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Abstract

We developed a 2D numerical model to simulate tlwudion of two superposed ocean-continent-
ocean subduction cycles with opposite vergence, tmtiitwed by continental collision, aiming to
better understand the evolution of the Variscan. @dltee models with different velocities of the
first oceanic subduction have been implementedkiByidifferences in the thermo-mechanical
evolution between the first subduction, which ad#gain an unperturbed system, and the second
subduction, characterised by an opposite vergerae been enlighten, in particular regarding the
temperature in the mantle wedge and in the intesfathe slab. Pressure and temperature (P-T)
conditions predicted by one cycle and two cycles elmdhave been compared with natural P-T
estimates of the Variscan metamorphism from the Ahgsfrom the French Massif Central (FMC).

The comparative analysis supports that a slow arndshbduction well reproduces the P-T
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conditions compatible with data from the FMC, while P-T conditions compatible with data of
Variscan metamorphism from the Alps can be reprodiulbg either a cold or hot oceanic
subduction models. Analysing the agreement of bathbte and single subduction models with
natural P-T estimates, we observed that polycycladeirs better describe the evolution of the

Variscan orogeny.

Key words: Alps; Double subduction; French Massif Central; Numerical modelling; Variscan

orogeny

1 Introduction

The Variscan belt is the result of the Pangea aoar¢hat most marks the European continental
lithosphere from Iberian Peninsula to Poland (vonrRer et al., 2003; Lardeaux et al., 2014) and,
as in all collisional belts, the debate on the nundb@ceans and subduction systems that have been
active during the orogen formation is open (Pin,&t9®aure et al., 1997; Franke et al., 2017). It is
part of a 1000 km broad and 8000 km long Paleozaantain system (Matte, 2001) and results
from the successive collision of Gondwana and Gomdwaerived microcontinents, such as
Avalonia, Mid-German Crystalline Rise (MGCR) and Amea, against Laurussia during
Devonian—Carboniferous times (e.g. Giorgis et 899 Matte, 2001; von Raumer et al., 2003;
Marotta and Spalla, 2007; Compagnoni and Ferran@b);2Cocks and Torsvik, 2011; Edel et al.,
2013; Lardeaux et al., 2014). The final convergemeveen the supercontinents of Laurussia, to
the north, and Gondwana, to the south, was assdciat#h an intensive deformation of the
assembled Avalonia and Armorican terranes (Eddl,e2@l3, 2018).

Avalonia comprises the northern foreland of the $@an belt and is geologically well defined
because it lies between major sutures: the lapetishee Tornquist Caledonian sutures to the north

separating Avalonia from North America and from Ralf respectively, and the Rheic Variscan
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suture to the south (Fig. 1). Avalonia drifted northward independently from Armorica during the

Early Palaeozoic (Trench and Torsvik, 1991; Cocld Borsvik, 2011), detaching from Gondwana

during Ordovician times originating the Rheic Oceahile the lapetus closed southward and then

northward by subduction beneath the Taconic arcesffidundland (Pickering, 1989). Armorica is
not defined precisely on the basis of palaeomagmgtia, but it has been interpreted as a small
continental plate between the northern Rheic suam@ the southern Galicia-southern Brittany
suture (Eo-Variscan suture, e.g. Faure et al., 2Bi@5;1).

Two scenarios concerning the geodynamic evolutiahe®ariscan orogeny have been proposed:
(1) Monocyclic scenario: for some authors (e.g. Vigzs1998) Armorica remained more or
less closed to Gondwana during its northward dridin Ordovician to Devonian times, in
agreement with the lack of biostratigraphic and @alagnetic data that suggest a short-
lived narrow oceanic domain, smaller than 500-10®0(Kkatte, 2001; Faure et al., 2009;
Lardeaux, 2014a). This type of geodynamic reconstmicassumes a single long-lasting
south-dipping subduction of a large oceanic domasnproposed for the Bohemian Massif
(e.g. Schulmann et al., 2009, 2014; Lardeaux e2@l4);

(2) Polycyclic scenario: this geodynamic scenarizisages two main oceanic basins
opened by the successive northward drifting of twmérican microcontinent (Pin, 1990;
Faure et al.,, 1997; Franke et al., 2017) and cldse@pposite subductions (Lardeaux,
2014a; Lardeaux et al.,, 2014; Franke et al., 20&%)suggested by the occurrence of
HP/UHP metamorphism (approximately at 400 and 36Q &Maboth sides of the Variscan
belt. The northern oceanic basin is identified as 8axothuringian ocean, while the
southern basin can be identified as the Medio-Ewmogeardeaux, 2014a; Lardeaux et al.,
2014) or Galicia-Moldanubian (Franke et al., 201@¢an. The width and the duration of
the Medio-European oceanic domain are debated, duediscrepancies between
metamorphic and paleo-geographic data. Howeverdthmation of the southern ocean is

testified by the records of low temperature (LT) dmgh to ultrahigh pressure (HP/UHP)



79 metamorphism produced under a low-thermal regime that last for at least 30 Myr, which

80 implies the subduction of a significant amount okanmic lithosphere. For the French
81 Massif Central (FMC) many authors (e.g. Faure 2805, 2008, 2009; Lardeaux, 2014a)
82 proposed a Silurian north-dipping subduction of MeBHuropean ocean and the northern
83 margin of Gondwana underneath a magmatic arc deselop continental crust of either

84 the southern margin of Armorica or an unknown arsd foicrocontinent (e.g. the Ligerian

85 arc; Faure et al., 2008), followed by a late Devonsmuth-dipping subduction of the

86 Saxothuringian ocean. The evolution inferred from pine-Alpine basement of the External
87 Crystalline Massifs of the Western Alps has beerrpreted as compatible with the one
88 proposed for the FMC (Guillot et al., 2009).

89 Recently, Baes and Sobolev (2017) have demonsttage@ossibility that a continental collision
90 following the closure of an oceanic domain on a ic@mttal side can induce external compressional
91 forces on the passive margin on the other contihsita, with a consequent spontaneous initiation
92 of a new subduction with opposite vergence. Numkrivadels characterised by multiple
93 subductions have been widely studied (e.g., Mishiad.e2008; Cizkova and Bina, 2015; Dai et al.,
94 2018) to better understand geodynamics processesctdiasing complex subduction systems, such
95 as the western Dabie orogen (Dai et al., 2018) haduvtariana-lzu-Bonin arc (Cizkova and Bina,
96 2015). On the other hand, there are few studiesdagathe interaction of two opposite verging
97 subductions and only for systems characterised by #istant subductions (Holt et al., 2017),
98 without a focus on the thermo-mechanical processetheo mantle wedge. Numerical models
99 characterised by two opposite verging ocean/contisehduction systems at short distance, have
100 been developed for the first time and here propdeederify if such a scenario better fit with
101 Variscan P-T evolutions. Our discussion focusesrsit 6n the main features characterising a first
102 oceanic subduction; then we enlighten the effectthefvelocity of this first subduction on the
103 thermal state and on the dynamics of the systermgluai second oceanic subduction and the

104 following continental collision.
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P-T conditions inferred from Variscan metamorphic rocks of the Alps and the FMC have been
compared with those predicted for different lithospd markers by the different models of double
subductions. For the comparison we useghPpmax €sStimates because they are the most
representative to investigate the interaction betvmte® active oceanic subductions. Differences in
the agreement with one subduction model are thetusked, to shed light on the more reliable
scenario on the basis of the best fit with natui@bhdrom 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 oppostgences of nappes and recumbent folds
migrating toward external Carboniferous basins. &lmaures have been described on both sides of
the belt (Fig. 1) and they consist of discontinuophiolitic massifs and/or HP/UHP metamorphic
relics, mainly eclogitized metabasalts (Matte, 2001)
(1) On the southern side of the belt, the GaliciatBern Brittany suture is located between
the north Gondwana margin and the Gondwana-derivedoocontinents runs from the
Coimbra-Cordoba Shear Zone in central Iberia (CG82&puthern Brittany, northern FMC
and further east to the southern Bohemian nappesCU8Z is considered as the root zone
of the western Iberian nappes. In Southern Brittémy South Armorican Shear Suture Zone
(SASZ) partly superimposes on the Eo-Variscan sutiae crops out in the Armorican
massif as the Nort-sur-Erdre fault. Ophiolitic roéke dated between 500 and 470 Ma and
the HP/UHP metamorphism between 430 and 360 Ma éviati01). This suture may be
related to a N-S suture, running from the Frenckresal Alps to Sardinia and interpreted as
the root of W-verging pre-Permian nappes. The tediosl toward SW of the French
external Alps from Northern Europe, in prolongatieith the Bohemian Massif, is related

to the dextral wrenching from Carboniferous to Pammiimes along a NO30° strike-slip
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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 suturesratatively well defined from southern
England, through Germany to Poland: the Tepla sutocated between the Saxothuringian
domain and the southern Gondwana-derived fragmemtd, the Rheic suture, located
between Avalonia and Armorica (Franke, 2000; M&@€)1; Schulmann et al., 2009, 2014,
Edel et al., 2013). They are interpreted as thesrobtNW-transported nappes, showing
HP/UHP metamorphism in the ophiolitic rocks of thepla suture and its continental foot-
wall (Konopasek and Schulmann, 2005). The oceawksrare dated at around 450-500 Ma
and the HP metamorphism took place between 380 a8advi&a (Schulmann et al., 2005;
Skrzypek et al., 2014; Will et al., 2018). The Rh&idure is considered as corresponding to
a younger oceanic basin, which opened during LoweroDian and closed during the Late

Viséan (Franke, 2000; Matte, 2001; Edel et al., 2013

2.1. Variscan tectono-metamor phic evolution in the Alps

The Alps (Fig. 2) are the product of the Tertiaryntweental collision between the Adriatic
promontory of the African plate and the southernticmtal margin of the European-lberian plate
and extends from the Gulf of Genoa to the Viennanb&outh of Genoa the Alpine range stops,
because it has been fragmented during the openitige Mleogene Ligurian-Provencal-Algero basin
and Late Neogene Tyrrhenian basin (e.g. Cavazzd\embl, 2003; Dal Piaz et al., 2003; Dal Piaz,
2010; Gosso et al., in press).

Most of the pre-Alpine continental lithosphere rdegcduring the Alpine subduction shows a pre-
Mesozoic metamorphic evolution compatible with thielaetion of the European Variscan belt (von
Raumer et al., 2003; Spalla and Marotta, 2007; Spéeal., 2010; Spalla et al., 2014; Roda et al,

2018a). von Raumer et al. (2003) suggested thairgsent day Alpine domains (Helvetic, Penninic,



157 Austroalpine and Southalpine) were probably located along the northern margin of Gondwana. In
158 many Alpine basement areas, polymetamorphic assgewlaomparable to those of the
159 contemporaneous European geological framework pretestifying a polyphase metamorphic
160 evolution accompanied by nappe stacking during kiffe periods (Stampfli et al., 2002; von
161 Raumer et al., 2013; Roda et al., 2018b).

162 Pre-Alpine HP metaophiolite remnants described itvéte to Austroalpine domains (e.g. Miller
163 and Thoni, 1995; Guillot et al., 1998; Nussbaumletl®98; Spalla et al., 2014; Roda et al., 2018a)
164 indicate that segments of the Variscan suture zZanerporating the records of oceanic lithosphere
165 subduction, were included in the Alpine belt. Oldages of Variscan HP metamorphic imprints
166 range from Silurian to Middle-Devonian (437-387 Ma)d HP-UHP rocks display ages up to
167 Upper Missisipian (~330 Ma) (e.g. Ligeois and Ducleesl981; Latouche and Bogdanoff, 1987;
168 Vivier et al., 1987; Paquette et al., 1989; Messigal., 1992; Guillot et al., 1998; von Raumer et al.,
169 1999; Spalla and Marotta, 2007; Liati et al., 208palla et al., 2014) accounting for a long period
170 characterised by transformation of metabasites edlmgites during oceanic subduction. The
171 preserved witness of the oceanic crust is repredditehe Chamrousse ophiolite, that escaped the
172 HP conditions (Fréville et al., 2018 and refs. th@rdn some portions of this pre-Alpine basement
173 a subsequent recrystallisation under granulite $a@enditions took place at about 340 Ma
174 (Ferrando et al., 2008; Liati et al., 2009; Rubattoal., 2010). P-T estimates of the Variscan
175 metamorphism in the Alps are presented in Table breMdetails concerning the Variscan
176 metamorphism in the different domains of the Alps synthesised in Appendix A (Table Al).

177

178 2.2. Variscan tectono-metamor phic evolution in the FMC

179

180 The European basement of the Variscan Belt expexteadong-lasting evolution from Cambrian—
181 Ordovician rifting to Carboniferous collision andgparogenic thinning (Bard et al., 1980; Matte,

182 2001; Faure et al.,, 2005, 2008). In France, thes¢an Belt is well exposed in the FMC and
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Armorican Massif, where two contrasted paleogeographic and tectonic domains are recognized. The
Nord-sur-Erdre Fault in the Armorican Massif corr@asgs to the main tectonic contact separating
the Armorican domain to the north and the Gondwaaggm to the south (Eo-Variscan or Galicia-
Southern Brittany suture) (Matte, 2001; Faure et24l08; Ballévre et al., 2009). The FMC (Fig. 3)
belongs to the western part of the Variscan chaid i&ns the largest area where Variscan
metamorphic and plutonic rocks are exposed, withdahire massif attributed to the northern
Gondwanian margin (Burg and Matte, 1978; Matte, 198ércier et al., 1991; Faure et al., 2005,
2009). P-T estimates of the Variscan metamorphisthar-MC are presented in Table 2.

The FMC is a stack of metamorphic nappes, in whighngin units are recognized, from the
bottom to the top and from the south to the norédflu et al., 1989; Faure et al., 2009; Lardeaux et
al., 2014; Lardeaux, 2014a): (1) the southernmosbidites fore-land basin (middle to late
Mississippian); (2) the Palaeozoic fold-and-thrustt lof the Montagne Noire area, composed of
weakly metamorphosed sediments (early Cambrian tty é@arboniferous); (3) the Para-
autochthonous unit (PAU) over-thrusting the southfaid-and-thrust belt and metamorphosed
under greenschist to epidote-amphibolite facies itiomd; (4) the Lower Gneiss Unit (LGU),
metamorphosed under amphibolite facies conditiob¥;tlfe Upper Gneiss Unit (UGU), which
experienced upper Silurian/lower Devonian to middkvonian HP to UHP metamorphism, and
characterised by the occurrence, in the lowermosdt pha bimodal association called ‘Leptyno-
Amphibolitic Complex’ (LAC) that is interpreted asabducted and exhumed Cambro—Ordovician
ocean-continent transition (OCT); (6) the uppermasits are identified by the Brévenne and
Morvan units in the eastern FMC and by the Thivieeszac unit (TPU) in the western FMC. The
tectonic architecture of the FMC can be well illagtd by three mainly NS-orientated cross-
sections over the eastern, the central and wesgets, phrough which the main metamorphic and
tectonic stages can be reconstructed. A detailectigéen of the main units in the cross-sections of

the FMC is in Appendix A (Table A2).
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The stack of nappes recognised in the FMC is the result of successive tectonic and metamorphic
stages. Considering the period from Silurian to ®fisewhich is the time span covered by our
models, four stages can be distinguished:
(1) The DO event is coeval with a Silurian—Early beran HP to UHP metamorphism
recorded in the whole FMC in the eclogites of theOLAt pressures higher than 2 GPa and
temperatures of 700-800 °C, as in the eclogitesaftMu Lyonnais (Lardeaux et al., 2001);
(2) The D1 event is coeval with a Middle Devoniantameorphism recorded in both the
UGU and the LGU and associated to isothermal decesspn in the western FMC and
decompression with an increase of temperature iaéiséern FMC, up to pressure of 0.7-1
GPa and temperatures of 650-750 °C, such as in @i¢ &f Mont du Lyonnais (Lardeaux
et al., 2001) and in the LGU of southern LimousiRayre et al., 2008);
(3) The D2 is a Late Devonian—Early Carboniferousnevs coeval with the emplacement in
the northeastern FMC of volcanic rocks (Morvan matignarc) and Brévenne-Beaujolais
ophiolite. The relative position of the Morvan accthe north and the Brévenne-Beaujolais
back-arc to the south argues for a south-dippingscton;
(4) The D3 event is coeval to low- and very low-gradisean metamorphism and the
progressive exhumation of the tectonic units presiipinvolved in the nappe stack, with the

exception of high temperatures recorded in the sontand southeastern FMC.

3 Modd setup

The proposed models of two opposite subductions (apwmodels DS”) simulate the thermo-

mechanical evolution of an ocean/continent/oceatifoemt subduction complex during four

tectonic phases over a period of 130 Myr (Fig. 4):



232 (1) a first active oceanic subduction (phase 1) that lasts 51.5 Myr (from 425 to 373.5 Ma),

233 until the continental collision, and characteriseg three different velocities of plate

234 subduction O1: 1, 2.5 and 5 cm/yr;

235 (2) a post-collisional phase (phase 2), which [aétMyr (from 373.5 to 363.5 Ma) and is
236 controlled by sole gravitational forces;

237 (3) a second opposite active oceanic subductiorsgBathat lasts 26.5 Myr (from 363.5 to
238 337 Ma), until the second continental collision, wé prescribed velocity of 5 cm/yr of

239 plate O2;

240 (4) a final post-collisional phase (phase 4) thatda2 Myr (from 337 to 295 Ma) and, as
241 phase 2, is controlled by sole gravitational forces.

242 The time span covered by the four phases coversame time span of one cycle model (now on
243 “models SS”) after Regorda et al. (2017), which haracterised by two tectonic phases: (1) an
244 initial oceanic subduction (phase 1) lasting 51.5r ffyom 425 to 373.5 Ma), with a prescribed
245 velocity of 5 cm/yr; (2) a post-collisional phasé&#ge 2) lasting 78.5 Myr (from 425 to 295 Ma).
246

247 For what concerns phase 1 of models DS, the widtth@foceanic domain involved in the first
248 north verging subduction (plate O1), representinge ke Medio-European ocean, is different for
249 the three models. The oceanic domain is assumee 50®, 1250 and 2500 km wide for velocities
250 of 1, 2.5 and 5 cmlyr, respectively. The dimensiohthe ocean for velocities of subduction of 1
251 and 2.5 cm/yr are compatible with the paleo-geogcagatonstructions proposed for the FMC. The
252 first subduction collision cycle consists of phadeand 2. The oceanic domain involved in the
253 second subduction (plate O2 during phase 3), reptiegehere the Saxothuringian ocean, is 1250
254 km wide in all models, according to a duration af titeanic subduction of approximately 25 Myr
255 (Lardeaux, 2014a; Lardeaux et al., 2014). The sesabduction collision cycle consists of phases
256 3 and 4. The continent between the two oceanic dwn@3) is 400 km wide, in agreement with

257 the dimension of Armorica inferred balancing thessrgections through the Variscan belt in France
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(Matte, 2001). The assumed time lag of 10 Myr between the first continental collision and the
initiation of the second oceanic subduction (phasé Zompatible with the results obtained by
Baes and Sobolev (2017) concerning the spontanecegnm subduction initiation close to a
continental collision.

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

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

The physics of the crust-mantle system is descrilyethe equations of continuity, of conservation
of momentum and of conservation of energy, whichlude the extended Boussinesq
approximation (e.g., Christensen and Yuen, 1985)rfoompressible fluids. These equations are

expressed as follows:

Viu=0 (1)

- VWP+ VIr+pg=0 (2)
T

pCp@—t+UDV|_): VI(K VT H+H, +H_ +H, (3)

where Y is the velocity,P is the pressure” is the deviatoric stres«© is the density,9 is
gravity accelerationCp is the specific heat at a constant presstiris, the temperaturés is the

thermal conductivity,Hr is the radiogenic heatingHs:Tij € is the heating due to viscous

- DP ~ — - - . . - -
dissipation, 1a=TO5~=~aTPQVy i the adiabatic heating ar® is the volumetric thermal

expansion coefficient. Specific heat has been fixed250 J kg K™ and the thermal expansion

coefficient has bee fixed t 310 " K™,
Equations 1, 2 and 3 are numerically integratedtiivea2D finite element (FE) thermo-mechanical

code SubMar (Marotta et al., 2006), which uses #malty function formulation to integrate the
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conservation of momentum equation and the Petrov-Galerkin method to integrate the conservation
of energy equation. The numerical integration haanly@erformed in a rectangular domain, 1400
km wide and 700 km deep (Fig. 4), discretized bypdeforming irregular grid composed of 4438
guadratic triangular elements and 9037 nodes, witterasser nodal distribution near the contact
region between the plates, where the most signifigeadients in temperature and velocity fields
are expected. The size of the elements varies hdalky from 10 to 80 km and vertically from 5 to

20 km, and smaller elements are located close ta¢hige margin regions. To differentiate the
crust from the mantle, we use the Lagrangian parttechnique (e.g., Christensen, 1992) as
implemented in Marotta and Spalla (2007), Meda et28110) and Roda et al. (2010, 2012). At the
beginning of the evolution, 288,061 markers ideedifby different indexes are spatially distributed
at a density of 1 marker per 0.25 ktn define the upper oceanic crust, the lower oceanic crust and
the continental crust. Material properties and rbgchl parameters are summarised in Table 3.

During the evolution of the system, each particladsected using a 4th-order Runge-Kutta scheme.

Being Cr=Ni/Nc with N© the number of particles of typenside the elemerg and No the
maximum number of particles that elementan contain, the density of each element may be

expressed as:

o (oy ’T):pO [1_ a(- TO)]_ Z Ap°Cy (4)
where the index identifies the particle typePo is the reference density of the mantle at the
reference temperaturTo, and &P7 s the differences betweePo and the density of the upper
oceanic crust B0 =P, = Po, | of the ower oceanic crus@f =Po, = Po., and of the continental

crust, @P7=Pc— Lo,

Similarly, the viscosity of each element may be egped as:
1 (c 1T):”m[1_ Z C?}Z u;CY (5)

with
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H@d) (6)

where Mo.i is the reference viscosity at the reference temperaToe and E and™ are the

Hi=Hy; €

activation energy and the exponent, respectivelythefpower law for the mantle, upper oceanic
crust, lower oceanic crust and continental crust.

Free slip conditions have been assumed along ther upjundary of the 2D domain and no-slip
conditions have been assumed along the other bdeadg@fig. 4). In addition, a velocity is
prescribed along the bottom of the oceanic crusinguthe active subduction phase (O1 during
phase 1 and O2 during phase 3). The same veloatgasprescribed along a 45° dipping plane that
extends from the trench to a depth of 100 km tdifate the subduction of the oceanic lithosphere.
Differently, no velocities are prescribed during thw post-collisional phases (phases 2 and 4) and
the system undergoes a pure gravitational evolution.

Fixed temperatures have been assumed at the tofKj3@@d at the bottom (1600 K) of the model.
Zero thermal flux is imposed at the vertical siddhiacing the subduction and fixed temperature
along the opposite vertical side. The initial thelrstaucture corresponds to a conductive thermal
gradient throughout the lithosphere, with tempegesuhat vary from 300 K at the surface to 1600
K at its base and a uniform temperature of 1600 kKwbethe lithosphere. The base of the
lithosphere is located at a depth of 80 km undeh loé oceanic and continental domains. This
thermal configuration corresponds to either an oicd@hosphere of approximately 40 Myr (based
on the cooling of a semi-infinite half space modelycotte and Schubert, 2002) and a thinned
continental passive margin based on a medium to sppeading rate of 2—3 cm/yr (e.g., Marotta et
al., 2016). The 1600 K isotherm defines the basheiithosphere throughout the evolution of the
system.

Models also account for mantle hydration associabethe dehydration of #D-satured MORB
basalt, which transport water in their hydrous phagp to 300 km deep, as implemented in

Regorda et al. (2017). The maximum depth at whidiydeation takes place is identifiable by the
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depth of the deepest oceanic marker in the stability field of lawsonite. The progressive hydration of
the mantle wedge is defined by the stability fieldh® serpentine (Schmidt and Poli, 1998). In the
hydrated domains we assume a viscosity of P@-s and a density of 3000 kd{®&chmidt and Poli,

1998; Honda and Saito, 2003; Arcay et al., 2005y&and Stockhert, 2006; Roda et al., 2010).

4 Model predictions

Below, the presentation will focus initially on tfiest cycle of oceanic subduction and continental
collision (phases 1 and 2, Chapter 4.1) and aftetsvaon the thermo-mechanics evolution
characterising the second cycle of oceanic subducia continental collision (phases 3 and 4,
Chapter 4.2). Being the thermo-mechanic evolutioaystems characterised by a single subduction
activated in an unperturbed environment, widely dbed and discussed in a previous work of the
same authors (e.g., Regorda et al., 2017), for ghasand 2 we will enlighten only the main
features. For phases 3 and 4 we will enlighten liffees in the dynamics and in the thermal state
predicted by models characterised by different piesd velocities of the first subduction. The
thermal states predicted by models DS during phas8sand 4 will be then compared to the post-

collisional phase of Regorda et al. (2017)’'s mo&&.6 model).

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

Results will be discussed in relation to three valoé subduction velocities: 1, 2.5 and 5 cm/yr
(models DS.1, DS.2.5 and DS.5, respectively). Onpme&ifect that deserves to be enlighten here
is that the higher the velocity of subduction, tbeér the temperature in the slab and in the mantle
wedge (see isotherms 800 and 1100 K in Fig. 5)esootd material is buried more rapidly than it
can be warmed by heat conduction, mantle convectisapus heating or other heat sources. The

consequence of the higher temperatures for lowesciteds is that the area in which the P-T
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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 dffecient for recycling subducted oceanic and
continental crustal material. In particular, thebslaf the first subduction of model DS.1 is
characterised by temperatures too high to promaodeatipn in large domains of the mantle wedge
and, therefore, recycling of subducted crust (seastlines in Fig. 5a).

During phase 2, models evolve in a similar way rélgass of the prescribed subduction velocity
during phase 1 because their dynamics is controlhdyg by gravitational forces. Briefly, the large-
scale convective flow gradually expands lateralidaods the overriding plate, reducing the slab
dip. At the same time, the convective flow underhetite upper continental plate disappears
provoking a thermal re-equilibration in the entirgstem, with a warming of the subducted
lithosphere and a cooling of the mantle wedge. Tdreetal dynamics is characterised by a rising of
all the subducted material because of the lowerijemsth respect to the surrounding mantle,

which determines the doubling of the crust at thet @frthe phase 2.

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

The sinking of slab 2 determines a gradual backveemding of slab 1 (Fig. 6), associated to a
thinning below a depth of approximately 150 km. Thantle flow above the slab is very weak,
with the exception of model DS.5 in which it interes at about 15.5 Myr (Fig. @b The lack of an
intense large-scale mantle flow in models DS.1 aBd2[» can be related to the presence of the slab

1 that prevents its activation. Differently, the rilarflow enhancing in model DS.5 after 15.5 Myr

is ascribable to the higher dip angle of the slath \&iconsequent wider area available above it. In
addition, the presence of the short-lived convedlwe in the model DS.5 (Fig. @pdetermines an
increase of temperature at the bottom of the shafitirespect to models DS.1 and DS.2.5 (Fig. 6b
and b, respectively) and a decrease of its dip. However, since large-scale mantle flow is limited

above slab 2 and below slab 1, the area betweetwtheasubduction complexes is not thermally



384 affected by the large-scale mantle flow, as occurs during phase 1. Differently, the large-scale
385 convective cell below the second slab is of the samter of magnitude for all models and
386 comparable with the flow activated during phase lbweéhe slab 1 (Fig. 6).

387 Fig. 7 shows that at the beginning of the secondecceanic subduction (phase 3) the upper plate
388 is still thermally perturbed. In particular, slalisinot yet thermally re-equilibrated, as shown by the
389 depression of isotherms 1100 K (dashed lines inF/ay. Comparing the isotherm 1100 K predicted
390 by models DS.1, DS.2.5 and DS.5 during phase 3ansliab 1 (dashed black, red and blue lines,
391 respectively, in Fig. 7a and b) is evident that nigirthe early stages model DS.5 is the coldest,
392 while model DS.1 is the warmest. This is the coneage of the colder thermal state for higher
393 velocities at the end of phase 1. During the eadges of phase 3, isotherms 800 K predicted by
394 models DS.1, DS.2.5 and DS.5 in the micro-contir@atshow no differences (continuous black,
395 red and blue lines in Fig. 7a and b, respectivehg they are shallower than in an unperturbed
396 system (phase 1 of model SS.5, continuous greennif@. 7c and d). This because the geotherm
397 at the beginning of phase 1 is colder than the geothat the beginning of phase 3 (Fig. 7a).
398 Consequently, the difference between DS and SS mai®inishes during the evolution (Fig. 7b)
399 and it disappears in the latter stages of phaseg3 TE and d). Further from the second subduction
400 (x>250 km in Fig. 7), model DS.1 shows the lowest temperatures while model DS.5 is the warmest.
401 This is due to the amount of continental materiathef lower plate subducted during the collision
402 (Fig. 6). In fact, for higher velocities of subdugeti(i.e. models DS.2.5 and DS.5) the larger amount
403 of continental material subducted determined thek#ming of the crust and the consequent higher
404 temperatures due to higher radiogenic energy (SeeRegorda et al., 2017).

405 For what concerns slab 2, the isotherm 800 K shows a slight difference after 5.5 Myr, when it
406 is slightly deeper in model DS.1 (continuous bladle lin Fig. 7b) with respect to models DS.2.5
407 and DS.5 (continuous red and blue lines in Figr@&spectively). The thermal state begins to clearly
408 differentiate after 15.5 Myr from the beginning digse 3 (Fig. 7c), when isotherm 800 K is the

409 deepest in model DS.1 and it is the shallowest ideh®S.5. Further differences can be observed



410 at the continental collision at the end of phase 3 (continuous lines in Fig. 7d), when model DS.5
411 (continuous blue line) is warmer than models DSd @26.2.5 (continuous black and red lines) but
412 is colder than model SS.5 (continuous green line)the same way, 1100 K isotherm begins to
413 show differences in the portion of the wedge clas¢he second subduction after approximately
414 15.5 Myr (dashed lines in Fig. 7c), with a coldegrthal state for models DS.1, DS.2.5 and DS.5
415 (dashed black, red and blue lines, respectivelyh waspect to the phase 1 of model SS.5 (dashed
416 green line). The colder thermal state in the wedgéipted during phase 3 could be related to the
417 lack of heat supply due to the mantle flow thatcase of double subduction, does not reach the
418 portion of the wedge close to slab 2. In correspoodeof the doubled crust related to the first
419 continental collision, isotherms 1100 K (dashed klaed and blue lines, respectively, in Fig. 7c
420 and d) are shallower than the isotherm in a norkémed crust (dashed green line in Fig. 7c and d),
421 Dbecause of the higher energy supplied by radioadieay.

422 Focusing on the wedge area (Fig. 8a, b and c foreladdS.1, DS.2.5 and DS.5, respectively) we
423 can observe that the local dynamics is comparabléh@ab characterising phase 1, with slight
424 differences due to the lower temperatures predidiéing phase 3 inside slab 2. In fact, the
425 hydrated area is more extended in models DS.1 addSir2.5 (blue areas in Fig. 8and h,

426 respectively) with respect to model DS.5 (blue anelgig. 8g), because of the colder thermal state
427 and the consequent larger portion of mantle wedgehich the serpentine in stable. Differences in
428 the extension of the hydrated area are more evalethie end of the subduction, when differences
429 of the thermal conditions in the slab are more pomwed (blue areas in Fig. 8d» and ¢ for

430 models DS.1, DS.2.5 and DS.5, respectively).

431 After the second continental collision, for all mtedéhe large-scale convective flow shows a
432 decrease in the intensity below slab 2 of approxeigatvo orders of magnitude (streamlines in Fig.
433 9). On the other hand, above slab 2 the activatice feeble convective cell of the same order of
434 magnitude occurs and it decreases its intensitiyeaehd of phase 4 (streamlines in Fig., % and

435 Dbs for models DS.1, DS.2.5 and DS.5, respectively). The combined action of these two large-scale



436 convective cells determines the increase of the dip angle of the deep portion of both subducted slabs.
437 At the same time, both the subducted portion ofdtiatinental crust of the lower plate and the
438 recycled material in the wedge rise to shallowerthigpbecause of their lower densities with
439 respect to the mantle.

440 The portion of the slab characterised by temperatbetow 800 K thermally re-equilibrates by the
441 first 10 Myr of phase 4, as shown by the isotherf@ BO(continuous black, red and blue lines in
442 Fig. 7e and f) that does not show differences waigpect to isotherm 800 K predicted by model
443 SS.5 during phase 2 (green continuous line in Fegarrd f). Differently, isotherms 1100 K have
444 different maximum depths for the models until thetlatages of the evolution. In particular,
445 isotherm 1100 K reach a depth of approximately 150ikk DS.1 model (black dashed line in Fig.
446 7f), more than 150 km in DS.2.5 model (red dashed in Fig. 7f), of approximately 100 km in
447 DS.5 model (blue dashed line in Fig. 7f) and of #smn 100 km during phase 2 of SS.5 model
448 (green dashed line in Fig. 7f). The slower therreatquilibration and the final colder thermal states
449 of model DS.2.5 and, to a lesser extent, of modd&sland DS.5 with respect to model SS.5 are
450 related to the lower temperatures predicted at ildeoé phase 3.

451 Fig. 10 shows differences in temperature, in termsaiherms 800 (continuous lines) and 1100 K
452 (dashed lines), between models DS.1, DS.2.5 and (d&é&k, red and blue lines, respectively) and
453 model SS.5 (green lines) after the first continemtallision. Model SS.5 remains warmer than
454 models DS.1, DS.2.5 and DS.5 during the whole ewwiutdue to the constant warming that
455 characterises the post-collisional phase (phasérpdel SS.5 (green lines in Fig. 10). Differently,
456 phase 3 of models DS is characterised by a coolintpe subduction complex because of the
457 activation of the second oceanic subduction (blae#f,and blue lines in Fig. 10a), followed by a
458 thermal re-equilibration during phase 4 (black, @aed blue lines in Fig. 10b).

459

460 5 Comparisonswith natural P-T-t estimates

461
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The P-T conditions estimated for rocks of the Variscan crust from the Alps and the FMC are
compared with predictions of double subductions nmder the first subduction-collision cycle
(phases 1 and 2, Chapter 5.1) and for the secortlistidn-collision cycle (phases 3 and 4, Section
5.2). We also enlighten the differences in the aged with respect to model with a single
subduction (Section 5.3) to infer the best fittirgpdynamic scenario responsible for the building of
the Variscan chain.
The French Massif Central is an example of a Stun@etamorphic evolution in relation with
hotter subduction system (Lardeaux, 2014). The thghmal state inferred by natural data during
the first Silurian—early Devonian subduction is igreement with the thermal states predicted
during phase 1 by models DS.1, DS.2.5 and DS.5,wikitigher than that predicted during phase
3. However, model DS.1 does not show recycling bflsigted crust during the first subduction and
model DS.5 has a wider oceanic domain than thatgsexp by paleo-geographic reconstructions
that consider two successive oceanic subductionserefdre, assuming a geodynamic
reconstruction for the Variscan orogeny charactdrizsetwo opposite subductions during Silurian—
early Devonian and late Devonian—Carboniferous, mb&2.5 appears as the most adequate to
make a comparison with natural P-T estimates oMduwgscan metamorphism recorded in the Alps
and in the FMC.
The P-T conditions recorded by the markers of theleteoDS.2.5 and SS.5 have been compared
with Prnax Tpmax €Stimates related to the Variscan metamorphism inferred from both continental
basement rocks of the Alpine domain (Table 1) anthefFMC (Table 2). The distribution of the
data is represented in Figs. 2 and 3, respectively.
We assume that there could be a complete agreenewtedn geological data and model
predictions only if the following three conditionseasatisfied contemporaneously:

(1) coincident lithological affinity with oceanicust, continental crust and mantle;

(2) comparable RuxTpmax €Stimates and P-T conditions predicted by the model. P-T

estimates have different precisions; for example, thnimum pressure only has been
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estimated for datum Pv1 from the Savona massif in the Penninic domain and datum Av9
from the Languard-Campo nappe in the Austroalpinmealn, or the minimal pressure only
has been estimated for datum ML1 from Mont du Lyesinavhile all data from the
Southalpine domain in the Alps and from Rouerguehmn FMC have more precise P-T
estimates, including both minimal and maximal vajues
(3) same ages of the & Trmax €Stimates and the P-T conditions predicted by the model.
Data in red in Fig. 11 have an estimated geologgal, such as data Svll and Sv12 from
the Eisecktal in the Southalpine domain and dataad Ar2 from Artense in the FMC;
data in black have a radiometric well-constrained, agich as data Pv8 and Pv9 from the
Adula nappe in the Penninic domain and data Li3,dnd Li5 from Limousin in the FMC.
The latter more precise proposed ages make thémgfiwith model predictions more
significant.
Data from the Alps will be discussed consideringrttestribution in the present domains (Helvetic,
Penninic, Austroalpine and Southalpine domains)naBig. 2, while data from the FMC will be
discussed considering their belonging to the maitsuacognised in the FMC (Upper Gneiss Unit,
Lower Gneiss Unit, Para-autochthonous Unit, Thivitayzac 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 ghd., corresponding to a north verging oceanic

subduction and lasting between 425 and 373.5 Ma (peer Silurian to Frasnian), and of the

successive phase 2, controlled by sole gravitatifumaés and lasting between 373.5 and 363.5 Ma.

These two phases can be related to deformationsizénhénd D1 observed in the FMC.

5.1.1. Alps
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Helvetic domain — Data Hv3 and Hv4 from Belledonne and data from Pelvoux (data Hv6 and Hv7)
and Aiguilles Rouges (data Hvll and Hv12) in theviet domain that fit with the model
predictions during phase 1 (Fig. 11a) recorded pressover 0.8 GPa in a wide range of
temperatures (between 530 and 930 °C) and haveolgivzal affinities only with continental
markers (brown and red points in Fig. 12a). Durimg ¢arly stages of phase }a#Tpmax€Stimates

fit with both subducted markers eroded by the umpete, as samples Hv6 and Hv7 from Pelvoux
and samples Hv1l and Hv12 from Aiguilles Rouges.(EBp) and markers at the bottom of the
crust of the upper plate, as sample Hv12 from AlgsilRouges (Fig. 13a), depending on their
estimated pressure. Differently, no agreement whth oceanic markers occurs, because their
predicted temperatures are too low (below 530 °@)afbthe estimated P-T conditions in rocks
from the Helvetic domain. Proceeding with the eviolutthe upper plate warms up and markers in
the deep portion of the crust start fitting with gdenHv4 from Belledonne (Fig. 13b—d), while
sample Hv12 from Aiguilles Rouges fits only in thelder, internal and shallow portion of the
wedge (Fig. 13b—d). During the last stages of pHaseT values estimated from samples from
Belledonne (Hv3 and Hv4), Pelvoux (Hv6) and AigwsliRouges (Hv11l and Hv12) agree also with
the subducted portion of the lower continental p{&ig. 13d).

Penninic domain 4n the early stage of phase 1 there is correspondence between P-T values
inferred from rocks of the Gran Paradiso massif jP®&iretta (Pv10) and the Tauern window
(Pv1l and Pv12) and model predictions (Fig. 11aB3 Bstimated conditions from the Gran
Paradiso massif are characterised by intermedidtea®ib (Fig. 12b) and show the agreement with
markers in the external and shallow portion of tleelge. Differently, data from Suretta (Pv10) and
the Tauern window (Pv1l and Pv12) are charactetigetigh P/T ratio (Fig. 12b) and fit with
markers either in the internal and shallow portibthe wedge, as estimates Pv11 from Suretta, or
in the deeper portion, as estimates Pv10 and Poh2 thhe Tauern window (Fig. 13a and b). In the
second part of phase 1, data that fit with the madalbe divided in two groups: the first group is

composed by rocks with re-equilibrations charackeriby intermediate P/T ratio, pressures below
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0.8 GPa and temperatures between 530 and 630 °C (Fig. 12b), from the Gran Paradiso massif (Pv2,
Pv3), Monte Rosa (Pv4) and the Grand St. BernarghendpPv7); the second group is, instead,
characterised by high P/T ratio, pressures abové&P.8 and temperature over 630 °C (Fig. 12b),
from the Savona massif (Pvl), the Central Adula eaf®v8) and Suretta (Pv10). P-T values
estimated from rocks of the first group show coroesfences with continental markers in the
shallow and external portion of the wedge, as Pefifthe Orco valley in the Gran Paradiso massif
(Fig. 13c and d) or at the bottom of the crust & tipper plate, as Pv2 from Gran Paradiso, Pv4
from Monte Rosa and Pv7 from the Grand St. Bernagbe (Fig. 13c and d). Differently, P-T
conditions inferred from rocks of the second grohpve an agreement with recycled oceanic and
continental markers on the deep and external podifothe wedge, as in samples Pvl from the
Savona massif, Pv8 from the Central part of the Achappe and Pv10 from Suretta (Fig. 13c and
d).

Austroalpine domain Rocks from the Hochgrossen massif (Avl), the Silvretta nappe (Av7) and
the Languard-Campo nappe (Av9) of the Austroalpioen@n have recorded the peak of the
Variscan metamorphism between 375 and 425 Ma (Ri@) &nd they are characterised by high P/T
ratios (Fig. 12c). All these data fit during phasaith deeply subducted oceanic and continental
markers. In particular, data from the Hochgrossed #me Silvretta nappe (Avl and Av7,
respectively) have correspondences with oceaniccantinental markers in the external portion of
the wedge, during their recycling (Fig. 13b andiic)addition, at the end of phase 1, Av4 from the
Tonale Zone fits both with the subducted portiorthef 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-Cortafd Zone and the
Eisecktal (Sv2 and Sv12, respectively) of the Sdptha domain were recorded under intermediate
P/T ratios while those from Tre Valli Bresciane (8yhre characterised by high P/T ratio (Fig.
12d). Among these metamorphic records, the one thenktisecktal (Sv12) has the lowest P/T ratio

and it fits with markers in the deep portion of tiiast of the upper plate (Fig. 13b—d) during phase
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1. Differently, those from Sv10 of Tre Valli Bresciane have the highest P/T ratio and are in
agreement with the model predictions characterigiegexternal portion of the wedge, at a depth of
about 45 km (Fig. 13d). Peak-conditions estimatedchfrocks of the Domaso-Cortafd Zone (Sv2)
developed under a intermediate P/T ratio betweesetlderiving from Tre Valli Bresciane and the
Eisecktal estimates and find correspondences wittkera at the bottom of the crust of the upper
plate (deeper than Sv12 from the Eisecktal) andhénwedge, in a shallower area with respect to
Sv10 from Tre Valli Bresciane (Fig. 13c and d). All these estimated P-T values show an
agreement also with the lower plate: metamorphicditimms available for the Domaso-Cortafo
Zone and the Eisecktal fit with those predicted dontinental markers in the deep portion of the
non-subducted plate, while Sv10 from Tre Valli Biase fit with the thermal state predicted for
continental markers in the subducted portion ofloleer plate (Fig. 13d).

Given the short duration of the phase 2, the sulbmucdomplex is not completely thermally re-
equilibrated and the thermal state is similar td tleaorded at the end of phase 1. Then, all data

from the Alps show the same agreement with the medblrespect to phase 1 (Figs. 11a and 13e).

5.1.2 French Massif Central

Upper Gneiss Unit +n the early stage of phase 1, the model predictions show agreement only with
data from the UGU (red dots in Fig. 14), in partecufrom Limousin (Li2), Mont du Lyonnais
(ML1), Rouergue (Ro03), Artense (Arl) and Maclas (MElg. 11b). All of them are characterised

by high P/T ratios, with pressures above 1.2 GPaemgeratures over 700 °C (Fig. 12e). With the
exception of ML1 from Mont du Lyonnais, which corisi$ a garnet-bearing peridotite, therefore
with mantle affinity, all the data fit both with ctinental subducted markers eroded from the base
of the crust of the upper plate and with recycledamic markers (Fig. 14a). Proceeding with the
evolution, both data from the UGU characterised igh H°/T ratios, such as those from Limousin
(Li2), La Bessenoits (LB1), Mont du Lyonnais (MLBpuergue (Ro2), Artense (Arl) and Maclas

(Mcl), and data from the UGU with intermediate Pdlias, such as those from Limousin (Li5) and
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from Mont du Lyonnais (ML4), agree with the predicted thermal state (Fig. 11b). In particular,
values characterised by intermediate P/T ratiosdordespondences with continental markers at the
bottom of the upper plate, while those characterisetigh P/T ratios fit with both subducted and
recycled markers (Fig. 14b—d). LB1 from La Bessenbis with subducted continental markers in
the external portion of the slab (Fig. 14b), whil@Mdoes not fit with predictions of the model
even though is characterised by similar P-T conal#tidbecause rocks in Maclas area have an
oceanic affinity and in the model predictions no age markers are located in the PT-field
compatible with the natural data. On the other hdatym Ro2 from Rouergue fit also with oceanic
markers in the internal portion of the slab (Figcll4haracterised by a lower estimated temperature
with respect to datum Mal. Data from Limousin (LiBjaut Allier (HA1), Artense (Arl), Maclas
(Mal) and Mont du Lyonnais (ML2) have a high P/Tiaa@nd temperatures higher than data LB1,
Mal and Ro3. Consequently, they begin to fit withtowity after 25—-30 Myr from the beginning
(Fig. 14c—e), when there is an increase of crustaénal in the external and warmer portion of the
hydrated wedge. All data with intermediate-to-higiud antermediate P/T ratios, such as PA1 from
Plateau d’Aigurande, Ro3 from Rouergue, ML4 from Mdao Lyonnais and Li5 from Limousin,
show a good fit at the bottom of the upper plate ianthe external and shallower portions of the
wedge during the second half of phase 1 (Fig. 1dajing phase 2, re-equilibration conditions of
rocks from Artense (Arl), Maclas (Mcl) and RouerdRel), characterised by high P/T ratios,
continue to fit also with markers in the wedge, wHi-T values characterised by intermediate P/T
ratios, such as data ML4 and Ro3, fit at the botbdmme 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 Lil andfta#n Limousin and Ar2 from Artense. Data
Lil and Ar2 are characterised by intermediate Pfibgsaand fit with continuity during the entire
phase 1 with continental markers at the bottom ef upper plate, up to the most internal and

shallowest portion of the wedge (Fig. 14a—c). Aftex collision and during phase 2, datum Ar2 fits
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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 nothen UGU (the other is MN1 from Montagne
Noire). It is also characterised by the highest Rfflo and shows a very good fit with oceanic
markers in the internal portion of the slab (Figb)l4

Para-autochthonous Unit ©nly datum PA2 belonging to PAU from Plateau d’Aigurande has
proposed ages compatible with phases 1 and 2 asdliaracterised by intermediate P/T ratios. It
has estimated ages compatible with the last stageisase 1, fitting very well at the bottom of the
upper plate, up to the most internal and shallowestion of the wedge (Fig. 14). Moreover, PA2
continues to fit during the entire phase 2 at thiédno of the continental crust of both plates (Fig.
14d and e). Its fitting during DO and D1 events i doth to uncertainty of age and to the PT
conditions at the bottom of the upper plate thahdbchange significatly during the evolution of

the model. In fact, it shows a fit also during pha¢®2 event).

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

The second subduction-collision cycle consists @set3, corresponding to a south verging oceanic
subduction and lasting between 363.5 and 337 MaKamennian to lower Carboniferous), and the
successive post-collisional phase 4, lasting betvd@&@nand 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 witiiticental markers scraped from the upper
plate and subducted at the beginning of phase 3.(Eitp and 15a) and with subducted continental
markers of the lower plate after the continentaligioh (Figs. 11a and 15c). At the end of phase 3,

the same fitting is shown also by Hv2, from Lakes§on in Argentera, which is characterised by



644 similar P-T conditions. However, neither Hv1l1l nor Hv2 fits only with markers involved in the
645 second oceanic subduction. Similarly, data Hv3 f@alledonne and Hv12 from Aiguilles Rouge,
646 that are characterised by intermediate-to-high Rdflos, show a continuous fitting from the
647 beginning of phase 3 (compatibly with their estirdadges, in Fig. 11a) with continental markers in
648 the shallow portion of the wedge of the second aatieeanic subduction (Fig. 15a—c). Differently,
649 Hv6 from Pelvoux is characterised by a re-equilibraunder an intermediate-to-high P/T ratio and
650 temperature above 730 °C (Fig. 12a): at the beginafrphase 3 thermal conditions and lithologic
651 affinities allow the fitting both with subducted rkars in the shallow portion of the wedge related
652 to slab 2 and with markers at a depth of approximed® km belonging to slab 1 (Fig. 15a).
653 Successively, the temperature in the slab 2 deseabkde it gradually increases in the slab 1,
654 consequently, Hv6 from Pelvoux does not fit anymwrth markers of slab 2 while it fits with
655 shallower markers in slab 1 (Fig. 15b). Proceediitf the evolution of phase 3 and during phase 4,
656 Hv6 fits gradually with a larger amount of markeF3g( 11a) belonging to markers nearby the
657 doubled crust in correspondence of both slabs (Fg—e). Moreover, Hv4 from Belledonne has
658 intermediate P/T ratio and fits with markers at fioétom of the continental crust of all plates for
659 the all duration of phase 3 and 4 (Figs. 1la and-dbaData Hv3b, Hv4b and Hv4c from
660 Belledonne are characterised by intermediate Pidsrand fit with the model at the end of phase 3
661 and at the beginning of phase 4, therefore duriegetirly phases of the continental collision, with
662 continental markers in the proximity of the subdoicticomplex. This is in agreement with the
663 geodynamics reconstruction proposed by Frévillele{20©18). Lastly, data Hv5 and Hv8 from
664 Pelvoux have low-to-intermediate P/T ratios (Figajl2herefore, they only fit in correspondence of
665 the doubled crust related to the first subductiat,tht the end of phase 4, is completely thermally
666 re-equilibrated (Fig. 14d and e).

667

668 Penninic domain -Rocks from Gran Paradiso (Pv2 and Pv3), Monte Rosa (Pv4) and Grand St.

669 Bernard (Pv5, Pv6 and Pv7) reveal conditions inthgaintermediate P/T ratios, with temperatures



670 below 730 °C, and their fit with the model predictions is uninterrupted during both phase 3 and 4,
671 coherently with their estimated ages (Fig. 11a)panticular, during the first half of phase 3 they
672 show fit with continental markers at the bottom oftbplates and in the shallowest portion of the
673 wedge related to the second subduction (Fig. 15dggnahile during the last stages of phase 3 and
674 whole phase 4, they show fit with markers from tbetmental crust of all the three plates (Fig. 15d
675 and e). Datum Pv8 from the Adula nappe is the only characterised by a high P/T ratio (Fig. 12b)
676 that finds correspondences with subducted markebtbf slabs at the beginning of phase 3, when
677 the system is not still completely thermally re-dquated (Fig. 15a). Proceeding with the evolution
678 the first slab warms up and metamorphic conditidreracterised by high P/T ratios, such as those
679 of Adula and Suretta (Pv8 and Pv10) are in agreemagtwith those predicted for subducted and
680 recycled markers in the second slab (Fig. 15b). & tollision, P-T values from rocks re-
681 equilibrated under high P/T ratio (Pv9 and Pv10 fiddula and Suretta) accomplish the agreement
682 only with markers belonging to the deeper portiorthef subducted lower plate (Fig. 15c¢), while
683 during last stages of phase 4 the agreement is thetithermal state of the recycled continental
684 markers in the shallower portion of the wedge, dfterthermal re-equilibration (Fig. 15d and e).
685

686 Austroalpine domain —&um Av10 from Mortirolo is characterised by intermediate P/T ratio (Fig.
687 12c) and at the beginning of phase 3 fits only vakiallow continental markers in the warmer
688 portion of the hydrated wedge related to the secarmtiuction (Fig. 15a). Proceeding with the
689 evolution, the temperature in the wedge decreaseke wthincreases in correspondence of the
690 doubled crust of the first slab; consequently, Acg@se to fit with continental markers nearby the
691 second slab and begins to fit with thermally re-Bloated markers of the first subduction (Fig. 15¢
692 and d). Variscan metamorphic rocks from the Denhé&h@ nappe in the Austroalpine domain (data
693 Avll and Av12) reveal conditions marked by an intdrate P/T ratio (Fig. 12c) with an estimated
694 age that correspond to the last stages of evolufophase 4 (Fig. 11a) and they show fit with

695 continental markers of the upper plate nearby slabd. slab 2, respectively (Fig. 15e). Data Av2
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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 preetl for markers in the external portion of the
second slab at the beginning of phase 3 (Fig. 16d)ia the deep portion of the doubled crust
during the first half of phase 3 (Fig. 15a and biffddently, data Av2 and Av3 fit only with
subducted markers of the second slab during thé Hiaf 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 Rifios, with temperatures below 730 °C. Their fit
with the model predictions is continuous during botlase 3 and 4, compatibly with their estimated
ages (Fig. 11a). In particular, during the firstflzdlphase 3 they fit with continental markers at the
bottom of both plates (Fig. 15a and b), while during last stages of phase 3 and whole phase 4,
they show fit with markers at the bottom of the aoental crust of all the three plates (Fig. 15¢c—e).
Datum Sv10 from Tre Valli Bresciane is characterisgdhigh P/T ratio (Fig. 12d) and an estimated
age compatible with the first half of phase 3 (Rigja), 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 (Arl), Maclas (Mcl), Rouergue (Rol and Ro03) are
characterised by P-T conditions that reveal inteiateeto-high and high P/T ratios (Fig. 12e) and
they fit with subducted and recycled crustal markerghe course of the second subduction only
during the early stages of phase 3 (Figs. 11b aral b Moreover, Ro3 fits also both in
correspondence of the deep portion of the doublest celated to the first subduction during phases
3 and 4 (Fig. 16a—e), and in the subducted portidheocontinental crust of the lower plate during
phase 4 (Fig. 16c—e). Going on with the subductioa,temperature in the slab and in the wedge

decreases and no rocks show fit with recycled marikethe mantle wedge related to slab 2. This is
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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 hamal temperature in the doubled crust of the first
slab increases gradually and data characterisedtéyriediate P/T ratios Mont du Lyonnais (ML3)

fits at the bottom of the continental crust of thmper plate and in correspondence of the doubled

crust related to the first slab (Fig. 16b).

Lower Gneiss Unit — & from Artense is characterised by an intermediate P/T ratio (Fig. 12e) and
finds fitting at the bottom of the continental crustthe upper plate during phase 3 before the
beginning of the continental collision (Fig. 16a dmd while after the collision (Fig. 16c—e) it
shows fit at the bottom of the crust of the loweatglin correspondence of the second subduction
and with the doubled thermally re-equilibrated cmesited to the first subduction. Differently, data
Li3 from Limousin and VD1 from the Velay Dome areachcterised by low-to-intermediate P/T
ratios (Fig. 12e) and do not show any fitting wikle fpredictions of the model (Fig. 11b). This is
because the model does not predict a sufficieneass of the temperatures at shallow depths

following the continental collision.

Para-autochthonous Unit, Montagne Noire and Thivieeg/zac Unit - Estimates with intermediate
P/T ratios, such as TP1 from the Thiviers-Payzat &#A2 from Plateau d’Aigurande, VD2 from
the Velay Dome and MN2 from Montagne Noire (Figell2show correspondences with the
thermal state predicted for continental markershefupper plate during phase 3 (Fig. 16a and b).
Moreover, VD2 fits with continuity in the continehterust of all the three plates for the entire
duration of phases 3 and 4 (Fig. 16a—e). MN1 froemNtontagne Noire is characterised by a high

P/T ratio (Fig. 12e) and does not find thermal atiblogic correspondences with the model.

5.3. Single subduction model
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5.3.1. Alps

Helvetic domain -Data of the Helvetic domain show a worsening of the agreement with P-T
predictions of model SS.5 with respect to model 5.\ particular, data with estimated ages
compatible with phase 1, continental affinities &mhperatures above 650 °C, such as Pv6 and Pv7
from Pelvoux and Pv11 from Aiguilles Rouges (Figa)l, Avorsen their fit, because of the lower
temperatures predicted in the slab and in the wegdaster models. During the phase 2 of model
SS.5, at approximately 350-365 Ma (beginning of pt&asf model DS.2.5), data characterised by
intermediate-to-high P/T ratios and continentalrdgtiés (Fig. 12a), such as Hv3 from Belledonne
and Hv1l1l from Aiguilles Rouges, worsen their agreen{€ig. 17a). This because of the higher
thermal state predicted by model SS.5, due to tls¢-qmlisional re-equilibration, with respect to
the lower thermal state predicted in model DS.24s50aiated to the beginning of the second
subduction. In fact, Hv3 and Hv11 show a fittingwi2S.2.5 model only in correspondence of slab
2 but they do not show agreement with continentakera of slab 1 (Fig. 15a and b). In addition, at
approximately 330-340 Ma (end of phase 3 of model2[3$ also Hv2 and Hvll from the
Argentera massif and Aiguilles Rouges, respectiwgly;sen their agreement with respect to model
DS.2.5 (Fig. 17a). This occurs because both dateclaaeacterised by intermediate-to-high P/T
ratios (Fig. 12a) but model SS.5 is almost compjeteérmally re-equilibrated and markers nearby
the subduction complex are characterised by inteiatee®/T ratios.

Hv8 from Pelvoux is the sole datum that improvesagseement with model predictions during the
latest stages of evolution (phase 4 of model DSl#&bause it is characterised by low P/T ratio, and
the longer post-collisional thermal re-equilibratioh model SS.5 with respect to model DS.2.5

determines higher temperatures in the subductiorptm

Penninic domain — Dring phase 1, Pv8, from the central part of the Adula nappe, and Pv10, from
Suretta, worsen their agreement with P-T predictminsiodel SS.5 with respect to model DS.2.5

(Fig. 17a). Both of them are characterised by highmtios (Fig. 12b), fitting with predictions of
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model DS.2.5 for continental subducted markers at different depths in the external portion of the
hydrated wedge (Fig. 15—d); then the worsening ef dgreement is due to the cooling for the
higher velocities of subduction. Between 365 and B&0D and from 340 Ma to the end of the
evolution (beginning and end of phase 3 in model2[55.respectively) Pv9 and Pv10 from the
nothern part of the Adula nappe and from Suretspeetively, do not show fit with predictions of
model SS.5 (Fig. 17a), differently than model DS.E%®ccurs because of lack of high P/T ratios

predicted by SS.5 model during the last part ofpibst-collisional phase.

Austroalpine domain F¥he lower thermal state characterising model SS.5 with respect of model
DS.2.5 during phase 1 determines a worsening cagheement of Av9 from the Languard-Campo
nappe (Fig. 17a) that has a high P/T ratio and @atterised by high temperature (Fig. 12c¢). On
the other hand, Av8 from Silvretta improves its agnent, being characterised by high P/T ratio
but low temperature (Fig. 12c), so more compatibith ihe thermal state predicted for higher
velocities of subduction. Between 365 and 350 Ma2 And Av3 from Oetztal and Av5 from the
Tonale Zone have a worse agreement with respectotteinDS.2.5 (Fig. 17a), because they are
characterised by high P/T ratios (Fig. 12c¢), which rzot predicted by model SS.5 during the post-
collisional phase. Av10 from the Languard-Campo egamharacterised by intermediate P/T ratio,
also worsen its agreement with predictions of m&%&b (Fig. 17a) approximately 5—-10 Myr from
the beginning of phase 2. This occurs becausetitsith predictions of model DS.2.5 occurs in

correspondence of slab 1, which, in the early stdgdhase 2, is warmer than for model SS.5.

Southalpine domain —hE only PT value that shows differences in the agreement with predictions
of model SS.5 and those of model DS.2.5 is Sv10n ffoe Valli Bresciane. Sv10 is characterised
by high P/T ratio (Fig. 12d) and its fit worsen &gbning of phase 3 of model DS.2.5, between
365 and 350 Ma (Fig. 17a), when the initiation & s§econd subduction determines a cooling of the

subduction system.
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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 worsenintheagreement with predictions of model
SS.5 with respect to model DS.2.5. During phasdl Hata characterised by intermediate-to-high
and high P/T ratios and temperatures above 650 4€h as HALl from Haut Allier, Li2 from
Limousin, ML2 from Mont du Lyonnais, Arl from ArteasRo3 from Rouergue and Mcl from
Maclas (Fig. 12e), worsen their agreement with mqutetictions (Fig. 17b with respect to Fig.
11b), because of the lower thermal state charactgridab 1 of model SS.5 with respect to model
DS.2.5. In addition, rocks from Maclas (Mcl) and ehge (Arl) worsen their agreement with
model predictions also during the last stages o§@l2awith respect to phase 4 of model DS.2.5. In
fact, during phase 4 of model DS.2.5 they fit withttnental subducted markers of slab 2 in a
portion of the wedge not completely thermally re4iblgtated, while the wedge during last stages of
phase 2 of model SS.5 is completely re-equilibrated only intermediate P/T ratios are predicted.
Moreover, Ro3 decreases the number of markers witichvhas a compatibility (Fig. 17b with
respect to Fig. 11b), because in model DS.2.5teditboth with continental markers in doubled
crust of the first slab (as in model SS.5) and withducted continental markers of the lower plate
related to the second oceanic subduction. Lastlg M43 and ML4 from Mont du Lyonnais and
Li5 from Limousin, characterised by intermediate Patfios, show the same fitting than in model
DS.2.5 (Fig. 17b with respect to Fig. 11b), haviognpatibilities with continental markers at the
bottom of the plates, where P-T conditions are taingly affected by the second active oceanic

subduction or by the velocity of subduction.

Lower Gneiss Unit, Para-autochthonous Unit, Montafjlugre and Thiviers-Payzac Unit — All data,
with exception for Li4, show intermediate P/T ratiasd show the same fitting with respect to

model DS.2.5 (Fig. 17b with respect to Fig.11b). &lkthem, as for data ML3, ML4 and Li5 of the



826 UGU, fit with continuity at the bottom of the continental crust of all plates, as shown for example
827 by the continuous fitting of PA2 from the PAU in tRéateau d’Aigurande throughout phases 1, 2
828 and 3 and of Ar2 from the LGU in the Limousin (Figzb). Datum, Li4 from the LGU in the
829 Limousin has a high P/T ratio but, as seen for datae UGU, worses its fit with respect to model
830 DS.2.5 (Fig. 17b with respect to Fig.11b). This heédar is the same observed for data Av7 of the
831 Austroalpine domain in the Alps and is due to thghlestimated temperature for Li4 (650 °C) that
832 isin contrast with the lower thermal state prediagtemodel SS.5 with respect to model DS.2.5.

833

834 6 Discussion

835 Three models of double subduction, identified byrst Subduction phase (phase 1) with different
836 prescribed velocities, have been developed to ftesimodel characterised by two opposite verging
837 subductions may better represent the evolution ef\thriscan orogeny with respect to a single
838 subduction. Such approach allowed the analysis efatftivation and the evolution of an oceanic
839 subduction in a geodynamic scenario previously peet by an early subduction/collision history.
840 A main result is that, during phase 1 of double siehidn models, differences in the thermal state
841 inside the slab are influenced by differences indsghon velocities. In particular, a velocity
842 decrease determines a temperature increase due fowkr amount of cold material subducted
843 during the same time span. Then, the temperatuesicped by model DS.1 in the slab and in the
844 mantle wedge result too high to have P-T conditmmapatible with the stability field of serpentine.
845 The consequence is that there is no hydration ofrthetle wedge and therefore no activation of
846 small-scale convective cells allowing the recyclioigsubducted material. On the contrary, the
847 subduction velocity does not influence the therntelesof the upper plate.

848 In all models, large scale mantle flows activateirduiboth oceanic subduction phases (phases 1
849 and 3), but during phase 3 it is less intense, duthé occurrence of the first slab constituting a
850 barrier that prevents the large-scale mantle floweth the area between the two subducted slabs.

851 The lack of the mantle flow up to the external baamebs of the hydrated area, and the consequent



852 "absence of its heat supply, determines a temperature decrease in the mantle wedge and in the slal
853 interior. In particular, in all models slab 2 is @et than slab 1 of model DS.5, in which the first
854 subduction has the same velocity as the secondn®thie second post-collisional phase there is an
855 increase of the dip angle of both slabs.

856 Considering the polycyclic scenario proposed forgeedynamic evolution generating the Variscan
857 chain, the most appropriate model to compare theéigiesl thermal evolutions with P-T conditions
858 inferred for Variscan rocks from the Alps and the &Mppears to be model DS.2.5, taking both
859 paleo-geographic and metamorphic evidences intouatctn fact, model DS.5 is characterised by
860 a wide ocean involved in the first subduction (2308), in contrast with paleo-geographic
861 reconstructions suggesting a maximum oceanic wititht060 km (e.g., Lardeaux, 2014a). On the
862 other hand, DS.1 model is not accompanied by thealtigt of mantle wedge and therefore does
863 not show recycling of subducted material associatéia the first subduction. Monocyclic scenarios
864 account for a wide ocean (~2500 km) closing in ~5@ KMalavieille, 1993; Tait et al., 1997;
865 Torsvik, 1998; von Raumer et al., 2003; Marotta &madlla, 2007), so for the comparison with
866 natural P-T estimates we used model SS.5.

867 The comparison with natural data shows a differgré@ment for rocks from the Alps and from the
868 French Massif Central (Fig. 18). Metamorphic cormuhisi recorded by the rocks with high P/T ratios
869 from the Alps show a good agreement with P-T predi¢h both hot and cold subductions, being
870 characterised by both different metamorphic gragdiamid different estimated ages; some of them,
871 such as Pv12, from the Penninic domain of the Tawdndow, and Av7, from the Silvretta nappe
872 in the Austroalpine domain (see light blue and yelldots in panels a2 and b2 of Fig. 18), have
873 Dbetter correspondences with a hot subduction, ssighhase 1 of model DS.2.5, while others, such
874 as Pv8 and Pv10 from the central Adula and the Bunstppes in the Penninic domain and Av2
875 from the Oetztal in the Austroalpine domain, witbadd subduction, such as phase 1 of model SS.5
876 and phase 3 of model DS.2.5 (see light blue anawetlots in panels d2, e2 and f2 of Fig. 18).

877 However, the present day distribution of Variscaoords in the Alps is affected by Permian-



878 Triassic rifting, Jurassic oceanisation and a successive Alpine subduction and collision events that
879 inhibits the reconstruction of a coherent geograpistribution of data.

880 Differently, data from the French Massif Centraliwitigh P/T ratios fit better with P-T predicted in
881 hot subductions. In particular, data Mcl and Arlnfrthe UGU in Maclas and in Artense,
882 respectively, worsen their agreement during bothsetaof model DS.2.5 and phase 1 of model
883 SS.5, with respect to phase 1 of model DS.2.5 (sdedots in panels al and bl of Fig. 18).
884 Moreover, data HA1, Li2, PA1, LB1, Ro3 and ML2 fraghre UGU and Li4 from the LGU worsen
885 their agreement during phase 1 of model SS.5 wepeet to model DS.2.5. This suggests that
886 either a hotter subduction is necessary to develdpcenditions compatible with these data or that
887 the amount and accuracy of the available radiomdtta are insufficient to propose a comparison
888 between natural geological data and model predistitm addition, we must say that some P-T
889 estimates of the FMC of the early works should bned with new methods of petrologic
890 modeling to be more significant in the comparisothwine models. On the other hand, it would be
891 Dbeneficial to determine the uncertainty of the medal order to reduce the ambiguity between
892 different geodynamics settings (e.g. following thegedure proposed by Barzaghi et al., 2014;
893 Marotta et al. 2015; Splendore et al., 2015).

894 The agreement of data characterised by intermediéieratios is slightly influenced by the
895 activation of the second subduction. This becausg éine compatible with P-T conditions predicted
896 by the models at the bottom of the continental cofishe plates, where the second subduction does
897 not have a significant impact on the thermal staterefore, only data characterised by high P/T
898 ratios that have estimated ages compatible with gsh&and 4 of model DS.2.5 are valid to
899 discriminate between mono- and polycyclic scenarios.

900 Data with high P/T ratios from the Alps show a gahemprovement in their agreement with
901 phases 3 and 4 of model DS.2.5 with respect to phafenodel SS.5. In particular, data Hv3 from
902 Belledonne and Hvll from Aiguilles Rouge in the Hgilw domain are characterised by

903 intermediate-to-high P/T ratios and fit with contited markers in the shallow portion of the wedge



904 related to the second subduction (see red dots in panels d2, e2 and 2 of Fig. 18); in addition, Pv10
905 from the Suretta nappe in the Penninic domain hagyla P/T ratio and improve its agreement
906 fitting with subducted markers in the deep portiérihe@ second slab (see light blue dots in panels
907 d2, e2 and f2 of Fig. 18). However, all these dataehnot precise geological ages, fitting with
908 model D.2.5 from phase 1 to phase 4, and, consdgudhty are not significant for the
909 discrimination among the possible geodynamic scesa8imilarly, datum Av3 from Oetztal in the
910 Austroalpine domain is characterised by a high Rfibrand improve its agreement during phase 3
911 of model DS.2.5 fitting in the shallow portion ofethvedge of the second subduction (see yellow
912 dots in panels d2 and e2 of Fig. 18). This datumamasstimated age with a narrower range and,
913 therefore, is more significant than the previousdaten if it is a geological and not a radiometric
914 age. Data Pv9 from the Adula nappe in the Penniamain and Sv10 from Tre Valli Bresciane in
915 the Southalpine domain have high P/T ratios and sbhgaod improvement in model DS.2.5 during
916 phases 3 and 4, fitting with subducted markers edléd the second subduction (see blue dots in
917 panels d2, e2 and f2 of Fig. 18). Their radiometneasured ages make them more significant than
918 the previous, suggesting that a polycyclic scenasiomore appropriate for the geodynamic
919 reconstruction of the Variscan orogeny. In genehad, fitting improvement between predictions of
920 model DS.2.5 and data from the Alps with an estichaige compatible with the beginning of phase
921 2 of model SS.5 and phases 3 and 4 of model DSs2tBlated to the activation of the second
922 subduction that produces a lower thermal state, noorapatible with data characterised by
923 intermediate-to-high and high P/T ratios. On theeotind, data Hv8 from Pelvoux in the Helvetic
924 domain and Av10 from Mortirolo in the Austroalpin@rdain worsen the agreement in model
925 DS.2.5, because a completely thermally re-equildatahodel better fit with data characterised by
926 low-to-intermediate P/T ratios, such is the cas@auel SS.5 at the end of the evolution.

927 Few data from the FMC can help to discriminate amamgno- and polycyclic scenarios. In
928 particular, data Mc1 and Arl from the UGU in Mackasl in Artense are characterised by high P/T

929 ratios and are the unique to show differences irfitrduring phases 3 and 4 of model DS.2.5 with



930 respect to phase 2 of model SS.5, having ages compatible with recycled markers in the wedge
931 related to the second subduction (see red dotsnelpal, el and f1 of Fig. 18). However, both of
932 them have not precise geological estimated agegin@gmetween 295 and 425 Ma, and, therefore,
933 they are not significant for geodynamic reconstarddiof the Variscan orogeny. On the other hand,
934 data with more accurate calculated ages compatiibtepmases 3 and 4 of model DS.2.5 neither fit
935 nor show differences in the fit with the models phrticular, data with a complete agreement with
936 both models (ML3 from the UGU in Mont du LyonnaisdaviD2 and PA2 from the PAU in the
937 Velay Dome and in the Plateau d’Aigurande, respebtjvare characterised by intermediate P/T
938 ratios and are compatible with P-T conditions atlib#om of the whole continental crust. The lack
939 of data with high P/T ratios from the FMC in contius agreement with the slab of the second
940 subduction during phase 3 is in contrast with thedgagreement during phase 1. In particular, data
941 from the UGU, such as HA1 from Haut Allier, Li2 frobimousin, PA1 from Plateau d’Aigurande,
942 LB1 form La Bessenoits and ML2 from Mont du Lyonnasd from the LGU, such as Li4 from
943 Limousin, have precise estimated ages and have d fiipduring phase 1 with subducted and
944 recycled markers of the first slab (see red dotzaimels al and bl of Fig. 18). This behaviour is in
945 agreement with the geographic distribution of theadaecause evidences of HP metamorphism
946 related to the second subduction should be locateer north than the FMC (see the Eo-Variscan
947 suture in Fig. 18). In particular the suture liethei in the NW part of theArmorican Massif (Léon
948 block) or in the Channel (Faure et al., 2005; Ba#ést al., 2009; Faure et al., 2010), and, to the
949 east, between North Vosges and Ardennes (Faure.,eRCGlO; Edel et al., 2018). Data from
950 Montagne Noire must be discussed separately. DatuNR Ntom Montagne Noire has an
951 intermdiate P/T ratio and fits well during phase #hwcontinental markers of upper plate (see
952 orange dots in panel f1 of Fig. 18), then it coule telated to D3 event developed in an
953 intracontinental post-collisional setting. On théesthand datum MNL1 is characterised by a high
954 PIT ratio and it does not fit with our model. Howevié can not be considered indicative because

955 the discussion regarding the interpretation of tHe ikhprint is still open. Our results clearly



956 highlight the fact that, nowadays, our understanding of VVariscan orogeny is limited by a crucial lack
957 of chronologic constraints on FMC metamorphic P-thpa

958 Although the ocean-continent margins in our modehdbinclude an OCT, data belonging to the
959 UGU with accurate proposed ages compatible withfitisé subduction (HA1 from Haut Allier,
960 ML2 from Mont du Lyonnais, Ro2 from Rouergue and FAdmM Plateau d’Aigurande; see red dots
961 in panels al, bl and cl1 of Fig. 18) show very gotichd with both continental markers eroded
962 from the upper plate, representing here a magmatideveloped on continental crust of either the
963 southern margin of Armorica or an unknown and logtratontinent (Faure et al., 2008; Lardeaux,
964 2014a), and oceanic markers of the lower plate, leduat the trench and successively subducted
965 and exhumed in the mantle wedge. Consequently, odehshows the possibility that rocks from
966 the UGU could have an origin different from an OQThis result opens a new perspective on the
967 understanding of the pre-orogenic, Cambro-Ordovjcstinuctural restoration of the FMC. Indeed,
968 taking into account the consequences of thermal hiogl@resented above, in the FMC, as it is the
969 case for more than two decades in the Alps (seaisBgmns in Platt, 1986; Polino et al., 1990;
970 Spalla et al., 1996; Schmid et al., 2004; RosenbandLister, 2005; Stéckhert and Gerya, 2005;
971 Beltrando et al.,, 2010; Roda et al., 2012; Lardea@14b), the origin of high-pressure
972 metamorphic rocks can be described in the framewbrivo significantly contrasted conceptual
973 geodynamic models: (i) these rocks derive from alsated OCT, thus from the lower plate, or (ii)
974 they derive, at least in part, from the upper pkdethe result of mass-transfers during ablative
975 subduction.

976

977 7 Conclusions

978

979 We have investigated the thermo-mechanics of annizesubduction complex in a system
980 perturbed by a previous ocean-continent subductasults from models of double subduction

981 indicate that:
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(1) there is a correlation between the thermal state of both the slab and the mantle wedge
and the velocity of subduction; in particular lovtemperatures can be observed for higher
velocities of subduction. On the other hand, theoaig} of subduction does not have a
significant impact on the thermal state of the uppate;

(2) high temperatures observed in the slowest mpdmlent the hydration of the mantle
wedge, with a consequent lack of recycling of subetlienaterial deriving both from the

lower plate and from the continental margin of tpper plate;

(3) for same subduction velocities, the second sciimiu complex is colder than the first,

due to the lack of large-scale mantle flow with to@sequent heat supply.

From the successive comparison between thermal nwdéictions 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 wellith both hot and cold subductions,
while data from the FMC with high P/T ratios havebatter compatibility with hot
subductions;

(2) some data from the Alps with high P/T ratios andurate radiometric ages, compatible
with a younger (Famennian to lower Carboniferoud)dsietion event, show a better fit
with the double subduction model, suggesting thatlgcyclic scenario is more suitable for
the Variscan orogeny;

(3) the data of the FMC with high P/T ratios thabwhdifferent fit in single and double
subduction models have poorly constrained geologigak and, therefore, are not suitable
to discriminate between mono- and polycyclic scersarmhis reflects also the fact that the
high-pressure metamorphic rocks compatible with emdfamian to lower Carboniferous
subduction event are located north of the FMC (enghe NW part of the Armorican

Massif Léon or even more likely in the Channel);
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(4) considering the FMC, the compatibility of the model with data from the UGU open to
the possibility that rocks of this unit could derifrem tectonic erosion of the upper plate

and not only from a lower plate OCT.
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Table A1 Detalls of the Variscan metamorphism i Alips.

Table A2 Details of the Variscan metamorphism m EMC.
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Tables

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

Helvetic domain (Hv): AR—-Argentera; BD—Belledonne:Helvoux; Ai—Aiguilles Rouges; MB-

Mont Blanc. Penninic domain (Pv): LB-Ligurian Brimmnais; GP—Gran Paradiso; MR—Monte
Rosa; GS—Grand ST. Bernardo; Ad—Adula; SU-Suretfé:-Tauern window. Austroalpine domain
(Av): SC-Speik Complex; Oe—Oetztal; TZ-Ulten Zonal-Silvretta; LCN-Languard-Campo

nappe; DB-Dent Blanche. Southapline domain (Sv): BE@anaso-Cortafdo Zone; VVB-Val

Vedello basement; NEOB-NE Orobic basement; TVB-Ta#i Bresciane; Ei—Eisecktal.

Table 2 RaxT estimates recorded in the crustal and mantle rocks of the FMC. UGU-Upper

Gneiss Unit; LGU-Lower Gneiss Unit; LAC-Leptyno-anipdlitic Complex; PAU-Para-

autochthonous Unit; MN—Montagne Noire fold-and-thf8slt; TPU—Thiviers-Payzac Unit.

Table 3 Material and rheological parameters usédeamumerical modelling.
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Figure captions

Fig. 1 Simplified tectonic sketch of the Variscagltblmodified after Delleani et al., 2018 and
references therein). Arm—Armorican Massif; BCBF—&ilisChannel-Bray Fault; BM—Bohemian
Massif; Ca—Cantabrian terrane; Cib—Central Iberi@n;-Corsica; FMC—French Massif Central;
MT-Maures-Tanneron Massif; OM-Ossa Morena; Py—Pw&n8a—Sardinia; Si—Sicilian-Apulian

basements; SP—South Portuguese Zone; WL-West Asfue@nese.

Fig. 2 Tectonic map of the Alps with the localisatiof the data listed in Table 1. Red lines are

major tectonic lineaments.

Fig. 3 Tectonic map of the French Massif Centrahwhe localisation of the data in Table 2. Red
areas represent the Upper Gneiss Unit, blue aredsotiver Gneiss Unit, light blue areas the Para-
autochthonous Unit, green areas the Thiviers-Palylrat; yellow represent the Montagne Noire

and brown represent the Fold-and-Thrust belt.

Fig. 4 Setup, boundary conditions, initial thermahfiguration and acronyms of the numerical

models. The distances are not to scale. UP—uppiey; jple—lower plate.

Fig. 5 Markers distribution, isotherms 800 and 11}0Qdashed black lines) and streamline
patterns (solid black lines in the insets) in thea@unding of the wedge area for models DS.1 (a),
DS.2.5 (b) and DS.5 (c) at 25.5 Myr of evolutiontieé phase 1. Streamlines are curves tangent at
the velocity of the fluid. The differenc&¥ of values between two streamlines is equivalerithéo
flow capacity per unit of thickness across the tiveanlines. Curves that differ from each other by

the same amount of Atfather in areas where the flow has a higher velocit



1724 "Fig. 6 Large-scale temperature field (colours) and streamline patterns (black lines) predicted by the
1725 models DSt; indicates the time relative to the beginning of phase 3g@indicates the time from
1726 the beginning of the evolution. Streamlines are esirtangent at the velocity of the fluid. The
1727 difference AY of values between two streamlines is equivalenth&o flow capacity per unit of
1728 thickness across the two streamlines. Curves tlffer diom each other by the same amount of
1729 AY gather in areas where the flow has a higher vglocit

1730

1731 Fig. 7 Comparison between the isotherms 800 (coatia lines) and 1100 K (dashed lines)
1732 predicted by model SS.5 during phases 1 and 2 (direes) and by models DS.1, DS.2.5 and DS.5
1733 during phases 3 and 4 (black, red and blue linspeaively).t; indicates the time relative to the
1734 beginning of phase 2 for model SS.5 and of phase smbdels DSt indicates the time relative to
1735 the beginning of phase 1 for model SS.5 and of pBdsemodels DS.

1736

1737 Fig. 8 Markers distribution, isotherms 800 and 1X(Qdashed black lines) and streamline
1738 patterns (solid black lines in the insets) in theraunding of the wedge area for models DS.1
1739 (panels g, DS.2.5 (panelsjpand DS.5 (panels)cat different times of evolution the of phase&;,3.
1740 indicates the time relative to the beginning of ghdsandy indicates the time from the beginning
1741 of the evolution. Streamlines are curves tangethetelocity of the fluid. The differenc®¥ of
1742 values between two streamlines is equivalent toflttve capacity per unit of thickness across the
1743 two streamlines. Curves that differ from each othgrthe same amount &% gather in areas
1744 where the flow has a higher velocity.

1745

1746 Fig. 9 Large-scale temperature field (colours) anelasnline patterns (black lines) predicted by the
1747 models DS at 10 Myr (panelg and 42 Myr (panels;pafter the beginning of phasetdindicates
1748 the time relative to the beginning of phase 4 gnithdicates the time from the beginning of the

1749 evolution. Streamlines are curves tangent at thecitgl of the fluid. The differencAY of values
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between two streamlines is equivalent to the flow capacity per unit of thickness across the two
streamlines. Curves that differ from each otherigydgame amount @f¥' gather in areas where the

flow has a higher velocity.

Fig. 10 Comparison between the isotherms 800 (coatis lines) and 1100 K (dashed lines)
predicted by model SS.5 (green lines) and by mod&ld, DS.2.5 and DS.5 (black, red and blue

lines, respectively), at 72 Myr (a) and 130 Myr fiom the beginning of the evolution.

Fig. 11 Fitting of natural R 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 estanatieile colour bars represent the fitting with the
markers of the model, with different colours indingtthe number of the marker showing the
agreement. Red vertical lines identify the beginnafigphases 2 and 4, while blue vertical lines
identify the beginning of phase 3. Keys are the samksted in Tables 1 and 2. Red keys represent

geological ages, black keys represent radiometes.ag

Fig. 12 R T estimates of data from the Helvetic domain (a), the Penninic domain (b), the
Austroalpine domain (c), the Southalpine domaingial from the FMC (e). Different colours of
the data indicate different lithological affinities described in the legend. Dot lines represent very

low subduction-zone geothermal gradient (5 °C/km).

Fig. 13 Comparison between model DS.2.5 apg-P estimates from the Alps for different times
during phases 1 (a—d) and 2 (e). In agreement vatation in Fig. 2, red dots indicate fitting with
data from the Helvetic domain, light blue dots figfiwith data from the Penninic domain, yellow
dots fitting with data from Austroalpine domain ablie dots indicate fitting with Southalpine
domain.t, indicates the absolute time relative to &nohdicates the time from the beginning of the

evolution.
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Fig. 14 Comparison between model DS.2.5 apdcP estimates from the FMC for different
times during phases 1 (a—d) and 2 (e). In agreemi#minotations in Fig. 3, red dots indicate fitting
with data from the UGU, blue dots indicate fittingtlwdata from the LGU and light blue dots
indicate fitting with data from the PAL indicates the absolute time relative to &nohdicates the

time from the beginning of the evolution.

Fig. 15 Comparison between model DS.2.5 apg-P estimates from the Alps for different times
during phases 3 (a—c) and 4 (d and e). In agreewinhotation in Fig. 2, red dots indicate fitting
with data from the Helvetic domain, light blue ddétsing with data from the Penninic domain,
yellow dots fitting with data from Austroalpine domaand blue dots indicate fitting with
Southalpine domairt, indicates the absolute time relative to dpdndicates the time from the

beginning of the evolution.

Fig. 16 Comparison between model DS.2.5 apdcP estimates from the FMC for different
times during phases 1 (a—c) and 2 (d and e). Ireagget with notations in Fig. 3, red dots indicate
fitting with data from the UGU, blue dots indicat#ihng with data from the LGU and light blue
dots indicate fitting with data from the PAU, gresots indicate fitting with data from the TPU and
yellow dots indicate fitting with data from MN, indicates the absolute time relative to dpnd

indicates the time from the beginning of the evalati

Fig. 17  Fitting of natural R T estimates of the Alps (a) and of the FMC (b) with model SS.5.
Black bars represent the age of natural P-T estanatieile colour bars represent the fitting with the
markers of the model, with different colours indingtthe number of the marker showing the
agreement. Red vertical lines identify the beginniigphase 2. Keys are the same as listed in

Tables 1 and 2. Red keys represent geological aigek keys represent radiometric ages.
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Fig. 18  Simplified tectonic sketch of the Varisdagit with the evolution for the FMC and the
Alps as suggested by the fitting between natural &fimates and P-T predicted by the double
subduction model (DS.2.5). Arm—Armorican Massif; FM&ench Massif Central; MT-Maures-

Tanneron Massif.
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Key Location Lithology Paragenesis T(°C) |P(GPa) |Age (Ma) References
AR: Tinée ) i Latouche and Bogdano
+ + +Pl+ 2-1.
Hvl Gesso-Stura-Vésut Metabasite Grt + Hbl + Cpx + Pl + Qtz 710-760| 1.2-1.4 | 420-428 (U/Pb) 1987: Paquette et al., 1¢
. . . F do et al., 2008; Rub:
Hv2 AR: Frisson Eclogitc gneiss | Grt + Hbl + Cpx + Pl + Qtz + Ru/llm 720-750| 1.33-1.43 336-344 (U/Pb) pf:lanm: et uba
N . . Guillot and Ménot, 199¢
Hv3 BD: Allemont Metapelite Grt + St + Ky + Bt + Ms + Pl + Qtz + Rt/llm + Sill + Crd 500-600 0.9-1.1 Devonian (350-420) F:JI:II:t at al :0(:)
Hv3b BD: Allemont Metapelite Grt + Bt + Ms + Pl + Qtz + Sil 660-680 | 0.68-0.87 330-344 (U/Pb) Frévile et al., 2018
. . Ménot et al., 1987; Guillic
Hv4 BD: Livet Metapelite Grt + St + Bt + Pl + Qtz + llm + Mu 530-650| 0.6-1.0 | 297-407 (K/Ar) and Ménot 1999 Guillof ¢
Hv4b BD: Riouperoux-Livet Metapelite Grt + Bt + Ms + Ky + Ab + Pl + Qtz 400-430| 0.6-0.78| 330-344 (U/Pb) Frévile et al., 2018
Hv4c BD: Riouperoux-Livet Metapelite Grt + St + Bt + Ms + Qtx 590-620 | 0.52-0.66 330-344 (U/Pb) Frévile et al., 2018
Hv5 P: Romanche valley Metabasite Amph + Pl + Qtz + llm + Bt 650-785| 0.45-0.7 | 311-335 (Ar/Ar) di Paola, 2001
Hv6 P: Oisan Metabasite Amph + Pl + Opx + Cpx + Grt + Qtz + Ru/llm 775-994| 0.9-1.7 Variscan (295-425) di Paola, 2001
. . Le Fort, 1973; Gulliot et al
Hv7 P: La Lavey Metabasite Amph + Pl + Cpx + Grt 800-900| 1.3-1.5 | Early Variscan (375-425 gqf uilote
; ) - Le Fort, 1973; Grandjean
Hv8 P: Peyre Arguet Metabasite Amph + Pl + Grt + Opx 750-850| 0.3-0.7 Variscan (295-425) Al 1996 Guillof ef al_ 19t
BD: Lac de la Croi» . Grt + Cpx + Pl + Qtz + Ru + Paquette et al., 1989; Guill
Hv9 . Metabasitt 610-670| 1.1-1.3 382-398 (U/Pb
v Beaufortir © ste Grt+Hbl+ Cpx + Otz + Ru + 2 ( ) etal., 199
K . Li and Duch , 191
Hv10  |Ai: Lac Comu Metabasite Grt + Cpx + Hbl + Qtz + Ru 725-750| 1.5-1.6 | 387-403 (U/Pb) l=geals uchesne
Paanuette et al. 1989 wt
Ai: Lac C . .
Hv1l - ac f)mu Metapelite Grt + Bt + Ms + Sil + Pl + Qtz 625-675| 1.2-1.4 | >330 Schulz and von Raumer, 20
Col de Bérar
Hv12 Ai: Emosson lake Metapelite Grt + Bt + Ms + Sil + Pl + Qtz 525-575| 0.8-1.0 | >320 Genier et al., 2008
. Amphibolite Amph + Grt + Qtz +F
Hv13 MB: Mont Blanc Skarr Grt + Cpx + Amph + Ep + Ap + 499-590 | 0.61-0.76 307-335 (Ar/Ar) Marshall et al., 1997
Pvl LB: Savona Massif Eclogite Grt + Omp + Zo + Ru + Ky + Qtz + Phe + Pl + Cpx + O[? 650-750 > 1|7 374-392 (U/Pb) Messiga et al., 199.
. 9 p Y P ) — Giacomini et al_2007: Main
Pv2 GP: Gran Paradiso Metapelite Grt + St + llm + Qtz 600-650 | 0.5-0.7 | Variscan (295-425) Le Bayon et al.,2006
Pv3 GP: Orco valley Metapelite Bt + Chl+ Pl + Grt + Qtz + Pg 610-630| 0.8-0.9 | Variscan (295-425) Gasco et al., 2010
Pv4 MR: Monte Rosa Metapelite Bt + Chl + Grt + Pl + Ms + Qtz + Pg + St 550-575| 0.4-0.6 | Variscan (295-425) Gasco et al., 2011a
GS: Ambi . Monié, 1990; Borghi et al
PV5 mbin napp Metapelite Grt+Ms + Bt + Qtz + Ru + Ky + St 550-650 | 0.8-1.1 | 340-360 (Ar/Ar) onie orghi &
(Clarea comple 199¢
N . B tal, 1996; G
PV6 GS: Mont Mort Metapelite Grt + Bt + SilAnd 550-600| 0.5-0.8 | 328-332 (U/Pb) alusfg’q? a lorgs
Pv7 GS: Siviez-Mischabel Metabasite Hbl + Pl + Qtz 550-650 | 0.5-0.6 | Variscan (295-425) Thélin et al., 1993
. . Grt + Omp + Ky + Ms + Amph + Qtz + Dol + [ o Dale and Holland, 2003; Lie
Pv8 Ad: Central part Metabasite Otz + Ms + Pl + Bt + Grt + R 675-825| 1.95-2.45 346-402 (U/Pb) etal. 200
) Grt+Omp + Ky + Ru+Ms + Ep + Pl + Dale and Holland, 2003; Lig
Pv9 Ad: Northern part Metabasit 565-715| 1.45-1.95 304-354 (U/Pb
v orthem pa ctabaste Pl + Otz + Grt + Ms + Amph + Ep + ( ) etal., 200
Pv10 Su: Suretta Metabasite Grt + Hbl + Ep + Qtz + Cpx 617-750| > 2.0 Variscan (295-425) Nussbaum et al., 1998
- . Zmmermann and Fran
Pvil TW: Frosnitztal Metabasite Grt + Omp + Qtz 400-500| 0.8-1.2 400-437 (U/Pb) 1080 "“gf"{“‘l" %S% E)g
- n al, )
Pvi2 | TW:Doesenertal Metabasite Grt+Omp + Qtz 520-720| >12 | 400-437 (U/Pb) Zzng”a € o
; - Faryad et al., 200Z; Melch
Avl SC: Hochgrossen Massif Metabasite Amph + Cpx + Ab + Zo 650-750| 2.0-2.2 389-405 (Ar/Ar) alar);?m‘e elcher
; . Miller and Théni, 1995
Av2 Oe: Central Oetztal Stubai| Metabasite Grt + Omp 700-800 | 2.5-2.9 | 340/370 (Rb/Sr) ter and 1honi
Théni 2002: Konzett et a
Av3 Oe: Oetztal Stubai Metapelite Grt + Qtz + Ky + Sil + St + Ms + Bt + P| 550-650| 1.1-1.3 | 350-360 Rode et al., 2012
. Godard et al., 199¢
Av4 TZ; Uttental Metapelite Grt + Bt + Pl + Kfs + Ky + Ms + Ru 650-750| 1.0-2.0 | 365 (Pb/Pb) odard &
Hauzenheraer et al.. 1€
Avs TZ: Ultental Metabasite Grt + Omp + Qtz 640-700| 1.2-1.6 | 360 (Ar/Ar) Herzberg et al., 1977
) . N Herzb tal, 1977; T i
Av6 TZ: Ultental Ultramafite Grt- bearing ultramafics 770-810| 2.2-2.8 | 326-334 (Sm/Nd) erzberg eta um
gic?llwgl(n]re)ﬁaMg gﬁg ?\}I;sson
Av7 Sil: Ischgl Metabasite Grt + Omp + Qtz + Ru + Phe 620-670| 2.3-2.9 | >387 100¢ 9
] ) Schy ha LY
Av8 Sil: Val Puntota Metabasite Grt + Omp + Qtz + Ru + Phe 400-500 | 2.5-2.7 > 387 1:q(we|ne ¢ ana Masson
Av9 LCN: Mortirolo Metapelite Dum + Qtz 750-850| > 2.0 Early Variscan (375-425)  Gosso et al., 1995
Av10 LCN: Mortirolo Metabasite Di+ Grt + Scp + Pl + Qtz 750-950| 0.65-0.9| 314-370 Thoni, 1981; Zucali, 2001
. . . . Zucall and Spalla, 201
Avll DB: Valpelline Metapelite Bt + Qtz + Pl + Kfs + Grt + Zm + Mnz + Ry + Ap + Sil 661-745 0.45-0.65 <320 !\sllar:jmni alndl 7'1'5',?"{ QM”‘
I . " al., ;
Av12 DB: Valpelline Metabasite Bt + Qtz + Pl + Kfs + Grt + Zm + Mnz + Ry + Ap + Sil 700-750 0.9-1j0 <320 ana[: ;i:;i >m anzo
- ) [E] and Vilia, 1997
Svl Strrona Ceneri Zone Metapelite Hbl + Pl + Bt + Chl 590-690| 0.6-0.8 | 307-359 (Ar/Ar) (.)nan.l ndvia
Elmassi o748 vorana
Sv2 DCZ: Upper Como lake Metapelite Grt + Bt + Ms + Qtz + Pl + St + Ky 560-650| 0.7-1.1 | 300-400 (K/Ar) ﬁ,'l &935' ‘zi FFH’IISS%"% gr?a‘
. I oftana et al., ; Berto
Sv3 Monte Muggio Zone Metapelite Grt + Bt + Ms + Ky + St 560-580| 0.7-0.9 | 320-340 (K/Ar) ’S "'}I 1?91%_ fggg"z‘;‘ Al 1c
. h I aetal, ;
Sv4 VVB: Denvio Olgiasca Metapelite Git + Bt + Ms + Pl + Qtz + Ky + St 550-630| 0.7-0.9 | 320-340 al'e 90?( nont
Sv5 Val Vedello Metapelite Bt + Grt + St 590-668 | 0.7-1.1 320-340 Zanoni et al., 2010
Sv6 Val Vedello Metapelite Grt + Chl 470-550| 0.35-0.7% <320 Zanoni et al., 2010
Valtellina .
+St+Bt+ + + + .85-1.15 .
Sv7 NEOB Tvpe £ Metapelite Grt + St + Bt + Ms + Plg + Qtz + Cld 570-660 | 0.85-1.15 320-340 Spalla et al., 1999
Valtellina . Spalla and Gosso, 19¢
+ + + + + .35-0.75
Sv8 NEOB Type E Metapelite Qtz + Ms + Chl + Ab + Grt + Bt 440-550 | 0.35-0.7% 320-340 Zanoni et al.. 201
Svo Val Camonic Metapelite Grt + St+ Bt + Ms + Pl + Qtz + Cld 550-630| 0.8-1.1 | 320-340 Spalla et al., 2006
NEOB Tvpe / o o P .
. . . Giobbi and Gregnanin, 198
Sv10 TVB: Val Trompia Metapelite Grt + Cld + Bt + Ms + Pl + Qtz 500-550| 0.9-1.3 | 349-379 (Rb/Sr) Rikiin 1983° Shalla af al
Svll Ei: Eisecktal Paragneiss Crd + Sil + Bt 600-650| 0.2-0.3 Devonian (350-420) Benciolini et al., 2006
Sv12 Ei: Eisecktal Metapelite Qtz + Chl + Grt + Bt + Kfs + Ol 450-550 | 0.5-0.65| Devonian (350-420) Benciolini et al., 2006
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Key |Location Lithology Paragenesis T (°C) P (GPa) | Age (Ma) References
T TVINS
Ducrot et al., 1983; Ledru et
. a., 1989; Faure et al., 2005;
HAL |HautAllier |Eclogite (UGU) |CMt+OMP+KY+ 1000 g50 | 1822 Middle to lower | o et al., 2008: Lardeal
Qtz + Ru + Zo Devonian (380-416) 2014; Paguette et al., 2017;
Lotout et al., 2018
Pin and Lancelot, 1982;
Ledru et al., 1989; Mercier
. . Grt + Omp + Ky + Middle to lower  |et al., 1991a; Faure et al.,
Mal |Marvejols | Eclogite (UGU) |~ |\ p"y 7o 800850 | 1.8-20 | 1y ian (380-416)2005: Faure et al., 2008:
Lardeaux, 2014; Paquette |e
al., 2017; Lotout et al., 201
. . . . . Qtz + Pl + Kfs + Grt Faure et al., 2008; Faure e
Li1 Limousin Migmatite (LGU) + Ky/Sil 600-700 | 0.8-1.1 370-385 (U/Th/PbaI.’ 2009
L2 |Limousin  |Metapelite (UGU) (K;)r’;' Bt+Ms+Pl¥gsg 1.6-1.9 390-430  |Bellot and Roig, 2007
Li3  |Limousin | Migmatite (LGU) ffg; S+ Grt+ Pl es 780 | 05-06 |  349-359 (UITh/Pb)GEbelin et al., 2004, 2009
Li4 |Limousin | Eclogite (LGU) i; N ES TOMP l5e0_730 | 25-3.5 406-418 (U/Pb) | Berger et al., 2010
. . . . . Qtz + Pl + Kfs + Grt Lafon, 1986; Faure et al.,
Li5 Limousin Migmatite (UGU) + Ky/Sil 650-750 | 0.7-0.8 377-387 (U/Pb) 2005, 2008
Paquette et al., 1995; Faure
LB1 |La Bessenoits Eclogite (UGU) fr/:J' Qz+RU+29640_710 | 1.6-1.9 401-415 (Sm/Nd) et al., 2008; Lardeaux,
P 2014; Paquette et al., 2017
mer (Montdu o dotite UGy | SPHDearing 880-950 | <2.0 Variscan (295-425)Gardien et al., 1988
Lyonnais Iherzolite
Dufour et al., 1985;
Mont du . Grt+ Omp + Qtz + Middle to lower  |Feybesse et al., 1988;
ML2 Lyonnais Eclogite (UGU) Zo+ Ky + Ph+Ru g&yreo |15 Devonian (380-416)|Lardeaux et al., 1989, 2001;
Mercier et al., 1991a
Lardeaux and Dufour, 1987;
Mg (Montdu g tapelite (usuy |QEFPITKIS G, 206 06-1.0 350-360 (Ar/Ar) |Costa et al., 1993; Faure et
Lyonnais + Ky/Sil+ Bt al. 2005, 2008. 2009
Mg (Montdu o matite (Uouy | QB FPIFKIS*Sles 260 | 0.7-1.2 368-400 (Rb/sr) | Dufour, 1982; Duthou etal,
Lyonnais + Bt 1994
Lo . Grt + Omp + Ky + Burg et al., 1989; Mercier et
Rol |Lévézou Eclogite (UGU) Otz + Ru + Zo 680—800 | 2.1-2.3 344-370 al., 1991a: Lotout, 2017
Grt + OmDp + Ky + Burg et al., 1989; Mercier et
Ro2 |Najac Eclogite (UGU) PRy 560-630 | 1.5-2.0 376- 385 a., 1991a; Lotout et al.,
Qtz + Zo 2018
Ro3 |LeVibal  |Eclogite (UGU) 8:;; Ky+Qz*+ 1740-860 | 1.0-1.4 | Variscan (295-428Burg et al., 1989;
Arl  |Artense Eclogite (UGU) EU N ggx tQX* 1200750 | 1.4-1.6 |  Variscan (295-425Mercier et al., 1989, 19914
A2 |Artense Paragneiss (LGU) 8: *PI+BUY S 70 750 | 06-0.82|  Variscan (295-425Mercier et al., 1992
Plateau . Faure et al., 1990, 2008;
PA1 dAigurande Metapelite (UGU) | Grt+ Ky + Qtz 650-750, 1.0-1.2 376-397 (Ar/Ar Boutin and Montigny, 1993
ppy |Plateau Micaschist (PAU) | Ms + Chl + Grt+ Qtz 550-650  0.6-0.8 350-380 (Ar/AfFaure et al., 1990
d'Aigurande
. Grt + Cpx + Qtz + ) JGardien and Lardeaux,
Mcl |Maclas Eclogite (UGU) RU + 70 700-770 | 1.4-1.6 Variscan (295—42‘a991; Ledru et al., 2001
VD1 |Velay Dome | Migmatite (LGU) | Kfs+ Bt + Sil + Co 675-725 .480.5 309-319 (U/Pb) ;ed;(’) fé al., 2001; Barbey
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VD2 | VelayDome [y sehist AUy |MSF CNIH G 76 505 FMEo 6 335-340 (Ar/Ar) |Ledru et al., 2001
(Cévennes) Qtz
Montagne . Grt+ Omp + Rt + Demange, 1985; Faure et |
MNL | Eclogite (MN) o 700-800 | 2.1 309-317 (U/Th/Pb 2014: Whitney et al,, 2015
Montagne . Spi-bearing
MN2 ) Metabasite (MN) ) 800-900 | 0.5-1.0 326-333 Demange, 1985
Noire ultramafite
Qtz + Pl + Ms + Bt .
TP1 |Quercy Metapelite (TPU) |+ Grt + Rt+ Ap + |400-500 | 0.4-0.6 350-360 (Ar/Ar) zugzl(’%get al, 2007; Faure
Mo v
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Dry Granit

Y

123

3.2

3.47x18"

2640

3.03

25

Ranalli and Murphy, 1987; Haenel et al., 1988; Dubois
and Diament, 1997; Best and Christiansen, 2001

10"

2961

2.10

0.4

Dubois and Diament, 1997; Best and Christiansen,
2001; Gerya and Yuen, 2003; Afonso and Ranalli, 2004;
Gerya and Stockhert, 2006; Roda et al., 2012;

Diabase

260

24

1.61x18&

2961

2.10

0.4

KNIOy, LI035, Kaltdn arnu viurpriy, 1907, DuluIS©
Diament, 1997; Best and Christiansen, 2001; Afonso

Danali_2nr

Dry Dunite

3.41

5.01x10

3200

4.15

0.002

and
Chopra and Peterson, 1981; Kirby, 1983; Haenel ¢
1988; Dubois and Diament, 1997; Best and
Christiansen, 2001; Roda et al., 2

10"

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 Stockhert, 2006
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In adouble subduction complex, the second subduction is colder than the first

Data from the Alps with high P/T ratios fit well with both hot and cold subductions
Data from the French Massif Central have a better compatibility with hot subductions
Polycyclic models better fit with Variscan datafrom the Alps

Rocks from Upper Gneiss Unit could derive from the ablative erosion of the upper plate



