been widely studied (e.g.
Mishin et al., 2008; Cizkova and Bina, 2015; Dai et al., 2018) to better
understand geodynamics processes characterising complex subduction
systems, such as the western Dabie orogen (Dai et al., 2018) and the
Mariana-Izu-Bonin arc (Cizkova and Bina, 2015). On the other hand,
there are few studies regarding the interaction of two opposite verging
subductions and only for systems characterised by very distant sub-
ductions (Holt et al., 2017), without a focus on the thermo-mechanical
processes of the mantle wedge. Numerical models characterised by two
opposite verging ocean/continent subduction systems at short distance,
have been developed for the first time and here proposed to verify if such
a scenario better fit with Variscan P-T evolutions. Our discussion focuses
at first on the main features characterising a first oceanic subduction;
then we enlighten the effects of the velocity of this first subduction on the
thermal state and on the dynamics of the system during a second oceanic
subduction and the following continental collision.

P-T conditions inferred from Variscan metamorphic rocks of the Alps
and the FMC have been compared with those predicted for different
lithospheric markers by the different models of double subductions. For
the comparison we used Pmax-TPmax

estimates because they are the most
representative to investigate the interaction between two active oceanic
subductions. Differences in the agreement with one subduction model
are then discussed, to shed light on the more reliable scenario on the
basis of the best fit with natural data from these two portions of the
European Variscan belt.

2. Variscan geological outline of the ALPS and of the FMC

The main sections of the Variscan belt show opposite vergences of
nappes and recumbent folds migrating toward external Carboniferous
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basins. Three sutures have been described on both sides of the belt
(Fig. 1) and they consist of discontinuous ophiolitic massifs and/or HP/
UHP metamorphic relics, mainly eclogitized metabasalts (Matte, 2001):

(1) On the southern side of the belt, the Galicia-Southern Brittany
suture is located between the north Gondwana margin and the
Gondwana-derived microcontinents runs from the Coimbra-
Cordoba Shear Zone in central Iberia (CCSZ) to southern Brit-
tany, northern FMC and further east to the southern Bohemian
nappes. The CCSZ is considered as the root zone of the western
Iberian nappes. In Southern Brittany, the South Armorican Shear
Suture Zone (SASZ) partly superimposes on the Eo-Variscan suture
that crops out in the Armorican massif as the Nort-sur-Erdre fault.
Ophiolitic rocks are dated between 500 Ma and 470 Ma and the
HP/UHP metamorphism between 430 Ma and 360 Ma (Matte,
2001). This suture may be related to a N–S suture, running from
the French external Alps to Sardinia and interpreted as the root of
W-verging pre-Permian nappes. The translation toward SW of the
French external Alps from Northern Europe, in prolongation with
the Bohemian Massif, is related to the dextral wrenching from
Carboniferous to Permian times along a N030� strike-slip fault, in
response to oblique collision between Laurussia and Gondwana
(Matte, 2001; Guillot et al., 2009; Edel et al., 2013);

(2) On the northern side of the belt, two sutures are relatively well
defined from southern England, through Germany to Poland: the
Tepl�a suture, located between the Saxothuringian domain and the
southern Gondwana-derived fragments, and the Rheic suture,
located between Avalonia and Armorica (Franke, 2000; Matte,
2001; Schulmann et al., 2009, 2014; Edel et al., 2013). They are
interpreted as the roots of NW-transported nappes, showing
HP/UHPmetamorphism in the ophiolitic rocks of the Tepl�a suture
and its continental foot-wall (Konop�asek and Schulmann, 2005).
The oceanic rocks are dated at around 450–500 Ma and the HP
metamorphism took place between 380 Ma and 330 Ma (Schul-
mann et al., 2005; Skrzypek et al., 2014; Will et al., 2018). The
Rheic suture is considered as corresponding to a younger oceanic
basin, which opened during Lower Devonian and closed during
the Late Vis�ean (Franke, 2000; Matte, 2001; Edel et al., 2013).
Fig. 2. Tectonic map of the Alps with the localisation of the dat
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2.1. Variscan tectono-metamorphic evolution in the Alps

The Alps (Fig. 2) are the product of the Tertiary continental collision
between the Adriatic promontory of the African plate and the southern
continental margin of the European-Iberian plate and extends from the
Gulf of Genoa to the Vienna basin. South of Genoa the Alpine range stops,
because it has been fragmented during the opening of the Neogene
Ligurian-Provencal-Algero basin and Late Neogene Tyrrhenian basin
(e.g. Cavazza and Wezel, 2003; Dal Piaz et al., 2003; Dal Piaz, 2010;
Gosso et al., 2019).

Most of the pre-Alpine continental lithosphere recycled during the
Alpine subduction shows a pre-Mesozoic metamorphic evolution
compatible with the evolution of the European Variscan belt (von
Raumer et al., 2003; Spalla and Marotta, 2007; Spiess et al., 2010; Spalla
et al., 2014; Roda et al., 2019). von Raumer et al. (2003) suggested that
the present day Alpine domains (Helvetic, Penninic, Austroalpine and
Southalpine) were probably located along the northern margin of
Gondwana. In many Alpine basement areas, polymetamorphic assem-
blages comparable to those of the contemporaneous European geological
framework prevail, testifying a polyphase metamorphic evolution
accompanied by nappe stacking during different periods (Stampfli et al.,
2002; von Raumer et al., 2013; Roda et al., 2018).

Pre-Alpine HP metaophiolite remnants described in Helvetic to Aus-
troalpine domains (e.g. Miller and Th€oni, 1995; Guillot et al., 1998;
Nussbaum et al., 1998; Spalla et al., 2014; Roda et al., 2019) indicate that
segments of the Variscan suture zone, incorporating the records of
oceanic lithosphere subduction, were included in the Alpine belt. Oldest
ages of Variscan HP metamorphic imprints range from Silurian to
Middle-Devonian (437–387 Ma) and HP-UHP rocks display ages up to
Upper Missisipian (~330 Ma) (e.g. Li�egeois and Duchesne, 1981;
Latouche and Bogdanoff, 1987; Vivier et al., 1987; Paquette et al., 1989;
Messiga et al., 1992; Guillot et al., 1998; von Raumer et al., 1999; Spalla
and Marotta, 2007; Liati et al., 2009; Spalla et al., 2014) accounting for a
long period characterised by transformation of metabasites into eclogites
during oceanic subduction. The preserved witness of the oceanic crust is
represented by the Chamrousse ophiolite, that escaped the HP conditions
(Fr�eville et al., 2018 and refs. therein). In some portions of this
pre-Alpine basement a subsequent recrystallisation under granulite facies
conditions took place at about 340 Ma (Ferrando et al., 2008; Liati et al.,
a listed in Table 1. Red lines are major tectonic lineaments.
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2009; Rubatto et al., 2010). P-T estimates of the Variscan metamorphism
in the Alps are presented in Table 1. More details concerning the Variscan
metamorphism in the different domains of the Alps are synthesised in
Appendix A (Table A1).

2.2. Variscan tectono-metamorphic evolution in the FMC

The European basement of the Variscan Belt experienced a long-
lasting evolution from Cambrian–Ordovician rifting to Carboniferous
collision and post-orogenic thinning (Bard et al., 1980; Matte, 2001;
Faure et al., 2005, 2008). In France, the Variscan Belt is well exposed in
the FMC and Armorican Massif, where two contrasted paleogeographic
and tectonic domains are recognised. The Nord-sur-Erdre Fault in the
Armorican Massif corresponds to the main tectonic contact separating
the Armorican domain to the north and the Gondwana margin to the
south (Eo-Variscan or Galicia-Southern Brittany suture) (Matte, 2001;
Faure et al., 2008; Ball�evre et al., 2009). The FMC (Fig. 3) belongs to the
western part of the Variscan chain and it is the largest area where
Variscan metamorphic and plutonic rocks are exposed, with the entire
massif attributed to the northern Gondwanian margin (Burg and Matte,
1978; Matte, 1986; Mercier et al., 1991; Faure et al., 2005, 2009). P-T
estimates of the Variscan metamorphism in the FMC are presented in
Table 2.

The FMC is a stack of metamorphic nappes, in which six main units
are recognised, from the bottom to the top and from the south to the
north (Ledru et al., 1989; Faure et al., 2009; Lardeaux et al., 2014; Lar-
deaux, 2014a): (1) the southernmost turbidites fore-land basin (middle to
late Mississippian); (2) the Palaeozoic fold-and-thrust belt of the Mon-
tagne Noire area, composed of weakly metamorphosed sediments (early
Cambrian to early Carboniferous); (3) the Para-autochthonous unit
(PAU) over-thrusting the southern fold-and-thrust belt and meta-
morphosed under greenschist to epidote-amphibolite facies conditions;
(4) the Lower Gneiss Unit (LGU), metamorphosed under amphibolite
facies conditions; (5) the Upper Gneiss Unit (UGU), which experienced
upper Silurian/lower Devonian to middle Devonian HP to UHP meta-
morphism, and characterised by the occurrence, in the lowermost part, of
a bimodal association called ‘Leptyno-Amphibolitic Complex’ (LAC) that
is interpreted as a subducted and exhumed Cambro–Ordovician
ocean-continent transition (OCT); (6) the uppermost units are identified
by the Br�evenne and Morvan units in the eastern FMC and by the
Thiviers-Payzac unit (TPU) in the western FMC. The tectonic architecture
of the FMC can be well illustrated by three mainly NS-orientated
cross-sections over the eastern, the central and western parts, through
which the main metamorphic and tectonic stages can be reconstructed. A
detailed description of the main units in the cross-sections of the FMC is
in Appendix A (Table A2).

The stack of nappes recognised in the FMC is the result of successive
tectonic and metamorphic stages. Considering the period from Silurian to
Visean, which is the time span covered by our models, four stages can be
distinguished:

(1) The D0 event is coeval with a Silurian–Early Devonian HP to UHP
metamorphism recorded in the whole FMC in the eclogites of the
LAC at pressures higher than 2 GPa and temperatures of 700–800
�C, as in the eclogites of Mont du Lyonnais (Lardeaux et al., 2001);

(2) The D1 event is coeval with a Middle Devonian metamorphism
recorded in both the UGU and the LGU and associated to
isothermal decompression in the western FMC and decompression
with an increase of temperature in the eastern FMC, up to pressure
of 0.7–1 GPa and temperatures of 650–750 �C, such as in the UGU
of Mont du Lyonnais (Lardeaux et al., 2001) and in the LGU of
southern Limousine (Faure et al., 2008);

(3) The D2 is a Late Devonian–Early Carboniferous event is coeval
with the emplacement in the northeastern FMC of volcanic rocks
(Morvan magmatic arc) and Br�evenne-Beaujolais ophiolite. The
relative position of the Morvan arc to the north and the Br�evenne-
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Beaujolais back-arc to the south argues for a south-dipping
subduction;

(4) The D3 event is coeval to low- and very low-grade Visean meta-
morphism and the progressive exhumation of the tectonic units
previously involved in the nappe stack, with the exception of high
temperatures recorded in the southern and southeastern FMC.

3. Model setup

The proposed models of two opposite subductions (now on “models
DS”) simulate the thermo-mechanical evolution of an ocean/continent/
ocean/continent subduction complex during four tectonic phases over a
period of 130 Myr (Fig. 4):

(1) a first active oceanic subduction (phase 1) that lasts 51.5 Myr
(from 425 Ma to 373.5 Ma), until the continental collision, and
characterised by three different velocities of plate subduction O1:
1, 2.5 and 5 cm/yr;

(2) a post-collisional phase (phase 2), which lasts 10 Myr (from 373.5
Ma to 363.5 Ma) and is controlled by sole gravitational forces;

(3) a second opposite active oceanic subduction (phase 3) that lasts
26.5 Myr (from 363.5 Ma to 337 Ma), until the second continental
collision, with a prescribed velocity of 5 cm/yr of plate O2;

(4) a final post-collisional phase (phase 4) that lasts 42 Myr (from 337
Ma to 295 Ma) and, as phase 2, is controlled by sole gravitational
forces.

The time span covered by the four phases covers the same time span
of one cycle model (now on “models SS”) after Regorda et al. (2017),
which is characterised by two tectonic phases: (1) an initial oceanic
subduction (phase 1) lasting 51.5 Myr (from 425Ma to 373.5 Ma), with a
prescribed velocity of 5 cm/yr; (2) a post-collisional phase (phase 2)
lasting 78.5 Myr (from 425 Ma to 295 Ma).

For what concerns phase 1 of models DS, the width of the oceanic
domain involved in the first north verging subduction (plate O1), rep-
resenting here the Medio-European ocean, is different for the three
models. The oceanic domain is assumed to be 500, 1250 and 2500 km
wide for velocities of 1, 2.5 and 5 cm/yr, respectively. The dimensions of
the ocean for velocities of subduction of 1 and 2.5 cm/yr are compatible
with the paleo-geographic reconstructions proposed for the FMC. The
first subduction collision cycle consists of phases 1 and 2. The oceanic
domain involved in the second subduction (plate O2 during phase 3),
representing here the Saxothuringian ocean, is 1250 km wide in all
models, according to a duration of the oceanic subduction of approxi-
mately 25 Myr (Lardeaux, 2014a; Lardeaux et al., 2014). The second
subduction collision cycle consists of phases 3 and 4. The continent be-
tween the two oceanic domains (C3) is 400 km wide, in agreement with
the dimension of Armorica inferred balancing the cross-sections through
the Variscan belt in France (Matte, 2001). The assumed time lag of 10
Myr between the first continental collision and the initiation of the sec-
ond oceanic subduction (phase 2) is compatible with the results obtained
by Baes and Sobolev (2017) concerning the spontaneous oceanic sub-
duction initiation close to a continental collision.

For what concerns phase 1 of model SS, the oceanic domain involved
in the long-lasting south-dipping subduction represents the Rheic ocean.
Mono-cyclic scenarios of the Variscan orogeny suggest that a ~2500 km-
wide ocean closed in approximately 50 Myr (Malavieille, 1993; Tait
et al., 1997; Torsvik, 1998; von Raumer et al., 2003; Marotta and Spalla,
2007). Accordingly, we assumed a velocity of subduction of 5 cm/yr.

The list of acronyms and setup of the models are summarised in the
insets in Fig. 4.

The physics of the crust-mantle system is described by the equations
of continuity, of conservation of momentum and of conservation of en-
ergy, which include the extended Boussinesq approximation (e.g.
Christensen and Yuen, 1985) for incompressible fluids. These equations
are expressed as follows:



Table 1
Pmax-T estimates recorded in the crustal and mantle rocks of the Alps.

Key Location Lithology Paragenesis T (�C) P (GPa) Age (Ma) References

Hv1 AR: Tin�ee; Gesso-
Stura-V�esubie

Metabasite Grt þ Hbl þ Cpx þ Pl þ Qtz 710–760 1.2–1.4 420–428 (U/Pb) Latouche and Bogdanoff (1987), Paquette
et al. (1989)

Hv2 AR: Frisson Eclogitc
gneiss

Grt þ Hbl þ Cpx þ Pl þ Qtz þ
Ru/Ilm

720–750 1.33–1.43 336–344 (U/Pb) Ferrando et al. (2008), Rubatto et al.
(2010)

Hv3 BD: Allemont Metapelite Grt þ St þ Ky þ Bt þ Ms þ Pl þ
Qtz þ Rt/Ilm þ Sill þ Crd

500–600 0.9–1.1 Devonian
(350–420)

Guillot and M�enot (1999), Guillot et al.
(2009)

Hv3b BD: Allemont Metapelite Grt þ Bt þ Ms þ Pl þ Qtz þ Sil 660–680 0.68–0.87 330–344 (U/Pb) Fr�eville et al. (2018)
Hv4 BD: Livet Metapelite Grt þ St þ Bt þ Pl þ Qtz þ Ilm þ

Mu
530–650 0.6–1.0 297–407 (K/Ar) M�enot et al. (1987), Guillot and M�enot

(1999), Guillot et al. (2009)
Hv4b BD: Riouperoux-Livet Metapelite Grt þ Bt þ Ms þ Ky þ Ab þ Pl þ

Qtz
400–430 0.6–0.78 330–344 (U/Pb) Fr�eville et al. (2018)

Hv4c BD: Riouperoux-Livet Metapelite Grt þ St þ Bt þ Ms þ Qtx 590–620 0.52–0.66 330–344 (U/Pb) Fr�eville et al. (2018)
Hv5 P: Romanche valley Metabasite Amph þ Pl þ Qtz þ Ilm þ Bt 650–785 0.45–0.7 311–335 (Ar/Ar) di Paola (2001)
Hv6 P: Oisan Metabasite Amphþ Pl þ Opxþ Cpx þ Grt þ

Qtz þ Ru/Ilm
775–994 0.9–1.7 Variscan

(295–425)
di Paola (2001)

Hv7 P: La Lavey Metabasite Amph þ Pl þ Cpx þ Grt 800–900 1.3–1.5 Early Variscan
(375–425)

Le Fort (1973), Guillot et al. (1998)

Hv8 P: Peyre Arguet Metabasite Amph þ Pl þ Grt þ Opx 750–850 0.3–0.7 Variscan
(295–425)

Le Fort (1973), Grandjean et al. (1996),
Guillot et al. (1998)

Hv9 BD: Lac de la Croix;
Beaufortin

Metabasite Grt þ Cpx þ Pl þ Qtz þ Ru þ Zr
Grt þ Hbl þ Cpx þ Qtz þ Ru þ
Zo

610–670 1.1–1.3 382–398 (U/Pb) Paquette et al. (1989), Guillot et al., 1998

Hv10 Ai: Lac Cornu Metabasite Grt þ Cpx þ Hbl þ Qtz þ Ru 725–750 1.5–1.6 387–403 (U/Pb) Li�egeois and Duchesne (1981), Paquette
et al. (1989), von Raumer et al. (1999)

Hv11 Ai: Lac Cornu;
Col de B�erard

Metapelite Grt þ Bt þ Ms þ Sil þ Pl þ Qtz 625–675 1.2–1.4 >330 Schulz and von Raumer (2011)

Hv12 Ai: Emosson lake Metapelite Grt þ Bt þ Ms þ Sil þ Pl þ Qtz 525–575 0.8–1.0 >320 Genier et al. (2008)
Hv13 MB: Mont Blanc Amphibolite

Skarn
Amph þ Grt þ Qtz þ Pl
Grt þ Cpx þ Amph þ Ep þ Ap þ
Zr

499–590 0.61–0.76 307–335 (Ar/Ar) Marshall et al. (1997)

Pv1 LB: Savona Massif Eclogite Grt þ Omp þ Zo þ Ru þ Ky þ
Qtz þ Phe þ Pl þ Cpx þ Ol?

650–750 >1.7 374–392 (U/Pb) Messiga et al. (1992), Giacomini et al.
(2007), Maino et al. (2012)

Pv2 GP: Gran Paradiso Metapelite Grt þ St þ Ilm þ Qtz 600–650 0.5–0.7 Variscan
(295–425)

Le Bayon et al. (2006)

Pv3 GP: Orco valley Metapelite Bt þ Chl þ Pl þ Grt þ Qtz þ Pg 610–630 0.8–0.9 Variscan
(295–425)

Gasco et al. (2010)

Pv4 MR: Monte Rosa Metapelite Bt þ Chl þ Grt þ Pl þ Ms þ Qtz
þ Pg þ St

550–575 0.4–0.6 Variscan
(295–425)

Gasco et al. (2011)

Pv5 GS: Ambin nappe
(Clarea complex)

Metapelite Grt þ Ms þ Bt þ Qtz þ Ru þ Ky
þ St

550–650 0.8–1.1 340–360 (Ar/Ar) Moni�e (1990), Borghi et al. (1999)

Pv6 GS: Mont Mort Metapelite Grt þ Bt þ Sil/And 550–600 0.5–0.8 328–332 (U/Pb) Bussy et al. (1996), Giorgis et al. (1999)
Pv7 GS: Siviez-Mischabel Metabasite Hbl þ Pl þ Qtz 550–650 0.5–0.6 Variscan

(295–425)
Th�elin et al. (1993)

Pv8 Ad: Central part Metabasite Grt þ Omp þ Ky þ Ms þ Amph
þ Qtz þ Dol þ Ru
Qtz þ Ms þ Pl þ Bt þ Grt þ Ru

675–825 1.95–2.45 346–402 (U/Pb) Dale and Holland (2003), Liati et al. (2009)

Pv9 Ad: Northern part Metabasite Grt þ Omp þ Ky þ Ru þ Ms þ
Ep þ Pl þ Qtz
Pl þ Qtz þ Grt þ Ms þ Amph þ
Ep þ Bt

565–715 1.45–1.95 304–354 (U/Pb) Dale and Holland (2003), Liati et al. (2009)

Pv10 Su: Suretta Metabasite Grt þ Hbl þ Ep þ Qtz þ Cpx 617–750 >2.0 Variscan
(295–425)

Nussbaum et al. (1998)

Pv11 TW: Frosnitztal Metabasite Grt þ Omp þ Qtz 400–500 0.8–1.2 400–437 (U/Pb) Zimmermann and Franz (1989), von Quadt
et al. (1997)

Pv12 TW: Doesenertal Metabasite Grt þ Omp þ Qtz 520–720 >1.2 400–437 (U/Pb) von Quadt et al. (1997), Droop (1983)
Av1 SC: Hochgrossen

Massif
Metabasite Amph þ Cpx þ Ab þ Zo 650–750 2.0–2.2 389–405 (Ar/Ar) Faryad et al. (2002), Melcher et al. (2002)

Av2 Oe: Central Oetztal
Stubai

Metabasite Grt þ Omp 700–800 2.5–2.9 340/370 (Rb/Sr) Miller and Th€oni (1995), Th€oni (2002),
Konzett et al. (2005)

Av3 Oe: Oetztal Stubai Metapelite Grt þ Qtz þ Ky þ Sil þ St þ Ms
þ Bt þ Pl

550–650 1.1–1.3 350–360 Rode et al. (2012)

Av4 TZ: Ultental Metapelite Grt þ Bt þ Pl þ Kfs þ Ky þ Ms þ
Ru

650–750 1.0–2.0 365 (Pb/Pb) Godard et al. (1996), Hauzenberger et al.
(1996)

Av5 TZ: Ultental Metabasite Grt þ Omp þ Qtz 640–700 1.2–1.6 360 (Ar/Ar) Herzberg et al. (1977)
Av6 TZ: Ultental Ultramafite Grt-bearing ultramafics 770–810 2.2–2.8 326–334 (Sm/

Nd)
Herzberg et al. (1977), Tumiati et al.
(2003), Morten et al. (2004)

Av7 Sil: Ischgl Metabasite Grt þ Omp þ Qtz þ Ru þ Phe 620–670 2.3–2.9 >387 Schweinehage and Massonne (1999)
Av8 Sil: Val Puntota Metabasite Grt þ Omp þ Qtz þ Ru þ Phe 400–500 2.5–2.7 >387 Schweinehage and Massonne (1999)
Av9 LCN: Mortirolo Metapelite Dum þ Qtz 750–850 >2.0 Early Variscan

(375–425)
Gosso et al. (1995)

Av10 LCN: Mortirolo Metabasite Di þ Grt þ Scp þ Pl þ Qtz 750–950 0.65–0.9 314–370 Th€oni (1981), Zucali (2001)
Av11 DB: Valpelline Metapelite Bt þ Qtz þ Pl þ Kfs þ Grt þ Zm

þ Mnz þ Ry þ Ap þ Sil
661–745 0.45–0.65 <320 Zucali and Spalla (2011), Manzotti and

Zucali (2013)
Av12 DB: Valpelline Metabasite 700–750 0.9–1.0 <320

(continued on next page)
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Table 1 (continued )

Key Location Lithology Paragenesis T (�C) P (GPa) Age (Ma) References

Bt þ Qtz þ Pl þ Kfs þ Grt þ Zm
þ Mnz þ Ry þ Ap þ Sil

Gardien et al. (1994), Manzotti and Zucali
(2013)

Sv1 Strrona Ceneri Zone Metapelite Hbl þ Pl þ Bt þ Chl 590–690 0.6–0.8 307–359 (Ar/Ar) Boriani and Villa (1997), Giobbi et al.
(2003)

Sv2 DCZ: Upper Como lake Metapelite Grt þ Bt þ Ms þ Qtz þ Pl þ St þ
Ky

560–650 0.7–1.1 300–400 (K/Ar) Fumasoli (1974), Mottana et al. (1985), di
Paola and Spalla (2000)

Sv3 Monte Muggio Zone Metapelite Grt þ Bt þ Ms þ Ky þ St 560–580 0.7–0.9 320–340 (K/Ar) Mottana et al. (1985), Bertotti et al. (1993),
Siletto et al. (1993)

Sv4 VVB: Dervio Olgiasca Metapelite Grtþ Bt þMs þ Plþ Qtz þ Ky þ
St

550–630 0.7–0.9 320–340 Diella et al. (1992), Zanoni et al. (2010)

Sv5 Val Vedello Metapelite Bt þ Grt þ St 590–668 0.7–1.1 320–340 Zanoni et al. (2010)
Sv6 Val Vedello Metapelite Grt þ Chl 470–550 0.35–0.75 <320 Zanoni et al. (2010)
Sv7 Valtellina

NEOB Type A
Metapelite Grt þ St þ Bt þ Ms þ Plg þ Qtz

þ Cld
570–660 0.85–1.15 320–340 Spalla et al. (1999)

Sv8 Valtellina
NEOB Type B

Metapelite Qtz þ Ms þ Chl þ Ab þ Grt þ Bt 440–550 0.35–0.75 320–340 Spalla and Gosso (1999), Zanoni et al.
(2010)

Sv9 Val Camonica
NEOB Type A

Metapelite Grt þ St þ Bt þ Ms þ Pl þ Qtz þ
Cld

550–630 0.8–1.1 320–340 Spalla et al. (2006)

Sv10 TVB: Val Trompia Metapelite Grt þ Cld þ Bt þ Ms þ Pl þ Qtz 500–550 0.9–1.3 349–379 (Rb/Sr) Giobbi and Gregnanin (1983), Riklin
(1983), Spalla et al. (2009)

Sv11 Ei: Eisecktal Paragneiss Crd þ Sil þ Bt 600–650 0.2–0.3 Devonian
(350–420)

Benciolini et al. (2006)

Sv12 Ei: Eisecktal Metapelite Qtz þ Chl þ Grt þ Bt þ Kfs þ Ol 450–550 0.5–0.65 Devonian
(350–420)

Benciolini et al. (2006)

Helvetic domain (Hv): AR–Argentera; BD–Belledonne; P–Pelvoux; Ai–Aiguilles Rouges; MB–Mont Blanc. Penninic domain (Pv): LB–Ligurian Brianconnais; GP–Gran
Paradiso; MR–Monte Rosa; GS–Grand ST. Bernardo; Ad–Adula; Su–Suretta; TW–Tauern Window. Austroalpine domain (Av): SC–Speik Complex; Oe–Oetztal; TZ–Ulten
Zone; Sil–Silvretta; LCN–Languard-Campo nappe; DB–Dent Blanche. Southapline domain (Sv): DCZ–Domaso-Cortaf�o Zone; VVB–Val Vedello basement; NEOB–NE
Orobic basement; TVB–Tre Valli Bresciane; Ei–Eisecktal.

Fig. 3. Tectonic map of the French Massif Central with the localisation of the
data in Table 2. Red areas represent the Upper Gneiss Unit, blue areas the Lower
Gneiss Unit, light blue areas the Para-autochthonous Unit, green areas the
Thiviers-Payzac Unit, yellow represent the Montagne Noire and brown represent
the Fold-and-Thrust belt.
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r � u!¼ 0 (1)
�rPþr � τ!þ ρ g!¼ 0 (2)

ρcp

�
∂T
∂t þ u!�rT

�
¼ r �ðKrTÞ þ Hr þ Hs þ Ha (3)

where u! is the velocity, P is the pressure, τ! is the deviatoric stress, ρ is
the density, g! is gravity acceleration, cp is the specific heat at a constant
pressure, T is the temperature, K is the thermal conductivity, Hr is the
radiogenic heating, Hs ¼ τij _ϵij is the heating due to viscous dissipation,
Ha ¼ Tα DP

Dt � �αTρ g!vy is the adiabatic heating and α is the volumetric
thermal expansion coefficient. Specific heat has been fixed to 1250 J kg�1

K�1 and the thermal expansion coefficient has been fixed to 3� 10�5

K�1.
Equations (1)–(3) are numerically integrated via the 2D finite

element (FE) thermo-mechanical code SubMar (Marotta et al., 2006),
which uses the penalty function formulation to integrate the conserva-
tion of momentum equation and the Petrov-Galerkin method to integrate
the conservation of energy equation. The numerical integration has been
performed in a rectangular domain, 1400 km wide and 700 km deep
(Fig. 4), discretized by a non-deforming irregular grid composed of 4438
quadratic triangular elements and 9037 nodes, with a denser nodal dis-
tribution near the contact region between the plates, where the most
significant gradients in temperature and velocity fields are expected. The
size of the elements varies horizontally from 10 km to 80 km and verti-
cally from 5 km to 20 km, and smaller elements are located close to the
active margin regions. To differentiate the crust from the mantle, we use
the Lagrangian particle technique (e.g. Christensen, 1992) as imple-
mented in Marotta and Spalla (2007), Meda et al. (2010) and Roda et al.
(2010, 2012). At the beginning of the evolution, 288,061 markers
identified by different indexes are spatially distributed at a density of 1
marker per 0.25 km2 to define the upper oceanic crust, the lower oceanic
crust and the continental crust. Material properties and rheological pa-
rameters are summarised in Table 3. During the evolution of the system,
each particle is advected using a 4th-order Runge-Kutta scheme.

Being Ce
i ¼Ne

i =N
e
0, withNe

i the number of particles of type i inside the



Table 2
Pmax-T estimates recorded in the crustal and mantle rocks of the FMC. UGU–Upper Gneiss Unit; LGU–Lower Gneiss Unit; LAC–Leptyno-amphibolitic Complex;
PAU–Para-autochthonous Unit; MN–Montagne Noire fold-and-thrust Belt; TPU–Thiviers-Payzac Unit.

Key Location Lithology Paragenesis T (�C) P (GPa) Age (Ma) References

HA1 Haut Allier Eclogite
(UGU)

Grt þ Omp þ Ky þ
Qtz þ Ru þ Zo

750–850 1.8–2.2 Middle to lower
Devonian
(380–416)

Ducrot et al. (1983), Ledru et al. (1989), Faure et al. (2005),
Faure et al. (2008), Lardeaux et al. (2014), Paquette et al.
(2017), Lotout et al. (2018)

Ma1 Marvejols Eclogite
(UGU)

Grt þ Omp þ Ky þ
Qtz þ Ru þ Zo

800–850 1.8–2.0 Middle to lower
Devonian
(380–416)

Pin and Lancelot (1982), Ledru et al. (1989), Mercier et al.
(1991a), Faure et al. (2005), Faure et al. (2008), Lardeaux
et al. (2014), Paquette et al. (2017), Lotout et al. (2018)

Li1 Limousin Migmatite
(LGU)

Qtz þ Pl þ Kfs þ Grt
þ Ky/Sil

600–700 0.8–1.1 370–385 (U/Th/
Pb)

Faure et al. (2008), Faure et al. (2009)

Li2 Limousin Metapelite
(UGU)

Ky þ Bt þ Ms þ Pl þ
Grt

830 1.6–1.9 390–430 Bellot and Roig (2007)

Li3 Limousin Migmatite
(LGU)

Kfs þ Sil þ Grt þ Pl
þ Qtz

760–780 0.5–0.6 349–359 (U/Th/
Pb)

G�ebelin et al. (2004, 2009)

Li4 Limousin Eclogite
(LGU)

Zo þ Grt þ Omp þ
Ky þ Ru

580–730 2.5–3.5 406–418 (U/Pb) Berger et al. (2010)

Li5 Limousin Migmatite
(UGU)

Qtz þ Pl þ Kfs þ Grt
þ Ky/Sil

650–750 0.7–0.8 377–387 (U/Pb) Lafon (1986), Faure et al. (2005, 2008)

LB1 La Bessenoits Eclogite
(UGU)

Grt þ Qtz þ Ru þ Zo
þ Ap

600–710 1.6–1.9 401–415 (Sm/Nd) Paquette et al. (1995), Faure et al. (2008), Lardeaux et al.
(2014), Paquette et al. (2017)

ML1 Mont du
Lyonnais

Peridotite
(UGU)

Spi-bearing lherzolite 880–950 <2.0 Variscan
(295–425)

Gardien et al. (1988)

ML2 Mont du
Lyonnais

Eclogite
(UGU)

Grt þ Omp þ Qtz þ
Zo þ Ky þ Ph þ Ru

730–780 1.5 Middle to lower
Devonian
(380–416)

Dufour et al. (1985), Feybesse et al. (1988), Lardeaux et al.
(1989, 2001), Mercier et al. (1991a)

ML3 Mont du
Lyonnais

Metapelite
(UGU)

Qtz þ Pl þ Kfs þ Grt
þ Ky/Sil þ Bt

600–750 0.6–1.0 350–360 (Ar/Ar) Lardeaux and Dufour (1987), Costa et al. (1993), Faure et al.
(2005, 2008, 2009)

ML4 Mont du
Lyonnais

Migmatite
(UGU)

Qtz þ Pl þ Kfs þ Sil
þ Bt

650–750 0.7–1.2 368–400 (Rb/Sr) Dufour (1982), Duthou et al. (1994)

Ro1 L�ev�ezou Eclogite
(UGU)

Grt þ Omp þ Ky þ
Qtz þ Ru þ Zo

680–800 2.1–2.3 344–370 Burg et al. (1989), Mercier et al. (1991a), Lotout et al. (2017)

Ro2 Najac Eclogite
(UGU)

Grt þ Omp þ Ky þ
Qtz þ Zo

560–630 1.5–2.0 376–385 Burg et al. (1989), Mercier et al. (1991a), Lotout et al. (2018)

Ro3 Le Vibal Eclogite
(UGU)

Grt þ Ky þ Qtz þ
Omp

740–860 1.0–1.4 Variscan
(295–425)

Burg et al. (1989)

Ar1 Artense Eclogite
(UGU)

Grt þ Cpx þ Qtx þ
Ru þ Zo

700–750 1.4–1.6 Variscan
(295–425)

Mercier et al. (1989, 1991a)

Ar2 Artense Paragneiss
(LGU)

Qtz þ Pl þ Bt þ Sil þ
Grt

670–750 0.6–0.82 Variscan
(295–425)

Mercier et al. (1992)

PA1 Plateau
d’Aigurande

Metapelite
(UGU)

Grt þ Ky þ Qtz 650–750 1.0–1.2 376–397 (Ar/Ar) Faure et al. (1990, 2008), Boutin and Montigny (1993)

PA2 Plateau
d’Aigurande

Micaschist
(PAU)

Ms þ Chl þ Grt þ Qtz 550–650 0.6–0.8 350–380 (Ar/Ar) Faure et al. (1990)

Mc1 Maclas Eclogite
(UGU)

Grt þ Cpx þ Qtz þ
Ru þ Zo

700–770 1.4–1.6 Variscan
(295–425)

Gardien and Lardeaux (1991), Ledru et al. (2001)

VD1 Velay Dome Migmatite
(LGU)

Kfs þ Bt þ Sil � Co 675–725 0.4–0.5 309–319 (U/Pb) Ledru et al. (2001), Barbey et al. (2015)

VD2 Velay Dome
(C�evennes)

Micaschist
(PAU)

Ms þ Chl þ Grt þ Qtz 475–525 0.4–0.6 335–340 (Ar/Ar) Ledru et al. (2001)

MN1 Montagne
Noire

Eclogite
(MN)

Grt þ Omp þ Rt þ
Qtz

700–800 2.1 309–317 (U/Th/
Pb)

Demange (1985), Faure et al. (2014), Whitney et al. (2015)

MN2 Montagne
Noire

Metabasite
(MN)

Spi-bearing
ultramafite

800–900 0.5–1.0 326–333 Demange (1985)

TP1 Quercy Metapelite
(TPU)

Qtz þ Pl þ Ms þ Bt þ
Grt þ Rt þ Ap þ Mo

400–500 0.4–0.6 350–360 (Ar/Ar) Duguet et al. (2007), Faure et al. (2009)
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element e and Ne
0 the maximum number of particles that element e can

contain, the density of each element may be expressed as:

ρeðCe;TÞ ¼ ρ0½1� αðT � T0Þ � �
X
i

Δρei C
e
i (4)

where the index i identifies the particle type, ρ0 is the reference density of
the mantle at the reference temperature T0, and Δρei is the differences
between ρ0 and the density of the upper oceanic crust,

�
Δρei ¼ ρocU � ρ0

�
,

of the ower oceanic crust,
�
Δρei ¼ ρocL � ρ0

�
, and of the continental crust,�

Δρei ¼ ρcc � ρ0
�
.

Similarly, the viscosity of each element may be expressed as:

μeðCe;TÞ ¼ μm

"
1�

X
i

Ce
i

#
þ
X
i

μiC
e
i (5)
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with

μi ¼ μ0;ie

�
Ei
R

�
1
T� 1

T0

��
(6)

where μ0;i is the reference viscosity at the reference temperature T0, and
Ei and ni are the activation energy and the exponent, respectively, of the
power law for the mantle, upper oceanic crust, lower oceanic crust and
continental crust.

Free slip conditions have been assumed along the upper boundary of
the 2D domain and no-slip conditions have been assumed along the other
boundaries (Fig. 4). In addition, a velocity is prescribed along the bottom
of the oceanic crust during the active subduction phase (O1 during phase
1 and O2 during phase 3). The same velocity is also prescribed along a
45� dipping plane that extends from the trench to a depth of 100 km to
facilitate the subduction of the oceanic lithosphere. Differently, no



Fig. 4. Setup, boundary conditions, initial thermal configuration and acronyms of the numerical models. The distances are not to scale. UP–upper plate;
LP–lower plate.

Table 3
Material and rheological parameters used in the numerical modelling.

Rheology E (kJ/mol) n μ0 (Pa⋅s) ρ0 (kg/m3) K (W/(m⋅K)) Hc (μW/m3) References

Continental
Crust

Dry granite 123 3.2 3.47 � 1021 2640 3.03 2.5 Ranalli andMurphy (1987), Haenel et al. (1988), Dubois
and Diament (1997), Best and Christiansen (2001)

Upper Oceanic
Crust

– – – 1019 2961 2.10 0.4 Dubois and Diament (1997), Best and Christiansen
(2001), Gerya and Yuen (2003), Afonso and Ranalli
(2004), Gerya and St€ockhert (2006), Roda et al. (2012)

Lower Oceanic
Crust

Diabase 260 2.4 1.61 � 1022 2961 2.10 0.4 Kirby (1983), Ranalli and Murphy (1987), Dubois and
Diament (1997), Best and Christiansen (2001), Afonso
and Ranalli (2004)

Mantle Dry dunite 444 3.41 5.01 � 1020 3200 4.15 0.002 Chopra and Peterson (1981), Kirby (1983), Haenel et al.
(1988), Dubois and Diament (1997), Best and
Christiansen (2001), Roda et al. (2012)

Serpentine – – – 1019 3000 4.15 0.002 Haenel et al. (1988), Dubois and Diament (1997),
Schmidt and Poli (1998), Best and Christiansen (2001),
Roda et al. (2011), Gerya and St€ockhert (2006)
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velocities are prescribed during the two post-collisional phases (phases 2
and 4) and the system undergoes a pure gravitational evolution.

Fixed temperatures have been assumed at the top (300 K) and at the
bottom (1600 K) of the model. Zero thermal flux is imposed at the ver-
tical side-wall facing the subduction and fixed temperature along the
opposite vertical side. The initial thermal structure corresponds to a
conductive thermal gradient throughout the lithosphere, with tempera-
tures that vary from 300 K at the surface to 1600 K at its base and a
uniform temperature of 1600 K below the lithosphere. The base of the
lithosphere is located at a depth of 80 km under both the oceanic and
continental domains. This thermal configuration corresponds to either an
oceanic lithosphere of approximately 40 Myr (based on the cooling of a
semi-infinite half space model, Turcotte and Schubert, 2002) and a
thinned continental passive margin based on a medium to slow spreading
rate of 2–3 cm/yr (e.g. Marotta et al., 2016). The 1600 K isotherm defines
the base of the lithosphere throughout the evolution of the system.

Models also account for mantle hydration associated to the dehy-
dration of H2O-satured MORB basalt, which transport water in their
hydrous phases up to 300 km deep, as implemented in Regorda et al.
(2017). The maximum depth at which dehydration takes place is iden-
tifiable by the depth of the deepest oceanic marker in the stability field of
lawsonite. The progressive hydration of the mantle wedge is defined by
the stability field of the serpentine (Schmidt and Poli, 1998). In the hy-
drated domains we assume a viscosity of 1019 Pa⋅s and a density of 3000
kg/m3 (Schmidt and Poli, 1998; Honda and Saito, 2003; Arcay et al.,
2005; Gerya and St€ockhert, 2006; Roda et al., 2010).
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4. Model predictions

Below, the presentation will focus initially on the first cycle of oceanic
subduction and continental collision (phases 1 and 2, Section 4.1) and
afterwards on the thermo-mechanics evolution characterising the second
cycle of oceanic subduction and continental collision (phases 3 and 4,
Section 4.2). Being the thermo-mechanic evolution of systems charac-
terised by a single subduction activated in an unperturbed environment,
widely described and discussed in a previous work of the same authors
(e.g. Regorda et al., 2017), for phases 1 and 2 we will enlighten only the
main features. For phases 3 and 4 we will enlighten differences in the
dynamics and in the thermal state predicted by models characterised by
different prescribed velocities of the first subduction. The thermal states
predicted by models DS during phases 2, 3 and 4 will be then compared
to the post-collisional phase of Regorda et al. (2017)’s model (SS.5
model).

4.1. First subduction-collision cycle (phases 1 and 2)

Results will be discussed in relation to three values of subduction
velocities: 1, 2.5 and 5 cm/yr (models DS.1, DS.2.5 and DS.5, respec-
tively). One major effect that deserves to be enlighten here is that the
higher the velocity of subduction, the lower the temperature in the slab
and in themantle wedge (see isotherms 800 K and 1100 K in Fig. 5), since
cold material is buried more rapidly than it can be warmed by heat
conduction, mantle convection, viscous heating or other heat sources.



(caption on next column)

Fig. 5. Markers distribution, isotherms 800 K and 1100 K (dashed black lines)
and streamline patterns (solid black lines in the insets) in the surrounding of the
wedge area for models DS.1 (a), DS.2.5 (b) and DS.5 (c) at 25.5 Myr of evolution
of the phase 1. Streamlines are curves tangent at the velocity of the fluid. The
difference ΔΨ of values between two streamlines is equivalent to the flow ca-
pacity per unit of thickness across the two streamlines. Curves that differ from
each other by the same amount of ΔΨ gather in areas where the flow has a
higher velocity.
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The consequence of the higher temperatures for lower velocities is that
the area in which the P-T conditions are compatible with the stability
field of the serpentine is smaller (blue areas in Fig. 5a–c) and the
convective cells in the mantle wedge are less efficient for recycling
subducted oceanic and continental crustal material. In particular, the slab
of the first subduction of model DS.1 is characterised by temperatures too
high to promote hydration in large domains of the mantle wedge and,
therefore, recycling of subducted crust (see streamlines in Fig. 5a).

During phase 2, models evolve in a similar way regardless of the
prescribed subduction velocity during phase 1 because their dynamics is
controlled only by gravitational forces. Briefly, the large-scale convective
flow gradually expands laterally towards the overriding plate, reducing
the slab dip. At the same time, the convective flow underneath the upper
continental plate disappears provoking a thermal re-equilibration in the
entire system, with a warming of the subducted lithosphere and a cooling
of the mantle wedge. The general dynamics is characterised by a rising of
all the subducted material because of the lower density with respect to
the surrounding mantle, which determines the doubling of the crust at
the end of the phase 2.

4.2. Second subduction-collision cycle (phases 3 and 4)

The sinking of slab 2 determines a gradual backward bending of slab 1
(Fig. 6), associated to a thinning below a depth of approximately 150 km.
The mantle flow above the slab is very weak, with the exception of model
DS.5 in which it intensifies at about 15.5 Myr (Fig. 6b3). The lack of an
intense large-scale mantle flow in models DS.1 and DS.2.5 can be related
to the presence of the slab 1 that prevents its activation. Differently, the
mantle flow enhancing in model DS.5 after 15.5 Myr is ascribable to the
higher dip angle of the slab with a consequent wider area available above
it. In addition, the presence of the short-lived convective flow in the
model DS.5 (Fig. 6b3) determines an increase of temperature at the
bottom of the slab 1 with respect to models DS.1 and DS.2.5 (Fig. 6b1 and
b2, respectively) and a decrease of its dip. However, since large-scale
mantle flow is limited above slab 2 and below slab 1, the area between
the two subduction complexes is not thermally affected by the large-scale
mantle flow, as occurs during phase 1. Differently, the large-scale
convective cell below the second slab is of the same order of magni-
tude for all models and comparable with the flow activated during phase
1 below the slab 1 (Fig. 6).

Fig. 7 shows that at the beginning of the second active oceanic sub-
duction (phase 3) the upper plate is still thermally perturbed. In partic-
ular, slab 1 is not yet thermally re-equilibrated, as shown by the
depression of isotherms 1100 K (dashed lines in Fig. 7a). Comparing the
isotherm 1100 K predicted bymodels DS.1, DS.2.5 and DS.5 during phase
3 inside slab 1 (dashed black, red and blue lines, respectively, in Fig. 7a
and b) is evident that during the early stages model DS.5 is the coldest,
while model DS.1 is the warmest. This is the consequence of the colder
thermal state for higher velocities at the end of phase 1. During the early
stages of phase 3, isotherms 800 K predicted by models DS.1, DS.2.5 and
DS.5 in the micro-continent C3 show no differences (continuous black,
red and blue lines in Fig. 7a and b, respectively) and they are shallower
than in an unperturbed system (phase 1 of model SS.5, continuous green
line in Fig. 7c and d). This because the geotherm at the beginning of
phase 1 is colder than the geotherm at the beginning of phase 3 (Fig. 7a).
Consequently, the difference between DS and SS models diminishes
during the evolution (Fig. 7b) and it disappears in the latter stages of



Fig. 6. Large-scale temperature field (colours) and streamline patterns (black lines) predicted by the models DS. tr indicates the time relative to the beginning of phase
3 and t0 indicates the time from the beginning of the evolution. Streamlines are curves tangent at the velocity of the fluid. The difference ΔΨ of values between two
streamlines is equivalent to the flow capacity per unit of thickness across the two streamlines. Curves that differ from each other by the same amount of ΔΨ gather in
areas where the flow has a higher velocity.
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phase 3 (Fig. 7c and d). Further from the second subduction (x > 250 km
in Fig. 7), model DS.1 shows the lowest temperatures while model DS.5 is
the warmest. This is due to the amount of continental material of the
lower plate subducted during the collision (Fig. 6). In fact, for higher
velocities of subduction (i.e. models DS.2.5 and DS.5) the larger amount
of continental material subducted determined the thickening of the crust
and the consequent higher temperatures due to higher radiogenic energy
(see also Regorda et al., 2017).

For what concerns slab 2, the isotherm 800 K shows only a slight
difference after 5.5 Myr, when it is slightly deeper in model DS.1
(continuous black line in Fig. 7b) with respect to models DS.2.5 and DS.5
(continuous red and blue lines in Fig. 7b, respectively). The thermal state
begins to clearly differentiate after 15.5 Myr from the beginning of phase
3 (Fig. 7c), when isotherm 800 K is the deepest in model DS.1 and it is the
shallowest in model DS.5. Further differences can be observed at the
continental collision at the end of phase 3 (continuous lines in Fig. 7d),
when model DS.5 (continuous blue line) is warmer than models DS.1 and
DS.2.5 (continuous black and red lines) but is colder than model SS.5
(continuous green line). In the same way, 1100 K isotherm begins to
show differences in the portion of the wedge close to the second sub-
duction after approximately 15.5 Myr (dashed lines in Fig. 7c), with a
colder thermal state for models DS.1, DS.2.5 and DS.5 (dashed black, red
and blue lines, respectively) with respect to the phase 1 of model SS.5
(dashed green line). The colder thermal state in the wedge predicted
during phase 3 could be related to the lack of heat supply due to the
mantle flow that, in case of double subduction, does not reach the portion
of the wedge close to slab 2. In correspondence of the doubled crust
related to the first continental collision, isotherms 1100 K (dashed black,
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red and blue lines, respectively, in Fig. 7c and d) are shallower than the
isotherm in a non-thickened crust (dashed green line in Fig. 7c and d),
because of the higher energy supplied by radioactive decay.

Focusing on the wedge area (Fig. 8a, b and c for models DS.1, DS.2.5
and DS.5, respectively) we can observe that the local dynamics is com-
parable to that characterising phase 1, with slight differences due to the
lower temperatures predicted during phase 3 inside slab 2. In fact, the
hydrated area is more extended in models DS.1 and in DS.2.5 (blue areas
in Fig. 8a1 and b1, respectively) with respect to model DS.5 (blue area in
Fig. 8c1), because of the colder thermal state and the consequent larger
portion of mantle wedge in which the serpentine in stable. Differences in
the extension of the hydrated area are more evident at the end of the
subduction, when differences of the thermal conditions in the slab are
more pronounced (blue areas in Fig. 8a2, b2 and c2 for models DS.1,
DS.2.5 and DS.5, respectively).

After the second continental collision, for all models the large-scale
convective flow shows a decrease in the intensity below slab 2 of
approximately two orders of magnitude (streamlines in Fig. 9). On the
other hand, above slab 2 the activation of a feeble convective cell of the
same order of magnitude occurs and it decreases its intensity at the end of
phase 4 (streamlines in Fig. 9b1, b2 and b3 for models DS.1, DS.2.5 and
DS.5, respectively). The combined action of these two large-scale
convective cells determines the increase of the dip angle of the deep
portion of both subducted slabs. At the same time, both the subducted
portion of the continental crust of the lower plate and the recycled ma-
terial in the wedge rise to shallower depths, because of their lower
densities with respect to the mantle.

The portion of the slab characterised by temperatures below 800 K



Fig. 7. Comparison between the isotherms 800 (continuous lines) and 1100 K (dashed lines) predicted by model SS.5 during phases 1 and 2 (green lines) and by
models DS.1, DS.2.5 and DS.5 during phases 3 and 4 (black, red and blue lines, respectively). tr indicates the time relative to the beginning of phase 2 for model SS.5
and of phase 4 for models DS; t indicates the time relative to the beginning of phase 1 for model SS.5 and of phase 3 for models DS.
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thermally re-equilibrates by the first 10 Myr of phase 4, as shown by the
isotherm 800 K (continuous black, red and blue lines in Fig. 7e and f) that
does not show differences with respect to isotherm 800 K predicted by
model SS.5 during phase 2 (green continuous line in Fig. 7e and f).
Differently, isotherms 1100 K have different maximum depths for the
models until the last stages of the evolution. In particular, isotherm 1100
K reach a depth of approximately 150 km in DS.1 model (black dashed
line in Fig. 7f), more than 150 km in DS.2.5 model (red dashed line in
Fig. 7f), of approximately 100 km in DS.5 model (blue dashed line in
Fig. 7f) and of less than 100 km during phase 2 of SS.5 model (green
dashed line in Fig. 7f). The slower thermal re-equilibration and the final
colder thermal states of model DS.2.5 and, to a lesser extent, of models
DS.1 and DS.5 with respect to model SS.5 are related to the lower tem-
peratures predicted at the end of phase 3.

Fig. 10 shows differences in temperature, in terms of isotherms 800 K
(continuous lines) and 1100 K (dashed lines), between models DS.1,
DS.2.5 and DS.5 (black, red and blue lines, respectively) and model SS.5
(green lines) after the first continental collision. Model SS.5 remains
warmer than models DS.1, DS.2.5 and DS.5 during the whole evolution,
due to the constant warming that characterises the post-collisional phase
(phase 2) of model SS.5 (green lines in Fig. 10). Differently, phase 3 of
models DS is characterised by a cooling of the subduction complex
because of the activation of the second oceanic subduction (black, red
and blue lines in Fig. 10a), followed by a thermal re-equilibration during
phase 4 (black, red and blue lines in Fig. 10b).

5. Comparisons with natural P-T-t estimates

The P-T conditions estimated for rocks of the Variscan crust from the
Alps and the FMC are compared with predictions of double subductions
models, for the first subduction-collision cycle (phases 1 and 2, Section
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5.1) and for the second subduction-collision cycle (phases 3 and 4, Sec-
tion 5.2). We also enlighten the differences in the agreement with respect
to model with a single subduction (Section 5.3) to infer the best fitting
geodynamic scenario responsible for the building of the Variscan chain.

The French Massif Central is an example of a Silurian metamorphic
evolution in relation with hotter subduction system (Lardeaux et al.,
2014). The high thermal state inferred by natural data during the first
Silurian–early Devonian subduction is in agreement with the thermal
states predicted during phase 1 by models DS.1, DS.2.5 and DS.5, which
is higher than that predicted during phase 3. However, model DS.1 does
not show recycling of subducted crust during the first subduction and
model DS.5 has a wider oceanic domain than that proposed by
paleo-geographic reconstructions that consider two successive oceanic
subductions. Therefore, assuming a geodynamic reconstruction for the
Variscan orogeny characterised by two opposite subductions during
Silurian–early Devonian and late Devonian–Carboniferous, model DS.2.5
appears as the most adequate to make a comparison with natural P-T
estimates of the Variscan metamorphism recorded in the Alps and in the
FMC.

The P-T conditions recorded by the markers of the models DS.2.5 and
SS.5 have been compared with Pmax-TPmax

estimates related to the Varis-
can metamorphism inferred from both continental basement rocks of the
Alpine domain (Table 1) and of the FMC (Table 2). The distribution of the
data is represented in Figs. 2 and 3, respectively.

We assume that there could be a complete agreement between
geological data and model predictions only if the following three con-
ditions are satisfied contemporaneously:

(1) Coincident lithological affinity with oceanic crust, continental
crust and mantle;



Fig. 8. Markers distribution, isotherms 800 and
1100 K (dashed black lines) and streamline pat-
terns (solid black lines in the insets) in the sur-
rounding of the wedge area for models DS.1
(panels ai), DS.2.5 (panels bi) and DS.5 (panels ci)
at different times of evolution the of phase 3. tr
indicates the time relative to the beginning of
phase 3 and t0 indicates the time from the
beginning of the evolution. Streamlines are
curves tangent at the velocity of the fluid. The
difference ΔΨ of values between two streamlines
is equivalent to the flow capacity per unit of
thickness across the two streamlines. Curves that
differ from each other by the same amount of ΔΨ
gather in areas where the flow has a higher
velocity.
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(2) Comparable Pmax-TPmax
estimates and P-T conditions predicted by

the model. P-T estimates have different precisions; for example,
the minimum pressure only has been estimated for datum Pv1
from the Savona massif in the Penninic domain and datum Av9
from the Languard-Campo nappe in the Austroalpine domain, or
the minimal pressure only has been estimated for datumML1 from
Mont du Lyonnais, while all data from the Southalpine domain in
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the Alps and from Rouergue in the FMC have more precise P-T
estimates, including both minimal and maximal values;

(3) Same ages of the Pmax-TPmax
estimates and the P-T conditions

predicted by the model. Data in red in Fig. 11 have an estimated
geological age, such as data Sv11 and Sv12 from the Eisecktal in
the Southalpine domain and data Ar1 and Ar2 from Artense in the
FMC; data in black have a radiometric well-constrained age, such
as data Pv8 and Pv9 from the Adula nappe in the Penninic domain



Fig. 9. Large-scale temperature field (colours) and streamline patterns (black lines) predicted by the models DS at 10 Myr (panels ai) and 42 Myr (panels bi) after the
beginning of phase 4. tr indicates the time relative to the beginning of phase 4 and t0 indicates the time from the beginning of the evolution. Streamlines are curves
tangent at the velocity of the fluid. The difference ΔΨ of values between two streamlines is equivalent to the flow capacity per unit of thickness across the two
streamlines. Curves that differ from each other by the same amount of ΔΨ gather in areas where the flow has a higher velocity.

Fig. 10. Comparison between the isotherms 800 K (continuous lines) and 1100
K (dashed lines) predicted by model SS.5 (green lines) and by models DS.1,
DS.2.5 and DS.5 (black, red and blue lines, respectively), at 72 Myr (a) and 130
Myr (b) from the beginning of the evolution.
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and data Li3, Li4 and Li5 from Limousin in the FMC. The latter
more precise proposed ages make their fitting with model pre-
dictions more significant.

Data from the Alps will be discussed considering their distribution in
the present domains (Helvetic, Penninic, Austroalpine and Southalpine
domains) as in Fig. 2, while data from the FMC will be discussed
considering their belonging to the main units recognised in the FMC
(Upper Gneiss Unit, Lower Gneiss Unit, Para-autochthonous Unit,
Thiviers-Payzac Unit and Montagne Noire) as showed in Fig. 3.

5.1. First subduction-collision cycle (phases 1 and 2)

The first subduction-collision cycle consists of phase 1, corresponding
to a north verging oceanic subduction and lasting between 425 Ma and
373.5 Ma (i.e. upper Silurian to Frasnian), and of the successive phase 2,
controlled by sole gravitational forces and lasting between 373.5 Ma and
363.5 Ma. These two phases can be related to deformation events D0 and
D1 observed in the FMC.

5.1.1. Alps
Helvetic domain – Data Hv3 and Hv4 from Belledonne and data from

Pelvoux (samples Hv6 and Hv7) and Aiguilles Rouges (samples Hv11 and
Hv12) in the Helvetic domain that fit with the model predictions during
phase 1 (Fig. 11a) recorded pressures over 0.8 GPa in a wide range of
temperatures (between 530 �C and 930 �C) and have lithological affin-
ities only with continental markers (brown and red points in Fig. 12a).
During the early stages of phase 1, Pmax-TPmax

estimates fit with both
subducted markers eroded by the upper plate, as samples Hv6 and Hv7
from Pelvoux and samples Hv11 and Hv12 from Aiguilles Rouges
(Fig. 13a) and markers at the bottom of the crust of the upper plate, as
sample Hv12 from Aiguilles Rouges (Fig. 13a), depending on their esti-
mated pressure. Differently, no agreement with the oceanic markers
occurs, because their predicted temperatures are too low (below 530 �C)
for all the estimated P-T conditions in rocks from the Helvetic domain.



Fig. 11. Fitting of natural Pmax-T estimates of the Alps (a) and of the FMC (b) with model DS.2.5. Black bars represent the age of natural P-T estimates, while colour
bars represent the fitting with the markers of the model, with different colours indicating the number of the marker showing the agreement. Red vertical lines identify
the beginning of phases 2 and 4, while blue vertical lines identify the beginning of phase 3. Keys are the same as listed in Tables 1 and 2. Red keys represent geological
ages, black keys represent radiometric ages.
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Proceeding with the evolution, the upper plate warms up and markers in
the deep portion of the crust start fitting with sample Hv4 from Belle-
donne (Fig. 13b–d), while sample Hv12 from Aiguilles Rouges fits only in
the colder, internal and shallow portion of the wedge (Fig. 13b–d).
During the last stages of phase 1 P-T values estimated from samples from
Belledonne (Hv3 and Hv4), Pelvoux (Hv6) and Aiguilles Rouges (Hv11
and Hv12) agree also with the subducted portion of the lower continental
plate (Fig. 13d).

Penninic domain – In the early stage of phase 1 there is correspondence
between P-T values inferred from rocks of the Gran Paradiso massif
(Pv3), Suretta (Pv10) and the Tauern window (Pv11 and Pv12) and
model predictions (Fig. 11a). Pv3 estimated conditions from the Gran
Paradiso massif are characterised by intermediate P/T ratio (Fig. 12b)
and show the agreement with markers in the external and shallow
portion of the wedge. Differently, data from Suretta (Pv10) and the
Tauern window (Pv11 and Pv12) are characterised by high P/T ratio
(Fig. 12b) and fit with markers either in the internal and shallow portion
of the wedge, as estimates Pv11 from Suretta, or in the deeper portion, as
estimates Pv10 and Pv12 from the Tauern window (Fig. 13a and b). In
the second part of phase 1, data that fit with the model can be divided in
two groups: the first group is composed by rocks with re-equilibrations
characterised by intermediate P/T ratio, pressures below 0.8 GPa and
temperatures between 530 �C and 630 �C (Fig. 12b), from the Gran
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Paradiso massif (Pv2, Pv3), Monte Rosa (Pv4) and the Grand St. Bernard
nappe (Pv7); the second group is, instead, characterised by high P/T
ratio, pressures above 1.8 GPa and temperature over 630 �C (Fig. 12b),
from the Savona massif (Pv1), the Central Adula nappe (Pv8) and Suretta
(Pv10). P-T values estimated from rocks of the first group show corre-
spondences with continental markers in the shallow and external portion
of the wedge, as Pv3 from the Orco valley in the Gran Paradiso massif
(Fig. 13c and d) or at the bottom of the crust of the upper plate, as Pv2
from Gran Paradiso, Pv4 from Monte Rosa and Pv7 from the Grand St.
Bernard nappe (Fig. 13c and d). Differently, P-T conditions inferred from
rocks of the second group show an agreement with recycled oceanic and
continental markers on the deep and external portion of the wedge, as in
samples Pv1 from the Savona massif, Pv8 from the Central part of the
Adula nappe and Pv10 from Suretta (Fig. 13c and d).

Austroalpine domain – Rocks from the Hochgrossen massif (Av1), the
Silvretta nappe (Av7) and the Languard-Campo nappe (Av9) of the
Austroalpine domain have recorded the peak of the Variscan meta-
morphism between 375 Ma and 425 Ma (Fig. 11a) and they are char-
acterised by high P/T ratios (Fig. 12c). All these data fit during phase 1
with deeply subducted oceanic and continental markers. In particular,
data from the Hochgrossen and the Silvretta nappe (Av1 and Av7,
respectively) have correspondences with oceanic and continental
markers in the external portion of the wedge, during their recycling



Fig. 12. Pmax-T estimates of data from the Helvetic domain (a), the Penninic domain (b), the Austroalpine domain (c), the Southalpine domain (d) and from the FMC
(e). Different colours of the data indicate different lithological affinities as described in the legend. Dot lines represent very low subduction-zone geothermal gradient
(5 �C/km).
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(Fig. 13b and c). In addition, at the end of phase 1, Av4 from the Tonale
Zone fits both with the subducted portion of the lower plate and with
recycled markers in the external portion of the wedge (Fig. 13d).

Southalpine domain – P-T conditions recorded in rocks from the
Domaso-Cortaf�o Zone and the Eisecktal (Sv2 and Sv12, respectively) of
the Southalpine domain were recorded under intermediate P/T ratios
while those from Tre Valli Bresciane (Sv10) are characterised by high P/
T ratio (Fig. 12d). Among these metamorphic records, the one from the
Eisecktal (Sv12) has the lowest P/T ratio and it fits with markers in the
deep portion of the crust of the upper plate (Fig. 13b–d) during phase 1.
Differently, those from Sv10 of Tre Valli Bresciane have the highest P/T
ratio and are in agreement with the model predictions characterising the
external portion of the wedge, at a depth of about 45 km (Fig. 13d). Peak-
conditions estimated from rocks of the Domaso-Cortaf�o Zone (Sv2)
developed under an intermediate P/T ratio between those deriving from
Tre Valli Bresciane and the Eisecktal estimates and find correspondences
with markers at the bottom of the crust of the upper plate (deeper than
Sv12 from the Eisecktal) and in the wedge, in a shallower area with
respect to Sv10 from Tre Valli Bresciane (Fig. 13c and d). All of these
estimated P-T values show an agreement also with the lower plate:
metamorphic conditions available for the Domaso-Cortaf�o Zone and the
Eisecktal fit with those predicted for continental markers in the deep
portion of the non-subducted plate, while Sv10 from Tre Valli Bresciane
fit with the thermal state predicted for continental markers in the sub-
ducted portion of the lower plate (Fig. 13d).

Given the short duration of the phase 2, the subduction complex is not
completely thermally re-equilibrated and the thermal state is similar to
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that recorded at the end of phase 1. Then, all data from the Alps show the
same agreement with the model with respect to phase 1 (Figs. 11a and
13e).

5.1.2. French Massif Central
Upper Gneiss Unit – In the early stage of phase 1, the model predictions

show agreement only with data from the UGU (red dots in Fig. 14), in
particular from Limousin (Li2), Mont du Lyonnais (ML1), Rouergue
(Ro3), Artense (Ar1) and Maclas (Mc1, Fig. 11b). All of them are char-
acterised by high P/T ratios, with pressures above 1.2 GPa and temper-
atures over 700 �C (Fig. 12e). With the exception of ML1 from Mont du
Lyonnais, which consist of a garnet-bearing peridotite, therefore with
mantle affinity, all the data fit both with continental subducted markers
eroded from the base of the crust of the upper plate and with recycled
oceanic markers (Fig. 14a). Proceeding with the evolution, both data
from the UGU characterised by high P/T ratios, such as those from
Limousin (Li2), La Bessenoits (LB1), Mont du Lyonnais (ML2), Rouergue
(Ro2), Artense (Ar1) and Maclas (Mc1), and data from the UGU with
intermediate P/T ratios, such as those from Limousin (Li5) and from
Mont du Lyonnais (ML4), agree with the predicted thermal state
(Fig. 11b). In particular, values characterised by intermediate P/T ratios
find correspondences with continental markers at the bottom of the
upper plate, while those characterised by high P/T ratios fit with both
subducted and recycled markers (Fig. 14b–d). LB1 from La Bessenoits fits
with subducted continental markers in the external portion of the slab
(Fig. 14b), while Ma1 does not fit with predictions of the model even
though is characterised by similar P-T conditions, because rocks in



Fig. 13. Comparison between model DS.2.5 and Pmax-T estimates from the Alps
for different times during phases 1 (a–d) and 2 (e). In agreement with notation
in Fig. 2, red dots indicate fitting with data from the Helvetic domain, light blue
dots fitting with data from the Penninic domain, yellow dots fitting with data
from Austroalpine domain and blue dots indicate fitting with Southalpine
domain. ta indicates the absolute time relative to and t0 indicates the time from
the beginning of the evolution.

Fig. 14. Comparison between model DS.2.5 and Pmax-T estimates from the FMC
for different times during phases 1 (a–d) and 2 (e). In agreement with notations
in Fig. 3, red dots indicate fitting with data from the UGU, blue dots indicate
fitting with data from the LGU and light blue dots indicate fitting with data from
the PAU. ta indicates the absolute time relative to and t0 indicates the time from
the beginning of the evolution.
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Maclas area have an oceanic affinity and in the model predictions no
oceanic markers are located in the PT-field compatible with the natural
data. On the other hand, datum Ro2 from Rouergue fit also with oceanic
markers in the internal portion of the slab (Fig. 14c), characterised by a
lower estimated temperature with respect to datum Ma1. Data from
Limousin (Li2), Haut Allier (HA1), Artense (Ar1), Maclas (Ma1) and
Mont du Lyonnais (ML2) have a high P/T ratio and temperatures higher
than data LB1, Ma1 and Ro3. Consequently, they begin to fit with con-
tinuity after 25–30Myr from the beginning (Fig. 14c–e), when there is an
increase of crustal material in the external and warmer portion of the
hydrated wedge. All data with intermediate-to-high and intermediate P/
T ratios, such as PA1 from Plateau d’Aigurande, Ro3 from Rouergue, ML4
from Mont du Lyonnais and Li5 from Limousin, show a good fit at the
1040
bottom of the upper plate and in the external and shallower portions of
the wedge during the second half of phase 1 (Fig. 14c). During phase 2,
re-equilibration conditions of rocks from Artense (Ar1), Maclas (Mc1)
and Rouergue (Ro1), characterised by high P/T ratios, continue to fit also
with markers in the wedge, while P-T values characterised by interme-
diate P/T ratios, such as data ML4 and Ro3, fit at the bottom of the crust
of both the upper and the lower plate (Fig. 14d and e).

Lower Gneiss Unit – Data from the LGU (blue dots in Fig. 14) with
estimated geological ages compatible with phases 1 and 2 are only Li1
and Li4 from Limousin and Ar2 from Artense. Data Li1 and Ar2 are
characterised by intermediate P/T ratios and fit with continuity during
the entire phase 1 with continental markers at the bottom of the upper
plate, up to the most internal and shallowest portion of the wedge



Fig. 15. Comparison between model DS.2.5 and Pmax-T estimates from the Alps
for different times during phases 3 (a–c) and 4 (d and e). In agreement with
notation in Fig. 2, red dots indicate fitting with data from the Helvetic domain,
light blue dots fitting with data from the Penninic domain, yellow dots fitting
with data from Austroalpine domain and blue dots indicate fitting with South-
alpine domain. ta indicates the absolute time relative to and t0 indicates the time
from the beginning of the evolution.
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(Fig. 14a–c). After the collision and during phase 2, datum Ar2 fits also
with continental markers of the bottom of the lower plate (Fig. 14d and
e). Datum Li4 is one of the two data characterised by high P/T ratio not in
the UGU (the other is MN1 fromMontagne Noire). It is also characterised
by the highest P/T ratio and shows a very good fit with oceanic markers
in the internal portion of the slab (Fig. 14b).

Para-autochthonous Unit – Only datum PA2 belonging to PAU from
Plateau d’Aigurande has proposed ages compatible with phases 1 and 2
and it is characterised by intermediate P/T ratios. It has estimated ages
compatible with the last stages of phase 1, fitting very well at the bottom
of the upper plate, up to the most internal and shallowest portion of the
wedge (Fig. 14). Moreover, PA2 continues to fit during the entire phase 2
at the bottom of the continental crust of both plates (Fig. 14d and e). Its
fitting during D0 and D1 events is due both to uncertainty of age and to
the PT conditions at the bottom of the upper plate that do not change
significantly during the evolution of the model. In fact, it shows a fit also
during phase 3 (D2 event).

5.2. Second subduction-collision cycle (phases 3 and 4)

The second subduction-collision cycle consists of phase 3, corre-
sponding to a south verging oceanic subduction and lasting between
363.5 Ma and 337 Ma (i.e. Famennian to lower Carboniferous), and the
successive post-collisional phase 4, lasting between 337 Ma and 295 Ma.
These phases can be related to deformation events D2 and D3 observed in
the FMC.

5.2.1. Alps
Helvetic domain – Estimated P-T values characterised by high P/T

ratios (Fig. 12a), as Hv11 in Aiguilles Rouge, shows a good agreement
both with continental markers scraped from the upper plate and sub-
ducted at the beginning of phase 3 (Figs. 11a and 15a) and with sub-
ducted continental markers of the lower plate after the continental
collision (Figs. 11a and 15c). At the end of phase 3, the same fitting is
shown also by Hv2, from Lake Frisson in Argentera, which is charac-
terised by similar P-T conditions. However, neither Hv11 nor Hv2 fits
only with markers involved in the second oceanic subduction. Similarly,
data Hv3 from Belledonne and Hv12 from Aiguilles Rouge, that are
characterised by intermediate-to-high P/T ratios, show a continuous
fitting from the beginning of phase 3 (compatibly with their estimated
ages, in Fig. 11a) with continental markers in the shallow portion of the
wedge of the second active oceanic subduction (Fig. 15a–c). Differently,
Hv6 from Pelvoux is characterised by a re-equilibration under an
intermediate-to-high P/T ratio and temperature above 730 �C (Fig. 12a):
at the beginning of phase 3 thermal conditions and lithologic affinities
allow the fitting both with subducted markers in the shallow portion of
the wedge related to slab 2 and with markers at a depth of approximately
50 km belonging to slab 1 (Fig. 15a). Successively, the temperature in the
slab 2 decreases while it gradually increases in the slab 1; consequently,
Hv6 from Pelvoux does not fit anymore withmarkers of slab 2 while it fits
with shallower markers in slab 1 (Fig. 15b). Proceeding with the evolu-
tion of phase 3 and during phase 4, Hv6 fits gradually with a larger
amount of markers (Fig. 11a) belonging to markers nearby the doubled
crust in correspondence of both slabs (Fig. 15c–e). Moreover, Hv4 from
Belledonne has intermediate P/T ratio and fits with markers at the bot-
tom of the continental crust of all plates for the all duration of phases 3
and 4 (Figs. 11a and 15a–e). Data Hv3b, Hv4b and Hv4c from Belledonne
are characterised by intermediate P/T ratios and fit with the model at the
end of phase 3 and at the beginning of phase 4, therefore during the early
phases of the continental collision, with continental markers in the
proximity of the subduction complex. This is in agreement with the
geodynamics reconstruction proposed by Fr�eville et al. (2018). Lastly,
data Hv5 and Hv8 from Pelvoux have low-to-intermediate P/T ratios
(Fig. 12a), therefore, they only fit in correspondence of the doubled crust
related to the first subduction that, at the end of phase 4, is completely
thermally re-equilibrated (Fig. 14d and e).
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Penninic domain – Rocks from Gran Paradiso (Pv2 and Pv3), Monte
Rosa (Pv4) and Grand St. Bernard (Pv5, Pv6 and Pv7) reveal conditions
indicating intermediate P/T ratios, with temperatures below 730 �C, and
their fit with the model predictions is uninterrupted during both phases 3
and 4, coherently with their estimated ages (Fig. 11a). In particular,
during the first half of phase 3 they show fit with continental markers at
the bottom of both plates and in the shallowest portion of the wedge
related to the second subduction (Fig. 15a and b), while during the last
stages of phase 3 and whole phase 4, they show fit with markers from the
continental crust of all the three plates (Fig. 15d and e). Datum Pv8 from
the Adula nappe is the only one characterised by a high P/T ratio
(Fig. 12b) that finds correspondences with subducted markers of both



Fig. 16. Comparison between model DS.2.5 and Pmax-T estimates from the FMC
for different times during phases 3 (a–c) and 4 (d and e). In agreement with
notations in Fig. 3, red dots indicate fitting with data from the UGU, blue dots
indicate fitting with data from the LGU and light blue dots indicate fitting with
data from the PAU, green dots indicate fitting with data from the TPU and
yellow dots indicate fitting with data from MN. ta indicates the absolute time
relative to and t0 indicates the time from the beginning of the evolution.
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slabs at the beginning of phase 3, when the system is not still completely
thermally re-equilibrated (Fig. 15a). Proceeding with the evolution the
first slab warms up and metamorphic conditions characterised by high P/
T ratios, such as those of Adula and Suretta (Pv8 and Pv10) are in
agreement only with those predicted for subducted and recycled markers
in the second slab (Fig. 15b). At the collision, P-T values from rocks re-
equilibrated under high P/T ratio (Pv9 and Pv10 from Adula and Sure-
tta) accomplish the agreement only with markers belonging to the deeper
portion of the subducted lower plate (Fig. 15c), while during last stages
of phase 4 the agreement is with the thermal state of the recycled con-
tinental markers in the shallower portion of the wedge, after the thermal
re-equilibration (Fig. 15d and e).

Austroalpine domain – Datum Av10 from Mortirolo is characterised by
intermediate P/T ratio (Fig. 12c) and at the beginning of phase 3 fits only
with shallow continental markers in the warmer portion of the hydrated
wedge related to the second subduction (Fig. 15a). Proceeding with the
evolution, the temperature in the wedge decreases while it increases in
correspondence of the doubled crust of the first slab; consequently, Av10
cease to fit with continental markers nearby the second slab and begins to
fit with thermally re-equilibrated markers of the first subduction
(Fig. 15c and d). Variscan metamorphic rocks from the Dent Blanche
nappe in the Austroalpine domain (data Av11 and Av12) reveal condi-
tions marked by an intermediate P/T ratio (Fig. 12c) with an estimated
age that correspond to the last stages of evolution of phase 4 (Fig. 11a)
and they show fit with continental markers of the upper plate nearby slab
1 and slab 2, respectively (Fig. 15e). Data Av2 and Av3 from the Oetztal
and Av4 from the Tonale Zone are characterised by high P/T ratios
(Fig. 12c). Av4 is in good agreement with conditions predicted for
markers in the external portion of the second slab at the beginning of
phase 3 (Fig. 15a) and in the deep portion of the doubled crust during the
first half of phase 3 (Fig. 15a and b). Differently, data Av2 and Av3 fit
only with subducted markers of the second slab during the first half of
phase 3, compatibly with their pressures (Fig. 15b).

Southalpine domain – All rocks from the Southalpine domain, with the
exception of Sv10 (Fig. 12d), reveal conditions indicating intermediate
P/T ratios, with temperatures below 730 �C. Their fit with the model
predictions is continuous during both phases 3 and 4, compatibly with
their estimated ages (Fig. 11a). In particular, during the first half of phase
3 they fit with continental markers at the bottom of both plates (Fig. 15a
and b), while during the last stages of phase 3 and whole phase 4, they
show fit with markers at the bottom of the continental crust of all the
three plates (Fig. 15c–e). Datum Sv10 from Tre Valli Bresciane is char-
acterised by high P/T ratio (Fig. 12d) and an estimated age compatible
with the first half of phase 3 (Fig. 11a), showing compatibility only with
subducted and recycled markers in the second slab (Fig. 15b).

5.2.2. French Massif Central
Upper Gneiss Unit – Rocks from Artense (Ar1), Maclas (Mc1), Rouer-

gue (Ro1 and Ro3) are characterised by P-T conditions that reveal
intermediate-to-high and high P/T ratios (Fig. 12e) and they fit with
subducted and recycled crustal markers in the course of the second
subduction only during the early stages of phase 3 (Figs. 11b and 16a, b).
Moreover, Ro3 fits also both in correspondence of the deep portion of the
doubled crust related to the first subduction during phases 3 and 4
(Fig. 16a–e), and in the subducted portion of the continental crust of the
lower plate during phase 4 (Fig. 16c–e). Going on with the subduction,
the temperature in the slab and in the wedge decreases and no rocks
show fit with recycled markers in themantle wedge related to slab 2. This
is due to the higher temperatures characterising estimated P-T conditions
from rocks of the FMC with respect to those from the Alps. On the other
hand, the temperature in the doubled crust of the first slab increases
gradually and data characterised by intermediate P/T ratios Mont du
Lyonnais (ML3) fits at the bottom of the continental crust of the upper
plate and in correspondence of the doubled crust related to the first slab
(Fig. 16b).

Lower Gneiss Unit – Ar2 from Artense is characterised by an
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intermediate P/T ratio (Fig. 12e) and finds fitting at the bottom of the
continental crust of the upper plate during phase 3 before the beginning
of the continental collision (Fig. 16a and b), while after the collision
(Fig. 16c–e) it shows fit at the bottom of the crust of the lower plate in
correspondence of the second subduction andwith the doubled thermally
re-equilibrated crust related to the first subduction. Differently, data Li3
from Limousin and VD1 from the Velay Dome are characterised by low-
to-intermediate P/T ratios (Fig. 12e) and do not show any fitting with the
predictions of the model (Fig. 11b). This is because the model does not
predict a sufficient increase of the temperatures at shallow depths
following the continental collision.

Para-autochthonous Unit, Montagne Noire and Thiviers-Payzac Unit –
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Estimates with intermediate P/T ratios, such as TP1 from the Thiviers-
Payzac unit, PA2 from Plateau d’Aigurande, VD2 from the Velay Dome
and MN2 from Montagne Noire (Fig. 12e), show correspondences with
the thermal state predicted for continental markers of the upper plate
during phase 3 (Fig. 16a and b). Moreover, VD2 fits with continuity in the
continental crust of all the three plates for the entire duration of phases 3
and 4 (Fig. 16a–e). MN1 from the Montagne Noire is characterised by a
high P/T ratio (Fig. 12e) and does not find thermal and lithologic cor-
respondences with the model.

5.3. Single subduction model

5.3.1. Alps
Helvetic domain –Data of the Helvetic domain show aworsening of the

agreement with P-T predictions of model SS.5 with respect to model
DS.2.5. In particular, data with estimated ages compatible with phase 1,
continental affinities and temperatures above 650 �C, such as Pv6 and
Pv7 from Pelvoux and Pv11 from Aiguilles Rouges (Fig. 17a), worsen
their fit, because of the lower temperatures predicted in the slab and in
the wedge by faster models. During the phase 2 of model SS.5, at
approximately 350–365 Ma (beginning of phase 3 of model DS.2.5), data
characterised by intermediate-to-high P/T ratios and continental affin-
ities (Fig. 12a), such as Hv3 from Belledonne and Hv11 from Aiguilles
Rouges, worsen their agreement (Fig. 17a). This because of the higher
thermal state predicted by model SS.5, due to the post-collisional re-
Fig. 17. Fitting of natural Pmax-T estimates of the Alps (a) and of the FMC (b) with mo
represent the fitting with the markers of the model, with different colours indicating
beginning of phase 2. Keys are the same as listed in Tables 1 and 2. Red keys repre
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equilibration, with respect to the lower thermal state predicted in model
DS.2.5, associated to the beginning of the second subduction. In fact, Hv3
and Hv11 show a fitting with DS.2.5 model only in correspondence of
slab 2 but they do not show agreement with continental markers of slab 1
(Fig. 15a and b). In addition, at approximately 330–340Ma (end of phase
3 of model DS.2.5) also Hv2 and Hv11 from the Argentera massif and
Aiguilles Rouges, respectively, worsen their agreement with respect to
model DS.2.5 (Fig. 17a). This occurs because both data are characterised
by intermediate-to-high P/T ratios (Fig. 12a) but model SS.5 is almost
completely thermally re-equilibrated and markers nearby the subduction
complex are characterised by intermediate P/T ratios.

Hv8 from Pelvoux is the sole datum that improves its agreement with
model predictions during the latest stages of evolution (phase 4 of model
DS.2.5) because it is characterised by low P/T ratio, and the longer post-
collisional thermal re-equilibration of model SS.5 with respect to model
DS.2.5 determines higher temperatures in the subduction complex.

Penninic domain – During phase 1, Pv8, from the central part of the
Adula nappe, and Pv10, from Suretta, worsen their agreement with P-T
predictions of model SS.5 with respect to model DS.2.5 (Fig. 17a). Both of
them are characterised by high P/T ratios (Fig. 12b), fitting with pre-
dictions of model DS.2.5 for continental subducted markers at different
depths in the external portion of the hydrated wedge (Fig. 15b–d); then
the worsening of the agreement is due to the cooling for the higher ve-
locities of subduction. Between 365 Ma and 350 Ma and from 340 Ma to
the end of the evolution (beginning and end of phase 3 in model DS.2.5,
del SS.5. Black bars represent the age of natural P-T estimates, while colour bars
the number of the marker showing the agreement. Red vertical lines identify the
sent geological ages, black keys represent radiometric ages.
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respectively) Pv9 and Pv10 from the northern part of the Adula nappe
and from Suretta, respectively, do not show fit with predictions of model
SS.5 (Fig. 17a), differently than model DS.2.5. It occurs because of lack of
high P/T ratios predicted by SS.5 model during the last part of the post-
collisional phase.

Austroalpine domain – The lower thermal state characterising model
SS.5 with respect of model DS.2.5 during phase 1 determines a worsening
of the agreement of Av9 from the Languard-Campo nappe (Fig. 17a) that
has a high P/T ratio and is characterised by high temperature (Fig. 12c).
On the other hand, Av8 from Silvretta improves its agreement, being
characterised by high P/T ratio but low temperature (Fig. 12c), so more
compatible with the thermal state predicted for higher velocities of
subduction. Between 365 Ma and 350 Ma, Av2 and Av3 from Oetztal and
Av5 from the Tonale Zone have a worse agreement with respect to model
DS.2.5 (Fig. 17a), because they are characterised by high P/T ratios
(Fig. 12c), which are not predicted by model SS.5 during the post-
collisional phase. Av10 from the Languard-Campo nappe, characterised
by intermediate P/T ratio, also worsen its agreement with predictions of
model SS.5 (Fig. 17a) approximately 5–10 Myr from the beginning of
phase 2. This occurs because its fit with predictions of model DS.2.5
occurs in correspondence of slab 1, which, in the early stage of phase 2, is
warmer than for model SS.5.

Southalpine domain – The only PT value that shows differences in the
agreement with predictions of model SS.5 and those of model DS.2.5 is
Sv10, from Tre Valli Bresciane. Sv10 is characterised by high P/T ratio
(Fig. 12d) and its fit worsen at beginning of phase 3 of model DS.2.5,
between 365Ma and 350Ma (Fig. 17a), when the initiation of the second
subduction determines a cooling of the subduction system.

5.3.2. French Massif Central
Upper Gneiss Unit – As for P-T conditions estimated in the different

present-day domains of the Alps, those from the FMC show a general
worsening in the agreement with predictions of model SS.5 with respect
to model DS.2.5. During phase 1, all data characterised by intermediate-
to-high and high P/T ratios and temperatures above 650 �C, such as HA1
from Haut Allier, Li2 from Limousin, ML2 from Mont du Lyonnais, Ar1
from Artense, Ro3 from Rouergue and Mc1 from Maclas (Fig. 12e),
worsen their agreement with model predictions (Fig. 17b with respect to
Fig. 11b), because of the lower thermal state characterising slab 1 of
model SS.5 with respect to model DS.2.5. In addition, rocks from Maclas
(Mc1) and Artense (Ar1) worsen their agreement with model predictions
also during the last stages of phase 2 with respect to phase 4 of model
DS.2.5. In fact, during phase 4 of model DS.2.5 they fit with continental
subducted markers of slab 2 in a portion of the wedge not completely
thermally re-equilibrated, while the wedge during last stages of phase 2
of model SS.5 is completely re-equilibrated and only intermediate P/T
ratios are predicted. Moreover, Ro3 decreases the number of markers
with which has a compatibility (Fig. 17b with respect to Fig. 11b),
because in model DS.2.5 it fitted both with continental markers in
doubled crust of the first slab (as in model SS.5) and with subducted
continental markers of the lower plate related to the second oceanic
subduction. Lastly, data ML3 and ML4 from Mont du Lyonnais and Li5
from Limousin, characterised by intermediate P/T ratios, show the same
fitting than in model DS.2.5 (Fig. 17b with respect to Fig. 11b), having
compatibilities with continental markers at the bottom of the plates,
where P-T conditions are not strongly affected by the second active
oceanic subduction or by the velocity of subduction.

Lower Gneiss Unit, Para-autochthonous Unit, Montagne Noire and
Thiviers-Payzac Unit – All data, with exception for Li4, show intermediate
P/T ratios and show the same fitting with respect to model DS.2.5
(Fig. 17b with respect to Fig. 11b). All of them, as for data ML3, ML4 and
Li5 of the UGU, fit with continuity at the bottom of the continental crust
of all plates, as shown for example by the continuous fitting of PA2 from
the PAU in the Plateau d’Aigurande throughout phases 1, 2 and 3 and of
Ar2 from the LGU in the Limousin (Fig. 17b). Datum, Li4 from the LGU in
the Limousin has a high P/T ratio but, as seen for data of the UGU, worses
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its fit with respect to model DS.2.5 (Fig. 17b with respect to Fig. 11b).
This behaviour is the same observed for data Av7 of the Austroalpine
domain in the Alps and is due to the high estimated temperature for Li4
(650 �C) that is in contrast with the lower thermal state predicted in
model SS.5 with respect to model DS.2.5.

6. Discussion

Three models of double subduction, identified by a first subduction
phase (phase 1) with different prescribed velocities, have been developed
to test if a model characterised by two opposite verging subductions may
better represent the evolution of the Variscan orogeny with respect to a
single subduction. Such approach allowed the analysis of the activation
and the evolution of an oceanic subduction in a geodynamic scenario
previously perturbed by an early subduction/collision history.

A main result is that, during phase 1 of double subduction models,
differences in the thermal state inside the slab are influenced by differ-
ences in subduction velocities. In particular, a velocity decrease de-
termines a temperature increase due to the lower amount of coldmaterial
subducted during the same time span. Then, the temperatures predicted
by model DS.1 in the slab and in the mantle wedge result too high to have
P-T conditions compatible with the stability field of serpentine. The
consequence is that there is no hydration of the mantle wedge and
therefore no activation of small-scale convective cells allowing the
recycling of subducted material. On the contrary, the subduction velocity
does not influence the thermal state of the upper plate.

In all models, large scale mantle flows activate during both oceanic
subduction phases (phases 1 and 3), but during phase 3 it is less intense,
due to the occurrence of the first slab constituting a barrier that prevents
the large-scale mantle flow to reach the area between the two subducted
slabs. The lack of the mantle flow up to the external boundaries of the
hydrated area, and the consequent absence of its heat supply, determines
a temperature decrease in the mantle wedge and in the slab interior. In
particular, in all models slab 2 is colder than slab 1 of model DS.5, in
which the first subduction has the same velocity as the second. During
the second post-collisional phase there is an increase of the dip angle of
both slabs.

Considering the polycyclic scenario proposed for the geodynamic evo-
lution generating the Variscan chain, the most appropriate model to
compare the predicted thermal evolutions with P-T conditions inferred for
Variscan rocks from the Alps and the FMC appears to be model DS.2.5,
taking both paleo-geographic and metamorphic evidences into account. In
fact, model DS.5 is characterised by a wide ocean involved in the first
subduction (2500 km), in contrast with paleo-geographic reconstructions
suggesting a maximum oceanic width of 1000 km (e.g. Lardeaux, 2014a).
On the other hand, DS.1 model is not accompanied by the hydration of
mantle wedge and therefore does not show recycling of subductedmaterial
associated with the first subduction. Monocyclic scenarios account for a
wide ocean (~2500 km) closing in ~50Myr (Malavieille, 1993; Tait et al.,
1997;Torsvik, 1998; vonRaumer et al., 2003;Marotta and Spalla, 2007), so
for the comparison with natural P-T estimates we used model SS.5.

The comparison with natural data shows a different agreement for
rocks from the Alps and from the French Massif Central (Fig. 18).
Metamorphic conditions recorded by the rocks with high P/T ratios from
the Alps show a good agreement with P-T predicted in both hot and cold
subductions, being characterised by both different metamorphic gradi-
ents and different estimated ages; some of them, such as Pv12, from the
Penninic domain of the Tauern Window, and Av7, from the Silvretta
nappe in the Austroalpine domain (see light blue and yellow dots in
panels a2 and b2 of Fig. 18), have better correspondences with a hot
subduction, such as phase 1 of model DS.2.5, while others, such as Pv8
and Pv10 from the central Adula and the Suretta nappes in the Penninic
domain and Av2 from the Oetztal in the Austroalpine domain, with a cold
subduction, such as phase 1 of model SS.5 and phase 3 of model DS.2.5
(see light blue and yellow dots in panels d2, e2 and f2 of Fig. 18).
However, the present day distribution of Variscan records in the Alps is



Fig. 18. Simplified tectonic sketch of the Variscan belt with the evolution for the FMC and the Alps as suggested by the fitting between natural P-T estimates and P-T
predicted by the double subduction model (DS.2.5). Arm–Armorican Massif; FMC–French Massif Central; MT–Maures-Tanneron Massif.
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affected by Permian–Triassic rifting, Jurassic oceanisation and a suc-
cessive Alpine subduction and collision events that inhibits the recon-
struction of a coherent geographic distribution of data.

Differently, data from the French Massif Central with high P/T ratios
fit better with P-T predicted in hot subductions. In particular, data Mc1
and Ar1 from the UGU in Maclas and in Artense, respectively, worsen
their agreement during both phase 3 of model DS.2.5 and phase 1 of
model SS.5, with respect to phase 1 of model DS.2.5 (see red dots in
panels a1 and b1 of Fig. 18). Moreover, data HA1, Li2, PA1, LB1, Ro3 and
ML2 from the UGU and Li4 from the LGU worsen their agreement during
phase 1 of model SS.5 with respect to model DS.2.5. This suggests that
either a hotter subduction is necessary to develop P-T conditions
compatible with these data or that the amount and accuracy of the
available radiometric data are insufficient to propose a comparison be-
tween natural geological data and model predictions. In addition, we
must say that some P-T estimates of the FMC of the early works should be
refined with new methods of petrologic modelling to be more significant
in the comparison with the models. On the other hand, it would be
beneficial to determine the uncertainty of the models in order to reduce
the ambiguity between different geodynamics settings (e.g. following the
procedure proposed by Barzaghi et al., 2014; Marotta et al., 2015;
Splendore et al., 2015).

The agreement of data characterised by intermediate P/T ratios is
slightly influenced by the activation of the second subduction. This
because they are compatible with P-T conditions predicted by the models
at the bottom of the continental crust of the plates, where the second
subduction does not have a significant impact on the thermal state.
Therefore, only data characterised by high P/T ratios that have estimated
ages compatible with phases 3 and 4 of model DS.2.5 are valid to
discriminate between mono- and polycyclic scenarios.
1045
Data with high P/T ratios from the Alps show a general improvement
in their agreement with phases 3 and 4 of model DS.2.5 with respect to
phase 2 of model SS.5. In particular, data Hv3 from Belledonne and Hv11
from Aiguilles Rouge in the Helvetic domain are characterised by
intermediate-to-high P/T ratios and fit with continental markers in the
shallow portion of the wedge related to the second subduction (see red
dots in panels d2, e2 and f2 of Fig. 18); in addition, Pv10 from the Suretta
nappe in the Penninic domain has a high P/T ratio and improve its
agreement fitting with subducted markers in the deep portion of the
second slab (see light blue dots in panels d2, e2 and f2 of Fig. 18).
However, all these data have not precise geological ages, fitting with
model D.2.5 from phase 1 to phase 4, and, consequently, they are not
significant for the discrimination among the possible geodynamic sce-
narios. Similarly, datum Av3 from Oetztal in the Austroalpine domain is
characterised by a high P/T ratio and improve its agreement during
phase 3 of model DS.2.5 fitting in the shallow portion of the wedge of the
second subduction (see yellow dots in panels d2 and e2 of Fig. 18). This
datum has an estimated age with a narrower range and, therefore, is
more significant than the previous data, even if it is a geological and not a
radiometric age. Data Pv9 from the Adula nappe in the Penninic domain
and Sv10 from Tre Valli Bresciane in the Southalpine domain have high
P/T ratios and show a good improvement in model DS.2.5 during phases
3 and 4, fitting with subducted markers related to the second subduction
(see blue dots in panels d2, e2 and f2 of Fig. 18). Their radiometric-
measured ages make them more significant than the previous, suggest-
ing that a polycyclic scenario is more appropriate for the geodynamic
reconstruction of the Variscan orogeny. In general, the fitting improve-
ment between predictions of model DS.2.5 and data from the Alps with
an estimated age compatible with the beginning of phase 2 of model SS.5
and phases 3 and 4 of model DS.2.5 is related to the activation of the
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second subduction that produces a lower thermal state, more compatible
with data characterised by intermediate-to-high and high P/T ratios. On
the other hand, data Hv8 from Pelvoux in the Helvetic domain and Av10
from Mortirolo in the Austroalpine domain worsen the agreement in
model DS.2.5, because a completely thermally re-equilibrated model
better fit with data characterised by low-to-intermediate P/T ratios, such
is the case in model SS.5 at the end of the evolution.

Few data from the FMC can help to discriminate among mono- and
polycyclic scenarios. In particular, data Mc1 and Ar1 from the UGU in
Maclas and in Artense are characterised by high P/T ratios and are the
unique to show differences in the fit during phases 3 and 4 of model
DS.2.5 with respect to phase 2 of model SS.5, having ages compatible
with recycled markers in the wedge related to the second subduction (see
red dots in panels d1, e1 and f1 of Fig. 18). However, both of them have
not precise geological estimated ages, ranging between 295 Ma and 425
Ma, and, therefore, they are not significant for geodynamic re-
constructions of the Variscan orogeny. On the other hand, data with more
accurate calculated ages compatible with phases 3 and 4 of model DS.2.5
neither fit nor show differences in the fit with the models. In particular,
data with a complete agreement with both models (ML3 from the UGU in
Mont du Lyonnais and VD2 and PA2 from the PAU in the Velay Dome and
in the Plateau d’Aigurande, respectively) are characterised by interme-
diate P/T ratios and are compatible with P-T conditions at the bottom of
the whole continental crust. The lack of data with high P/T ratios from
the FMC in continuous agreement with the slab of the second subduction
during phase 3 is in contrast with the good agreement during phase 1. In
particular, data from the UGU, such as HA1 from Haut Allier, Li2 from
Limousin, PA1 from Plateau d’Aigurande, LB1 form La Bessenoits and
ML2 from Mont du Lyonnais, and from the LGU, such as Li4 from
Limousin, have precise estimated ages and have a good fit during phase 1
with subducted and recycled markers of the first slab (see red dots in
panels a1 and b1 of Fig. 18). This behaviour is in agreement with the
geographic distribution of the data, because evidences of HP meta-
morphism related to the second subduction should be located further
north than the FMC (see the Eo-Variscan suture in Fig. 18). In particular
the suture lies either in the NW part of the Armorican Massif (L�eon block)
or in the Channel (Faure et al., 2005, 2010; Ball�evre et al., 2009), and, to
the east, between North Vosges and Ardennes (Faure et al., 2010; Edel
et al., 2018). Data from Montagne Noire must be discussed separately.
Datum MN2 from Montagne Noire has an intermediate P/T ratio and fits
well during phase 4 with continental markers of upper plate (see orange
dots in panel f1 of Fig. 18), then it could be related to D3 event developed
in an intracontinental post-collisional setting. On the other hand datum
MN1 is characterised by a high P/T ratio and it does not fit with our
model. However, it can not be considered indicative because the dis-
cussion regarding the interpretation of the HP imprint is still open. Our
results clearly highlight the fact that, nowadays, our understanding of
Variscan orogeny is limited by a crucial lack of chronologic constraints on
FMC metamorphic P-T paths.

Although the ocean-continent margins in our model do not include an
OCT, data belonging to the UGU with accurate proposed ages compatible
with the first subduction (HA1 from Haut Allier, ML2 from Mont du
Lyonnais, Ro2 from Rouergue and PA1 from Plateau d’Aigurande; see red
dots in panels a1, b1 and c1 of Fig. 18) show very good fitting with both
continental markers eroded from the upper plate, representing here a
magmatic arc developed on continental crust of either the southern
margin of Armorica or an unknown and lost microcontinent (Faure et al.,
2008; Lardeaux, 2014a), and oceanic markers of the lower plate, coupled
at the trench and successively subducted and exhumed in the mantle
wedge. Consequently, our model shows the possibility that rocks from
the UGU could have an origin different from an OCT. This result opens a
new perspective on the understanding of the pre-orogenic, Cam-
bro-Ordovician, structural restoration of the FMC. Indeed, taking into
account the consequences of thermal modelling presented above, in the
FMC, as it is the case for more than two decades in the Alps (see
1046
discussions in Platt, 1986; Polino et al., 1990; Spalla et al., 1996; Schmid
et al., 2004; Rosenbaum and Lister, 2005; St€ockhert and Gerya, 2005;
Beltrando et al., 2010; Roda et al., 2012; Lardeaux, 2014b), the origin of
high-pressure metamorphic rocks can be described in the framework of
two significantly contrasted conceptual geodynamic models: (i) these
rocks derive from a subducted OCT, thus from the lower plate, or (ii) they
derive, at least in part, from the upper plate as the result of mass-transfers
during ablative subduction.

7. Conclusions

We have investigated the thermo-mechanics of an oceanic subduction
complex in a system perturbed by a previous ocean-continent subduction.
Results from models of double subduction indicate that:

(1) There is a correlation between the thermal state of both the slab
and the mantle wedge and the velocity of subduction; in particular
lower temperatures can be observed for higher velocities of sub-
duction. On the other hand, the velocity of subduction does not
have a significant impact on the thermal state of the upper plate;

(2) High temperatures observed in the slowest model prevent the
hydration of the mantle wedge, with a consequent lack of recy-
cling of subductedmaterial deriving both from the lower plate and
from the continental margin of the upper plate;

(3) For same subduction velocities, the second subduction complex is
colder than the first, due to the lack of large-scale mantle flow
with the consequent heat supply.

From the successive comparison between thermal model predictions
and natural Variscan P-T-t estimates from the Alps and the FMC results
that:

(1) Data from the Alps with high P/T ratios fit well with both hot and
cold subductions, while data from the FMC with high P/T ratios
have a better compatibility with hot subductions;

(2) Some data from the Alps with high P/T ratios and accurate
radiometric ages, compatible with a younger (Famennian to lower
Carboniferous) subduction event, show a better fit with the double
subduction model, suggesting that a polycyclic scenario is more
suitable for the Variscan orogeny;

(3) The data of the FMC with high P/T ratios that show different fit in
single and double subduction models have poorly constrained
geological ages and, therefore, are not suitable to discriminate
between mono- and polycyclic scenarios. This reflects also the fact
that the high-pressure metamorphic rocks compatible with a
Famennian to lower Carboniferous subduction event are located
north of the FMC (e.g. in the NW part of the Armorican Massif
L�eon or even more likely in the Channel);

(4) Considering the FMC, the compatibility of the model with data
from the UGU open to the possibility that rocks of this unit could
derive from tectonic erosion of the upper plate and not only from a
lower plate OCT.
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Appendix

Table A1

Southalpine domain A significant portion of well-preserved Variscan basement in the Alps occurs in the Southalpine domain that crops out south of the Periadriatic lineament (data

Sv in Fig. 2 and in Table 1). It consists of an Alpine E–W trending fold and thrust system, verging south and is composed of pre-Alpine basement and
Permian–Mesozoic volcanic and sedimentary sequences, locally displaying a very low-grade Alpine metamorphic imprint associated with the earlier Alpine
fabrics (Cassinis et al., 1988; Milano et al., 1988; Carminati et al., 1997; Spalla et al., 1999; Rebay et al., 2015). Here, metamorphic Variscan ages mainly range
between 330 and 340 Ma and have been interpreted as dating the amphibolite-facies thermal peak (e.g. Boriani and Villa, 1997; Spalla and Gosso, 1999;
Benciolini et al., 2006). Basement rocks mainly consists of metapelites, amphibolites, metagranitoids, quartzites, carbonatic schists, marbles and pegmatites.
Tectono-metamorphic evolutions have been inferred mainly from metapelites in which re-equilibrations under low-temperature – intermediate-pressure
conditions, recorded during prograde Variscan evolutions and predating the P-climax, are preserved as small-scale relics in a regional foliation marked by
amphibolite-facies minerals (Spalla et al., 1999; di Paola et al., 2001). Microstructural analysis of pebbles from the late-orogenic Lower Permian conglomerates
in the central Southalpine domain revealed that rocks, exposed at the uppermost structural level of the Variscan crust during early Permian, recorded coherent
metamorphic evolutions (Spalla et al., 2009; Zanoni et al., 2010; Zanoni and Spalla, 2018). Westwards, relics of a pre-Variscan ophiolitic suture are deformed
and re-equilibrated together with the surrounding units (Strona Ceneri and Scisti dei Laghi zones) under amphibolite facies conditions during Variscan times
(e.g. Borghi, 1989; Boriani et al., 1990; Borghi, 1991). On the contrary the easternmost Southalpine basement records a lower-grade dominant metamorphic
imprint (epidote amphibolite- to greenschists facies conditions) up to Val Bordaglia line (Cadore, Eastern Alps), after which the Southalpine basement consists
of non- to anchi-metamorphic sequences of the Palaeocarnic chains (Sassi et al., 2004).
Austroalpine
domain
The metamorphic basement of the Austroalpine domain (data Av in Fig. 2 and in Table 1) has been interpreted as part of Gondwana before its involvement in
the Variscan collision with Laurussia (von Raumer, 1998; Desmons et al., 1999). In the Austroalpine basement, relicts of HP metamorphism are preserved in
lenses and elongated bodies of metabasites inside metapelites. Locally, garnet, omphacite and quartz bearing eclogites are preserved in these bodies, as result of
the non-complete re-equilibration during the exhumation following the Variscan metamorphic P-climax (Konzett et al., 2005; Spalla and Marotta, 2007). HP
rocks are described in different localities of the Central and the Eastern Australpine Domaina (Oetzal-Stubai, Silvretta and Languard-Campo nappes, Ulten zone;
von Raumer, 1998; Spalla et al., 2014) in which eclogites show a polyphasic evolution (Miller and Th€oni, 1995; Godard et al., 1996; Morten et al., 2004; Sassi
et al., 2004; Konzett et al., 2005). Variscan eclogites and related rocks are locally preserved within large bodies mainly derived from gabbros and related
ultramafic cumulates and HP-assemblages predate the amphibolite-facies regional imprint. Eclogites from the Ulten complex are associated with spinel-garnet
peridotite (e.g. Herzberg et al., 1977; Morten et al., 2004) and their re-equilibrations under HP-UHP conditions suggest a deep and cool subduction
environment. Silvretta eclogites mainly derive from MORB protoliths and have early-Variscan ages (Schweinehage and Massonne, 1999). HP Variscan
assemblages develop also on continental rocks (e.g. Hauzenberger et al., 1993; Gosso et al., 1995), testifying the deep involvement of continent slices in the
subduction zone.
Penninic domain
 The Penninic domain (data Pv in Fig. 2 and in Table 1) is supposed to have migrated, since the Jurassic, from amore southwestern position to its actual position
between the Helvetic and Austroalpine domains (von Raumer, 1998). The western Penninic units consist either of Precambrian to early Palaeozoic
polymetamorphic or monometamorphic basement (Desmons and Mercier, 1993; Th�elin et al., 1993; von Raumer, 1998; Desmons et al., 1999). Portions of the
Grand St. Bernard nappe (Siviez-Mischabel) show eclogitic assemblages locally preserved in garnet-amphibolites (Th�elin et al., 1993; Desmons et al., 1999;
Bergomi et al., 2017), the latter associated with garnet and staurolite micaschists and aluminum silicate bearing schists (Th�elin et al., 1990, 1993; Desmons and
Mercier, 1993; Bussy et al., 1996; Borghi et al., 1999; Giorgis et al., 1999). Other relics of eclogites and high-pressure rocks are preserved within mafic lenses of
the Penninic poly-metamorphic basement of Savona Massif (Messiga et al., 1992; Giacomini et al., 2007; Maino et al., 2012), of Adula and Suretta nappes in
Central Alps (Nussbaum et al., 1998; Dale and Holland, 2003; Liati et al., 2009), and of the Penninic basement SE of Tauern window, in Eastern Alps (Droop,
1983; Zimmermann and Franz, 1989; Droop et al., 1990; von Quadt et al., 1997). The dominant metamorphic imprint of continental protoliths is mainly
recorded under epidote-amphibolite- or amphibolite-facies conditions (Table A1) that are traditionally interpreted as peculiar of the base of a stable continental
crust or of continental collision environment, but more recently re-evaluated as compatible also with active oceanic subduction (Regorda et al., 2017). The
Variscan ages have been supported by numerous radiometric data (e.g. Moni�e, 1990; Bussy et al., 1996; von Quadt et al., 1997).
Helvetic domain
 Variscan structural and metamorphic relics are widely preserved in the basement of the External Crystalline Massifs of the Helvetic domain (data Hv in Fig. 2
and in Table 1), in the Western Alps. The Paleozoic basement of the External Crystalline Massifs is composed of metamorphic rocks with ages ranging from the
Cambrian to the Carboniferous and of non-metamorphic covers with ages ranging from Upper Carboniferous to Permian (von Raumer et al., 1999; Ferrando
et al., 2008; Guillot and M�enot, 2009; Rubatto et al., 2010; Gosso et al., 2019). The Permo–Carboniferous granitoids and the surrounding basement record an
Alpine metamorphic imprint, limited to shear zones and developed under greenschist facies conditions, allowing the preservation of the pre-Alpine evolution
(Rolland et al., 2008; Guillot and M�enot, 2009; Compagnoni and Ferrando, 2010; Sanchez et al., 2011). The External Crystalline Massifs include the Argentera,
Oisans, Belledonne, Grandes Rousses, Aiguilles Rouges, Mont Blanc, Aar and Gotthard massifs (von Raumer et al., 1999; Ferrando et al., 2008; Guillot et al.,
2009; Rubatto et al., 2010). Basement rocks of the Helvetic Domain consist of eclogites, granulites, amphibolites, high-grade metasediments and
metagranitoids testifying the Variscan convergence (e.g. Paquette et al., 1989), widely described in the Argentera, Pelvoux-Belledonne, Aiguilles Rouges and
Mt. Blanc massifs (von Raumer, 1974; Li�egeois and Duchesne, 1981; Latouche and Bogdanoff, 1987; Bogdanoff et al., 1991; von Raumer et al., 1999), and are
capped by Visean metasediments and Permo–Carboniferous deposits. Eclogites and related high-pressure rocks are relic lenses or boudins, wrapped by
high-grade foliations in migmatitic gneisses and partly re-equilibrated under amphibolite or granulite facies conditions. Migmatitic foliation and high-pressure
boudins are crosscut by Late Palaeozoic granitoids. During Permian–Triassic high temperature-low pressure (HT-LP) metamorphism, associated with mafic to
acidic igneous activity, locally affected the Variscan crust and the associated sub-continental peridotites, both in the axial part of the belt and in the Southalpine
hinterland, but has not been recorded in the Helvetic Domain (e.g. Brodie et al., 1989; Bonin et al., 1993; Rottura et al., 1998; Schuster et al., 2001; St€ahle et al.,
2001; Rampone, 2002; Spalla et al., 2014; Roda et al., 2019).
Table A2

Western cross- The structure observed in the western cross-section of the FMC is for the first order consistent with the eastern architecture, but a specific character of this

section
 crosssection is the occurrence of a supplementary unit including dismembered ophiolite bodies, located between the UGU and the LGU (Girardeau et al., 1986;

Maillet, 1987; Dubuisson et al., 1989; Ledru et al., 1994; Berger et al., 2005, 2010). Five domains can be recognised from the north to the south (Lardeaux et al.,
2014):
(1) the UGU is represented by a synformal klippen in the Aigurande Plateau (data PA1 in Table 3) and others two to the south in the Limousin (data Li3 and Li7
in Table 3). The Aigurande Plateau is an ENE–WSW trending antiform folding a nappe composed of the LAC and migmatites thrusted upon a micaschist-gneiss
series. The eclogites observed in the LAC show an early HP stage, followed by a retrograde evolution firstly in amphibolite facies conditions and then under
conditions of LP associated to a partial anatectic event. The evolution of the micaschist-gneiss series is characterised by a prograde metamorphism up to
amphibolite facies conditions, overprinted by a LP metamorphism. In the Limousin, the UGU is composed primarily of plagioclase-rich gneisses, locally with an
anatectic imprint, and numerous bodies of amphibolitised quartz bearing eclogites, which derive from MORB-type basalts and gabbros;
(2) the PAU underlies the LGU and is well exposed as tectonic windows in the Thaurion anticline and Aigurande Plateau (data PA2 in Table 3). These units are
composed mainly of micaschists and paragneisses with rare metavolcanics and quartzites;
(3) the peculiar characteristic of the western cross-section, in the Limousin area, is the occurrence of dismembered ophiolite bodies forming a specific tectonic
unit now separating the UGU and the LGU. These ophiolite bodies are associated with zoisite bearing eclogites equilibrated under UHP conditions (data Li6 in
(continued on next column)
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Table A2 (continued )
Table 3). The well-preserved assemblages of these eclogites indicate a fast exhumation to mid-crustal level, which is followed by an upper Devonian anatectic
high temperature-medium pressure (HT-MP) event (Berger et al., 2010). Eclogite facies metamorphism is dated at 406–418 Ma by LA-ICP-MS analyses on
zircons (Berger et al., 2010). More to the south in the FMC, but in the same structural position, La Bessenoit klippe is characterised by the occurrence eclogitized
gabbro-norites dated at 399–415 Ma (Sm–Nd on garnet) and 390–436Ma (U–Pb on zircon; Paquette et al., 1995). The U–Pb datations were realized on different
zircon fractions, they are therefore discussed today (Paquette et al., 2017; Lotout et al., 2018);
(4) the LGU is well exposed in the core of the antiforms, as the Tulle antiform in the Limousin (data Li1 in Table 3). It consists mainly of calc-alkaline
orthogneisses metamorphosed under amphibolite facies conditions and associated with paragneisses and minor amphibolites. The entire serie is partly
migmatised at 375–385 Ma (Faure et al., 2008);
(5) the uppermost low-grade TPU consists of metagreywackes, metasandstones and metapelites with minor amounts of quartzites, graphite schists, marbles and
amphibolites. The foliation presents a well-developed NW–SE trending mineral and stretching lineation along which shear criteria indicate a top-to-the NW
shearing associated to the superposition of the TPU upon the UGU. In the Quercy area (data TP1 in Table 3), the micaschists experienced a clockwise prograde
metamorphic P-T path ending with an isobaric heating. The peak conditions correspond to the amphibolite facies conditions coeval with the top-to-the NW
shearing (Duguet et al., 2007).
Central cross-
section
In the central cross-section 3 main units can be recognised:
(1) the UGU is clearly identified in the Haut-Allier, Artense, Cezallier, Marvejols and Rouergue metamorphic units. Eclogites in the LAC of the Haut-Allier and
Marvejols areas show HPmetamorphism dated at 412–432 Ma (Ducrot et al., 1983, data HA1 in Table 3) and 409–421 Ma (Pin and Lancelot, 1982, data Ma1 in
Table 3), respectively. However, because these data have been obtained on different zircon fractions they may have been misinterpreted and they are nowadays
questioned (Paquette et al., 2017; Lotout et al., 2018). However, in the Marvejols unit the eclogites are retromorphosed first under granulite facies and
reequilibrated under amphibolite facies conditions, at 360–370 Ma (Burg et al., 1986, 1989; Pin and Peucat, 1986; Ledru et al., 1989; Mercier et al., 1991a).
Consequently HP metamorphism is here at least middle Devonian. In the Artense area relicts of HP have been observed in both the paragneisses and the
amphibolites (data Ar1 in Table 3). In the Artense unit the evolution is characterised by an initial HP metamorphic imprint followed by a decompression
associated to an increase of temperature, reaching granulite facies conditions. Differently, during the last stage the exhumation is characterised by a decrease of
temperature under amphibolite facies conditions (Mercier et al., 1992). A retrograde P-T path is observed also to the south, in the Rouergue. All the klippen of
the Rouergue unit (L�ev�ezou, Najac and Le Vibal, data Ro1, Ro2 and Ro3 in Table 3, respectively) relicts of HP metamorphism followed by slightly different P-T
paths during the exhumation. However, all of them show a similar final mineral assemblage equilibrated under amphibolitic facies conditions and dated at
340–350 Ma (Burg et al., 1989). In the L�ev�ezou, fresch eclogites have been recently investigated in details using a petrochronological approach (Lotout et al.,
2017). HP metamorphic conditions of 680–800 �C and 2.1–2.3 GPa were obtained, while the age of eclogite facies metamorphism, constrained by a
multimethod investigation, ranges between 344 Ma and 370 Ma. In the Najac massif low temperature eclogites, associated with serpentinized peridotites and
meta-gabbros, are enclosed in felsic ortho and paragneisses (Delor et al., 1987; Burg et al., 1989). The conditions of the eclogite-facies metamorphism are
constrained between 15 kbar and 20 kbar and 560–630 �C while a multimethod geochronological approach demonstrates that this eclogite facies
metamorphism developped progressively between 383.2–387.8 Ma and 373.4–380 Ma (Lotout et al., 2018);
(2) the LGU of the Artense area is composed of metapelites and metamorphosed orthogneisses (data Ar2 in Table 3). The members of this unit do not show
relicts of HP metamorphism and they underwent a retrograde metamorphic evolution after the coupling with the UGU. The older metamorphic imprint of the
paragneiss is recorded under amphibolite facies conditions and is coeval with the main foliation. This unit suffered a successive anatectic event during the
decompression (Mercier et al., 1992);
(3) in the southernmost portion of the Massif Central, the Montagne Noire exposes the Palaeozoic Fold-Thrust Belt and the southern foreland basin. It is
classically divided into three units, characterised by late Visean–early Namurian south-verging recumbent folds: the southern and northern parts, composed of
Palaeozoic sedimentary series, and the axial zone, composed of cores of gneisses and migmatites surrounded by micaschists. Two large lithological units form
the axial zone, a basement orthogneissic complex and the Cambro–Ordovician covers, have a contact marked by amphibolite layers. Both the axial and the outer
zones experienced a polyphase metamorphic evolution and, despite a pervasive anatexis, several rock types considered as protoliths are preserved as restites.
Moreover, an earlier eclogite facies metamorphism is preserved in the mafic rocks, while in both the orthogneisses and the pelitic rocks it has been entirely
deleted by the late LP metamorphism (Demange, 1985; Faure et al., 2014; Whitney et al., 2015).
Eastern cross-
section
In the Eastern cross-section of the FMC four domains can be recognised (Lardeaux et al., 2014):
(1) Visean unmetamorphosed volcanics, sediments and granodiorites rocks unconformably overlie or intrude older rocks (320–335 Ma);
(2) the middle to late Devonian Morvan magmatic arc and associated Br�evenne back-arc ophiolite, well dated at 360–372 Ma (Pin and Paquette, 1997, 2002).
To the south, the Br�evenne unit is in contact, along a dextral wrench fault underlined by syntectonic granites (dated at 340–350 Ma, Gay et al., 1981; Costa
et al., 1993), with the UGU;
(3) the UGU in the Monts du Lyonnais area is characterised by the occurrence of migmatitic ortho- and paragneisses at the top and by the LAC at the bottom,
including quartz or coesite bearing eclogites (Lardeaux et al., 1989, 2001) (data ML2 in Table 3) as well as garnet peridotites (Gardien et al., 1988; Gardien,
1990) (data ML1 in Table 3). Eclogites and related garnet amphibolites also occur to the north, in the Morvan (Godard, 1990), and to the SE, in the
Maclas-Tournon area (Gardien and Lardeaux, 1991; Ledru et al., 2001) (data Mc1 in Table 3). The age of HP/UHP metamorphism is unknown but in the Monts
du Lyonnais the retrogression of eclogites under amphibolite facies conditions is well constrained by Ar40/Ar39 ages of retromorphic amphiboles at 340–360Ma
(Costa, 1990; Costa et al., 1993). Moreover, eclogites boudins are wrapped by amphibolites or migmatitic paragneisses. In the latter, partial melting is dated at
368–400 Ma (Dufour, 1982; Duthou et al., 1994). All together theses data demonstrate that the age of HP metamorphism is at least middle Devonian. With the
exception of the initial stage of UHP, a similar tectono-metamorphic evolution has been identified for the Maclas area where the eclogites are retromorphosed
under granulites and then under amphibolite facies conditions (Gardien and Lardeaux, 1991; Ledru et al., 2001);
(4) the LGU, here the Pilat Unit, is divided from the previous unit by a thrust zone developed under amphibolite facies conditions (Gardien, 1990; Feybesse
et al., 1996). This unit is composed of meta-sediments, meta-rhyolites, meta-basalts and numerous meta-granites metamorphosed under amphibolite facies
conditions (Chenevoy, 1970). This unit is characterised by a well-developed N-dipping foliation and stretching lineation developed under retrograde
metamorphism from amphibolite to greenschist facies conditions. A late HT-LP event (295–320 Ma), synchronous with crustal extension, is coeval with the
emplacement of the large migmatitic Velay Dome (Malavieille et al., 1990; Gardien et al., 1997).
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