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Abstract  

The Maures-Tanneron Massif (MTM), together with Corsica and Sardinia, represent the Southeastern 

branch of the huge European Variscan belt. A continuous evolution from continental collision to 

exhumation is described from ca. 350 Ma to ca. 320 Ma, based on an extended compilation of 

available geological and geochronogical data. This geological compilation is complemented with 

thermo-mechanical modelling that tests the conditions under which deep-seated HP units can melt 

and exhume massively during continued convergence. We simulate in two-dimensions the 

development of gravitational instabilities in a partially melting crust, depending on rheological layering 

and heat sources, and accounting for temperature dependent elasto-visco-plastic rheologies. In order 

to reproduce PT exhumation patterns in the MTM, over the appropriate time-scale (>20 My) and 

spatial extent (>100 km), a best fit was obtained with a convergence rate of 0.5 cm/yr and moderate 

diffusive surface processes. The contribution of radiogenic heating in the pre-stacked felsic crustal 

units is crucial. A lateral alternation with mafic units is also required in order to prevent lateral 

spreading of the orogen. A low viscosity partially molten crust (10²� Pa.s, thus rather felsic) 

accompanies crustal exhumation in a decoupled mode from the deeper mantle. A shallow 

asthenosphere below the orogen (LAB at ~70 km depth, eg. shallow slab break-off) produces too 

warm and sudden exhumation as opposed to a competent mantle lithosphere (120 km depth LAB) 

that restrains it. The MTM witnesses the typical competition between far-field plate convergence and 

internal body forces, and our study pleads for a progressive evolution of transpression towards 

perpendicular extension from ca. 320 Ma.  
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Keywords :  Variscan orogeny, migmatites, crustal melting, thermomechanical modelling, post-orogenic 

exhumation, gravitational instability. 
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1. INTRODUCTION 

The factors that drive exhumation of orogenic continental crust have been studied for decades, 

since England & Richardson (1977) demonstrated the role of internal heating and surface erosion on 

the exhumation of high-grade metamorphic rocks. Melting of the thermally re-equilibrating thickened 

continental crust has been invoked in a number of Precambrian and modern terranes (eg.Thompson 

& Connolly, 1995, Huerta et al., 1999). It is now accepted that gravitational instabilities can be 

responsible for the massive exhumation of granulite and migmatitic complexes, due to temperature 

increase in multi-layered crustal systems of reduced viscosity and density (e.g. Perchuk et al., 1989; 

Platt, 1993; Weinberg & Podladchikov, 1995; Gerya et al., 2000, 2008). Numerical thermo-mechanical 

modelling reproduces the ascent of low viscosity magmatic material through cold upper crust (Gerya 

et al., 2008; Faccenda et al., 2008; Lexa et al., 2011), provided the upper crustal strength is 

sufficiently softened. Yet the capability of buoyant material to pierce through competent crust remains 

an issue (e.g. Petford & Clemens, 2000; Handy et al., 2001; Vigneresse et al., 1996; Vigneresse, 

2006). Compressional boundary forces are also invoked to sustain vertical channelised exhumation of 

the lower crust (Thompson et al., 1997, the « tooth-paste » scenario), while efficient surface 

processes are found to promote ascent along low viscosity narrow channels at the edges of orogenic 

plateaus, such as along the Himalayas Thrust System (Beaumont et al., 2001 ; Jamieson et al., 2011) 

and the Variscan Bohemian massif (eg. Schulmann et al., 2009; Maierova et al., 2014). Exhumation of 

HP crustal rocks along continental collision zones that followed subduction (e.g. Gerya et al., 2008; 

Yamato et al., 2008; Burov et al., 2012) was explained with a decreasing strength and density of deep 

seated crustal 'melanges' forced by rigid and dense surrounding material. Slab retreat, break-off 

(Ueda et al., 2012), or a change in the far-field convergence regime reduce the confinement that 

retains buoyant melts at depth and thus facilitates their exhumation. Thus tectonic extension (tensile 

boundary driving forces or slab roll back) is a commonly invoked mechanism to explain lower crust 

exhumation, as in the Aegean domain (eg. Tirel et al, 2008; Le Pourhiet et al. 2012), the North 

American Cordillera (Rey et al., 2009), and the Variscan orogeny (eg. Marotta & Spalla, 2007; Spalla 

et al., 2014). 

 

The Maures-Tanneron Massif (MTM), Southern France, constitues together with Corsica and 

Sardinia the Southern European Variscan Belt (SEVB, Corsini & Rolland, 2009). This segment of the 
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European Variscan orogeny has been interpreted as having undergone post-orogenic collapse and 

lower crust exhumation driven by major trans-current motion and extension. However the MTM 

portion of the SEVB cannot be easily described by these processes nor those mentioned above 

(Schneider et al., 2014 and references herein). The late tensile regime of the MTM actually occurred 

perpendicular to convergence, and exhumation of the partially molten orogenic root actually initiated 

nearly 50 My earlier (around 340 Ma; Schneider et al., 2014; Oliot et al., 2015). Schneider et al. 

(2014) recently argued based on structural, petrological and geochronogical data, that diapiric 

exhumation of the partially molten orogenic root likely began during ongoing convergence at ~345 Ma 

and continued for about ~20 My. Such critical transition between (2D) convergence to perpendicular 

extension remains rarely studied within a coherent framework between geological observation and 

theoretical numerical modelling. In the present study we consolidate this framework by assessing the 

conditions for which orogenic exhumation can develop within a 2D plane strain closed system, without 

any lateral degree of freedom. This study thus provides a basis to be tested in future studies of three-

dimensional orogenic systems such as the MTM. The paper is therefore organised as follows: in 

section 2, we complement the geological synthesis of Schneider et al. (2014) with a PTt compilation 

enriched with published data from Corsica and Sardinia and with recent geochronological data from 

the MTM (Oliot et al., 2015). Arguments in favour of a compressional setting at the onset of 

exhumation are strengthened. Section 3 then presents our modelling approach, with detailed 

justifications of our choices with respect to geological data, in order to seek the conditions under 

which deep metamorphic units could exhume during plate-boundary convergence. While other 

modelling studies explore the large-scale sequence of subduction, collision, break-off and extension 

(eg. Marotta & Spalla, 2007; Spalla et al., 2014; Gerya et al., 2008), we focus here on crustal-scale 

processes during the ~20-30 My time-window after continental collision and before major extension. 

Section 4 describes our numerical scenario of orogenic crust exhumation and discusses its variability 

with rheological and thermal parameters. In Section 5 we synthesise these numerical tests with 

geological data, in order to emphasize the thermo-mechanical evolutionary stage of the MTM from 2D 

continental collision towards perpendicular extension. We briefly discuss this evolution with respect to 

other orogens. 
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2. GEOLOGICAL ANALYSIS AND GEODYNAMIC SYNTHESIS IN THE MTM 

The Maures-Tanneron Massif is located in Southern France and belongs to the Crystalline 

Provence. Its building spanned from Early Devonian to late Carboniferous (Crevola & Pupin, 1994). It 

suffered rifting during the Permian, responsible for the separation of the Maures Massif in the South 

from the Tanneron Massif in the North. It is now widely accepted that the MTM formed a unique 

domain with Sardinia and Corsica at Variscan times (e.g. Edel et al., 1981, 2014; Elter et al., 2004; 

Bellot, 2005; Corsini & Rolland, 2009). Sardinia and Corsica have been disjointed from the MTM 

during the opening of Mediterranean back-arc basins in the Miocene, undergoing a 55° anti-clockwise 

rotation (Gueguen, 1995; Gattacceca et al., 2007). The MTM has roughly a main NS structuration and 

from NW to SE, its width represents almost 100 km. In the architecture of the SEVB, the MTM 

constitutes the central segment of the chain, while the foreland is found in South Sardinia and the 

hinterland in Northern Sardinia and Corsica. The orthogonal section of the whole chain, including 

Sardinia and Corsica previous to the Miocene rotation, extends over 300 km on a NW-SE axis (Fig. 

1). 

 

2.1 Architecture of the chain and previously invoke d exhumation processes  

The global architecture of the chain presents an asymmetric fan shape (Fig. 1d , Schneider et al., 

2014). Relatively to the actual position of the MTM, structures display a NW-SE orientation along 

which two major tectonic units appear: the External Zone to the West (EZ) and the Internal Zone to 

the East (IZ, in blue and pink, respectively in Fig. 1 ). They are separated by the La-Garde-

Freinet/Cavalaire thrust/detachment plane (Fig. 1 ).  

The External Zone is formed of NW verging folds and nappes of very low-grade metamorphism in 

the most external part (theses nappes crop out in South-Western Sardinia with a SW vergence in the 

present day position of Sardinia, e.g. Conti et al., 2001) evolving to SE verging nappes of low, 

medium to high-grade metamorphism when approaching the Internal Zone (as observed in the MTM 

and central Sardinia). The NW vergence of the external nappes is related to the first stages South-

Eastward underthrusting (defined as D1, overturned folds towards the foreland), while the SE 

vergence of the most internal nappes is related to the subsequent backthrusting (defined as D2, 

overturned folds towards the hinterland, and accommodated by several NW dipping shear zones as 
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the Bormes Fault or the La-Garde-Freinet/Cavalaire Fault). These thrust planes have been later 

reactivated as detachments faults during the unroofing and exhumation of the Internal Zone (defined 

as D3, Fig 2 ).  

The Internal Zone (IZ) consists of high-grade metamorphic rocks that suffered widespread partial 

melting during the last stages of the orogeny. It is also widely intruded by late-orogenic granitoids 

plutons. Its main structuration can be depicted as NS oriented dome-like structures (N10°) cored by 

granitoids plutons (i.e. the Hermitan, Rouet and Cannes antiforms in the MTM, Fig. 1, Crevola & 

Pupin 1994; Corsini et al., 2010) and separated by NS transcurrent faults (Joyeuse-Grimaud and La 

Mourre Fault in the MTM). This zone is characterised by transpressive and extrusive NS oriented 

structures superimposed to D1 and D2 folds and foliation planes. Moreover, relicts of mafic HP rocks 

are found scattered in this part of the massif. They consist of small eclogites lenses strongly 

retrogressed in the granulite then amphibolite facies (e.g. Cortesogno et al., 2004; Cruciani et al., 

2011). These are interpreted as relicts of subducted oceanic crust and would represent a 

dismembered suture zone during backthrusting and transpression (Helbing et al., 2006; Schneider et 

al., 2014). 

 

Exhumation processes invoked for the MTM have actually been mostly of two kinds. The first is 

related to pure post-collisional gravitational collapse. Invoked arguments are: 1) a progressive change 

in granitoids chemical signature compatible with a decrease of partial melting depth and therefore 

decompression (e.g. Ferré & Leake, 2001; Von Raumer et al., 2003). This argument alone is not 

sufficient to validate gravitational collapse, since it only indicates crustal upwelling from 340 Ma to 280 

Ma (ages of the oldest and youngest granitoids); 2) Recognition in the field of migmatitic domes with 

local normal shearing on the flanks suggesting core complex structures (e.g. Carmignani et al., 1994; 

Bellot, 2005). However such dome structures could represent diapiric ascent in a compressive setting 

with relative collapse of the overriding units, instead of extensional collapse. The main argument 

against pure post-collisional gravitational collapse is that a clear tensile regime exists at the very end 

of the orogeny (at ca. 290 Ma, e.g. Gattacceca et al., 2004), and that it is oriented orthogonal to the 

direction of convergence. The second possible exhumation process invokes transpression (e.g. 

Onézime et al., 1999; Carosi et al., 2005; Rolland et al., 2009, and references therein). Evidences of 

transpressive shearing along shear planes roughly parallel to the chain structuration (NS) are 
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numerous on the field. But again, transcurrent motion started at 320 Ma and can only account for the 

last stages of exhumation and thinning. 

 

2.2 A geodynamic conceptual scenario based on petro logy and metamorphism  

The scenario that emerged from a synthesis of structural, metamorphic and geochronological 

data (Schneider et al., 2014), is updated here in order to achieve a critical amount of data in terms of 

timing, structures, pressure-temperature estimates and evolution of the apparent thermal gradient in 

the Internal vs. External Zones. The general conceptual model is shown in Fig. 2 . Five main orogenic 

stages have been defined: D0a = Oceanic subduction, D0b = Continental subduction, D1 = Nappe 

stacking/Underthrusting, D2 = Backthrusting, D3 = Collapse of the External Zone/Doming and lateral 

flow of the Internal Zone. Another anorogenic stage D4 is related to Permian Rifting. A description of 

each stage is detailed in Appendix A . In order to compare data and models in our study, all available 

metamorphic data in the SEVB have been compiled relatively to their location, protolith, and 

deformation stage (Fig. 3a ). Ages are also displayed in Fig. 3a but do not represent an exhaustive 

database since the availability of both the PT estimates and the age for a similar sample remains rare. 

The whole of the geochronoloical database is summarised in Fig. 3b  through distribution frequency 

histograms and Table 1 (data are available in Supp. Material, Appendix A ).  

Phase D2 lasted about 25 Ma from 345 Ma to 320 Ma (Fig. 3b, Table 1 ). It started after  slab break-

off and the initiation of partial melting in the orogenic root (the earliest peraluminous granitoids, U1’, 

are dated at ca. 345 Ma, e.g. Paquette et al., 2003) and ended when the IZ and EZ were fully 

decoupled and when transcurrent motions started to be recorded at 320 Ma (Carosi et al., 2012; 

Giacomini et al., 2008; Oliot et al., 2015). The D2 phase follows the nappe-stacking phase D1 and is 

characterised by progressive backthrusting of tectonic units in the core of the orogenic prism in a 

direction N140°+/-20 (top to SE sense of shear as shown by the black arrow in Fig. 3b ), and 

unroofing of the IZ. Two magmatic pulses are recorded during this phase: 1) The U1 magmatism 

characterised by Vaugnerite and High-Mg/High-K (HMK) signatures with emplacement of syn-

orogenic sheet-like magmatic bodies in conformable continuity with migmatitic foliation. This 

magmatism is associated to deep-seated sources (mafic granulite from the lower crust and enriched 

shallow upper mantle, Appendix A ). It lasted from 340 to 330 Ma (Paquette et al., 2003; Li et al, 

2014; Fig. 3b, Table 1 ); 2) The U2a’ magmatism (330-320 Ma, Table 1, Appendix A ) is 
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characterised by calc-alkaline plutons of tonalitic to granodioritic composition. They are syn-tectonic 

and strongly foliated (see for instance the Hermitan granite in the MTM Fig. 1 , Rolland et al., 2009; 

Schneider et al., 2014) and are structurally and thermally concordant with the surrounding rocks in the 

IZ (thermal equilibrium with the migmatites). In the EZ instead, plutons are intrusive and responsible 

for contact metamorphism  (e.g. Secchi et al., 1991). At the end of D1, the apparent thermal gradient 

deduced from metamorphic data was between 15 and 18°C/km (Fig. 3). During D2, the gradient rises 

to 25-27°C/km in the EZ and up to 40°C/km in the IZ (Fig. 3 ). D2 is marked by the increase of one 

order of magnitude of the apparent elevation rate of the thermal gradient from 0.1°C/km/Ma during D1 

to 0.7-1.1°C/km/Ma during D3 in the IZ and 0.3-0.6°C/km/Ma in the EZ (Fig. 3b ). This difference in 

apparent heating rate through time in both zones is a strong argument in favour of the rise and 

doming of isotherms in the IZ relatively to the EZ. 

At 320 Ma (phase D3) the IZ and EZ are fully mechanically and thermally decoupled (Appendix A ). 

Thermally, the EZ is believed to be exhumed and equilibrated on a thermal gradient of 25°C/km while 

the IZ is still recording an abnormally high thermal gradient up to 50 and 60°C/km (Fig. 3b ) and is 

characterised by high rates of crustal melting (high volume of U2a calc-alkaline magmatism). 

Mechanically, the EZ collapses relatively to the IZ along reactivated D2 backthrusting planes acting as 

detachment faults during D3. Meanwhile the partially molten rocks of the IZ are strongly affected by 

transcurrent motions followed by lateral flow or extrusion in a direction sub-orthogonal to 

convergence. Giacomini et al. (2008) and Casini et al. (2012) independently propose that this 

transition occurred around ca. 310- 315 Ma with final thinning of the chain. The white arrow showing 

this direction of extrusion/lateral flow in Fig. 3b  is set at N10°. According to Casini et al., (2012) and 

Schneider et al. (2014), this stage onsets in a convergent setting (strongly supported by transpressive 

structures) and our compilation suggests that convergence is still oriented N140° (black arrow Fig. 

3b). This is further supported by fold axis orientation in Stephanian basins (Fig. 1 ) related to active 

strike-slip shear zones (N40-50°). The system cannot be seen as 2D anymore. From 300 Ma (phase 

D4), NS extension occurs, with emplacement of U3 alkaline plutons in EW tensile fracture orthogonal 

to the previous lateral flow, suggesting a progressive transition from orogenic thinning to Permian 

rifting (see Appendix A , Gattacceca et al., 2004; Casini et al., 2015). 

 

3. THERMO-MECHANICAL MODELLING: METHOD AND ASSUMPTI ONS 
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3.1 Spatial and temporal scales considered by the n umerical modelling  

 The time window to be numerically modelled encompasses phase D2 and spans from 350 Ma 

(t=0 in the models) to 315 Ma (t=35 My in the models, Fig. 3b and Table 1 ). The field arguments that 

constrain the models time window are 1) that exhumation initiated during convergence, most probably 

triggered by slab break-off around 345 Ma (causing U1 HMK magmatism, Casini et al., 2015), and 2) 

that 2D compression dominated over transpression until at least 315 Ma (U1 and U2a' granitoids). 

The first 10 My (from 350 to 340 Ma, initiation of D2 = back-thrusting) account for the “orogenic 

loading” stage and are not analysed in detail (cf. section 3.2 and Appendix B ). The next 20 My 

represent the core of our study, and correspond to the backthrusting period (from 340 to 320 Ma), 

when unroofing of the orogenic root is believed to be triggered in a compressive setting and in 

association with extensive partial melting and emplacement of the first granitoids (U1 and U2a’). From 

320 Ma, lateral flow is triggered and the two-dimensional approach can no longer be valid. However, 

we still look at the next ~5 Ma (35 My in the model = 315 Ma) in order to visualise the 2D evolution of 

the chain. 

 In the MTM, small thermal intrusions and domes obviously witness locally heterogeneous 

modes of heat transfer. However, despite the scarcity of field sampling, the ensemble of sampled 

rocks appear to have recorded similar depths and thermal gradients at different moments as they 

passed through an equivalent vertically flowing section (Fig. 3a). Thus as variable PT paths converge 

towards similar values (eg. similar thermodynamical state) during progressive exhumation, the 

Internal Zone behaved like a homogeneous mélange (mush) in terms of bulk mechanical behaviour.  

 

On a small scale, antiform structures (e.g. Hermitan and Rouet) in the IZ are cored by syn-

tectonics granitoids structurally and thermally concordant with the surrounding migmatites (Rolland et 

al., 2009; Corsini et al., 2010; Schneider et al., 2014). In contrast the EZ records only late HT/LP 

discordant overprinting (eg. Buscail, 2000; Di Vincenzo et al., 2004), decreasing when moving away 

from the IZ. On a large scale, global doming of the IZ occurs in association with rising isotherms 

(Schneider et al., 2014), suggesting a diapiric-like rise of hot material of variable degrees of partial 

melting that is decoupled from the EZ.  
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Exhumation processes at different space and time-scales are not exclusive one from the other (eg. 

Vigneresse et al., 1996; Vigneresse, 2006). Melt propagates in pulses at ~metric scale (eg. 

Rabinowicz & Toplis, 2009) through a partially molten mush that deforms continuously on the greater 

crustal scale. On the small scale, magmatic fluids migrate from the middle to upper crust with a 

viscosity of the order of 10� Pa.s or less (eg. Thompson & Connolly, 1995), and at a rate of several 

meters per year, eg. ca. 10 km within 10 kyrs (such as the Hermitan and Rouet antiforms). To model 

such intrusive processes, timescales less than a second are needed (Maxwell relaxation time). 

Currently numerical models cannot compute both such local fast processes, and the evolution of an 

orogen several hundred kilometers wide during 20 My (see e.g. Cao et al., 2016, who modelled the 

cumulated thermal effect of multiple dike intrusions at intermediate time-scales). Furthermore, while 

on the sample scale melt extraction controls thermodynamic phases changes, on the kilometric scale 

of numerical thermo-mechanical elements (which covers 10� measure points of mineral phases), fluid 

extraction is less evident and may instead rather be part of the bulk behaviour of the partially molten 

mush. 

On the large scale of the MTM, such partially molten mush exhumed within about 20 My. It can be 

assimilated to a rising Rayleigh-Taylor instability at a Stokes velocity (V~ 1/4.  ∆ρ/η.gr²) that depends 

on its density contrast  ∆ρ  and on the effective viscosity of the crust (eg. Weinberg & Podaldchikov, 

1995; Poliakov et al., 1993; Petford & Clemens, 2000). As a back-of-the-envelop estimate, for a 

buoyant instability of radius r  = 20 km and density contrast ∆ρ = 50-100 kg/m³ to rise by 30 km within 

10 My (as recorded by geochronological data), the bulk effective viscosity of the medium should be η = 

10¹�-10²� Pa.s. This effective viscosity corresponds to values extrapolated from experimentally 

determined power-law creep parameters for unmolten rather felsic crust (Burgmann & Dresen, 2008), 

but it is more than 10 orders of magnitude greater than experimentally measured viscosities of molten 

rocks (eg. Rosenberg & Handy, 2005). This jump in viscosity represents the jump in scales on which 

melting processes occur (this is further discussed in section 5). In addition, note that the resulting 

Stokes velocity of ~3 cm/yr estimated above is of the order of continental convergence rates. The 

question is whether this vertical exhumation is inhibited or not by crustal thickening as convergence 

continues. Since both processes occur in spatially heterogeneous media, numerical models are 

needed to study how vertical exhumation can develop within a thickening crust on the orogenic scale. 
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3.2 Model setup  

 We use the code Parovoz (Poliakov et al., 1993), based on a dynamic relaxation method (FLAC, 

Cundall, 1989), to resolve dynamic problems accounting for non-linear constitutive laws. Parovoz 

explicitly resolves the equation of motion and the heat equation on a Lagrangian grid, with a mixed 

finite differences formulation. Equations are detailed in Appendix B. The model mesh domain is 

composed of 600 x 150 elements and covers a width of 1000 km and a depth of 150 km. Elementary 

resolution is thus about 1.3 km in width and 1 km vertically. These dimensions satisfy our aim to focus 

on processes occurring within the crust rather than on the lithospheric scale. The top surface is 

automatically meshed so that topography balances isostatically the weight of each vertical column 

(down to 150 km depth). Consequently initial topography reaches ~4 km in the centre of the modelled 

domain above the ~60 km thick initial crustal root. The top 80 km of both lateral borders have a 

prescribed horizontal velocity (which can be null), while the other boundaries of the domain respond 

to Archimedes' restoring force (cf. Appendix B ). 

When defining the initial thermo-mechanical state of our models it is difficult, if not simply wrong, 

to simulate an active margin that has been undergoing subduction and continental collision for tens of 

million of years, with a thermally equilibrated and isostatically balanced static system. On the other 

hand, the pre-Variscan state and the subduction episode in the MTM lack ground data for an 

appropriate initial setup to be determined for these stages. We have thus chosen to setup our models 

for an already evolved collisional orogeny and acknowledge its disequilibrium de facto, as in fact other 

modelling studies do (eg. Yamato et al., 2008; Burov & Yamato, 2008; Gerbault et al., 2009; Luth et 

al., 2013 ; Maierova et al., 2014, and references therein). We must then justify the initial shape, 

temperature and compositions of both the underplated subducting plate and the overriding orogenic 

prism. 

 

Compositional and Rheological Geometry . Asymmetric rheological layering is defined to represent 

initially subducting continental crust beneath an orogenic prism set in between two continental 

lithospheres. Given the geological information for phase D1 preceding D2 (Appendix A ), the initial 

setup considers the following structure (see Tables 2, 3, and Fig. 4a ): 

• The orogenic prism in the centre is composed of dominantly felsic crust, bounded to the left 
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and right by rigid crust. Despite the lack of identification of the easternmost domain on the 

field, its (high) strength must have been decisive since it impeded lateral spreading of the 

orogeny (cf. concept of rigid buttress). Therefore the crust to the East was likely made of 

dominantly mafic and competent material acting as a buttress (dark blue to purple colour in 

models). 

• The core of the orogenic prism is called the Superior Unit (orange prismatic layer in model 

setup, Fig. 4a ) and mimics accumulated nappe stacking at the onset of the model. Lithologies 

in this prism derive from a mixture of metapelites, metafelsites, metagreywacke and meta-

igneous rocks from both converging lithospheres. This unit likely behaved with a “damaged” 

rheology with respect to its surroundings. Preliminary tests show that too rigid (anorthosite) a 

rheology of this layer prevents any crustal exhumation; therefore this unit is chosen to behave 

as moderately weak material, eg. by quartzite creep flow properties. 

• In this orogenic prism, a thin layer of 5 km of inclined mafic material (light-blue in model setup) 

is inserted and embedded in the inherited core of the orogenic prism. It is used as a 

geometrical marker that idealises a pre-existing suture plane between the overriding and 

underthrusting tectonic plates. 

• The depth of the orogenic prism is defined from the highest PT conditions recorded for 

continental material in the chain, eg. the felsic HT granulite from South Corsica (Giacomini et 

al., 2008), eg. 60 km (Fig. 3a). This is the pre-defined depth of the Superior unit (corner of 

orange layer in model setup, Fig. 4a), which thus covers upper and lower crustal depths. 

• Continental crust from the West underplates the orogenic prism. It is assigned a dipping radius 

of curvature of 400 km, equivalent to present day collision zones, so that the prism's width 

extends over about 300 km at the surface. The Inferior Unit describes both the upper 15 km of 

this under-thrusted crust (green layer in the models), and the underlying dipping 20 km of crust 

(plain blue in the models). The strength of both layers is tested with various creep parameters 

ranging from quartzo-diorite to mafic granulite (Tables 3  and 4, and Appendix B ). 

• The depth to which the continental crust dips below the Eastern continental lithosphere 

depends on the depth of previous delamination (or break-off), that occurred soon before the 

onset of our model and that has set the orogenic wedge out of isostatic and thermal equilibria. 
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For the MTM, the lack of field information limits our interest for this process, and synthetic 

studies of slab break-off, retreat or delamination can be found in Buiter et al., (2002), Andrews 

& Billen (2009), Duretz et al. (2011), Duretz & Gerya (2013). Given these studies, slab retreat, 

break-off or delamination may occur at variable depths. We choose here to simply define the 

depth of the thermal lithosphere-asthenosphere boundary (LAB) below the orogenic root with 

the term « ML » (for Mantle Lamination,  equivalent to a local LAB set at 900°C). Two depths 

are tested, ML = 70 km and ML = 120 km.  

 

Thermal state.  The initial thermal state is built with a conventional solution of the diffusive equation 

for continental lithospheres of ages 400 My and 100 My respectively for the Eastern and Western 

domains (Burov & Diament, 1995). This provides for the Eastern and Western lithospheres, an initial 

gradient of 18-20°C/km and Moho temperatures at 35 km depth of 450°C and 550°C, respectively. 

Temperature below the orogenic domain is assumed to have been advected with the dipping 

subducting  lithosphere down to the arbitrarily fixed depth of slab break-off (or delamination) 

(parameter ML, table 2 and tests in Section 4.3). Radiogenic heating and shear heating are accounted 

for via the heat equation (Eq. B.2, Appendix B ). We test their influences in Section 4.4 below. 

 

Melting assumptions.  Partial melting occurs with increasing temperature throughout the crust, and it 

impacts density and viscosity. A number of numerical thermo-mechanical approaches simulate 

melting processes by incorporating thermodynamic tables (such as Perplex or Theriak, Yamato et al., 

2008), or superimposing fluid flow (Mezri et al., 2015). Here we opted for simpler temperature 

dependent melting conditions M(T), similarly to Gerya et al., (2008). We also tested the assumptions 

of Rey et al., (2009, discussed in Appendix B, part 3.5 ). Since melting is a main step in driving the 

exhumation of the orogenic crust, governing equations are recalled here (but are also described in 

Appendix B ). The volumetric fraction of melt Mexp  is assumed to increase linearly with solidus 

temperature and is bounded by a maximum amount of fusion qfus at temperature Tfus= 1200°C. qfus 

reaches about 80% for silicates and 30% for mafic rocks (eg. Ganne et al., 2014 and references 

therein). Density is then modified as a linear function of Mexp  (and the solid and molten reference 

densities), while viscosity is reduced exponentially: 
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Mexp(T)=[T−Tsol]/ [T fus−Tsol]⋅qfus,

ρ (P,T)=ρsolid−M⋅(ρsolid−ρmolten),

ηexp=5.1016⋅exp
2.5+(1−M )⋅(1−M

M )0 .48
.

  

 

4. MODELLING RESULTS  

 

 Many parameters interdependently influence the process of continental crust exhumation, and 

because individual effects have already been extensively studied (eg.  Yamato et al., 2008; Faccenda 

et al., 2008; Gerya et al., 2008; Duretz et al., 2011; Maierova et al., 2014; Duretz & Gerya, 2013), it 

would be pointless to present yet another extended catalogue of parametric effects to illustrate 

standard knowledge:  

- convergence speed tends to prevent exhumation because of material burial, 

- a generally weak lower crust favours lateral spreading upon orogenic thickening and thus reduces  

exhumation. A strong lateral crust in turn focuses exhumation of weakened material (by melting or 

other strain softening), 

- rheological weakening results naturally from heating and melting, 

- heating occurs under specific time-scales and depth ranges depending on heat sources. 

We choose to display here critical factors that appear to have controlled the specific exhumation 

pattern in the MTM. Our best fitting model M1, is described in Figs. 5  and 6, but it should not be 

regarded as a unique solution. As a preliminary step however, a first model without applied boundary 

convergence is described (M0) and is then compared to M1 (Section 4.1). Section 4.2 then addresses 

the competition between buoyancy, boundary conditions and surface processes. The effects of crustal 

rheologies are illustrated in Section 4.3, whereas contributions from various heat sources are 

discussed in Section 4.4. Melting conditions and bulk crustal viscosity are summarised in Section 4.5. 

Other models are displayed in Appendix B (Figs . B.1). A synthesis and comparison with the MTM is 

presented Section 5.  

4.1 Diapiric exhumation with and without applied co nvergence  

A preliminary test consists in showing the influence of ongoing convergence, since this was the 

primary aim of our study. Therefore we first present a model without applied convergence, M0 
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(Fig.6a ), in order to assess afterwards, the influence of convergence in M1. Case M0 illustrates how 

the system relaxes only due to the artificial initial input geometries and thermal conditions (Fig. 6a ). 

Within the first 10 My, immediate isostatic rebound is accommodated by significant uplift, while initial 

heat distribution mainly diffuses. If in addition, melting is switched off (not shown here), isostatic 

relaxation alone uplifts and stabilises the buoyant layers of the orogenic prism (green and orange 

layers) to about 40 km depth (2800 kg/m³ in the crust against 3200 kg/m³ in the mantle). If melting and 

internal heating are included, the deepest molten felsic portions of the crust (green layer becomes 

yellow and then brown above 10% of melt) develop a gravitational instability that rises through the 

Superior unit within 20 My, forcing it to melt by contact (orange layers become darker and red above 

10% of melt). After ca. 30 My, the mafic portion of the Inferior unit also melts and sinks into the mantle 

(plain blue unit becomes dark green, Fig. 6a). The resulting PTt patterns are rather satisfactory: 

maximum temperatures approach 900°C upon exhumation at ~12 Kb, and geothermal gradients reach 

40°C/km at about 6 Kb. The exhumed lower crust extends for about 50 km and ponds at a relatively 

constant 15 km depth, eg. the boundary with competent cold upper crust (Brittle-Ductile Transition 

BDT). However, negligible deformation affects this upper crust in both the External and Internal 

domains, and this is a major inconsistency with observations. Some superficial compression develops 

upon exhumation when the orogenic crust is attached (e.g. mechanically coupled) to a competent 

lithosphere (ML = 100 km,  Fig. B.1.a ), however the width of exhumation is less than 40 km, still 

inconsistent with observations. 

 

When convergence is applied with Vb=0.5 cm/yr (model M1, Fig. 5), shortening and thickening 

produce essentially prograde PT paths during the first 10 My of the model run. This stage could be 

compared to the end of stage D1 in the MTM, but it also represents, mechanically, the time that the 

model needs to “build up” a convergent loading state where elastic stress loading occurs up to the yield 

threshold, so that thickening, flexure, buckling and faulting all develop throughout corresponding 

domains in the orogen (as has already been described in numerous studies). After 10 My, the “suture 

plane” layer 'retrofolds' (or buckles) from the surface to the base of the orogenic crust, illustrating 

continuous underplating of the Inferior unit below the External western domain. Meanwhile a 

gravitational dome starts to form at the base of the orogenic prism, which is still too cold to undergo 

significant melting (Fig. 5a , panel step 13). 
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As convergence continues in M1, this deep central dome continues to rise and pushes aside the 

overlying layers from below. Both east and westward dipping ductile shear zones accommodate the 

lateral extrusion of this overlying crust (backthrusting, Fig. 5.b ). Strong sub-horizontal shearing 

structures are expected along the brittle-ductile transition at about 10-15 km depth, where high velocity 

convecting domains flow outwards below low velocity competent upper crust. Internal heat builds up 

and is advected upwards contributing to melting of the surrounding crust at higher levels (red layers, 

Fig. 5a). Fragments of eclogitic and mantellic material are dragged upward within the rising buoyant 

dome, and the base of the felsic crust shifts upward (boundary between brown and yellow layers with 

light and dark blue layers), towards ~45 km depth. Denser crustal domains in turn bury and delaminate 

(not detected in model figure but correspond to the dark green layers in M0 displayed Fig. 6a). The 

strength of the lateral surrounding crust and mantle control the way in which deformation remains 

inside the central domain, inhibiting lateral spreading. Minor amounts of crust actually spread laterally 

westward. 

After 20 My, the gravitational dome continues to rise and advects heat, and the apparent 

geothermal gradient can exceed 30°C/km. The borders and base of the dome concentrate maximum 

vertical velocities as opposed to the relatively passive external domain of the prism to the West. Hottest 

temperatures (> 800°C) are actually achieved by material that was originally at about 30 km depth to 

the East in the Inferior unit, and that was progressively dragged down to about 50 km within 10 My 

(plain circle markers in PTt path and panel step 13, Fig. 5a). In contrast the material that first exhumed 

from the base of the prism (brown layer rising at step 13, Fig. 5a), does not record such high 

temperatures (< 800°C). The lower crustal material coming from the sides feeds from below the rising 

domes, with a convective vigour that is illustrated by the mixing of layers of different colours. This mush 

is composed of rocks with different degrees of partial melting from both the Inferior and Superior units. 

This partially molten domain extends for nearly 100 km in width at about 15 km depth, adopting the 

shape of an inclined mushroom to the East. The whole vertical column occupied by this migmatitic 

dome behaves mechanically weak. 

Modelled PTt patterns are displayed Fig.5a . A first series of markers from the deepest and 

warmest units located along a gradient of 15°C/km before 10 My evolve to shallow depths (10-20 km) 

along a gradient approaching 40°C/km after 30 My (black circle markers). A second series of markers 

located at intermediate depths before 10 My, exhume along a slightly cooler gradient of 25-30°C/km 
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after 20 My. Central areas initially located at different depths exhume to the same level depth and their 

PTt paths converge, consistent with data (Fig.3a, Schneider et al., 2014).   

The velocity at which modelled isotherms are uplifted in the internal zone (IZ) during exhumation 

(Fig. 5c ), compare well with field estimates (Fig. 3b ), with increasing values of 1-2°C/km/Ma during the 

main exhumation process. Gradients progressively diminish from the centre to the west in the EZ, with 

gradients spanning 0.1 – 0.5°C/km/Ma (a more precise comparison is hindered by the lack of precise 

quantitative data).  

 

4.2 Buoyancy, far-field convergence and surface process es 

The competition between internal body forces and far-field tectonics in continental orogens is of 

prime importance. How can lower crustal exhumation occur concomitantly with convergence? From 

the above description of model M0 with no convergence (Fig. 6a), the development of gravitational 

instabilities fits the PTt data, provided sufficient heating allows for melting to occur. However, 

exhumed material affects a relatively narrow width (<50 km, eg. further referred to as the width of 

exhumation) and remains stuck at middle crustal depths (more than in M1). Thus the field observation 

of massive exhumation to upper crustal levels requires to invoke additional driving forces. 

When applying a greater convergence rate (1 cm/yr, M5 Fig.7a, and M32 B1.c ), the orogenic 

domain behaves in a globally stiffer way, and the gravitational instabilities are reduced in favour of 

either lateral spreading (M5), or crustal thickening (M32). Some exhumation still occurs if the lower 

crust is entirely felsic and undergoes significant internal heating (M5), but otherwise the orogenic 

topography exceeds 8 km height, boundary forces reach 1.5 10¹³ N.m (M32), both of which tend to 

exceed Earth's standards. 

 

Surface processes are known to participate in crustal exhumation. Upon imposing asymmetric 

surface processes in our models, so that the Eastern side of the orogen erodes and sediments much 

faster than the Western side, exhumation is enhanced in the East, through a narrow channel of about 

20 km in width (Fig. 6d, M4 ). The modelled geometry is then very similar to the results displayed by 

Maierova et al., (2014) for the Bohemian massif, particularly to the West Sudete system characterised 

by an orogenic wedge with crustal-scale folding and a mantled gneiss dome structure (Chopin et al., 
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2012). However for the SEVB, the field observation of migmatitic domains extending over an area 

much larger than 100 km² argues against channelisation and thus against a significant influence of 

asymmetric surface processes. 

 

In the reference model, we assumed an initial orogenic prism extending down to 60 km depth. If this 

prism is set to only 40 km depth (+5 km of thickness with respect to the reference Moho depth, not 

shown here), the first stage of crustal thickening is longer, and thickening occurs down to about 60 km 

depth (again), prior to the development of gravitational instabilities. Subsequent exhumation then 

occurs along patterns similar to those of model M1 but delayed in time. If in contrast the orogenic 

prism is initially defined 70 km thick, then topography exceeds 8 km and exhumation occurs within the 

first 5 My because of enormous buoyancy forces, which is unrealistic. Thus the assumption of a 60 

km deep prism appears to correctly simulate the end of stage D1. This also indicates that melting and 

exhumation occur only in long-lived orogens that acquire sufficient crustal thickening.  

 

4.3 Crustal Rheology controls vertical exhumation vs. l ateral spreading  

 The rheology of the crust controls the relative proportion of vertical thickening and lateral flow 

during continental orogeny, as shown by numerical and analogue experiments (Bird, 1991; Beaumont 

et al., 2001; Vanderhaeghe et al., 2003; Sokoutis et al., 2005; Gerbault & Willingshoffer, 2004; 

Cagnard et al., 2006; Rosenberg et al., 2007; Yamato et al. 2008;  Gapais et al., 2009 ; Luth et al., 

2014). 

Upon investigating the behaviour of the Internal and Superior units in our models with several 

creep-law properties (A, n, Q extrapolated from rock experiments, eg. Burgmann & Dresen, 2008), we 

first found that we could not produce lower crust exhumation unless the Superior unit behaved as 

weakly as quartzodiorite (or softer, Table 3 ). An alternative is to assume some kind of softening that 

would mimic progressive mechanical damage (eg. Weinberg & Podladchikov, 1995; Gerya et al., 

2008; Ganne et al., 2014). We did not choose this option for any of our modelled rheological layers, 

and this calls for additional empirical tests on possible weakening rates (eg. see previous citations or 

discussion in Brune et al., 2014). In our opinion: 1) too little data constrain such tests, and 2) 

complementary strengthening mechanisms (healing) would also have to be included (in order to 
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model the behaviour of rocks once exhumed and cooled, and match the integrated plate strength with 

respect to Earth's tectonic evolution, eg. Bercovici & Ricard, 2012). Consequently, in order to identify 

which rheological distribution best fits the MTM, we are left with four possible mechanical crustal 

configurations: 

a) Both lateral crusts left (East) and right (West) of the orogen are dominantly mafic. In this case, 

radiogenic heating is minimal, melting conditions are delayed, viscosity and density both remain high 

so that isostatic disequilibrium only produces exhumation over a narrow domain (< 20 km), and rocks 

remain stuck below 25 km depth. Final crustal thickness and topography exceed Earth's standards 

(70 km and 8 km respectively). One understands that plate deformation and failure would then rather 

jump out further away to weaker lithospheric domains (and into the third dimension if necessary). 

b) Both lateral crusts left (West) and right (East) are dominantly felsic. In this case partially molten 

material appears widespread, and forms a mechanically weak melange together with already low 

viscosity un-molten material, that spreads out laterally, relaxing the pressure gradients in the entire 

orogen (not shown). This reduces the vigour of gravitational instabilities and the PTt paths record low 

grade metamorphism (P reduces by 1 Kb and T reduces by 100°C). Exhumation is thus very limited if 

not inhibited. 

c) Felsic units to the East underplate mafic units to the West. This configuration would make the 

Easstern domain mechanically stronger (Fig. B.1.h), which is inconsistent with observations of East 

dipping nappe-stacking structures (cf. Section 2). 

d) Superior and Inferior units to the West are dominantly felsic and underthrust a dominantly 

mafic lower crust to the East. This configuration appears as the only one logically left, and was 

assumed in our models. However several representative compositions still had to be tested for the 

Western Inferior units.  We display here 2 of our tested compositions, Fig. 6a (M5) and 6d (M8) (cf. 

Table 4 ). Too strong subducting units (green and medium blue layers in the initial setup model) allow 

for exhumation, but the partially molten layers remain capped under too rigid layers (yellow 

“mushroom cap” of partially molten Inferior unit, model case Fig. 7d ). In contrast, a too weak lower 

crust facilitates mixing and enhances lateral spreading below the EZ, at the expense of vertical 

exhumation (Fig.7a, 7c ). 

 

4.4 Thermal effects: radiogenic, shear and mantle h eating sources  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

20 Gerbault et al., november 2016 

Upon studying now the effect of temperature on exhumation, a first test was made with a 60 km 

thick orogenic crust whose basal temperature was set at 900°C at the onset of the model. This “warm” 

setup triggers immediate massive melting and exhumation within less than 10 My. This result is not 

consistent with geochronological constraints from the MTM area. Therefore one understands that heat 

somehow accumulated slowly over ~20 My in order to trigger progressive melting and exhumation as 

indicated by data (Fig. 3  and Table 1 ). 

 Radiogenic heating in the crust has long been recognised to be of primary importance for 

crustal melting and exhumation (Thompson & Connolly, 1995; Huerta et al., 1999; Gerya et al., 2000; 

2008). Our models show general agreement with these studies, with thermal incubation of a 60 km 

thick crust producing about 25% of partial melting and an increase in temperature of about 300°C 

within 20 My. 

At the onset of model M1, surface heat flow is close to 57 mW/m² in the Western subducting plate, 

decreases to 46 mW/m² in the thickened cold orogenic prism, and attains 52mW/m² in the Eastern 

overriding plate (close to standard continental values eg. Goutorbe et al., 2011; Mareschal & Jaupart, 

2014). In assuming a constant radiogenic heat source H1= 8.10-10 W/kg in the orogenic crust (height 

h), the maximum contribution of the crustal column reaches 1 157 / ²ρ H h = mW m⋅ ⋅  

( 1 2.3 / ³ρ H µW m⋅ ≈ ). Within the 30 My of the model run, rising temperatures in the orogenic prism 

produce a surface heat flow ranging from ca. 75 to 100 mW/m² from the EZ towards the IZ. These 

values are consistent with measurements in present day active orogens such as the Altiplano or the 

Himalayas (surface heat flows ~100-200 mW/m², Huerta et al., 1999; Goutorbe et al., 2011). We 

tested the following additional model cases: 

  - If the radiogenic heat source in pre-stacked units is increased to H1 =10-9 W/kg (model M6, Fig. 7b ), 

then a significant width of the exhuming lower crust achieves 1000°C after 20 My. Surface heat 

flow reaches 95-110 mW/m² over a >140 km wide IZ, which is still acceptable compared to present 

day measurements. The width and extent of high degrees molten crust slightly exceeds what is 

observed in the SEVB. 

  - If in contrast radiogenic heat in the orogenic prism is lowered to H1= 5.10-10 W/kg then exhumation 

occurs with temperatures only very locally reaching 700°C, which is insufficient compared to 

observations. Zero radiogenic heating drastically prevents lower crustal melting and exhumation 

(Appendix Fig. B.1.e ). 
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Our results corroborate previous studies that found that a significant contribution of  radiogenic 

heating in orogenic prisms best explains the measured PTt patterns of a number of exhumed crustal 

roots (eg. Huerta et al., 1999; Faccenda et al., 2008). 

 

 The assumption of accumulated shear heating along the plate interface between the Inferior and 

Superior units was also tested by applying additional heating over a width of 5 to 10 km along this 

boundary, associated to a shear stress of 5 to 10 MPa (eg. Turcotte & Schubert, 2002). When 

accounting for shear heating alone (not shown here), diapiric domes exhume through the upper crust 

over a narrow width of less than 30 km within 10 My, and temperature increases to 900°C only very 

locally. The rest of the crustal root has no time to heat prior to exhumation, thus global PTt cooling 

paths evolve to cooler geothermal gradients. This result indicates that shear heating may have indeed 

played a role locally in producing high-grade granulites such as those reported in Corsica (see 

Section 2.2). On the other hand, the fact that only a single data point reports such high PT is 

consistent with a relatively localised effect of shear heating in space. We doubt that shear heating 

could be significant over a broader area (eg. Duprat-Oualid et al., 2012). 

 

When investigating the influence of the mantle in heating the orogen from below, we expect that a 

model with too deep a LAB depth below the orogenic root will refrain isostatic rebound during melting, 

whereas a shallow LAB will add sudden excess heat and speed up lower crust exhumation. Our 

models with a shallow (ML = 70 km) and deep (ML= 120 km) thermal mantle (models M2-3-5, Table 

4, Fig. 6 , Fig B.1 ) confirm these predictions. They indicate that within this depth range, both crustal 

composition and internal heating remain first order conditions for exhumation in the SEVB context. If 

the orogenic lower crust is rather mafic and behaves strong, it remains mechanically 'attached' to a 

competent mantle lithosphere, and massive exhumation is prevented. If instead the lower crust is 

felsic, then mechanical decoupling occurs whatever the strength (and thickness) of the underlying 

mantle (see also Yamato et al., 2008 for crust-mantle lithosphere coupling). 

 

4.5 Viscosity of the crust and melting conditions  

When the bulk viscosity of the lower crust increases, its ability to flow diminishes, thus delaying if 

not preventing, the development of gravitational instabilities.  
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- When setting a minimum viscosity of 1910 .minµ = Pa sfor crustal layers (instead of 10²� Pa.s. in 

M1, Figs. B1.f,g ), exhumation occurs within 10 My. But only the initially deepest thickened crust 

exhumes fast, and convective cycles appear on the PTt record. The resulting dome is either too 

narrow (<60 km wide) compared to observations or displays too sharp PTt decompression paths. 

− If instead crustal viscosity is prescribed to remain above 10²¹ Pa.s (not shown), then 

instabilities still develop over correct timescales, but advective processes are slowed down, maximum 

temperatures are reduced, and PTt patterns are too cold. 

− When considering heterogeneous viscosities (Fig. 7c ), with 2.10¹� Pa.s for partial melts and 

bounded above 10²� Pa.s for un-molten crust, then several molten domes form and detach 

progressively from the core horizon of the orogenic root, rising individually through the middle-crust. 

This is consistent with structures found in the MTM. 

It would be useful to complement field data with measurements of the characteristic width of 

migmatitic domes, which would help constrain the bulk viscosity with which they formed. This set of 

tests also raises the limitations of numerical models in capturing the development of small size 

migmatitic domes. Partially molten crust likely exhumes simultaneously on small scales with highly 

contrasted viscosities depending on compositional heterogeneities (see discussion Section 3.2). 

  

In model M1 we have chosen melting temperatures for felsic Units similar to other studies 

(Thompson & Connolly, 1995; Ganne et al., 2014; Cruciani et al., 2008). We tested higher melting 

thresholds Tsol=740°C (Fig. B.1.d ), corresponding to reactions in absence of free water. Then the 

resulting buoyancy-driven exhumation requires greater heat accumulation, and is delayed by several 

My. The overall geometry of the domes adopts a more circular shape (diffusive effect of heat on 

deformation via low viscosity flow), compared to the reference model. We envision that local pockets 

of greater amounts of melt could also form in areas of lower water content, at a delayed timing with 

respect to the main exhumation stage. 

A model in which the density of molten material was decreased (down to 2650 kg/m³ instead of 

2700 kg/m³ in the reference case) obviously facilitates exhumation. But once again, too rapid 

exhumation prevents the development of sufficient temperature and reduces the timing, compared to 

petrological and geochronological data. Models testing variable melting laws (M(T)) and viscosity 

dependency on melt µ(M) (eqs. B.5 and B.6, Fig. 4b, Appendix B ) develop significant differences 
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whether a linear or an exponential decrease in viscosity is assumed. Melting and exhumation are 

significantly reduced when assuming linear dependency (not shown), and thus we favour an 

exponential dependency (Eq. B.5, Gerya et al., 2008). A number of other parametric combinations 

were explored and many were not, however the usefulness of such tests for the MTM context remains 

speculative until more precise petrological and geochronogical information is gathered. 

 

5. COMPARISON BETWEEN FIELD DATA AND MODELS, DISCUS SION 

 

5.1 Controls on exhumation in the MTM, part of the SEVB 

To summarise, the comparison of our thermo-mechanical models with the structures and 

petrology of the Maures-Tanneron-Massif, part of the SEVB (with Corsica and Sardinia) during the 

~350-320 Ma time window, tells us that lower crust exhumation in the MTM likely occurred according 

to the following specific conditions, listed according to domain boundary effects (i-iii), thermal 

conditions (iii-vi), crustal melting (vii-viii) and composition issues (ix-ix): 

i. Boundary driving forces were moderate during ca. 20 Ma, with a standard collision rate of ca. 

0.5 cm/yr over this period that is consistent with present-day rates in continental orogens. Our model 

displays compressive structures (folds and faults) and localised westward downdipping shear zones 

at the EZ-IZ transition Upper Crust. They accommodate exhumation of the IZ dome from below, and 

are consistent with Schneider et al. (2014)'s observations. If exhumation occurred after cessation of 

“EW” convergence in the MTM, then another source of compression should be invoked to explain the 

observations. This is delicate given the evidence in the MTM that extension developed perpendicular 

to the direction of convergence. Note that our proposition does not rule out the progressive rise of 

such tensile boundary conditions. 

ii. Surface processes influenced the geometry of exhumation, yet they unlikely were 

preponderant in the MTM and the entire SEVB, or else they would have produced narrower 

exhumation extent than observed. Furthermore exhumation domains are not systematically 

associated with major normal nor thrust shear zones, to the difference of other orogenic belts where 

this influence was revealed (eg. Beaumont et al., 2001; Godin et al., 2006; Mairova et al., 2014). 

iii. We could not sharply decipher whether a shallow (70 km) or deep (120 km) slab break-off 

triggered exhumation in the MTM around 350 My. Shallow mantle temperatures allow to reduce the 
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contribution of internal heating. Yet a too shallow mantle generates  too abrupt isostatic rebound, too 

rapid heat transfer (large areas at T> 900°C) and thus too rapid exhumation (in less than 10 My). 

However, it is worth noting that slab break-off or delamination may have occurred actually even 

deeper than 120 km, provided that the lower crust was weak. A relatively low viscosity (eg. dominantly 

felsic) lower crust in the MTM allows for mechanical decoupling between the shallow levels from 

which buoyant material exhumes upwards, and the deeper levels in which heavier residual material 

sinks (Duretz & Gerya, 2013). 

iv. The thermal state of the orogenic lower crust was not 'initially' hot, but it rather accumulated 

internal heat during at least 20 Ma. We advocate for a significant influence of radiogenic heating 

(responsible for exhumation over a width of ca. 100 km) and a minor influence of shear heating (which 

could still trigger locally high peak temperatures > 900°C, comparable to the Corsica felsic granulite 

single data-point). Our assumptions of radiogenic heating in the orogenic crust generate a surface 

heat flow of the order of 100 mW/m² that is consistent with measurements in present day large 

orogenies such as the Altiplano and the Himalayas (Goutorbe et al., 2011, and references therein), 

and  with other equivalent modelling studies (eg. Faccenda et al., 2008). 

v. Radiogenic heating of stacked middle crust advocates for a dominantly felsic crustal root 

(Mareschal & Jaupart, 2013). Yet a highly felsic composition behaves too weak and favours lateral 

spreading of the crustal root at the expense of vertical exhumation (eg. Gerbault & Willingshoffer, 

2004). A mafic crust in contrast, generates less internal heating, and leads to unrealistic boundary 

forces and mountain height compared to Earth standards. 

vi. The vaugnerite and high-Mg high-K chemical signature of U1 magmatism at ca. 340-330 Ma 

(Fig. 3b)  in the Corsica terranes (there is no formal evidence for U1 magmatism in the MTM), 

indicates that internal heat may alternatively have been brought by repeated local mantle intrusions in 

the form of pulses during more than 10 My. This could have progressively increased the mean lower 

crust temperature. This process was invoked by Vorhies & Ague (2011) to explain Barrovian 

metamorphism along the Highland Boundary fault zone in Scotland. Since we are not able to tackle 

such processes with our kilometric resolution model, we can only recognise that this is an alternative 

mode of progressive heating to that of radiogenic decay in the lower crust. Yet, from a mathematical 

point of view this 'internal' source can still be modelled in a similar way within the heat equation, and 

thus it does not rule out our results. 
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vii. Melting temperatures directly control the time required to accumulate heat prior to modifying 

the properties of melting material. Since the MTM migmatites indicate rather hydrated melting 

conditions, we favour relatively moderate melting temperatures. However it is possible that locally, 

dryer domains melted later under greater heat, thus leading to several episodes (or pulses) of 

exhumation over 20 My. 

viii. The bulk viscosity of partially molten crust drastically decreases at less then 10% melt 

threshold (Rosenberg & Handy, 2005). We found here that a moderate bulk viscosity (10²� Pa.s) best 

reproduces the behaviour of the partially molten MTM crust at large scale, while a lower viscosity 

(10¹� Pa.s) generates too rapid exhumation and limits heat accumulation. This shows how the 

partially molten mush behaves metastable at critical melt connectivity, at an effective viscosity of at 

least 10 orders of magnitude greater than the melt. The low viscosity melt pockets are thus temporally 

buffered throughout the mush, and then extracted from this mush above critical thresholds 

(Khodakovskii et al., 1995; Rabinowicz & Toplis, 2009), producing the smaller intrusive structures 

observed on field (eg. dikes and plutons). Further field studies should estimate pluton and migmatite 

sizes, to correlate with improved high resolution seismic tomographies of orogenic and magmatic 

systems (eg. Koulakov et al., 2013). A better physical link is required to account for the scales of melt 

extraction and propagation from its partially molten mush matrix (eg. multiphase viscosity, Huber et 

al., 2011). This should help explain the variety of intrusive structures observed throughout the MTM 

(and SEVB). 

ix. Lardeaux et al. (2014) reviewed the orogenic evolution of the French Massif Central, the 

Vosges and the Bohemian Variscan massifs, and mentioned how the presence and location of mafic 

vs. felsic units forming the lower to middle crust actually controlled the geometrical evolution of each 

massif in a different manner. Basically, felsic lower crustal units favour both the accumulation of 

internal heating and the production of buoyant melts with respect to mafic units, the latter in contrast 

acting as a rigid buttress that guides vertical exhumation. Thus the presence of both rheologies on 

either side of an orogen promotes the exhumation of its roots, in agreement with other modelling 

studies (eg. Yamato et al., 2008, for the Alpine orogeny; Jamieson et al., 2011). In fact it seems that 

the heterogeneous three-dimensional layering in felsic and mafic units throughout the Variscan 

orogeny controlled its geometrical evolution (eg. Weil et al., 2013; Lardeaux et al., 2014; Schulmann 

et al., 2014), and allowed different domains to accommodate differently the huge internal gravitational 
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forces built in its core. At some point, most compliant layers located at different depths in the lateral 

neighbourhood of the orogenic core perceived and transferred stress from the inner to the outer 

shallower domains (Bird, 1991; Gerbault & Willingshoffer, 2004). The orogenic system seeking to 

minimize its potential energy (eg. Rosenberg et al., 2007; Schmalholz et al., 2014) spread out towards 

these more compliant felsic domains, initiating strike-slip motion and heterogeneous structures that 

drove, ultimately, to the thinning of the orogen and locally to Permian rifting (eg. Gattacceca et al., 

2004; Casini et al., 2015).  

 

5.2 Comparison with syn-compressional exhumation in  other orogenic belts  

 Amongst the European Variscan Massifs, the Bohemian massif might be the one that 

resembles most the SEVB. The Bohemian massif (BM, Fig. 1  inlet) covers a much wider area than 

the SEVB system studied here, and displays a number of internal variations itself: 1) the central part 

of the BM, eg. the Moldanubian Internal zone, recorded vertical mass transfers associated to 

channelised flow of the orogenic lower crust over lateral distances of about 200 km, essentially driven 

by buoyancy and surface processes (Schulmann et al., 2008; Jamieson et al., 2011; Maierova et al., 

2014). 2) In contrast, the northern part of the BM, eg. the West Sudete System, is characterised by 

crustal-scale folding intruded by gneiss dome structures that assisted the uplift and exhumation of the 

lower crust (Chopin et al., 2012). This latter system displays similar ages and structures as those 

reported here during the D2 phase of the SEVB. However, the exhumation of lower crustal levels 

lasted in total 50 My in the SEVB, much longer than the 15 My reported for the BM. The apparent 

difference observed between the Central Moldanubian and Sudete parts of the BM could be explained 

by their relative position within the Variscan orogenic belt and their different thermal state. Specifically, 

assuming a similar convergence rate, the smaller size of the thickened Sudete domain would have led 

to less thermal maturation, while a more felsic composition of the Central domain would have 

produced greater radiogenic heat; both conditions would have favoured a hotter thermal state in the 

Central domain (Maierova et al. 2014) than in the northern edge (West Sudete) of the BM. In 

comparing the SEVB with the Sudete domain of the BM, the former exhibits a greater spatial 

distribution of partial melting and a less evident contribution from the mantle, indicating that 

differences in rheological strength and boundary conditions also played an important role in driving 

their tectonic evolution (eg. Lardeaux et al., 2014). A full understanding of the interactions between 
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inherited layering of the converging lithospheres, their variation in strength upon orogeny, and then 

the dynamics of the three-dimensional boundary conditions, requires to develop larger scale 3D 

models of the entire Variscan Europe. This will enlighten the dynamics between areas where “space 

was made” as opposed to areas where space was consumed, and how each orogenic massif first 

behaved independently up to its own “critical” point of expansion, and how then each massif evolved 

constrained by the others on a large scale. 

 

 The Variscan belt is sometimes compared in size to the ongoing India-Asia 

collisional orogeny. However distinct exhumation patterns are reported in different 

domains throughout both orogenies, reflecting a variety of tectonic processes (eg. Gapais 

et al., 2009 ; Lardeaux et al., 2014 ; Searle, 2015). Throughout the India-Asia collision 

zone, accommodation of present day shortening remains debated from the upper crust 

down into the upper mantle (eg. Replumaz et al., 2014; Searle, 2015). Seismic 

tomography and geochemistry on volcanic rocks throughout the little deformed Tibetan 

plateau indicate that hot mantle was progressively shunted northward by the 

underthrusting of Indian lithospheric mantle from the south from 50 Ma to c. 13 Ma (see 

review and references in Searle, 2015). The identification of a dry granulite lower crust 

supports the presence of a competent underthrusted Indian lithosphere and limited 

crustal flow. However temperatures of 900-1000°C at 60-80 km depth since 30 Ma were 

also reported, indicating that melting has been occurring since then. Geophysical and 

geological data reveal the presence of weak zones at different depths spanning from the 

upper crust to the lower crust in different portions of the collision zone, thus indicating 

some form of lateral flow (Klemperer, 2006). 

Beneath the Himalaya and southern margin of Tibet, geophysical data image a partially 

molten mid-crustal layer between ~15–30 km depth that can be traced southwards in 

alignment with the Greater Himalaya Sequence (GHS, Searle, 2015, and references 

therein). Composed of sillimanite-K-feldspar gneisses, migmatites and leucogranites of 

Indian crustal origin, the GHS exhumed to the surface in between the two low-angle Main 

Central Thrust and the South Tibetan Detachment, structurally distant by about 10-20 

km. The GHS is interpreted as a partially molten mid-crustal layer flowing southward over 
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~100 km relative to the upper and lower crust, at c. 23-15 Ma, and driven from 

topography overburden, underthrusting and up to 20-25 km of erosion since the Miocene 

(eg. Godin et al., 2006; Parsons et al., 2011). The GHS also intruded into host sillimanite 

gneisses, and it displays along its strike variations in exhumation rates that are 

attributed to variations in viscosity (Parsons et al., 2011). 

Elsewhere throughout the India-Asia collision zone, most migmatites and granites are 

exposed along strike-slip shear zones. For instance, the Karakoram metamorphic 

sequence has undergone great amounts of crustal thickening (70-90 km), leading to 

partial melting, and its exhumation would have been led by transpression followed by 

debated amounts of strike-slip motion (eg. Searle, 2015). The spatial association 

between high-grade metamorphic rocks and crustal-scale shear zones is still debated, 

although it is noted along many orogenic belts spanning from the Proterozoic to present 

day (eg. Weinberg & Podladchikov, 1995; Petford & Clemens, 2000; Vigneresse, 2006 ; Gapais et 

al., 2009; Jamieson et al., 2011; Searle, 2011; Ganne et al. 2014 ; and references therein). 

 

Syn-compressional exhumation of lower crustal rocks observed throughout the modern India-Asia 

collision zone is in our view limited by much too rapid convergence rates (about 4 cm/yr). In this 

context, where the thickened crust is sufficiently felsic and has reached thermal maturation, lateral 

flow of partially molten layers remains mostly confined within the middle crust because of overall high 

strain-rate conditions and competent surroundings. Actually our models with greater convergence 

rates and lower heat production would be appropriate for an « India-Asia » configuration, and in fact 

they reproduce confined lateral mid-crustal flow below the orogen. Escapement upwards only occurs 

where the upper crust is sufficiently weak and erosion rates sufficiently high, to channelise flow of 

partially molten material along shear zones to the surface, such as the GHS in the Himalayas. Our 

models with efficient surface processes reproduce channelised exhumation of molten lower crust, and 

thus approach the conditions identified along the Himalaya GHS (eg. Godin et al., 2006,) and in the 

Central Bohemian massif (cf. Maierova et al., 2014). We may thus conclude that, all other parameters 

assumed roughly equal (yet, this was unlikely), surface processes were mild in the SEVB, or else 

structures would have resembled those of the BM and Himalayas. This would probably explain in 

the SEVB, (1) the absence of a large sedimentary basin as observed in the West Sudete in the BM, 
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and (2) why syn-compressional exhumation lasted much longer than in the BM and the Himalayas. 

 

6 CONCLUSION 

  

 Our study crossed-referenced geological data and quantitative models to show that the first 20 

My of lower crust exhumation in the Variscan Maures-Tanneron Massif can be explained by 

gravitationally driven vertical flow during ongoing convergence.  Gravitational instabilities grew from 

increasingly buoyant partial melt in thickening lower crust. Partial melting was triggered by the slow 

accumulation of internal heat, allowing for body forces to progressively exceed the burial force 

induced by far-field compression. Our numerical models show a generally good agreement with field 

data concerning:  

1)  A syn-compressional exhumation timing of 20 My and an exhumation width exceeding 100 km; 

2)  The individualization of two major zones: an intensively partially molten Internal zone (IZ) in the 

East of the model and a cooler External zone in the west (EZ). The IZ is characterised by doming 

isotherms leading to an increase in the apparent thermal gradient from 15 to 30-40°C /km at a rate 

of 1-2°C/km/Ma ; 

3)  Westward backthrusting of the Upper Crust, with formation of a major west dipping shear zone 

acting like a detachment plane between the exhuming IZ relatively to the EZ (equivalent to La 

Garde-Freinet Cavalaire fault zone) ; 

4)  Mixing of orogenic crustal units and dismemberment of previously continuous stacked orogenic 

nappes.  

  

Internal heating was confirmed as a major heat source with respect to shear heating and basal 

heating from the mantle, although a contribution from both these sources is not excluded. This major 

role of radiogenic heating is consistent with the findings of studies of other exhumed orogenic crusts. 

An orogenic crust composed of dominantly felsic units against a mafic buttress not only explains the 

asymmetry and dimensions of exhumation in the MTM, but also appears as the only combination that 

allows, first to maintain a relatively localised thickened orogenic domain, and second, to drive 

widespread exhumation of this orogenic crust in a maintained compressional regime. 
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 The present study shows that it is not necessary to cease convergence to trigger exhumation of an 

orogenic crust, even in the absence of intense surface processes. The MTM area is characteristic for 

having preserved this progressive transition between East-west thickening and perpendicular North-

South opening, later on. The Internal domain where folding and gravitational instabilities developed 

became mechanically weak on a large enough scale that it could focus subsequent trans-current 

perpendicular motion. A three-dimensional approach is now required to identify how the trans-current 

structures were influenced by free borders to the (relative) North and South of the domain, allowing for 

the return to normal crustal thickness and Permean rifting. In other orogenic belts, this transition can 

be either aborted or circumvented by other processes, such as channelised exhumation driven by 

surface processes, greater basal heat, or a reversal of the convergence regime to extension (for 

instance driven by slab roll back).  
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Figure 1 : a) Main Variscan massifs outcropping in Western Europe. (BM) Bohemian Massif, (AM) Armorican Massif, (MC) 

Massif Central, (IM) Iberian Massif, (CO) Corsica, (SA), Sardinia, (MTM) Maures-Tanneron Massif. b) Simplified geological 

map of the Southern European Variscan Belt (SEVB) including Corsica, Sardinia and the Maures-Tanneron Massif. A 55° 

clockwise rotation as been applied to CO and SA to put the massifs in their relative position to the MTM at the end of 
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Variscan Orogeny (Gueguen, 1995; Gattacceca et al., 2007). Modified after Cocherie et al., 1994; Carmignani et al., 2001; 

Paquette et al., 2003; Carosi et al., 2012; Musumeci et al., 2014; Casini et al., 2015; Oliot et al., 2015. c) Simplified 

geological map of the MTM highlighting the External and Internal Zones, main granitoids plutons and main fault zones, 

modified after Schneider et al. (2014). (HA) Hermitan antiform, (RA) Rouet antiform, (CA) Cannes antiform. d) Interpretative 

cross section through the Southern European Variscan Chain modified after Schneider et al. (2014). (CLF) Cavalaire-La 

Garde Freinet fault zone, (JGF) Joyeuse-Grimaud fault zone. 
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Figure 2 : Conceptual geodynamic evolution of the MTM, modified after Schneider et al. (2014). The dashed red lines 

represent the schematic geometry of isotherms. The numerical study focuses on stage D2. 
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Figure 3:   a) Compilation of the available metamorphic data in the MTM, Sardinia and Corsica, relatively to their location 

(External vs. Internal Zone), protolith (color of the boxes), and deformation stage (color of the dots). The apparent thermal 

gradient is also shown, calculated for three different average densities of the lithological section : 3.3 (kg/m³) best 

representing deeply buried rocks in the mantle, 3.0 best representing average density of the lower crust in subduction zones 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

44 Gerbault et al., november 2016 

and 2.8 best representing the average density in an orogenic wedge. When the metamorphic stage of a sample has been 

dated, the age is also given. The arrow pointing from Ext. to Int. shows the relative position of the ploted samples in the 

External Zone. (1) Bellot et al., 2002, (2) Bellot et al., 2005, (3) Buscail 2000, (4) Carosi et al., 2009, (5) Cortesogno et al., 

2004, (6-7) Cruciani et al. 2008, (8-9) Cruciani et al., 2011, (10) Cruciani et al., 2013, (11) Cruciani et al., 2015, (12) Di 

Vincenzo et al, 2004, In situ Ar/Ar dating on muscovite 340Ma, (13) Giacomini et al., 2005, U/Pb LAM-ICPMS zircon 352+/-

3Ma, (14) Giacomini et al, 2008, U/Pb ELA-ICPMS zircon 361+/-3Ma ; 338+/-4Ma ; 332+/-4Ma ; Monazite c. 310+/-2Ma. b) 

Geochronological synthesis (together with Table1). At the bottom along the horizontal axis are reported the metamorphic 

geochronoligal data for the MTM and the Corsica-Sardinia domain, height represents the number of obtained ages, 

indicating the relative knowledge of events. The ages have been regrouped and distinguished for the Internal (pink) and the 

External (light blue) Zones and pinpoint the clear disconnection between these two domains at the end of the orogeny. 

Regarding the age of the magmatism (restricted to granitoids emplacement), the distribution frequency histogram hasn’t 

been chosen because of the lack of the volume of the pluton representativeness of the dataset. For instance, in Corsica, for 

the main plutonism (Red granitoids U2a on map Fig.1), only one age is available (Urbalacone Pluton, Paquette et al., 2003), 

whereas 6 ages are available for later magmatism of smaller volumes (Pink granitoids U2b on map Fig.1 ). Therefore we 

choose to represent with boxes of variable size the time of activity of each type of magmatism (U1, U2a, U2b, U3 

explanation in text), while boxes thickness represents the relative volume of outcropping plutons. The link between the 

geochronological data and the PT data allowed us to calculate the elevation rate of the apparent thermal gradient in each 

zone during each stage (blue and pink plain lines), rising by an order of magnitude from ~340 Ma to 320 Ma. Black and 

white arrows show the main direction of transport, extrapolated to the main direction of convergence, and the main direction 

of extrusion (or lateral flow) deduced from field analyses reported in the literature. Geochronological dataset available in 

Supplementary Material. 
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a) 
 

           
b) 
 
 
Figure 4:  a) Numerical setup, zoom (the modelled domain actually has a width of 1800 km and depth 150 km), displaying 

the initially unmolten rheological units in the orogenic initial geometry. White contours are initial isotherms, red dotted vertical 

profiles in the center and on the border of the domain represent standard strength envelop (prior to melting). b) Dependency 

of viscosity and density upon melting percentage according to  Equations 5,6 and 8 (see Appendix B for details) used by 

Gerya et al. (2008) and Rey et al. (2009). 
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a)  b)  

c)    

 

Figure 5 : Reference model M1, with radiogenic heating, ML=70 km 900°C isotherm, felsic and mafic rheological units, and 

convergence Vb=0.5cm/yr. a) 3 Snapshots at times 10, 20, 30 Myr (plot of passive markers) and PTt patterns for 8 markers 

distributed in the exhumed lower crust. Circles characterise deep initial domains that concentrate in the Internal zone (IZ), 

as opposed to square markers which are in the external zone (EZ). Legend displays color of layers and their melting 

equivalent. b) The central crust after 25 Myrs, plotted on the Lagrangian grid: bottom panel illustrates a second rising dome 

(yellow) embedded in the first one (green), and the folding and retrothrusting of the overriding upper crust. Middle: 

Viscosities and orientation of most compressive principal stress (black lines). The competent domains border the weak 

center from 10 km depth. Top: shear strain rate, velocity vectors, topography and erosion rate illustrating advective cell flow 
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in the orogenic wedge and localised shear bands in the top 10 km. Black arrows around X~50km indicate the sense of 

relative motion of the competent upper crust as opposed to the underlying warm lower crust, associated with 90° rotations of 

the stress field. c) Evaluation of the apparent geothermal gradient to compare with data synthesis Fig. 3a. They are 

evaluated by assuming a linear dependency  of temperature with depth at given depth, divided by the time-span in between 

2 measurements. For each IZ and EZ, estimates provide an average rate over 20 Myr as well as a maximum rate.  
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a) M0 

 
b) M2 

 
c) M3 

 
d) M4 

 

Figure 6 :  Models displaying the influence of boundary velocities: a)M1, b) M2, thermal mantle depth with 1mm/yr 
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convergence rate (c) M3), and asymmetric strong surface processes (d) M4). See text and Tables 2 for details. 
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a) M5 

 
b) M6 

 
c) M7  

 
d) M8 

 

Figure 7 : Models displaying the influence of lower crustal strength: a) M5 anorthosite warm inferior unit, b) M7 high internal 

heating, c) M8,  low viscosity melts , d)M6  mafic granulite inferior unit. cf. Table 2 and text for details.    
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Table 1:  Synthesis of thermal and mechanical evolution of the South European Variscan Belt and related magmatism (cf. 
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Fig.3 and Supp Mat. ). See text for details.        
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Symbo
l 

Description Value-units  

g gravity 9.81 m²/s  

ρ density - Table 3 kg/m³  

G, λ Lamé elastic constants 30 GPa  

ϕ, So Friction angle and cohesion for Coulomb failure 5-20°, 5-10 MPa  

Hp Depth of Initial orogenic prism 60 km  

 Vb Horizontal velocity (M0, M2, M02, M32, M37) 0, 0.5, 2 cm/yr  

Ql Latent heat for melting material 3.10⁵ J/kg  

αo Reference thermal heat expansion 3.10⁻⁵ /K  

βo Reference thermal compressibility 10⁻¹¹ /K  

Cpo Reference heat capacity 1000 J/kg/C  
k Thermal conductivity  - Table 3 W/m/°C  

Hs,hr Radiogenic crustal source  Hs= Ho exp(-y/hr) (M6, M60) 10
⁻9, 8.10-10 W/kg  

ML Depth of isotherm 900°C below prism  (M3, M5, M02, M32) 70, 120 km  

µmin Minimum bulk viscosity cutoff for crustal  material (M7, M37)  10¹⁹, 10²⁰ Pa.s  

Tsol Melting Temperatures (M9) 690-740°C  

M Melt f(T) Eqs. 5-8  

ker Diffusion coefficient for surface  processes (M4, M146) 200 or 20-400 
m²/yr 

 

A,n,
Q 

Power law creep parameters - Table 3 (M5,M8, M55) -  

 
 

Table 2:  Symbols and parameters used in the numerical models. Grey values are those tested in differernt 

models (list Table 4). 
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Layer Rock type ρο 
kg/m³ 

k 
W/m/°C 

A  
(MPa-n /s) 

n Q 
kJ/mol 

Tsol 
°C 

Tfus 
°C 

Upper (Mafic) crust Diabase 2800 2.7   2.0 x 
10⁻⁴ 

3.4 260 690 800 

Mantle Dry olivine 3200 3.3 7.0 x 10⁴ 3.0 520 - - 
Superior Unit 
       felsic crust 

 
Quartz 

 
2800 

 
2.5 

 
1.0 x 10⁻3 

 
2.3 

 
167 

690-
740 

 
800 

Inferior Unit 
       felsic melange 
       mafic melange 

 
Quartzodiorite 

Anorthosite 
Mafic granulite 

 
2800 
2900 

 
2.7 

 
1.3 x 10⁻³ 
3.2 x 10

-4
 

1.4 x 10⁴ 

 
2.4 
4.2 

 
219 
238 
445 

690-
740 
800 

 
800 
900 

Mafic crust buttress Mafic granulite 2900 2.7 1.4 x 10⁴ 4.2 445 800 900 
80% molten felsic crust Wet granite 2700 2.5 2.0 x 10⁻⁴ 1.9  137 - - 
40% Molten Mafic crust Mafic granulite 3200 2.5 2.0 x 10⁻⁴ 1.9  137 - - 

 
 

Table 3 : Power law creep parameters, reference density and conductivity for all layers, cf. Rannalli 

(1995) and references therein. Layer in grey indicate alternative rheological composition tested in 

section 4.3. The two last columns depict solidus and liquidus temperatures according to melting 

equations 5-6. 
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Model Name Model 

description 
Fi
g 

Timing  Thermal 
gradient in 
IZ after 30 
My 

Thermal 
Peak in 
IZ 

Dimensions 
of exhumed 
area (IZ) 

Decoupling 
EZ and IZ 

 Field 

observations 
  > 20Ma 30-40°C/km  800+/-

50°C 
~100 km  West 

dipping 
detachemen
t  

MO   
L1V0HrB 

Vb=0. 6a √ 20Ma √  40°/km √  850°C Х  80 km Х absent 

M1   
L1Hr8HB 

Details in 
Caption. 

5 √ 20Ma √ 35°/km √  850°C 
locally 
900°C 

√100 km at 
10km depth 

√ at X~75 km 

M2 
L100V1Hr8HBR
H 

V
b

=1 mm/yr 

ML= 1120 km 
ρ
melt

=+50kg/m³ 

6b √ 20Ma Х 30°/km √  800°C 
 

Х 25km 
 single 
instability 

X very weak  

M3 
L100RDtied 

V
b

=1 cm/yr 

ML= 120 km 
ρ
melt

=+50 

kg/m³ 
µ

melt
=-5.10¹⁹ 

Pa.s 

6c Х 30Ma √35°/km 
Х sharp isobar 
exhumation 

√ 800°C Х 50km X very weak  

M4 
CBJ0EAHr9 

k
ero

=500-20 

y/m²     
 

6d √ 20Ma √ 40°/km Х 750°C Х 20km 
Х 50km 

√ at X~50 km 

M5 
L100RDhotanort
h  

V
b

=1 cm/yr 

ML= 120 km 
ρ
melt

=-50kg/m³ 

µ
melt

=-

5.10¹⁹Pa.s 
C

sup
=Anorthosit

e 

7a Х 10Ma Х 30°/km √  850°C √ 120 km 
Х not above 
20km 

Х no 
penetration 
into upper 
cr. 

M6 
L1Hr9 

H
1
=10⁻⁹ W/kg 

 

7b √ 20Ma Х 50°/km Х 1000°C Х150 km too 
broad 

√  unclear 

M7  
 L1vis19H 

µ
min

=10¹⁹Pa.s 7c Х 15Ma √ 35°/km 
Х stabilizes at  
<25°C/km 

√ 820°C √ 100 km √ at 
X~70km 

M8  
fels4maf314 

C
Inf

=Maf. Gran. 7d √20Ma √ 40°/km √  880°C Х100km,  
capped low 
melts 

√ at 
X~50km 

 
 
Table 4 : Models characteristics. The refence model M1 in shaded gray has the following parameters: 

boundary velocity V
b

=0.5 cm/yr, Erosion coefficient k
ero

=200 m²/yr, depth of isotherm 900°C below the 

orogen ML=70 km, Radiogenic heat production H1=H0=8.10⁻ ¹  W/kg, interface shear heating Hs over 5 ⁰

km width and with a shear stress 5 MPa, minimal viscosity µ
min

= 5.10¹  Pa.s, Melting condition for felsic ⁹

units T
sol

=690°C, Felsic Superior Unit rheology C
sup

=Quarztodiorite (cf. Table 3, orange layer), Inferior 

unit rheology C
inf

=Anorthosite (blue and green layers). The fisrt column describes the parameters that 

differ from this reference model M1. Relative changes in density and viscosity of molten material are 

indicated with ρ
melt 

and µ
melt

.  Columns 4-8 describe how each model fits or not the MTM field data (top 

line). 
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HIGHLIGHTS: 

* A geological synthesis and thermo-mechanical models of the South Variscan belt, 

* the orogenic root exhumed diapirically during convergence for 20My over >100 km², 

* A continuous transition from continental collision to perpendicular extension, 

* Models fit data with 0.5 cm/yr convergence and mostly internal heating, 

*Alternation of felsic crustal units against mafic buttress is necessary, 

*A viscosity of 10²� Pa.s appropriately simulates the rise of partially molten mush. 

. 


