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Abstract

The aim of this work was to develop a 2D thermo-mechanical model to analyse in detail

the effects of the shear heating and mantle wedge hydration on the thermal state and

dynamics of an ocean/continent subduction system. The thermal setting and dynamics

that result from models with shear heating and/or mantle hydration are directly com-

pared to a model that does not account for either (Marotta and Spalla, 2007) to analyse

their effects on both the strain rate and the viscosity. The new model show the activation

of short-wavelength mantle convection related to the hydration and the serpentinisation

of the mantle wedge, with the consequent recycling of oceanic and continental subducted

material. The effects of the subduction velocities on the size of the hydrated area are also

analysed, and predictions of the pressure-temperature evolutions of crustal markers and

the thermal field, which affect different portions of subduction systems, are used to infer

the thermal regimes that affect the models. Similarly, the model can help to understand

extensively both the distribution and the evolution, in time and space, of metamorphic

conditions characterised by contrasting P/T ratios in subduction systems.

In a second phase, P-T predicted by the model has been compared with natural Pmax-

T estimates related to the Variscan metamorphism, from both the present domains of the

Alps and from the French Central Massif. However, the model did not allow to com-

pare simulated P-T paths with successive metamorphic stages recorded and preserved

by the rocks during their metamorphic evolution, because of the lack of exhumation of

subducted material up to the shallowest portion of the crust. Then, the model has been

implemented by the introduction of the atmosphere and erosion-sedimentation mecha-

nism, to verify that a free upper boundary could allow the rising of material up to the

upper continental crust. The analysis of the simulated paths suggests the possibility to

have two cycles of subduction and collision involved in the evolution of the Variscan belt.

The hypothesis of two successive subduction systems is in agreement with geodynamics

models proposed by many authors (e.g. Matte, 2001; Guillot et al., 2009a; Lardeaux, 2014a).

On these results, a model characterised by two opposite subduction systems has been

developed, to verify that it could represent a better evolutionary system for the recon-

struction of the Variscan orogeny. Lastly, a comparison between the new model and P-T

data of Variscan metamorphism has been performed.

xiii





Chapter 1

Subduction Zones

1.1 Introduction

Subduction zones are the deep and superficial expressions of Earth’s 55000 km of conver-

gent plate margins (Stern, 2002; Heuret and Lallemand, 2005), almost equal to the cumula-

tive length of mid-ocean ridges (60000 km), and 4/5 of them are distributed around the

Pacific Ocean (Lallemand, 1999) (Figure 1.1). The subduction of the plates is driven by the

sinking of the oceanic lithosphere in the underlying asthenosphere, as a consequence of

the cooling, and the relative increase of density, that occurs during the drifting from the

positive thermal anomaly in the mid-ocean ridges. In fact, the subsidence of the ocean

floor is proportional to the square root of the age. Mantle lithosphere is widely accepted

to be slightly more dense than underlying asthenosphere by 1–2% (Stern, 2002). The grav-

itational instability of the oceanic lithosphere is determined by the cooling for conduction

of the mantle in contact with the overlying oceanic crust. The sinking of the lithosphere

also provides most of the forces needed to drive the plates and cause mid-ocean-ridge to

spread (Stern, 2002).

The geometry of the subduction zones has been extensively investigated with geo-

physical and geochemical methods, by mean which mainly the shallower portions have

been studied. Subduction zones are strongly asymmetric for the upper hundred kilome-

tres and their geometric features are defined by deep trenches, lines of volcanoes parallel

to the trenches and inclined planar arrays of deep earthquakes that extend down to the

660 km discontinuity (Wadati-Benioff zone) (Stern, 2002). The maximum depth of seis-

micity (ϕ) in a subduction zone can be determined as

ϕ = V ×A

where V is the subduction velocity and A the age of the subducted plate (from Lallemand,

1999). Deep seismicity develops between 325 and 690 km, with the highest concentration

1
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Figure 1.1: Map of the convergent margins on the Earth with the velocities of the plates (from Schellart et al., 2007).

between 500 and 650 km (Lallemand, 1999; Stern, 2002). Therefore, earthquakes in subduc-

tion zones occur at enormously greater depths than elsewhere on Earth, where seismicity

is limited to the uppermost 20 km.

Subduction zones represent also the principal recycling system of the Earth. The sub-

duction of the lithosphere delivers oceanic crust and sediments deep into the mantle,

where they are re-equilibrated in conditions of increasing pressure and temperature. The

subducted material not recycled in the upper few hundred kilometres can either stag-

nate in correspondence of the transition zone at 660 km deep or sink to the core-mantle

boundary (Figure 1.2, where this residue may be reheated for a billion years or so until

it is resurrected as a mantle plume (Hofmann, 1997; Stern, 2002). There is a continuum

from subduction, involving normal oceanic lithosphere, to collision, involving continen-

tal lithosphere (Stern, 2002).

Uyeda and Kanamori (1979) and Uyeda (1987) recognised two fundamentally contrast-

ing subduction zones, controlled by the strength of mechanical coupling between down-

going and overriding plates:

1. Chilean-type, characterised by high seismicity at the interface between the lower

and the upper plates, low dip angle of the subducted slab, bulging of the lower

plate and well developed accretionary wedges (Figure 1.3a);

2. Mariana-type, characterised by extension in the upper plate with opening of back-

arc basins, subsidence in correspondence of the margin, absence of the accretionary

wedge and high dip angle of the subducted slab (Figure 1.3b).
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Figure 1.2: Vertical sketch of the Earth. It shows both the subducted plates stagnating at the transition zone and the
subducted plates sank to the core-mantle boundary (from Stern, 2002).

Figure 1.3: Differences between Chilean- and Mariana-type subduction (from Uyeda and Kanamori , 1979).
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Figure 1.4: Sketch of a subduction zone. It shows the geometric features of the slab, as the length of the slab (L),
maximum depth reached (Dmax), the velocities of the plates (vsup, vup), the deformation (UPS) and the nature (UPN )
of the upper plate (from Lallemand et al., 2005).

1.2 Relations between upper and lower plate

1.2.1 Forces acting in the subduction zones

The geometry of the subducted plate can be defined by its dip angle, its length and the

maximum depth reached (Lallemand et al., 2005) (Figure 1.4). Usually, the dip angle of

the slab increases gradually from the surface, up to a depth between 80 and 150 km.

Below this depth the angle remains almost constant up to the transition zone, where it

could bend (Jarrard, 1986; Lallemand et al., 2005). Therefore, two mean dip angle can be

identified (Lallemand et al., 2005):

• αs = 32◦ ± 11◦, the mean dip angle of the subducted plate up to 125 km deep;

• αd = 58◦ ± 14◦, the mean dip angle of the subducted slab below 125 km deep.

The slab dip is proportional to the velocity of the upper plate, in particular for what

concerns αs. In fact, there are higher angles with the increase of the velocities, from

negative values (in case of a backward movements of the plate) to positive values (in

case of forward movements of the plate) (Lallemand et al., 2005). A relation is also evident

between the nature of the upper plate and the slab dip, with higher angles occurring
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Figure 1.5: Sketch of a subduction zone showing the forces operating on the slab and at the interface between the plates:
the slab pull force (Fsp), the slab anchoring force (Fa), the suction/pushing force (Fup) and the pressure force generated
by mantle flow (Fm) (from Heuret and Lallemand , 2005).

in presence of intra-oceanic subduction. Another parameter which influences the dip

angle of the subducted plate is the thermal state of the overriding plate. In particular,

for colder thermal states in the upper plate there is a decreasing of the efficiency of the

convective cells above the slab, with a consequent decrease of the dip angle (Lallemand

et al., 2005). These observations have been confirmed also by numerical models (Roda

et al., 2011), which have shown also a lacking of a relation between the slab dip and both

the direction of the subduction and the age of the subducted plate (Cruciani et al., 2005;

Lallemand et al., 2005; Roda et al., 2011), in particular for slab with a thickness lower than

100 km (Roda et al., 2011).

The kinematics of the plates and the deformation associated to the subduction zones

are influenced by many forces (Heuret and Lallemand, 2005; Lallemand et al., 2005) (Figure

1.5):

1. the slab pull, defined as the mass excess of the slab relative to the surrounding

mantle (Fsp);

2. the anchor force, defined as the viscous resistance of the mantle during the sinking

of the slab as well as the forward or rearward motion of the slab (Fa);

3. the coupling between the plates along the interplate zone, which includes both the

interplate friction and pressure and the bending/unbending of the slab (Fup);

4. the regional mantle flow and the corner flow (Fm).

The combination of the forces acting in a subduction zone generates stresses in both

the subducting and the overriding plates, either deforming the upper plate or determin-

ing a migration of the trench. Three models can be identified based on how these forces

interact (Heuret and Lallemand, 2005):

1. the "upper plate motion controlled model", for which the subduction hinge is af-

fected by upper plate motion through two kind of forces: 1) a suction/push force

(Fup) which acts on the plate interface, making the upper plate interdependent with

the subducting plate, and allowing upper plate motion to be transmitted to the top
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Figure 1.6: Sketch of the "upper plate motion controlled model", with Fa 6= 0 (a) and (b), and with Fa = 0 (c) (from Heuret
and Lallemand , 2005).

of the slab; and 2) the anchoring force (Fa), which is the viscous resistance force

opposed by the asthenosphere to any lateral migration of the slab and trench that

may be induced by Fup. Then, two cases can be distinguished, for Fa 6= 0 and for

Fa = 0. In the first case the migration of the trench is inversely proportional to

the anchor force, and whole (Figure 1.6a) or part of the movement (Figure 1.6b) is

converted into back-arc deformation: if the movement is toward the trench there is

compression, otherwise there is extension, with a consequent opening of a back-arc

basin. Differently, in the second case every movements of the overriding plate is

transferred to the subducted plate, determining a migration of the trench without

deformation inside the upper plate (Figure 1.6c);

2. the "slab rollback model", driven by the slab pull force Fsp = K∆ρLA1/2, where

∆ρ is the density difference between slab and mantle, L and A are the length and

the age of the slab respectively, and K is a constant. The bending moment (Mb)

related to this force produce a retreating of both the trench and the subducted plate

(rollback), with a consequent extension in the upper plate. Therefore, this model

can be associated to old and cold plates, which sink faster in the asthenosphere

(Figure 1.7);

3. the "mantle flow induced model", controlled by the pressure generated by the man-

tle flow Fm acting normally on one side of the slab. This pressure determines a

movement of the slab which causes a deformation in the back-arc of the overriding

plate. The deformation can be extensive (Figure 1.8a) or compressive (Figure 1.8b),

depending on the direction of the flow.

1.2.2 Accretion and tectonic erosion

The interaction between the plates is essential to understand the structural evolution, the

kinematics and the exhumation of rocks inside the accretionary wedges. Two models of
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Figure 1.7: Sketch of the “slab rollback model”. Vup is upper plate absolute motion, Vt is the trench absolute motion, Fsp

is the slab pull force, Mb is the bending moment and A is the slab age (from Heuret and Lallemand , 2005).

Figure 1.8: Sketch of the “mantle flow induced model”. Fm is the pressure force generated by mantle flows on one side of
the slab (from Heuret and Lallemand , 2005).

accretion of the wedge can be identified (Malavieille, 2010):

1. models of frontal accretion, for which can be distinguished models with high basal

friction and with low basal friction. Models with high basal friction are charac-

terised by an high taper angle and by growth through imbrication of long tectonic

units bounded by low-angle thrusts (Figure 1.9a). Backthrusts are minor and de-

velop within the body of the wedge. Wedges with a low basal friction are character-

ized by a low taper angle and by growth through frontal accretion of new tectonic

units involving forward propagation of a basal décollement (Figure 1.9b);

2. models of basal accretion, characterised by multiple décollement. In these models

two growth mechanisms act simultaneously: 1) frontal accretion above the upper

décollement ("décollement 2" in Figure 1.9c), and 2) deep underplating of thrust

slices, with basal accretion at the rear due to duplex formation above a basal lower

detachment ("décollement 1" in Figure 1.9c). These mechanisms produce a variable

taper, which is lower in the frontal part, where there is frontal accretion, and higher

in the rear part, where there is basal accretion.

As the accretion act to increase the dimensions of a wedge, the tectonic erosion de-

crease them. Two processes of tectonic erosion can be distinguished (Von Huene and Lalle-

mand, 1990):

• frontal erosion, in which the sediments are removed by the frontal margin of the

wedge;
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Figure 1.9: Models without erosion showing the main mechanisms of wedge accretion and the corresponding critical taper
(from Malavieille, 2010).

• basal erosion, in which the sediments are removed by the lower and rear portion of

the wedge.

Erosion margins are habitually associated to either seamount or horst and graben.

In presence of horst and graben, the erosion is due to the opportunity of the graben to

receive sediments, derived from the accretionary wedge, and carry them to deep. The

fluids contained in the subducted sediments are released as the pressure increases, in-

ducing overpressures in the overlying wedge and fracturing it (Lallemand, 1999). Bathy-

metric highs of the oceans can cause effects similar to those provoked by continental

collision. A basaltic plateau can determine an orogenic collision only in case of bodies

with an extension higher than 50x100 km and a thickened crust of at least 30 km (Cloos,

1993). For what concerns the seamounts, there can be collision if they are higher than 8

km, but generally they cause only temporarily deformations in the geometry of the accre-

tionary wedge (Cloos, 1993; Ruh, 2016) (Figure 1.10). From the perspective of lithospheric

buoyancy, continental or arc crust 25 km thick or more would appear to be subductable

where the lithosphere is 200 km thick. However, where surface geothermal gradients are

> 25◦C/km the part of crust deeper than 15-20 km has a temperature > 400◦C, so, in the

case that the lower crust is quartzo-feldspathic (with at least 10% free quartz), there is

negligible strength and hence negligible coupling to the olivine-rich mantle. Therefore,

quartzose continentals or arcs crust thicker than 15-20 km are not sufficiently coupled to

their mantle roots to enable intact subduction (Cloos, 1993).
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Figure 1.10: Deformation of an accretionary wedge during the passage of a seamount. Blue tones indicate landslides,
rose indicates landslide detachment and blue and rose stripes indicate detachment buried by landslide (from Ruh, 2016).

Figure 1.11: Sketches showing one-sided (a) and ablative subduction (b) (from Tao and O’Connell , 1992).

In addition to the one-sided subduction characterised by an accretionary wedge (Fig-

ure 1.11a), Tao and O’Connell (1992) proposed a model of "ablative subduction" to inter-

pret observations concerning slab profiles, interplate seismicity, back arc tectonics, and

complex processes such as double subduction and subduction polarity reversal (Figure

1.11b). In this model the slab profile results strongly influenced by ablation of the over-

riding plate. When ablation is weak, as when a buoyant continent borders the trench,

deformable slabs adopt shallow, Chilean-type profiles. These profiles develop over time

from an initially steep shape. Differently, for higher ablation rates, as might occur in

an ocean-ocean convergence, slabs adopt Mariana-type profiles. Differences between

Chilean- and Mariana-type subductions may result from disparities in ablation rate and

subduction duration. The occurrence of ablation might not be easily detected at depth,

because material from subducting and ablating plates adhere closely as a single slab (Tao

and O’Connell, 1992).

1.3 Phase transitions

As a subducted plate descends, it is progressively heated and squeezed, changing the

mineralogy and volatile content of sediments, crust, and mantle lithosphere. One of

the most important transition is that of the Mg2SiO4’s polymorphs. At ∼410 km depth

olivine changes into β-spinel structure (wadsleyite), which at ∼520 km depth changes

into γ-spinel structure (ringwoodite). Then, at ∼660 km depth there is the transition of
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Figure 1.12: Sketches of a subduction zone showing the phases stable through the subduction zone and the behaviour of
the subducted plate (from Green et al., 2010).

the ringwoodite into perowskite (MgSiO3) + magnesiowustite (MgO) (Stern, 2002; Green

et al., 2010). The transition olivine-wadsleyite occurs at the boundary between the upper

mantle and the transition zone, while the transition ringwoodite-perowskite + magne-

siowustite takes place at the boundary between the transition zone and the lower man-

tle (Green et al., 2010) (Figure 1.12). The wadsleyite-ringwoodite transition do not causes

large changes in density, while olivine-wadsleyite and ringwoodite-perowskite + magne-

siowustite transitions determine a significative increase of density, of 6% and 8% respec-

tively (Stern, 2002). In the subducted lithosphere the olivine-wadsleyite transition occurs

shallower than 410 km, whereas the ringwoodite-perovskite + magnesiowustite occurs

deeper than 660 km. This is due to the positive Clapeyron slope (dP/dT) of the olivine-

wadsleyite reaction, while the slope for the ringwoodite-perovskite + magnesiowustite

transition is negative. Therefore, the first transition occurs shallower in the slab than in

the mantle, causing an increase of the relative density of the subducting lithosphere and

favouring continued sinking. Differently, the second transition occurs deeper in the slab

than in the mantle, decreasing the relative density of the slab (Stern, 2002).

Another important transition concerns the breakdown of the serpentine. Serpentine

(antigorite, Mg48Si34O85(OH)62) contains 12.3 wt% H2O and, together with chlorite (13.0

wt% H2O), dominates the water budget of hydrous peridotite up to ∼150 km depth (Fig-

ure 1.13a). In peridotites serpentine forms during low-grade hydration, and its maximum

temperature stability is 720◦C (Schmidt and Poli, 1998). The phases with large contribu-

tions to the water budget of subducting MOR basalt are lawsonite, chlorite, and amphi-
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Figure 1.13: a) Phase diagram for H2O-saturated average mantle peridotite and maximum H2O contents bound in hydrous
phases in average peridotites. Upper value: harzburgite; middle value: lherzolite; lower value: pyrolite. The italic labels
are assemblages in a given stability field. b) Maximum H2O contents bound in hydrous phases in H2O-saturated MOR
basalt. ‘A’ = phase A, amph = amphibole, chl = chlorite, cld = chloritoid, cpx = clinopyroxene, epi = epidote, gar = garnet,
law = lawsonite, ol = olivine, opx = orthopyroxene, para = paragonite, serp = serpentine, sp = spinel, tc = talc, zo = zoisite
(from Schmidt and Poli , 1998).

bole. Lawsonite contains 11.2 wt% H2O, chlorite in basalt contains about 12 wt% H2O

and amphibole only contains 2.1 wt% H2O but forms 20–60 wt% of a basalt (Schmidt and

Poli, 1998) (Figure 1.13b).

During the descend of the slab, many different reactions involving hydrous phases

modify the water contents through the transition from blueschists to dry eclogites. As

antigorite can remain stable up to 8 GPa and lawsonite is stable up to 10 GPa, water is

released continuously from subducted materials up to great depths, approximately 250-

300 km depth (Schmidt and Poli, 1998; Stern, 2002). This has been observed also in recent

numerical models, which have shown that some fluids subducted within the oceanic

crust do not rise in the overlying wedge but migrate toward the underlying lithospheric

mantle, with the chance to be carried to the bottom of the upper mantle (Faccenda, 2014).

The releasing of large amounts of fluids by the slabs consequent to the dehydration

reactions can trigger earthquake and back-arc vulcanism (Peacock, 1990). Recent seismic

studies show dip layers, associated to the slab, characterised by seismic velocities lower

by 5-15% than in the mantle, usually between 40 and 150 km depth (Abers, 2005). Gener-

ally, they are considered hydrated metabasalts which, at high pressures, become eclogites

with seismic velocities similar to those of the mantle (Rondenay et al., 2008). The fluids re-

leased by the subducted slab mostly (60-90%) remain in the cold corner of the mantle

wedge and a portion of this H2O will give raise to serpentine diapirs (Schmidt and Poli,

1998).

The mantle wedge is the portion of the mantle above the subducted slab, where cold
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subducted oceanic crust and sediments come into contact with the hotter mantle. The

thermal gradient produced after the cooling of the asthenosphere in contact with the slab

determines the activation of convective flows in the mantle wedge. In fact, hotter man-

tle from the external portion of the wedge move toward the trench, taking place of the

cooled mantle strongly coupled with the slab (Stern, 2002). The hydration of the mantle

wedge, as a consequence of hydrated mineral breakdown reactions in the descending

plate, determines a decrease of the viscosity of at least one order of magnitude (Billen and

Gurnis, 2001; Billen, 2008). Numerical models seem to confirm that a mean viscosity of 10

19 Pa·s for the serpentinized mantle wedge could be a realistic value (Gerya and Stockhert,

2002; Arcay et al., 2005; Roda et al., 2010a). This low viscosity hydrated mantle facilitates

the activation of small convective cells, favouring the exhumation of subducted oceanic

and continental material at the base of the crust of the upper plate (Honda and Saito, 2003;

Meda et al., 2010; Le Voci et al., 2014).

1.4 Metamorphic gradients

The study of the metamorphism has progressed from a static to a dynamic approach, as

a consequence of the evolution from the use of index minerals to reconstruction of P-T-t

paths to understand the metamorphic evolution. The meaning of every metamorphism

classification is to describe the observed types on the Earth and to link them to the forces

and the mechanisms producing them.

For the first time in 1912 Barrow identified zones characterised by index minerals,

which series

Chl → Bt → Grt → St → Ky → Sil

is called Barrowian sequence and is characterised by intermediate P/T ratios. Differently,

the series

Chl → And → Sil

is characterised by low P/T ratios and is called Buchan.

Successively, Eskola (1920) introduced the concept of metamorphic facies, linking the

mineralogic association to the metamorphic environment in terms of PT conditions. After

that Miyashiro (1961) introduced the concept of metamorphic facies series, while few years

later Ernst (1971a,b, 1973) associated different tectonics environments to the metamorphic

facies.

Metamorphic series with high P/T ratios are generally associated with P-T condi-

tions that are peculiar of active oceanic subduction (Spear, 1993; Kornprobst, 2002; Nicollet,

2010). This type of metamorphic facies association, which is deduced from regional scale

metamorphic settings inferred by fieldwork (Miyashiro, 1961; Ernst, 1973), is referred to

as either Franciscan or Sanbagawa metamorphic sequence. Barrovian or Dalradian meta-
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morphic series, which are characterised by intermediate P/T ratios, are traditionally con-

sidered in the geological literature to have been developed during continental collisions

(England and Richardson, 1977; Thompson, 1981; England and Thompson, 1984; Thompson and

England, 1984; Spear, 1993). Metamorphic facies series that are characterised by low P/T

ratios (Abukuma or Buchan-type metamorphism) have generally been associated with

abnormally high geothermal gradients, such as those detected in arc regions. Miyashiro

(1973) developed the idea of paired metamorphic belts based on the juxtaposition of oro-

genic crustal sections characterised by Sanbagawa- and Abukuma-type metamorphic fa-

cies series.

In case of a thermally and mechanically stable lithosphere, a "stable geotherm" can

be calculated (∼25◦C/km) (Carslaw and Jaeger, 1959; England and Thompson, 1984; Thomp-

son and England, 1984), while in case of perturbation of the lithosphere three different

geotherms can be inferred (Cloos, 1993) (Figure 1.14):

• a "perturbed geotherm" in correspondence of subduction, characterised by a lower

thermal gradient (varying from ∼6◦C/km in cold subduction to ∼10◦C/km in warm

subduction zone);

• a "relaxed geotherm" in correspondence of continental collision following oceanic

subduction (t → ∞), characterised by a higher thermal gradient consequent to the

high radioactive energy due to the thickening of the crust (∼33◦C/km);

• geotherms associated to spreading ridges or active arc volcanoes, characterised by

very high gradients (∼60◦C/km).

1.4.1 Prograde and retrograde paths

Geological units which have recorded regional metamorphism generally show a spatial

variation of the metamorphic facies, in relation to the evolution of the recorded P-T condi-

tions. Rocks that have recorded high grade metamorphic conditions should have passed

through lower grade metamorphic facies, so the sequence of successive re-equilibrations

makes possible to recreate the P-T path of metamorphic unit. This kind of path, char-

acterised by an increase of the metamorphic grade in time, is called prograde gradient

(Kornprobst, 2002). On the other hand, mineralogic association developed in P-T peak

conditions can be successively re-equilibrated under different metamorphic P-T condi-

tions. The succession of different associations in time can define a P-T path, that, usually,

is associated to decrease of pressure and temperature. This type of evolution is called

retrograde (Kornprobst, 2002). By the means of the prograde and the retrograde gradi-

ents, the geodynamic history of the metamorphic series and, then, of the P-T condition

in time can be recreated. Variations of pressure depend directly by the variations of the
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Figure 1.14: Petrogenetic grid for metamorphism and arc magma generation. Z = zeolite; PP = prehnite-pumpellyite;
B = blueschist; GR = greenschist; EA = epidote-amphibolite; A = amphibolite; E = eclogite; G = granulite. Pressure-
temperature trajectories are: (1) low P/T ratio near spreading ridges or active arc volcanoes; (2) normal geothermal
gradients in unperturbed lithosphere; (3a) high P/T ratio in warm subduction zones; and (3b) in cold subduction zones
(from Cloos, 1993).

depth and, consequently, they allow to determine either the burial, in case of an increase

of pressure, and the exhumation, in case of a decrease of pressure. Differently, varia-

tions of temperature are more difficult to interpret, because the thermal conductivity of

rocks is very low and the diffusion of heat is slower than spatial movement. Thompson

(1981); England and Thompson (1984) realised a series of monodimensional models to eval-

uate the main factors controlling the regional metamorphism consequent to thickening

or thinning of the continental lithosphere.

Generally, prograde P-T paths are characterised by an increase of pressure consequent

to burial of metamorphic units. The shape of the paths mainly depends by the velocity

of the burying (v) of the lithological units, as

v = V sinα
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Figure 1.15: Shapes of retrograde paths in relation to the exhumation velocities (from Kornprobst , 2002).

Figure 1.16: Isotherms in a typical descending lithosphere (from Turcotte and Schubert , 2002).

where V is the velocity of convergence and α the slab dip. Differently, retrograde paths

are often associated to decompression resulting from the uplift of units. The shape of

these paths is variable and it depends by the velocity of exhumation (Kornprobst, 2002)

(Figure 1.15). Between these two partial trajectories a stage of thermal reequibration can

be identified, often characterised by lacking of lithospheric motions.

The subduction of oceanic lithosphere determines a rapid burial, some cm/yr, of a

plate, which undergoes a prograde path of low temperature, due to the thermal depres-

sion produced by the deepening of the isotherms (Figure 1.16). The P/T ratio varies in

different portions of the subducted plate for two reasons: 1) the pressure at the bottom

of the oceanic crust is higher than at the top (up to 0.2 GPa), as a consequence of its

thickness, and 2) there is a warming at the top of the lithosphere, as consequence of the

production of viscous heating (Kornprobst, 2002).

The burial of tectonic units can be also related to the thickening and the consequent

thermal perturbation of either the crust or the lithosphere. For what concerns the crust,

two mechanisms can be identified (Thompson, 1981; England and Thompson, 1984; Thomp-

son and England, 1984):
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1. crustal thickening by overthrusting. In this instance a doubling of thickness results

from the emplacement of one entire crustal sequence upon another. Considering

the mechanical perturbation as instantaneous (as suggested by the Peclet number),

there are no thermal variations inside the units, neither above nor below the thrust

(Figure 1.17a). The result is a saw tooth shape geotherm (Figure 1.17d). Then, for

this model the prograde evolution is characterised only by pressure increase. After

the perturbation, the first controlling mechanism is the thermal re-equilibration by

conduction between the over- and underthrusted units, producing an attenuation

of the saw tooth profile. During this phase, in the lower unit the temperature in-

creases, while in the upper unit there is a decrease of temperature. After that, the

controlling mechanism is the radiogenic decay, determining an increase of temper-

ature in both units (Figure 1.17d). So, two different paths can be identified in this

model: 1) for the upper unit there is not a prograde evolution and the phase of ther-

mal re-equilibration determines a decrease of temperature. The retrograde path is

characterised by an intial phase in which there is an increase of temperature asso-

ciated to the beginning of the exhumation, followed by a phase characterised by a

decrease of both temperature and pressure; 2) for the lower unit the prograde path

is characterised by an increase of pressure with constant temperature and during

the thermal re-equilibration this unit warms up. The retrograde path is similar to

that observed for the upper unit.

2. homogeneous thickening of the crust, with the shortening assumed to take place

instantaneously (Figure 1.17b). In this case the final geotherm has a higher slope

than the initial one and in time there is a gradual warming in both the units, which

brings the geotherm back at the initial slope (Figure 1.17e). During the early stages,

the main mechanism for the warming is the heat flow from the mantle, while later

the increase of temperature is related to the radiogenic decay. For this model the

P-T paths of the two units are comparable and three phases can be distinguished: 1)

a prograde path characterised by increase of pressure with a constant temperature;

2) a thermal re-equilibration that warms up both units at constant pressure; 3) a

retrograde evolution characterised by an initial increase of temperature followed

by a decrease of both temperature and pressure.

For what concern the homogeneous thickening of the lithosphere, with the shortening

assumed to take place instantaneously (Figure 1.17c), the final geotherm has a higher

slope than the initial one. As for the homogeneous thickening of the crust, in time there

is a gradual warming in both the units, which brings the geotherm back at the initial

slope (Figure 1.17e). In this case, the heat flow toward the crust is lower than in the

case of the shortening of the only crust, because the negative thermal anomaly in the

lithosphere is accentuated. This causes a less increase of temperature during the early
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Figure 1.17: Models of thickening of the crust (panels a, b, d and e) and of the lithosphere (panels c and f). a) Thickening
of the crust by thrusting; b) shortening by homogeneous thickening of the crust; c) shortening by homogeneous thickening
of the lithosphere; d) evolution of the geotherms following thrusting; e) evolution of the geotherms following homogeneous
thickening of the crust; f) evolution of the geotherms following homogeneous thickening of the lithosphere (from England
and Thompson, 1984).

stages of the post-thickening evolution. For this model the P-T paths of the two units are

comparable, as in the model of crust thickening, and three phases can be distinguished: 1)

a prograde path characterised by an increase of pressure with a constant temperature; 2)

a thermal re-equilibration that warms up both units at constant pressure; 3) a retrograde

evolution characterised by an initial increase of temperature followed by a decrease of

both temperature and pressure.

Uplift of tectonic units can be related to either erosion or tectonic exhumation. In the

first case the exhumation is due to the crustal thickening, and the consequent formation

of topographic relieves, following the continental collision. The erosion of the relieves is

balanced by isostatic uplift that bring lower crust up to shallower depths. The velocity

of exhumation is lower than 1 mm/yr and the retrograde path is very differents from the

prograde, with the chance to have high temperatures associated to partial melting. In case

of tectonic exhumation, the uplift is consequent to subduction and collision during which

decoupling and overthrusting can be observed. In these environments the velocity of

exhumation is higher, up to 1 cm/yr, and is associated to a lesser increase of temperature.

Therefore, the shape of the retrograde path can give useful hints about the orogenic stage

during which the uplift takes place (Kornprobst, 2002).
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1.4.2 HP-LT metamorphism

Generally is difficult to determine prograde paths in units showing HP-LT metamorphic

conditions because they are subjected to intense sin- and post-metamorphism deforma-

tions and only some portions can show the prograde evolution (Kornprobst, 2002). One

example is the Zermatt-Saas unit that shows a prograde evolution from 1.5 GPa and

500◦C to 2.0 GPa and 600◦. This path is characterised by the following reactions observed

in the metabasalts:

• clinozoisite + glaucophane → garnet + omphacite + paragonite

• clinozoisite + glaucophane + paragonite → garnet + jadeite + quartz + H2O

• lawsonite → clinozoisite + kyanite + quartz + H2O

These reactions indicate a prograde evolution from blueschist to the eclogite facies (Ko-

rnprobst, 2002).

Another example of prograde path can be observed in the Ivozio Complex metaba-

sites, characterised by a multi-stage structural and metamorphic re-equilibration during

Alpine time (Zucali et al., 2004; Zucali and Spalla, 2011; Delleani et al., 2012). In fact, a S1 fo-

liation developed from 0.5 GPa to 1.3 GPa at a temperature of 300-500◦C and successively

re-equilibrated to P < 1.8 GPa and T < 600◦ indicates a prograde evolution with a geother-

mal gradient of ∼10◦C/km. The post-D1a stage is characterised by the static growth of

lawsonite at 520-600◦ and 1.8 GPa, while during post-D1b stage lawsonite is replaced by

omphacite + zoisite + kyanite assemblages at P > 1.5 GPa and T > 580◦C. The subsequent

development of the S2 foliation occurred at decreasing pressure and temperature. S2a oc-

curred at P < 1.8 GPa and T between 500 and 600◦C, while S2b at P = 0.5-1.3 GPa and T

= 300-500◦C. The retrograde path is marked by a first temperature increase at constant or

decreasing pressure, related to a geothermal gradient between 12 and 10◦C/km (stages

S2a and S2b) (Zucali and Spalla, 2011) (Figure 1.18).

For retrograde paths associated to exhumation of HP-LT metamorphic units, the exhumation-

paragenesis overprints heterogeneously on the prograde paragenesis of high pressure

and often crystallises during heterogeneous deformations, allowing to some portions not

to be deformed and poorly re-equilibrated. The metamorphic evolution is in relation to

the decrease of pressure due to the uplift and the retrograde P-T-t path can have different

shapes related to the mechanism of exhumation.

For example in the Monviso metabasites three stages of re-equilibration, successive to

the paragenesis of high pressure, can be identified and the retrograde path shows a higher

temperature than the prograde path (Figure 1.19). Differently, the eclogitic metagabbro of

the Voltri Massif undergoes the amphibolite facies and the greenschist facies during their

exhumation path, with a significant increase of temperature than in the Monviso metab-

asites (Kornprobst, 2002) (Figure 1.19). The retrograde paths observed in the HP-LT units
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Figure 1.18: P-T-t path of the Ivozio Complex metabasites (from Zucali and Spalla, 2011).

Figure 1.19: Examples of prograde and retrograde paths in the Western Alps (from Kornprobst , 2002).

of the Voltri massif and in the Monviso metabasites show an exhumation associated to a

thermal re-equilibration with temperatures higher than the LT conditions characterising

the subduction environment. The trajectory with a higher slope of the Monviso units

indicates a rapid exhumation after the HP peak developed in a thermally depressed en-

vironment. Differently, the trajectory of the Voltri units indicates a slow exhumation,

associated to a partial thermal re-equilibration, maybe associated to a variation of the re-

gional thermal regime. The exhumation of these units is probably related to the crustal

thickening consequent to a continental collision (Kornprobst, 2002).

A great discrepancy in retrograde paths can be observed also between the western

and eastern parts of the French Massif Central. In all cases the retromorphosis of eclogites
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begins with the destabilisation of omphacite through the reaction omphacite → diopside

+ plagioclase, while garnet is replaced by coronas of amphibole and plagioclase. The om-

phacite breakdown corresponds to a discontinuous precipitation reaction giving rise to

symplectitic textures. However, the microstructures related to the retrograde evolutions

of the studied eclogites are different, suggesting contrasting thermal evolutions. For ex-

ample, in the Najac area and in the western Limousin areas, authors have shown that

temperature decreases with pressure, while in eastern Limousin or Rouergue the decom-

pression is isothermal. Differently, in the Lyonnais area a retrograde path showing an in-

crease of temperature at the beginning of decompression is described. In summary, in the

western part of the French Massif Central, eclogites are retromorphosed under amphibo-

lite facies conditions, while in the eastern French Massif Central they are retromorphosed

under granulite facies conditions (Mercier et al., 1991a; Lardeaux, 2014a).

1.5 Exhumation processes

Eclogites have been reported since the first petrological description by Hauy (1822), and

recognised from many locations in the world with ages ranging from Proterozoic to

Phanerozic times (e.g. Spalla et al., 1996; Godard, 2001; Guillot et al., 2009b). Different eclog-

ite classifications were proposed (e.g Coleman et al., 1965; Banno, 1970), in which eclogites

were discriminated on the basis of their mode of occurrence, mineral and bulk compo-

sitions, and geodynamic setting (Godard, 2001). Following the classifications of Coleman

et al. (1965), eclogites can be differentiated in three groups:

• Group A; eclogites of this group are included in kimberlites, basalts, or as layers in

ultramafic rocks;

• Group B; eclogites of this group occur as bands or lenses within migmatite gneissic

terrains;

• Group C (ophiolitic eclogites); eclogites of this group occur as bands or lenses

within alpine-type metamorphic rocks.

The compositions range from olivine basalt for Group A to tholeiitic basalts for Group C

(Coleman et al., 1965).

The occurrences of pelitic rocks metamorphosed under eclogite facies conditions sug-

gest that these rocks were subducted to great depths before the exhumation. The discov-

ery of coesite in Alpine metasediments (Chopin, 1984; Smith, 1984) introduced the term

of UHP metamorphism and demonstrated that continental crust can be subducted to

a depth greater than 100-120 km (Spalla et al., 1996; Guillot et al., 2009b). The exhuma-

tion of HP and UHP rocks can occur in two contrasting types of convergent zones: the

Pacific and Alpine-types (Bally, 1981). The Pacific-type subduction is characterized by
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long-lasting subduction of oceanic lithosphere, while the Alpine-type initially involves

the consumption of an oceanic domain followed by the subduction of continental mar-

gins (Bally, 1981; Guillot et al., 2009b).

Based on the the lithology, the peak P-T conditions, and the exhumation patterns

of metamorphic rocks, Guillot et al. (2009b) proposed three major types of exhumation

processes:

1. accretionary-type subduction zones, in which the exhumation of HP metasedimen-

tary rocks is favoured by underplating. In this case the exhumation is slow and can

be long-lasting;

2. the serpentinite-type subduction zones, in which the exhumation of HP to UHP

takes place in a 1 to 10 km thick serpentinite subduction channel. The serpenti-

nite matrix originates from both subducted abyssal peridotites and hydated mantle

wedge. Exhumation velocity is low to intermediate and the exhumation is driven

by the buoyancy and the low-viscosity of the serpentinite;

3. the continental-type subductions, in which the exhumation of UHP rocks of conti-

nental origin is fast, short-lived and occurs at the transition from oceanic subduc-

tion to continental subduction. It is driven by buoyancy forces and asthenospheric

return flow. This type is similar to the Alpine-type defined by Bally (1981).

A subduction zone may evolve from one type to others during its life and two different

types may co-exist along one subduction zone.

Accretionary-type subduction

When a slab is parallel to a buttress, deeply subducted rocks are prevented from exhuma-

tion (Figure 1.20a). Differently, a wide open wedge allows the exhumation of deeply sub-

ducted rocks that originated from the upper and lower plates. In intermediate geome-

tries, deeply subducted rocks are exhumed close to the trench in pro-wedge exhumation

(Figures 1.20b-c-d), vertically in plug uplift (Figure 1.20b) and also near the buttress in

retro-wedge exhumation (Figure 1.20c) (Guillot et al., 2009b; Ernst, 2005). The HP-LT rocks

in accretionary-type subduction zones are dominated by clastic sedimentary rocks with

no mantle-derived material, suggesting that the protoliths of HP-LT rocks are sediments

deposited on the sea floor. The exhumation of only upper crustal rocks implies that lower

crustal rocks of slabs are deeply subducted. The maximum pressures recorded in ex-

humed rocks vary from 0.7 to 2.0 GPa and plot along geotherms ranging between 5 and

14◦C/km, which are similar to those of modern subduction zones. Several eclogites show

pressures equivalent to a depth of about 75 km. This is much deeper than the maximum

depth (20-40 km) observed in most active accretionary wedges. Another common feature
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Figure 1.20: Sketch of accretionary prisms. a) Slab parallel to the buttress, which prevents the exhumation of HP rocks; b)
wide accretionary wedge at shallow depth, in which rocks are exhumed only from shallow depth with pro-wedge and plug
uplift exhumation; c) wide accretionary wedge at shallow depths and intermediate wedge at high depths, in which rocks
can be exhumed from high depths, with pro-wedge, retro-wedge and conduit exhumation; d) wide accretionary wedge
both at shallow and at deep levels, which allow the exhumation of HP rocks from great depths at front, middle and rear of
the wedge (from Guillot et al., 2009b).

of HP-LT rocks is slow exhumation rates ranging between 1 and 5 mm/year, which are

independent of subduction velocities (Guillot et al., 2009b).

Serpentinite-type subduction zones

In paleo-subduction zones, serpentinites are commonly associated with HP-LT rocks and

have been considered as fragments of oceanic lithosphere. The contacts between eclogitic

lenses and the matrix serpentinites are interpreted to be primary (Coleman, 1971; Guil-

lot et al., 2009b). HP-LT units exhumed in serpentinite-type subduction zones are dom-

inated by highly sheared serpentinites containing weakly defomed blocks of metaba-

sites, ranging in size from metric to decametric. The metasediments are highly deformed

and minor in volume, less than 10% of the massifs. Serpentinites in oceanic subduc-

tion zones are mostly originated from abyssal peridotites and their hydration likely took

place during the ridge hydrothermal. Moreover, some serpentinites can also derive from

hydrated mantle wedges. Regarding the metamorphic conditions, most eclogitic blocks

reached HP between 1.8 and 2.5 GPa and relatively low temperatures, which defines

paleo-geothermal gradients lower than 10◦C/km. The exhumation velocities vary be-

tween 3 and 10 mm/year, which are faster than those recorded in accretionary wedge

environments. Also in this case the exhumation velocity remains independent of the

subduction velocity (Agard et al., 2009; Guillot et al., 2009b).

Continental-type subductions

The discovery of diamonds (Sobolev and Shatsky, 1990) and coesite (Chopin, 1984; Smith,

1984) in subducted crustal rocks demonstrated that continental rocks can be subducted

below 100 km of depth. The protoliths of UHP rocks are predominantly upper continen-
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tal crust, such as granite gneisses, and metasedimentary rocks (quartzites, metapelites,

and marbles). Mafic plutonic rocks are present in subduction zones, but they correspond

to intrusions in continental crust prior to the subduction. The occurrence of gabbro and

peridotite with contemporaneous gneiss suggests that these rocks were probably present

in the continent-ocean transition where the lower crust is thin or totally absent (Guillot

et al., 2009b). Garnet peridotites are associated with continental rocks and their exhuma-

tion is explained by decoupling of the continental slice from the descending oceanic litho-

sphere due to the positive buoyancy of continental rocks within the subduction channel

(Ernst, 1999). UHP rocks commonly record pressures ranging from about 2.5 GPa up to

P > 7 GPa and temperatures varying between 500◦C and 1335◦C. However, most UHP

rocks of continental origin record pressures between 2.5 and 4.0 GPa (Hacker, 2006), and

the UHP conditions are mostly recorded in garnet-bearing peridotites. UHP metamor-

phism develops under low geothermal gradients, ranging from 5 to 10◦C/km in most

terranes. Estimated exhumation velocities in UHP rocks of continental origin are faster

than 6 mm/year (Guillot et al., 2009b).





Chapter 2

Numerical modelling and the

SubMar code

The limitations of the human mind are such that it cannot grasp the behaviour of its

complex surroundings and creations in one operation. Thus the process of subdividing

all systems into their individual components or "elements", whose behaviour is readily

understood, and then rebuilding the original system from such components to study its

behaviour is a natural way in which the engineer, the scientist, or even the economist

proceeds (Zienkiewicz and Taylor, 2000). A numerical model can be obtained by the res-

olution of discrete problems, such that the solution is determined dividing the system

in a finite number of elements, or of continuous problems, for which problems can be

solved by mathematical techniques. There are different methods of discretisation, devel-

oped by both engineers and mathematics, and all of them imply an approximation of

the continuous system, which get better with the increase of the discrete variables. In

particular, mathematics have developed a finite difference method, while engineers a finite

element method (Zienkiewicz and Taylor, 2000). The SubMar code used in this work (Marotta

et al., 2006) is based on the finite element method.

2.1 Governing equations of the SubMar code

The mechanical behaviour of Earth materials which compose the crust and the mantle is

described by means of the following equations:

∇ · v = 0 (2.1)

−∇p+∇ · τ + ρg = 0 (2.2)

ρ cp

(
∂T

∂t
+ v · ∇T

)

= ∇ · (K∇T ) +Hr (2.3)

25
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which are the mass conservation equation (2.1), the momentum conservation equation

(2.2) and the energy conservation equation (2.3), where ρ is the density, τ is the deviatoric

stress, cp is the specific heat at a constant pressure, p is the pressure, T is the temperature,

K is the thermal conductivity, Hr is the radiogenic energy, v is the velocity and g is

gravitational acceleration. These equations are solved by using finite element method,

as explained in the Section 2.2. For the entire system a Newtonian rheology has been

considered, such as

τij = 2µ ε̇ij (2.4)

where ε̇ij =
1

2
( ∂ui

∂xj
+

∂uj

xi
) is the infinitesimal strain rate tensor.

The momentum conservation equation is integrated using the penalty formulation

(Section 2.6), while the energy conservation equation is integrated using the Petrov-

Galerkin method (Section 2.3). The use of the Lagrangian particle technique (Christensen,

1992; Marotta et al., 2006) makes it possible to compositionally differentiate the crust from

the mantle. Different numeric indexes of the particles (markers) make it possible to dif-

ferentiate continental-type from oceanic-type markers (Marotta et al., 2006). The position

of the individual markers during the dynamic evolution of the system is calculated by

solving the equation
dx

dt
= u (2.5)

using the Runge-Kutta scheme at the first order, where x and u are the position and

the velocity of each marker, respectively. These scheme has been tested by means of a

benchmark (Zalesak disc test), to evaluate its accuracy (Appendix A.1). u is evaluated in-

terpolating the velocities in the nodal points of the element containing the marker by the

means of the shape functions used in the numerical approximation (Marotta et al., 2006;

Marotta and Spalla, 2007) (Section 2.2). Since some studies have shown that numerical

instabilities can result at the interface between two fluids causing artificial mixing of the

markers, a benchmark on the Rayleigh-Taylor instability test has been performed (van

Keken et al., 1997; Thieulot, 2014) (Appendix A.2).

At every time step, the composition Ce of each element of the grid is determined by

the quantity of the different type of markers in the element, such as

Ce = Cc
e + Co

e , with Co
e =

P o
e

P 0
e

and Cc
e =

P c
e

P 0
e

(2.6)

in which P o
e and P c

e are the numbers of the oceanic and continental markers in the element

e, respectively, and P 0
e is the maximum number of markers of every type that the element

can contain. Since the dimension of the elements is not constant, P 0
e depends on the ele-

ment considered, while Co
e and Cc

e vary between 0 and 1. Considering an incompressible

fluid with a viscosity that depends on both the temperature and the composition of the
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Symbol Physical quantity Factor

x′ Coordinates x · 1

L0

u′ Velocity u · L0

κ0

t′ Time t · L2

0

κ0

p′ Pressure p · L0

κ0µ0

T ′ Temperature T−T0

Tb−Ts

µ′ Viscosity µ · 1

µ0

K ′ Thermal conductivity K · 1

ρ0cpκ0

κ′ Thermal diffusivity κ · 1

κ0

Table 2.1: Dimensionless factors (from Marotta et al., 2006).

element, it can be written that

µ = µm[1− Co − Cc] + µoCo + µcCc (2.7)

where

µi = µi
0(C) e

Ei
a

nR

(
1

T
− 1

T0

)

(2.8)

Taking into account the elemental composition Ce (Equation 2.6), the density of each

element can be expressed as

ρe = ρ0
[
1− α(T − T0)

]
+ (ρo − ρ0)C

o
e + (ρc − ρ0)C

c
e (2.9)

where ρ0 is the reference density of the mantle at the reference temperature T0, and ρo and

ρc are the average density of the oceanic and continental crust, respectively (Marotta et al.,

2006). Introducing Equations 2.4 and 2.6 in the Equation 2.2, the momentum conservation

equation becomes

− ∂p̄

∂x
+

∂

∂x

(

2µ
∂u

∂x

)

+
∂

∂y

[

µ

(
∂u

∂y
+

∂v

∂x

)]

= 0

− ∂p̄

∂y
+

∂

∂y

(

2µ
∂v

∂y

)

+
∂

∂x

[

µ

(
∂u

∂y
+

∂v

∂x

)]

+

+ αρ0(T − T0)g − (ρo − ρ0)C
og − (ρc − ρ0)C

cg = 0 (2.10)

in which x and u are the horizontal components of the coordinates and the velocities,

respectively, and y and v the vertical components, and p̄ = p + ρ0 g y is the pressure

which take into account both the lithostatic and the dynamic components. By the means
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of the factors in Table 2.1 the Equation 2.10 can be written dimensionless, as

− ∂p̄′

∂x′
+

∂

∂x′

(

2µ′∂u
′

∂x′

)

+
∂

∂y′

[

µ′

(
∂u′

∂y′
+

∂v′

∂x′

)]

= 0

− ∂p̄′

∂y′
+

∂

∂y′

(

2µ′∂v
′

∂y′

)

+
∂

∂x′

[

µ′

(
∂u′

∂y′
+

∂v′

∂x′

)]

+

+Ra ρ0(T
′ − T ′

0)−Ro
c C

o −Rc
c C

c = 0 (2.11)

in which Ra, Ro
C and Rc

c are the dimensionless Rayleigh numbers with respect to the

temperature and the oceanic and continental composition, respectively (Marotta et al.,

2006). They can be expressed as

Ra =
αρ0 gL3

0

κ0 µ0

(Tb − Ts) (2.12)

with Tb and Ts are the temperatures at the bottom and at the surface of the system, re-

spectively.






Ro
c =

gL3
0

κ0 µ0

(ρo − ρ0)

Rc
c =

gL3
0

κ0 µ0

(ρc − ρ0)

(2.13)

related to the maximum difference of density between the mantle and the oceanic and

the continental crust, respectively (Marotta et al., 2006).

Using the dimensionless factors listed in Table 2.1, the energy conservation equation

in 2D can be written as

∂T ′

∂t′
+ u′

∂T ′

∂x′
+ v′

∂T ′

∂y′
=

∂

∂x′

(

κ′
∂T ′

∂x′

)

+
∂

∂y′

(

κ′
∂T ′

∂y′

)

(2.14)

2.2 Finite element method

The developing of a finite element method can be divided in 5 stages:

1. the continuous system is divided in a finite number of "elements" with imaginary

lines (2D) or surfaces (3D);

2. elements are interconnected by a discrete number of nodal point and the behaviour

of each element is defined by a finite number of nodal parameters that are the vari-

ables of the problem. The elements are called linears if the nodal point are only at

the vertexes of each element, or quadratics if there are nodal points also at the middle

of each side. Higher-order elements can have nodal points also in the interior;

3. a set of function (displacement functions) is chosen to define uniquely the state of
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Figure 2.1: A structure built up from elements interconnected by a variable number of nodes (from Zienkiewicz and Taylor ,
2000).

displacement within each element and on its boundaries in terms of its nodal dis-

placements;

4. the displacement functions define uniquely the state of deformation within each

element. These deformations with an eventual pre-existed deformation ε0 and the

rheological proprieties define the state of stresses of the system;

5. a system of nodal forces balancing the stresses and the distributed loading is deter-

mined, obtaining a relation as

q = K · a+ fp + fε0 (2.15)

Stage 1

Figure 2.1 shows a two-dimensional system assembled from individual elements and

interconnected by a variable number of nodes for each element. In this example there are

4 elements and the nodes are globally numbered from 1 to 6. As a starting point it will

be assumed that the characteristics of each element are precisely known. The resulting of

the forces acting at the nodes 1, 2 and 3 of the element labelled 1 are uniquely defined by

the displacements of these nodes, the distributed loading acting on the element (p), and

its possible initial strain, which may be due to temperature or shrinkage. The forces and

the corresponding displacements are defined by appropriate components (U , V and u, v)

in a common coordinate system (Zienkiewicz and Taylor, 2000).

Stage 2

Listing the forces acting on all the nodes of the element (three nodes for the element (1)

in the case illustrated in Figure 2.1) as a matrix we have

q1 =







q1
1

q1
2

q1
3







where q1
1 =

{

U1
1

V 1
1

}

, q1
2 =

{

U1
2

V 1
2

}

, q1
3 =

{

U1
3

V 1
3

}

(2.16)
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and for the corresponding nodal displacements

a1 =







a1
1

a1
2

a1
3







where a11 =

{

u1
1

v1
1

}

, a12 =

{

u1
2

v1
2

}

, a13 =

{

u1
3

v1
3

}

(2.17)

Assuming linear elastic behaviour of the element, the characteristic relationship will be

in the form

q1 = K1 · a1 + f1p + f1ε0 (2.18)

where f1ε0 represents the nodal forces associated to the initial deformation, f1p represents

the nodal forces associated to the distributed loads and K1 ·a1 represents the nodal forces

associated to nodal displacements. K is called stiffness matrix.

For a generic element e with m nodal points, the vectors of the nodal forces qe and of

the nodal displacements ae can be represented as

qe =







qe
1

qe
2

...

qe
m







and ae =







ae
1

ae
2

...

aem







(2.19)

with each qe
i and aei possessing the same number n of components (or degrees of freedom).

Therefore, the stiffness matrices of the element will always be square and of the form

Ke =







Ke
ij · · · Ke

im
...

. . .
...

Ke
mj · · · Ke

mm







(2.20)

in which j is the nodal points influencing i-esim node.

Considering the i-esim node of the e-esim element, the Equation 2.18 can be written as

qe
i = Ke

i,1 · ae1 +Ke
i,2 · ae2 + · · ·+Ke

i,nnode · aennode + f epi + f eε0i =

=
nnode∑

inode=1

Ke
i,inode · aeinode + f epi + f eε0i (2.21)

in which nnode is the number of nodes in the j-esim element. The numbering of the local

nodes, or rather of each element, must follow the same criteria (for example clockwise).
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If m elements have a node i in common the resulting force is

qi = q1
i + q2

i + · · ·+ qm
i =

m∑

e=1

qe
i =

m∑

e=1

[ nnode∑

inode=1

Ke
i,inode · aeinode

︸ ︷︷ ︸

stiffness matrix in local coordinates

+f epi + f eε0i

]

(2.22)

The first summation can be done on all the elements (nelem) instead that only on the

elements with the node in common (m), because only the elements which include point

i will contribute non-zero forces. Considering the number of nodes of all the system

(npoin) instead of the number of nodes of the element (nnode), the stiffness matrix can be

written in global coordinates. Therefore, for each element the stiffness matrix has null

values except for the nodes belonging to the own element, and the Equation 2.22 can be

written as

qi =
nelem∑

e=1

[ npoin
∑

inode=1

Ke
i,inode · aeinode

︸ ︷︷ ︸

stiffness matrix in global coordinates

+f ei

]

(2.23)

where

f e = f ep + f jε0

In order that the i-esim node is in equilibrium, the resulting of the forces qi must either

have a zero value or be or equal to an external force applied. Thus, considering all the

force components, it is found that

ri =

nelem∑

e=1

qe
i (2.24)

So, Equation 2.23 can be written as

K · a = r− f (2.25)

In which the submatrices are

Ki,inode =

nelem∑

e=1

Ke
i,inode and fi =

nelem∑

e=1

f ei (2.26)

This simple rule for assembly is very convenient because as soon as a coefficient for a par-

ticular element is found it can be put immediately into the appropriate location specified

in the computer, additioning all the coefficients in that location (Zienkiewicz and Taylor,

2000) (Figure 2.2).
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Figure 2.2: Example for the assembly of the stiffness matrix. a) System constituted by 5 elements and 8 nodes; b)
construction of the stiffness matrix in global coordinates for each element; c) assembly of the stiffness matrix (from
Zienkiewicz and Taylor , 2000).

Stage 3

The displacement u(x, y) in any internal point of the element can be approximated to a

vector û(x, y). In the instance of an element e constituted by 3 nodal points (i, j, m), it can

be defined as

u(x, y) ≈ û(x, y) =
∑

k

Nk · aek =
[

Ni Nj Nm

]

·






ai

aj

am






e

= N · ae (2.27)

in which a is the vector of the nodal displacement and N the vector of the displacement

functions. In this way, the displacement for all points of the element is approximated as

linear function of the nodal displacement. The displacement functions must be chosen to

reflect the nodal displacement if the values of the coordinates are changed. For example,

for the node i

û(xi, yi) =
nnode∑

i=1

Ni · aei = Ni(xi, yi)ai +Nj(xi, yi)aj +Nm(xi, yi)am = ai (2.28)

from which it is deduced that Nj(xi, yi) = Nm(xi, yi) = 0 and Ni(xi, yi) = 1 = NiI. The

same holds for the other nodal points of the element. In all the other points inside the

element 0 < N < 1.
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Stage 4

With displacements known at all points within the element the strains at any point can

be determined. These will always result in a relationship that, using Equation 2.28, can

be written in matrix notation as

ε ≈ ε̂ =






εxx

εyy

εxy




 =






∂u
∂x
∂v
∂y

1

2
(∂u∂y + ∂v

∂x)




 =






∂
∂x 0

0 ∂
∂y

1

2

∂
∂y

1

2

∂
∂x




 ·

[

u

v

]

= S · u(x, y) = S ·N · a (2.29)

The vector of the displacement a in the Equation 2.29 can be written as

[

u

v

]

≈
[

û

v̂

]

=
[

NiI NjI NmI

]

·






ai

aj

am




 =

=

[

Ni 0 Nj 0 Nm 0

0 Ni 0 Nj 0 Nm

]

·














ui

vi

uj

vj

um

vm














=

[

Niui +Njuj +Nmum

Nivi +Njvj +Nmvm

]

(2.30)

and integrating the Equation 2.30 in the Equation 2.29 it is obtained that

ε =






∂
∂x 0

0 ∂
∂y

1

2

∂
∂y

1

2

∂
∂x




 ·

[

Niui +Njuj +Nmum

Nivi +Njvj +Nmvm

]

=

=






∂Ni

∂x ui +
∂Nj

∂x uj +
∂Nm

∂x um
∂Ni

∂y vi +
∂Nj

∂y vj +
∂Nm

∂y vm
1

2
(∂Ni

∂y ui +
∂Nj

∂y uj +
∂Nm

∂y um + ∂Ni

∂x vi +
∂Nj

∂x vj +
∂Nm

∂x vm)




 (2.31)

in which the components u and v do not depend by x and y because they are the dis-

placement in the nodes. Eventually, they can depend by the time if the problem is not
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stationary. Therefore, the Equation 2.31 can be written as

ε =






∂Ni

∂x 0
∂Nj

∂x 0 ∂Nm

∂x 0

0 ∂Ni

∂y 0
∂Nj

∂y 0 ∂Nm

∂y
1

2

∂Ni

∂y
1

2

∂Ni

∂x
1

2

∂Nj

∂y
1

2

∂Nj

∂x
1

2

∂Nm

∂y
1

2

∂Nm

∂x




 ·














ui

vi

uj

vj

um

vm














= B · a (2.32)

With the shape functions Ni, Nj , and Nm already determined, the matrix B can easily be

obtained.

Knowing the deformation and the rheological properties of the material, the stress for

each point inside the element can be expressed as

σ = σ0 +D(ε− ε0) →






σxx

σyy

σxy




 =






σ0xx

σ0yy

σ0xy




+D






εxx − ε0xx

εyy − ε0yy

εxy − ε0xy




 (2.33)

where D is the matrix containing the rheological properties of the material and σ0 and

ε0 are stresses and deformations pre-existing. Under plane stress conditions, from the

Hooke’s law 





εxx − ε0xx =
σxx

E
− ν

E
σyy

εyy − ε0yy = − ν

E
σxx +

σyy

E

εxy − ε0xy =
(1 + ν)

E
σxy =

1

2µ
σxy

from which the components of the stress can be written as







σxx =
E

1− ν2
(εxx − ε0xx) +

Eν

1− ν2
(εyy − ε0yy)

σyy =
Eν

1− ν2
(εxx − ε0xx) +

E

1− ν2
(εyy − ε0yy)

σxy =
E(1− ν)

1− ν2
(εxy − ε0xy)

(2.34)

and substituting the Equations 2.34 in the Equation 2.33 it is obtained that






σxx

σyy

σxy




 =

E

1− ν2






1 ν 0

ν 1 0

0 0 1− ν




 ·






εxx − ε0xx

εyy − ε0yy

εxy − ε0xy




 = D ·






εxx − ε0xx

εyy − ε0yy

εxy − ε0xy






⇓
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σ = D · ε = D · εtot −D · ε0 (2.35)

Stage 5

To make the nodal forces statically equivalent to the stresses and to the distributed forces,

the work expended by the nodal forces and the work expended by the stresses and the

distributed forces must be equal.

• Nodal forces: considering a virtual nodal displacement δae for the element e, the

work due to the nodal forces is

Le
ext =

nnode∑

inode=1

qe
inode · δaeinode = δae

T · qe (2.36)

• Stresses and distributed forces: considering the distributed forces b =

[

bx

by

]

, the work

of a unit volume is

Lb = b · δu = δuT · b (2.37)

while for the stresses σ =

[

σxx σxy

σyx σyy

]

the work is

Lσ = δεT · σ (2.38)

Taking into account that δε = B · δae and δu(x, y) = N · δa, adding Equations

2.37 and 2.38 and integrating on the volume of the element the internal work of the

element is

Le
int =

∫

Ve

δaT · (BT · σ −NT · b)dV (2.39)

The Equations 2.36 and 2.39 must be equal, therefore

δae
T · qe = δaT

∫

Ve

(BT · σ)dV −
∫

Ve

(NT · b)dV

⇓
qe =

∫

Ve

(BT · σ)dV −
∫

Ve

(NT · b)dV (2.40)
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Figure 2.3: Example of boundaries Γ of a domain Ω (from Zienkiewicz and Taylor , 2000).

Introducing the Equations 2.32 and 2.33 into the Equation 2.40, it can be obtained that

qe =

∫

Ve

(BT ·D ·B)dV · ae
︸ ︷︷ ︸

K·a

+

∫

Ve

(BT · σ0)dV

︸ ︷︷ ︸

fp

−
∫

Ve

(BT ·D · ε0)dV
︸ ︷︷ ︸

fε0

−
∫

Ve

(NT · b)dV
︸ ︷︷ ︸

fb

(2.41)

which is in the same form of the Equation 2.15.

The error between the numerical solution and the analytic solution is of order O(h2),

where h is the dimension of the grid. Generally, the dimension of the elements of the grid

is reduced only in some portions of the system, to avoid to increase too much compute

times.

2.3 Galerkin method

Posing the problem to be solved in its most general terms, an unknown function u has to

be found such that it satisfies a certain differential equation set

A(u) =







A1(u)

A2(u)
...

An(u)







= 0 (2.42)

in a domain Ω (line, area or volume), together with certain boundary conditions

B(u) =







B1(u)

B2(u)
...

Bn(u)







= 0 (2.43)

defined on the boundaries Γ of the domain Ω (Zienkiewicz and Taylor, 2000) (Figure 2.3).
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The function needed may be a scalar quantity or may represent a vector. Similarly,

the differential equation may be a single one or a set of simultaneous equations and does

not need to be linear. The finite element process, being one of approximation, will seek

the solution in the approximate form of the Equation 2.27.

A solution of the system given by the Equations 2.42 and 2.43 can be obtained recast-

ing the problem in the integral form

∫

Ω

Gj(u)dΩ+

∫

Γ

gj(u)dΓ = 0 (2.44)

in which Gj and gj prescribe known functions or operators. To obtain the approximation

in such integral forms the method of weighted residuals (the Galerkin method) can be

used.

As the set of differential Equations 2.42 has to be zero at each point of the domain Ω,

it follows that
∫

Ω

vTA(u) = 0 →
∫

Ω

[v1A1(u) + v2A2(u) + · · ·+ vnAn(u)]dΩ = 0 (2.45)

where

v =







v1

v2
...

vn







(2.46)

is a set of arbitrary functions equal in number to the number of equations A(u) involved.

In the same way, functions v̄ ≡ −v must be found such that

∫

Ω

v̄TB(u) = 0 →
∫

Ω

[v̄1B1(u) + v̄2B2(u) + · · ·+ v̄nBn(u)]dΩ = 0 (2.47)

Therefore, the integral statement that

∫

Ω

vTA(u)dΩ+

∫

Ω

v̂TB(u)dΩ = 0 (2.48)

is satisfied for all v and v̂ and it is equivalent to the satisfaction of the differential Equa-

tions 2.42 and their boundary conditions 2.43.

v and v̂ have to be chosen in function of the differential equation to solve. The integral

statement 2.48 allow an approximation to be made if, in place of any function v, we put

a finite set of approximate functions

v =

n∑

j=1

wjδaj v̄ =

n∑

j=1

w̄jδaj (2.49)
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in which δaj are arbitrary parameters and n is the number of unknowns entering the

problem. Inserting the approximation 2.49 into the Equation 2.48, it can be obtained that

δaT
[∫

Ω

wT
j A

(∑

i

Ni · ai
)
dΩ+

∫

Ω

w̄T
j B

(∑

i

Ni · ai
)
dΩ

]

= 0 (2.50)

and since δaj is arbitrary, there is a set of equations which is sufficient to determine the

parameters aj as

∫

Ω

wT
j A

(∑

i

Ni · ai
)
dΩ+

∫

Ω

w̄T
j B

(∑

i

Ni · ai
)
dΩ = 0 (2.51)

A(
∑

iNi · ai) represents the residual obtained by substitution of the approximation into

the differential equation and B(
∑

iNi ·ai) represents the residual of the boundary condi-

tions. So, the Equation 2.51 is a weighted integral of such residuals. The approximation

may thus be called the method of weighted residuals (Zienkiewicz and Taylor, 2000). In the

Galerkin method v ≡ Ni and v̄ ≡ −Ni, obtaining symmetric Stiffness matrices, and the

Equation 2.51 can be written as

∫

Ω

NjA
(∑

i

Ni · ai
)
dΩ+

∫

Ω

NjB
(∑

i

Ni · ai
)
dΩ = 0 (2.52)

These integral form permits the approximation to be determined element by element,

and dividing the system in nelem elements, it can be written as

nelem∑

ielem=1

[∫

Ω

NjA
(∑

i

Ni · ai
)
dΩ+

∫

Ω

NjB
(∑

i

Ni · ai
)
dΩ

]

= 0 (2.53)

2.4 Local coordinates

If the elements have an irregular shape it is not possible to determine the integral exactly.

In this case it is useful to develop the method in the local coordinates of the element (s,t)

and to come back to the global coordinates (x,y) at the end of the calculation. In local

coordinates,

∂Ni

∂s
=

∂Ni

∂x

∂x

∂s
+

∂Ni

∂y

∂y

∂s

∂Ni

∂t
=

∂Ni

∂x

∂x

∂t
+

∂Ni

∂y

∂y

∂t

(2.54)
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which can be written in matrices, as

[
∂Ni

∂s
∂Ni

∂t

]

=

[
∂x
∂s

∂y
∂s

∂x
∂t

∂y
∂t

]

︸ ︷︷ ︸

J = Jacobiano

·
[
∂Ni

∂x
∂Ni

∂y

]

(2.55)

from which, inverting the Jacobian matrix, it is obtained that

[
∂Ni

∂x
∂Ni

∂y

]

=
[

J

]−1

·
[
∂Ni

∂s
∂Ni

∂t

]

(2.56)

The Jacobian matrix can be evaluated knowing the relation between system of global

coordinates and that of the local coordinates. For every point has to be valid the relation

x =
nnode∑

i=1

Nixi

which introduced in the Jacobian matrix gives

J =

[
∂
∂s

(∑nnode
i=1

Nixi
)

∂
∂s

(∑nnode
i=1

Niyi
)

∂
∂t

(∑nnode
i=1

Nixi
)

∂
∂t

(∑nnode
i=1

Niyi
)

]

=

[∑nnode
i=1

xi
∂Ni

∂s

∑nnode
i=1

yi
∂Ni

∂s
∑nnode

i=1
xi

∂Ni

∂t

∑nnode
i=1

yi
∂Ni

∂t

]

=

=

[
∂N1

∂s
∂N2

∂s · · · ∂Nnnode

∂s
∂N1

∂t
∂N2

∂t · · · ∂Nnnode

∂t

]

·









x1 y1

x2 y2
...

...

xnnode ynnode









(2.57)

For what concerns dΩ, it also depends on dx and dy, with

dx =
∂x

∂s
ds+

∂x

∂t
dt and dy =

∂y

∂s
ds+

∂y

∂t
dt

, which can be written in matrices, as

[

dx

dy

]

=

[
∂x
∂s

∂x
∂t

∂y
∂s

∂y
∂t

]

·
[

ds

dt

]

(2.58)

obtaining

dΩ = dx dy = detJ · ds dt (2.59)

2.5 Gauss quadrature

In case of complex problems the integration is determined with numerical methods, as

the Gauss quadrature. In this case, in place of specifying the position of a given number
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of sampling points a priori, the points of integration can be determined to aim an increase

of the accuracy. Considering

∫ b

a
f(ξ)dξ =

N∑

i=1

Hif(ξi) (2.60)

where Hi is the weight in every point and N , which are the Gauss points, depends on

both the order of the partial derivative and the accuracy of the quadrature. The function

is approximated by a polynomial of order (N−1). For example, in case of a 2-dimensional

system

Kij =

∫
1

−1

∫
1

−1

K(s, t)ds dt =

∫
1

−1

( N∑

i=1

HiK(si)

)

dt =

N∑

j=1

N∑

i=1

HjHiK(si, tj) (2.61)

with K determined in the Gauss points of coordinates (s, t).

2.6 Penalty formulation

The penalty formulation of the mass conservation equation is based on a relaxation of the

incompressibility constraint, such as

∇ · v +
p̄

λ
= 0 (2.62)

so that the normalised modified pressure can be written as

p̄′ = −λ

(
∂u′

∂x′
+

∂v′

∂y′

)

(2.63)

where λ is the penalty parameter, that can be interpreted as a bulk viscosity and has

the same dimension, that is equivalent to say that the material is weakly compressible

(Thieulot, 2014). It can be shown that if one chooses λ to be a sufficiently large number,

the continuity equation (2.1) will be approximately satisfied in the finite element solution.

The value of λ is often recommended to be 6 to 7 orders of magnitude larger than the

shear viscosity (Donea and Huerta, 2003; Thieulot, 2014). In SubMar λ is chosen as λ = µ
√
rp

with rp denoting the machine relative precision (Marotta et al., 2006).



Chapter 3

Hydration and shear heating in the

SubMar code

3.1 Model setup

The numerical integration (as described in the Chapter 2) is performed in a 2D rectan-

gular domain that is 1400 km wide and 700 km deep. The domain is discretised by a

non-deforming irregular grid that is composed of 4438 quadratic triangular elements

and 9037 nodes and has a denser nodal distribution near the contact region between

the plates, where the most significant gradients in temperature and velocity fields are

expected. The size of the elements varies from 10 km to 80 km horizontally and from 5

km to 20 km vertically, with the smaller elements located in the active margin region to

depths of up to 300 km (Figure 3.1).

The model simulates the thermo-mechanical evolution of a crust-mantle system dur-

ing three tectonic phases: 1) active convergence of a continent-ocean-continent system

that drives the closure of a 2500-km-wide ocean (Figure 3.2), 2) continental collision, and

3) a post-collisional phase. The physics of the crust-mantle system during the three tec-

tonic phases is synthesised in Section 2.1.

The boundary conditions are set in terms of velocities and temperatures that are pre-

scribed at the borders of the 2D domain. The velocity boundary conditions vary depend-

ing on the tectonic phase; during the pre-collisional and collisional phases, a velocity of 3

cm/yr, 5 cm/yr or 8 cm/yr is prescribed along the bottom of the oceanic crust. To facili-

tate the subduction of the ocean, the same velocity is also fixed along a 45◦ dipping plane

that extends from the trench to a depth of 100 km (Figure 3.2). During the post-collisional

phase, the system undergoes pure gravitational evolution. Stress-free conditions are as-

sumed along the upper boundary of the 2D domain, and no-slip conditions are assumed

along the other boundaries. The thermal boundary conditions correspond to fixed tem-

peratures at the top (300 K) and the bottom (1600 K) of the model, zero thermal flux at

41
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Figure 3.1: Grid with quadratic triangular elements used for the implementation of the model.

Figure 3.2: Setup and initial thermal configuration of the numerical model. Brown, grey and black colours indicate the
continental crust, the upper oceanic crust and the lower oceanic crust, respectively. The distances are not to scale.

the right vertical sidewall and fixed temperature along the left side.

The initial thermal structure corresponds to a simple conductive thermal configura-

tion throughout the lithosphere with temperatures that vary from 300 K at the surface

to 1600 K at the base of the lithosphere, which is located at a depth of 80 km under

both the oceanic and continental domains. This configuration corresponds to an oceanic

lithosphere of approximately 40 Ma based on the cooling of a semi-infinite half space

model (Turcotte and Schubert, 2002) and to a thinned continental passive margin based on

a medium to slow spreading rate of 2-3 cm/yr. The 1600 K isotherm defines the base of

the lithosphere throughout the system’s evolution.

At the beginning of the evolution, 288061 markers identified by different indexes, are

spatially distributed (Figure 3.2) with a density of 1 marker per 0.25 km2 to define the up-

per oceanic crust, the lower oceanic crust and the continental crust. All of the properties

(conductivity, specific heat at a constant pressure, density and viscosity) depend on the
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Continental Oceanic Crust
Mantle

Serpentinised

Crust Lower Upper Mantle

Rheology
Dry

- Diabase
Dry

-
Granite Dunite

E (kJ/mol) 123 - 260 444 -
n 3.2 - 2.4 3.41 -

µ0 (Pa · s) 3.47 · 1021 1019 1.61 · 1022 5.01 · 1020 1019

ρ0 (kg/m3) 2640 2961 2961 3200 3000
K (W/m · K) 3.03 2.10 2.10 4.15 4.15
Hc (µW/m3) 2.5 0.4 0.4 0.002 0.002

References a, d, f b, f, i, j, k a, b, c, f c, d, e, f, j d, f, g, h, i

Table 3.1: Values of the material and rheological parameters used in the models. a) Ranalli and Murphy (1987); b) Afonso
and Ranalli (2004); c) Kirby (1983); d) Haenel et al. (1988); e) Chopra and Peterson (1981); f) Dubois and Diament
(1997), Best and Christiansen (2001); g) Roda et al. (2011); h) Schmidt and Poli (1998); i) Gerya and Stöckhert (2006); j)
Roda et al. (2012); and k) Gerya and Yuen (2003).

composition such that within each element e, the value of property can be expressed as

P e = Pm

[

1−
∑

i

Ce
i

]

+
∑

i

PiC
e
i (3.1)

where Pm is the value of the property for the mantle, and Pi is the value of the property

for the serpentinizsed mantle (i = sm), upper oceanic crust (i = ocU ), lower oceanic crust

(i = ocL) and continental crust (i = cc). Table 3.1 summarises the material properties and

rheological parameters.

3.2 Implementation of the model

3.2.1 Hydration of the mantle wedge

Numerical and petrological models have demonstrated the dominant role of mantle wedge

hydration in the cyclic uplift and burial of deeply subducted material prior to continental

collision (Schmidt and Poli, 1998; Gerya and Stockhert, 2002; Gorczyk et al., 2006, 2007; Yam-

ato et al., 2007; Ernst and Liou, 2008; Agard et al., 2009; Meda et al., 2010; Roda et al., 2010b,

2012; Le Voci et al., 2014). In ocean-continent subduction systems, low viscosity hydrated

mantle (Billen and Gurnis, 2001; Hirth and Kohlstedt, 2003; Billen, 2008; Guillot et al., 2009b;

Hirth and Guillot, 2013; Nagaya et al., 2016) facilitates the exhumation and underplating

of subducted oceanic and continental material at the base of the crust of the upper plate.

The hydration of the mantle wedge is possible because of the transport of water to great

depths, which is associated with the dehydration of the subducting oceanic crust (Schmidt

and Poli, 1998; Liu et al., 2007; Faccenda et al., 2009; Faccenda and Mancktelow, 2010).
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To define the geometry oh the hydrated wedge it is necessary to determine the max-

imum dehydration depth of the oceanic crust Ydehydr, below which the water content in

hydrous phases in H2O-saturated MORB basalt is negligible, using the stability field of

lawsonite (Schmidt and Poli, 1998; Roda et al., 2010b) as follows

Ydehydr = −0.8755 · Timarc + 714.35 (3.2)

where Ydehydr is calculated for each oceanic crustal marker with temperature Timarc up to

a depth of 300 km. Schmidt and Poli (1998) indicate that a significant water budget should

be available until a depth of about 150–200 km, however, the exhumation of subducted

continental rocks show evidence of stishovite that induce to consider the transport of

water up to 250-300 km deep (Liu et al., 2007). Furthermore, Faccenda et al. (2009); Faccenda

and Mancktelow (2010); Faccenda (2014) have shown that tectonic stresses can influence the

hydration pattern in the subducted slab, allowing the fluids to penetrate in the slab and

favouring their transport to great depths, up to the base of the upper mantle.

The progressive hydration of the mantle wedge is defined by the stability field of

serpentine, which is calculated for each element by using the following two equations

(Roda et al., 2010b)

Yhydr = −0.3394 · Telem + 268.09 above 66 km depth

Yhydr = −0.9540 · Telem + 993.28 below 66 km depth
(3.3)

where Yhydr represents the maximum hydration depth, and Telem is the elemental temper-

ature. Each element with an average depth and temperature (Yelem, Telem) is considered

to be hydrated if Yhydr < Yelem < Ydehydr, where Yhydr is calculated from Equation 3.3.

The subducting plate limits the hydrated area from below. Specifically, to better delineate

the geometry of the lower border of the hydrated area, the subducted plate was subdi-

vided into segments of equal length; the deepest dehydrated oceanic crust marker for

each segment is identified at each time during the system’s dynamic evolution. The line

that connects these markers defines the lower limit of the hydrated area.

The hydration is simulated assuming a constant viscosity of 1019 Pa·s and a density

of 3000 kg/m3 in the mantle with pressure and temperature conditions that are within

the stability field of serpentine (Honda and Saito, 2003; Arcay et al., 2005; Roda et al., 2010b)

and neglecting the effects of water migration (Quinquis and Buiter, 2014).
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3.2.2 Shear heating

The energy conservation equation (2.3) has been modified taken into account also the

energy produced by both shear heating (Hs) and adiabatic heating (Ha), as follow

ρ cp

(
∂T

∂t
+ v · ∇T

)

= ∇ · (K∇T ) +Hr +Hs +Ha (3.4)

where

Hs = τij ˙εij = 2µeff ˙εij ˙εij and Ha = T α
Dp

Dt
(3.5)

in which α is the thermal coefficient of expanision and µeff is the effective viscosity.

Latent heat of serpentinisation has not been taken into account because, at large

scale, can be considered to be balanced by the latent heat produced by both the de-

serpentinisation and the melting (Pérez-Gussinyé et al., 2001; Rupke et al., 2004; Rüpke

et al., 2013). Furthermore, it has been suggested that the latent heat of serpentinization is

2.9 · 105 J/kg (Emmanuel and Berkowitz, 2006), resulting in an increase in temperature of

300◦C (Rüpke et al., 2013), and therefore the serpentine would cease to be stable. However,

since the serpentinisation exists on large scale, the latent heat of hydration-dehydration

must have a minor impact on the thermal field, likely because the circulation of fluids is

an efficient mechanism to carry the heating away.

Outside the lithosphere, the effective viscosity coincides with the viscosity deter-

mined by Equation 2.8, so that

µeff = µvisc

Differently, within the lithosphere the viscous rheology is combined with a brittle/plastic

rheology and the effective viscosity is defined as

µeff = min
(
µvisc, µplast

)
(3.6)

Different yield criteria are used in geosciences to define the plastic yield of rocks,

such as the Drucker-Prager, the von-Mises-Hencky and the Tresca criteria. The Drucker-

Prager criterion states that yielding depends on both the second invariant of the stress

deviator and the first invariant of the stress tensor. Although the Drucker-Prager crite-

rion is simple and predicts a smooth and symmetric failure surface, which facilitates its

implementation in numerical models, it has a major limitation in overestimating the rock

strength and in predicting errors that are larger than other yield criteria (Colmenares and

Zoback, 2002; Alejano and Bobet, 2012). The Drucker-Prager criterion can be considered

as an extension of the von-Mises-Hencky criterion and states that yielding occurs when

the second invariant of the stress, which is defined by the magnitude of either the maxi-

mum and intermediate principal stress components, reaches a value that is characteristic

of the material (Ranalli and Murphy, 1987). The von-Mises-Hencky criterion is similar to
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the Tresca criterion, although the latter states that yielding depends on the magnitude of

only the maximum principal stress. Because the Tresca criterion is a more conservative

plastic yielding criterion, it has been used to determine the plastic viscosity.

The Tresca criterion requires the principal stress difference as well as the principal

stresses themselves to be less than the yield stress σY (Turcotte and Schubert, 2002), such

that

|σ1| ≤ σY , |σ2| ≤ σY , |σ1 − σ2| ≤ σY (3.7)

After taking minor mathematical steps, the plastic viscosity can be defined as

µplast = min
(
µ1, µ2, µ3

)
(3.8)

with

µ1 =
σY − p

2ε̇1
, µ2 =

σY − p

2ε̇2
, µ3 =

σY − p

2(ε̇1 − ε̇2)
(3.9)

where p is the pressure, and εi are the principal strain rates.

The yield stress σY is defined by assuming the following simplified formulation of

Byerlee’s law criterion:

σY = β · y with β = 40 MPa/km (3.10)

where the effects of pore fluid pressure are neglected, ρ is the density and y is the depth.

To verify the implementation of shear and adiabatic heating, the benchmark experi-

ment proposed by Gerya (2011) has been performed, comparing the outcomes of the two

codes. The results of the benchmark are shown in Appendix A.3.

3.3 Results

Four model types have been developed to analyse the impact of shear heating and mantle

hydration on the system’s thermo-mechanics. We use the following acronyms to refer to

each of these models followed by the value of the prescribed velocity, which is expressed

in cm/yr:

• SIN-SIN - models without shear heating or mantle hydration (reference model from

Marotta and Spalla, 2007);

• CUM-SIN - models with shear heating and without mantle hydration;

• SIN-CUM - models without shear heating and with mantle hydration;

• CUM-CUM - models with both shear heating and mantle hydration.
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3.3.1 Global dynamics

To determine the role of mantle hydration and shear heating mechanisms on the dynam-

ics of the wedge area, the main thermo-mechanical features predicted by the SIN-CUM

and CUM-CUM models have been compared to those predicted by the reference SIN-SIN

model (Marotta and Spalla, 2007). As in the SIN-SIN model, when only mantle hydration

is allowed (SIN-CUM model) convective flow develops underneath the overriding conti-

nental plate during the active phase (Figure 3.3a). By the time, this convective flow pro-

gressively enlarges at the bottom of the study domain because of the progressive burial

of the subducting oceanic plate (Figure 3.3b). This large scale mantle flow causes a me-

chanical erosion of continental material from the base of the upper plate and it intensifies

with the increase of the prescribed velocity (Figure 3.3c), with a consequent temperature

increase in the mantle wedge. The introduction of mantle hydration has a dual effect:

first, it decreases the friction between the two plates, leading to a small amount of eroded

crustal material from the upper plate; second, it reduces the temperature increase in re-

spect to the model without hydration (Figure 3.3d). Conversely, both in the SIN-SIN and

in the SIN-CUM models the temperature in the subducting oceanic lithosphere decreases

with increasing velocity, as shown by the maximum depth reached by the 800 K isotherm

in the different models. For example, it reaches a depth of approximately 300 km in the

SIN-CUM.3 model (continuous blue line in Figure 3.4a), of approximately 370 km in the

SIN-CUM.5 model (continuous green line in Figure 3.4a) and of 450 km in the SIN-CUM.8

model (continuous red line in Figure 3.4a). The colder thermal state for higher prescribed

velocities determines a larger hydrated area during the early stages of the evolution of

the SIN-CUM model (see Section 3.3.2 for more details).

Mantle hydration greatly affects the dynamics in the mantle wedge area, where short-

wavelength convective cells appear in the low-viscosity hydrated domain. These cells

favour the recycling of both continental crust, which was eroded by the upper plate, and

upper oceanic crust, which belongs to the subducting lithosphere (Figures 3.5a and b).

The convective cells remain active throughout the entire active evolution of the system

(Figure 3.5b) and are better defined with high velocities (compare panels c and d to panel

b of Figure 3.5). The recycling and mixing of large amounts of continental and oceanic

crust and mantle is in agreement with other models in which hydration is taken into

account (Gerya and Yuen, 2003; Stöckhert and Gerya, 2005; Roda et al., 2012; Li et al., 2015).

Figure 3.6 shows the viscosity, strain rate and total energy patterns predicted by

model SIN-CUM.5 (ai and bi) compared to those that were predicted by model SIN.SIN.5

(ci). During the active phase, the viscosity inside the cold subducting lithosphere is ap-

proximately 2 orders of magnitude higher than the viscosity in the non-hydrated wedge

area and up to 6 orders of magnitude higher than the viscosity in the hydrated domain

(Figure 3.6a1). In addition, the strain rate is high in both the lower plate and the wedge
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Figure 3.3: Large-scale temperature field (colours) and streamline patterns (solid black lines) for model SIN-CUM.3 at
10.5 Ma (panel a), model SIN-CUM.3 at 25.5 Ma (panel b), model SIN-CUM.8 at 10.5 Ma (panel c) and model SIN-SIN.8
at 10.5 Ma (panel d) after the beginning of active convergence and model SIN-CUM.3 at 78.5 Ma after the continental
collision (panel e). The dashed white lines indicate the 800 K isotherm. Black, grey, dark brown and light brown points
represent the lower oceanic crust, upper oceanic crust, continental crust of the upper plate, and continental crust of the
lower plate, respectively.
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Figure 3.4: Thermal configurations predicted by the SIN-CUM models (panel a) and CUM-CUM models (panel b) in terms
of the maximum depth of the 800 K isotherms (solid lines) and 1500 K isotherms (dashed lines). Different colours are
used to distinguish between models with different prescribed velocities (blue for 3 cm/yr, green for 5 cm/yr and red for 8
cm/yr).

area, varying from 10−16 1/s in the lower plate to 10−13 1/s near the subduction zone

and in the wedge area (Figure 3.6a2). Maximum strain rates are located along the contact

area between the lower and the upper plates, where the velocity gradients are very high

and strong compositional variations occur. In contrast, the upper plate is characterised

by strain rates less than 10−16 1/s.

Since the SIN-SIN and the SIN-CUM models do not account for shear heating, the to-

tal energy depends exclusively on radiogenic decay, which is up to 3 orders of magnitude

higher in the continental crust than in the mantle. As consequence, the large amount of

recycled continental crustal material in the models that take into account hydration is re-

sponsible for the high radiogenic energy in the hydrated wedge, approximately 1-2 order

of magnitude higher than in the non-hydrated mantle and 1-2 orders of magnitude less

than in the continental crust of the upper plate (Figure 3.6a3).

The velocity field that characterise the pure gravitational phase is comparable in all

models, both in the SIN-SIN end in the SIN-CUM models, regardless of the subduction

velocity that was prescribed during the previous active phase. This is due to the inertial

forces that during this phase are negligible, so that only the gravitational forces drive the

system (Figure 3.3e). At longer times, the entire system undergoes thermo-mechanical

relaxation, and the maximum intensity of the velocity field in the wedge area becomes

negligible with respect to the active phase. Furthermore, the convective mantle flow be-

low the lower plate decreases by at least one order of magnitude compared to the flow

during the active phase. This flow expands laterally towards the subducted plate reduc-

ing the shallow dip of the subducted lithosphere, producing a rising of recycled oceanic

and continental crustal material and the doubling of the crust by the end of the pure grav-

itational phase (Figure 3.3e). This is accompanied by a global thermal re-equilibration of
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Figure 3.5: Temperature field in terms of the 800 K and 1500 K isotherms (dashed black lines) and streamline patterns
(black solid lines in the insets) surrounding the wedge area in the SIN-CUM models at different times and for different
subduction velocities. Panel (a): model SIN-CUM.8 at 5.5 Ma after the beginning of active convergence. Panel (b):
model SIN-CUM.8 at 32 Ma after the beginning of active convergence. Panel (c): model SIN-CUM.3 at 85.5 Ma after
the beginning of active convergence. Panel (d): model SIN-CUM.5 at 51.5 Ma after the beginning of active convergence.
Panel (e): model SIN-CUM.8 at 5.5 Ma after the continental collision. Panel (f): model SIN-CUM.8 at 78.5 Ma after the
continental collision. The yellow areas represent the hydrated wedge domains. Black, grey, dark brown and light brown
points represent the lower oceanic crust, upper oceanic crust, continental crust of the upper plate, and continental crust
of the lower plate, respectively.
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Figure 3.6: Distributions of the effective viscosity (panels a1, b1 and c1), strain rate (panels a2, b2 and c2) and total energy
(panels a3, b3 and c3) that were predicted by model SIN-CUM.5 at 35.5 Ma after the beginning of active convergence
(panels ai), model SIN-CUM.5 at 78.5 Ma after the continental collision (panels bi) and model SIN-SIN.5 at 78.5 Ma after
the continental collision (panels ci). The dashed black lines indicate the 800 K and 1500 K isotherms. The black solid
lines indicate the base of the continental crust.

the system in which the subducted lithosphere slowly warms while the temperature in

the non-hydrated mantle wedge decreases because of the deactivation of the convective

flow below the upper continental plate (Figure 3.3e; Figures 3.5e and f). In the SIN-SIN

model the cooling affects the entire mantle wedge, while in the SIN-CUM models it af-

fects only the external non-hydrated portion of the wedge. Differently, the hydrated area

of the wedge behaves as the subducted lithosphere, showing a gradual increase of tem-

peratures. In addition to the general warming of the system due to the natural thermal re-

equilibration that occurs during the pure gravitational phase in all models, the doubling

of the crust in the SIN-CUM models causes an additional warming in the subduction

complex due to the large amount of radiogenic energy (Figure 3.6b3).

The new thermal field impacts the viscosity and the strain rate, which show signifi-

cantly different trends in both the wedge area and the subducted lithosphere with respect

to the previous active phase (Figures 3.6b1 and b2). Specifically, the viscosity decreases

in the interior of the subducted lithosphere and increases in the wedge area by up to 3
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orders of magnitude (Figure 3.6b1), whereas the strain rate decreases in the entire do-

main by at least 3 orders of magnitude due to general decreases in velocity (Figure 3.6b2)

with small spatial gradients that are caused by crust-mantle compositional variations.

The increase of viscosity in the wedge area is of the same order of magnitude both in the

SIN-SIN and in the SIN-CUM models but with different values of viscosity. In fact, the

viscosity in the wedge area of the SIN-CUM models during the active phase is lower than

that in the SIN-SIN models (1019 and 1021-1022 Pa·s, respectively), because of the stability

of the serpentine in the hydrated area. In the same way, during the gravitational phase

the viscosity is still lower in the wedge of the SIN-CUM models than in the SIN-SIN mod-

els (1022 and 1024-1025 Pa·s, respectively), because of the higher temperatures due to the

doubling of the crust.

In the SIN-CUM models the global warming observed in the subduction zone pro-

duces a gradual decrease of the extension of the area in which the serpentine is stable,

which cause the de-hydration of the wedge and the consequent deactivation of the short-

wavelength convective cells. In fact, for at least the first 10 Ma of the pure gravitational

evolution, short-wavelength convective cells persist in the wedge area because of the

significant extension of the hydrated domain (Figure 3.5e). Subsequently, these local dy-

namics quickly vanish with the concurrent disappearance of the hydrated area (Figure

3.5f).

The introduction of shear heating (CUM-CUM models) has significant impacts on the

large-scale thermo-mechanics of the system throughout its active evolution. In particular,

it generally increases the temperatures, decreases the magnitude of the convective flow,

and reduces the dip of the slab. In addition, the higher the subduction velocity is, the

lower the slab dip is (Figures 3.7a, b and d).

Warming of the subducting lithosphere also occurs, which is adequately demon-

strated by the configuration of the 1500 K isotherm and by the shallower maximum

depths that are reached by the 800 K isotherm with respect to the SIN-CUM models (ap-

proximately 220 km for CUM-CUM.8 compared to more than 400 km for SIN-CUM.8,

approximately 140 km for CUM-CUM.5 compared to 370 km for SIN-CUM.5, and ap-

proximately 90 km for CUM-CUM.3 compared to 300 km for SIN-CUM.3; Figures 3.4a

and b, red, green and blue continuous lines, respectively). The introduction of shear heat-

ing and the resulting increase of temperatures in the wedge area cause a reduction of the

extent of the area in which the serpentine is stable and consequently of the low-viscosity

hydrated domain. In spite of the decrease of the hydrated area, short-wavelength convec-

tive flows remain active, favouring also in these models the recycling of both continental

and oceanic crustal material (Figures 3.8a and b).

The total energy in the non-hydrated mantle of the CUM-CUM models (Figure 3.9a4)

results to be up to 4 orders of magnitude higher than that of the SIN-CUM models (Fig-

ure 3.6a3) because of the large amount of energy from shear heating (Figure 3.9a3). Dif-
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Figure 3.7: Large-scale temperature field (colours) and streamline patterns (black solid lines) for the model CUM-CUM.3
at 25.5 Ma (panel a) and 85.5 Ma (panel b) after the beginning of active convergence and at 60.5 Ma (panel c) after the
continental collision. Panel d shows the same for model CUM-CUM.8 after 32 Ma of active subduction. The dashed white
lines indicate the 800 K isotherm. Black, grey, dark brown and light brown points represent the lower oceanic crust, upper
oceanic crust, continental crust of the upper plate, and continental crust of the lower plate, respectively.

ferently, the total energy in the hydrated area differs by less than 1 order of magnitude,

because of the low viscosity and the consequent very low energy produced by shear heat-

ing (approximately 2-3 orders of magnitude lower than in the non-hydrated mantle). To

further stress the role of the hydration mechanism on the local thermal state of the wedge

area, panels bi of Figure 3.9 shows the viscosity, strain rate, dissipated viscous energy and

total energy predicted by a model in which hydration is not taken into account (CUM-SIN

models). The higher temperatures predicted in the subduction complex of the CUM-SIN

models are caused by the large amount of energy from shear heating, which is up to 6

orders of magnitude higher in the wedge area than in the upper plate, where energy is

primarily generated by radiogenic decay. Thus, the total energy in the wedge area is ap-

proximately 1 order of magnitude higher than in the continental crust of the upper plate.

The results show that the temperature increase driven by shear heating in the CUM-CUM

models is less than that in the CUM-SIN models, because of the low viscosity and the

consequently smaller amount of dissipated energy that characterise the hydrated area.

In particular, the shear heating produced in the mantle wedge of the CUM-SIN models

is at least 2 orders of magnitude higher than that produces in the hydrated wedge of the

CUM-CUM models.

During the pure gravitational phase, the thermo-mechanical evolution of the CUM-

CUM models is characterised by a progressive thermal erosion of the subducted slab that

is consumed in approximately 60 Ma in models with low and medium subduction ve-

locities that are prescribed during the active phase (Figures 3.7c). The warming of the
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Figure 3.8: Temperature field in terms of the 800 K and 1500 K isotherms (dashed black lines) and streamline patterns
(black solid lines in the insets) surrounding the wedge area for the CUM-CUM models at different times and for different
subduction velocities. Panel (a): model CUM-CUM.8 at 15.5 Ma after the beginning of active convergence. Panel (b):
model CUM-CUM.8 at 25.5 Ma after the beginning of active convergence. Panel (c): model CUM-CUM.8 at 30.5 Ma
after the continental collision. Panel (d): model CUM-CUM.5 at 78.5 Ma after the continental collision. The yellow areas
represent the hydrated wedge domains. Black, grey, dark brown and light brown points represent the lower oceanic crust,
upper oceanic crust, continental crust of the upper plate, and continental crust of the lower plate, respectively.

subduction zone is similar to that observed in the SIN-CUM models, because during this

phase the strain rates and the consequent energy produced by shear heating are very low,

so that the total energy of the system strongly depends by the radiogenic decay. A pe-

culiar feature of the CUM-CUM models is that during the gravitational phase, although

at different times, slices of subducted crust separate from the slab and rise to shallower

depths (Figures 3.8c and d), which widens the area that is occupied by recycled crustal

material in the supra-subductive mantle.

3.3.2 Dynamics of the hydrated area

When both hydration and shear heating are allowed (CUM-CUM models), hydration

of the mantle wedge starts within 1 Ma after the beginning of the evolution at all of

the prescribed velocities and continues over a period that decreases as the prescribed

velocity increases (Figures 3.10a1, b1 and c1). Specifically, the hydration lasts 87.8 Ma in
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Figure 3.9: Distributions of the effective viscosity (panels a1 and b1), strain rate (panels a2 and b2), energy due to shear
heating (panels a3 and b3) and total energy (panels a4 and b4) that were predicted by model CUM-CUM.5 at 35.5 Ma
after the beginning of active convergence (panels ai) and by model CUM-SIN.5 at 35.5 Ma after the beginning of active
convergence (panels bi). The dashed black lines indicate the 800 K and 1500 K isotherms, and the black solid lines
indicate the base of the continental crust.

the CUM-CUM.3 model, 55.7 Ma in the CUM-CUM.5 model and 50.3 Ma in the CUM-

CUM.8 model.

During the active phase, the maximum extent of the hydrated area increases with

the increase of the prescribed velocity from approximately 2500 km2 in model CUM-

CUM.3 to 4250 km2 in model CUM-CUM.5 to 8160 km2 in model CUM-CUM.8 (Figures

3.10a1, b1 and c1, respectively). This is due to the lower temperatures in the subducted

slab predicted for models with intermediate and high convergence velocities and the

consequent wider area in which serpentine is stable.

The evolution of the hydrated area is different for models with different prescribed

velocity. In particular, models CUM-CUM.3 and CUM-CUM.5 show two maxima of ex-

tension after approximately 24 Ma and 52 Ma for CUM-CUM.3 and after approximately

22 Ma and 48 Ma for CUM-CUM.5. Differently, in model CUM-CUM.8 there is a pro-

gressive enlargement of the hydrated area, until a maximum just before the continental

collision. At the collision, the hydrated area decreases abruptly in all models, by approx-

imately 500 km2 in CUM-CUM.3 and CUM-CUM.5 and by approximately 750 km2 in

CUM-CUM.8. This decrease follows the partial subduction of the continental crust of the

lower plate, which confines the low viscosity hydrated channel between the upper plate

and the subducting lithosphere (Figures 3.10a5, b5 and c4). During the early stages of the

post-collisional phase the hydrated area of all models gradually decrease, disappearing

after 3.3 Ma in CUM-CUM.3, after 4.8 Ma in CUM-CUM.5 and after 18 Ma in CUM-
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Figure 3.10: Panels a1, b1 and c1 show the variations with time of the dimension of the total hydrated area (continuous
black line) and of the main hydrated area (dashed black line) for models CUM-CUM.3, CUM-CUM.5 and CUM-CUM.8,
respectively. Dashed coloured lines and coloured areas indicate the variations with time of the dimensions of the second-
order hydrated domains (red for time spans shorter than 10 Ma, yellow for time spans between 10 Ma and 20 Ma, and blue
for time spans between 20 Ma and 30 Ma). The vertical dashed lines indicate the beginning of the collision. Panels a2-a5,
b2-b5 and c2-c5 show the areal configurations of the hydrated mantle domains at different times during the evolution of
models CUM-CUM.3, CUM-CUM.5 and CUM-CUM.8, respectively. The hydrated elements are coloured according to the
time span during which the element remains hydrated. The elements whose hydration time spans are longer than 30 Ma
(grey) constitute the main hydrated area. The dashed black lines in panels a2-a5, b2-b5 and c2-c5 indicate the 800 K and
1500 K isotherms, and the black, red and blue solid lines identify the upper continental crust, the lower continental crust
and the upper oceanic crust, respectively.
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CUM.8. So, the duration of hydration during the pure gravitational phase increases with

the increase of the pescribed velocity as results of the lower temperatures characterising

the subducted slab for higher subduction rates before continental collision.

In all the models a main triangular hydrated area develops by a unique cycle that

lasts longer than 30 Ma. The main hydrated area is characterised by an initial high gradi-

ent growth phase, an intermediate low gradient phase during which the extent remains

almost constant, and a final phase with a large gradient decrease (black dashed lines

in panels a1, b1 and c1 and grey areas in panels a2-a5, b2-b5 and c2-c5 in Figure 3.10).

During the initial phase, both the maximum extension and the mean growth rate of the

main hydrated area increase with the increase of the prescribed velocity: 875 km2 and

110 km2/Ma, respectively, in CUM-CUM.3 (Figure 3.10a1), 2875 km2 and 171 km2/Ma,

respectively, in CUM-CUM.5 (Figure 3.10b1), and 3750 km2 and 302 km2/Ma, respec-

tively, in CUM-CUM.8 (Figure 3.10c1). During the entire active phase, the main hydrated

areas extend from maximum depths of 110 km for slow velocities (CUM-CUM.3; Figure

3.10a3) to 150 km for medium and high velocities (CUM-CUM.5 and CUM-CUM.8; Fig-

ures 3.10b3 and c3, respectively) to shallow depths, where they extend along a narrow 45◦

dipping channel between the overriding and the subducting lithosphere. The occurrence

of these shallow hydrated domains is related to the erosion of the upper plate that occurs

during the early evolution of the system.

Second-order hydrated domains also develop in different positions with respect to

the main hydrated area although they persist for shorter time periods. The occurrence

and locations of the secondary hydrated areas are controlled by the periodic fluctuations

in the thermal state that characterise the margins of the main hydrated area and deter-

mine the growth of both the external and deep portions of the total hydrated areas. In

particular, three domains of short-period hydration can be identified: less than 10 Ma,

between 10 and 20 Ma and between 20 and 30 Ma (red, yellow and blue colours in Figure

3.10, respectively).

Two main episodes of short-period growth occur for models CUM-CUM.3 (Figures

3.10a1, a2 and a3) and CUM-CUM.5 (Figures 3.10b1, b2 and b3) in correspondence of

the two absolute maxima observed in the extension of the total hydrated area. For both

models the first episode is related to short-period hydration of 20-30 Ma (Figures 3.10ai

and bi), while the second epsode is related to short-period of 10-20 Ma (yellow colours

in Figures 3.10ai and bi). In addition, for CUM-CUM.3 model in both episodes there is

hydration for period less than 10 Ma (red colours in Figures 3.10ai). For model CUM-

CUM.5 a third episode occurs after the collision, between 52 and 56 Ma. This short-

period hydration (less than 10 Ma) balances the decrease of the hydrtaed area caused by

the longer periodicities, determining an enlargement of approximately 500 km2 toward

the external portion of the wedge (Figure 3.10b5).

The more stable thermal field that characterizes the active phase of the high veloc-
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ity model (CUM-CUM.8) allows only one brief episode of growth before the collision

at approximately 27 Ma (Figure 3.10c1). This episode is associated with short-periods

of hydration that last between 20 and 30 Ma (blue colour in Figures 3.10ci) and con-

tributes to the expansion in depth and towards the margins of the main hydrated area

(Figure 3.10c3). Similar to model CUM-CUM.5, an episode of short-period hydration of

less than 10 Ma (red colour in Figures 3.10ci) occurs after the collision between 42 Ma

and 44 Ma; this contrasts with the decrease of the longer periodicities and controls the

marginal widening of the hydrated area of approximately 775 km2 (Figure 3.10c5).

To stress the role of shear heating on the dynamics of the hydrated area, the main

similarities and differences between the CUM-CUM and SIN-CUM models are discussed

below. The general evolution of the hydrated area is similar in the models with and

without shear heating and is characterised by three features:

1. hydration starts within 1 Ma after the beginning of the active phase (Figures 3.11a1,

b1 and c1);

2. during the initial phase, the growth rate of the hydration area increases with in-

creasing velocity; specifically, approximately 500 km2/Ma for SIN-CUM.3, 1041.7

km2/Ma for SIN-CUM.5 and 1666.7 km2/Ma for SIN-CUM.8 (Figures 3.11a1, b1

and c1, respectively);

3. main and second-order hydrated domains develop; the latter are predominantly

located along the external and deepest portions of the main hydrated area and in-

crease the hydrated area after the collision by several hundreds of square kilome-

tres, up to 4800 km2 for high velocities (SIN-CUM.8 model) (Figure 3.11c1).

However, in the framework of the general dynamics, several differences can be iden-

tified:

1. hydration lasts longer than in the respective models with shear heating because

of the persistence of PT conditions under which serpentine is stable for a longer

time interval during the post-collisional phase (42.4 Ma for SIN-CUM.3, 32.7 Ma

for SIN-CUM.5 and 33.2 for SIN-CUM.8, Figures 3.11a1, b1 and c1, respectively);

2. the extent of the main hydrated area increases with decreasing velocity during the

active phase (black lines in Figures 3.11a1, b1 and c1);

3. all of the SIN-CUM models show an increase in the extent of the hydrated area

during the pure gravitational phase that is due to the occurrence of brief episodes

of growth that last less than 30 Ma (red, yellow and blue colours in Figure 3.11) and

are located in the shallow and external portion of the wedge (Figures 3.11a5, b5 and

c5);
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Figure 3.11: Panels a1, b1 and c1 show the variations with time of the dimensions of the total hydrated area (continuous
black line) and of the main hydrated area (dashed black line) for models SIN-CUM.3, SIN-CUM.5 and SIN-CUM.8, respec-
tively. Dashed coloured lines and coloured areas indicate the variations with time of the dimensions of the second-order
hydrated domains (red for time spans shorter than 10 Ma, yellow for time spans between 10 Ma and 20 Ma, blue for
time spans between 20 Ma and 30 Ma and green for time spans between 30 Ma and 40 Ma). The vertical dashed lines
indicate the beginning of the collision. Panels a2-a5, b2-b5 and c2-c5 show the areal configurations of the hydrated mantle
domains at different times during the evolution of models SIN-CUM.3, SIN-CUM.5 and SIN-CUM.8, respectively. The
hydrated elements are coloured according to the time span during which the element remains hydrated. The elements
whose hydration time spans are longer than 40 Ma (grey) constitute the main hydrated area. The dashed black lines in
panels a2-a5, b2-b5 and c2-c5 indicate the 800 K and 1500 K isotherms. The black, red and blue solid lines in the same
panels identify the upper continental crust, the lower continental crust and the upper oceanic crust, respectively.
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4. the main hydrated area persists for a minimum of 40 Ma (grey colour in Figure

3.11), and the second-order hydrated domains last for slightly longer than in the

CUM-CUM models (periodicities between 30 Ma and 40 Ma; green colour in Figure

3.11).

All of these effects are ascribable to the lower and more stable thermal field that is

predicted in the absence of an additional energy budget from shear heating. In all SIN-

CUM models, the thermal field in the wedge area changes during successive evolutionary

stages. In particular, during the early stages of active subduction the slower the velocity,

the warmer and smaller the wedge domain is. Differently, during the advanced stages

of active subduction, the slower the prescribed velocity is, the colder the temperature

in the wedge and the larger the main hydrated area. In particular, model SIN-CUM.3

undergoes both progressive and continuous cooling throughout the active subduction

phase (Figures 3.11a2-a4), while model SIN-CUM.8 is characterised by an initial cooling

phase until 10 Ma and a successive rapid warming with a significant decrease in the

extent of the hydrated area (Figures 3.11c2-c4).

3.3.3 Metamorphic Facies

Traditionally, three metamorphic series with different P/T ratios are identified and they

are associated to different phases of evolution of subduction/collision complexes (see

Section 1.4). However, it has been suggested that different metamorphic facies can coex-

ist in the same geodynamic environment contemporaneously. For example, the different

members of the Leptino-Amphibolitic Complex in the French Massif Central show sig-

nificantly contrasted metamorphic P-T conditions recorded during their evolution, from

Blueschist to HP-Granulite facies (Lardeaux et al., 2014). Furthermore, Roda et al. (2012)

show that the thermal gradient in a subduction zone can vary in time and space for the

same subduction rate. These data suggest that a thermal gradient could be no pecu-

liar of a single geodynamic process, but contrasted gradients and thermal state can be

recorded in the same geological environment as function of the path that rocks under-

went during their evolutions. The P-T conditions recorded by the markers during both

the evolutionary stages of the models have been compared to P-T conditions peculiar

of metamorphic facies to investigate the distribution and the evolution of metamorphic

environments characterising subduction/collision complexes during successive stages of

their dynamics.

During the whole evolution of the SIN-CUM model, at the base of the crust of the up-

per plate P-T conditions are compatible with Amphibolite facies exclusively (Figure 3.12).

This is due to the dynamics in the hydrated wedge that prevents mantle flow from both

reaching the internal portions of the wedge and warming the crust of the upper plate.

In fact, in the hydrated portion of the wedge there is the activation of short wavelength
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Figure 3.12: Distribution of metamorphic facies (identifies by different colours) during the active subduction phase for
SIN-CUM.3 model. The legend of the colours of the facies is represented on the right of the figure. Dashed black lines
indicate 800 K isotherm. Continous black lines indicate the contours of areas with equal the strain rates.

convective cells that favour the recycling of cold subducted material. In SIN-CUM.5 and

in SIN-CUM.8 models the mantle flow is more intense, producing a slight increase of

temperature after 30 Ma. This warming is essential to develop P-T conditions compatible

with Sillimanite-Granulite facies farther than 150 km from the trench (Figure 3.13, panels

b and c). Chlorite is stable in the lithospheric mantle below the crust of the upper plate

for the whole duration of the active phase. The increasing of the mantle flow produces

also an increase of temperature in the external portion of the wedge, reducing the exten-

sion of the area in which Serpentine is stable. As a consequence, lower the velocity of

subduction greater the extension of the hydrated area (Figure 3.13).

During the early stages, Blueschist facies conditions characterise the crustal material

subducted up to 75 km depth, both oceanic deriving from the lower plate and continental

tectonically eroded by the upper plate (Figure 3.12a). With the progress of the evolution,

the area characterised by P-T conditions in the stability field of Serpentine enlarges to-

ward more external portions from the trench, causing a large amount of crust to be re-

cycled under Amphibole-Eclogite and Epidote-Eclogite facies conditions, below 50 km

depth (Figures 3.12b and c). In the shallowest portions of the wedge, the recycled crustal

material is primarily continental and it records metamorphic conditions characterised by
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Figure 3.13: Distribution of metamorphic facies (identifies by different colours) during the active subduction phase for
models SIN-CUM.3 (panel a), SIN-CUM.5 (panel b) and SIN-CUM.8 (panel c). The legend of the colours of the facies
is the same represented in Figure 3.12. Dashed black lines indicate 800 K isotherm. Continous black lines indicate the
contours of areas with equal the strain rates.

intermediate P/T ratios, as Epidote-Amphibolite and Amphibolite facies conditions (Fig-

ures 3.12b and c). In SIN-CUM.5 model, after 35 Ma Kyanite-Granulite facies conditions

develop in the most external portion of the hydrated wedge, at a depth of approximately

50 km (Figure 3.13b). The temperature in the internal portion of the subducted plate is

lower for higher subduction velocities, because of the increase of cold material subducted

during the same time span. As a consequence, the extension of the area charcaterised by

Blueschist facies conditions increases with the increase of velocity (Figure 3.13). Chlorite

is stable in the shallower and external portion of the mantle wedge, where the subducted

crust is characterised by Amphibolite, Kyanite-Granulite and Amphibole-Eclogite facies

conditions.

Strain rates higher than 10−14 1/s are localised where low viscosities are assumed

(1019 Pa·s), both in correspondence of the trench and in the hydrated area. Near the

trench, highest strain rates are developed by oceanic and continental crust under Zeo-

lite, Prehnite-Pumpellyite and Blueschist facies conditions (Figures 3.12a and b). During

the latter stages of evolution, high strain rates are developed also under Greenschist and

Epidote-Amphibolite facies conditions (Figure 3.12c). In the hydrated domain highest

strain rates are developed by continental and oceanic crust under P-T conditions compat-
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ible with Epidote-Ampibolite, Blueschist, Amphibole-Eclogite and Lawsonite-Eclogite

facies (Figure 3.12). Amphibolite facies conditions develop primarily in portions of the

hydrates domain with strain rates between 10−14 1/s and 10−15 1/s (Figure 3.12). At the

collision, strain rates higher than 10−14 1/s can develop also in the continental crust of

the lower plate, under P-T conditions compatible with Zeolite, Prehnite-Pumpellyite and

Blueschist facies (Figure 3.12c). Strain rates higher than 10−13 1/s can be observed under

Blueschist facies conditions for SIN-CUM.5 model (Figure 3.13b) and under Blueschist

and Epidote-Amphibolite facies conditions for SIN-CUM.8 model (Figure 3.13c).

Metamorphic facies with high P/T ratios, traditionally considered characteristic of

active subductions, remain stable until the early stages of the post-collisional phase, al-

though a general warming of the system due to a thermal re-equilibration. In particu-

lar, Blueschist conditions are satisfied until approximately 5.5 Ma for SIN-CUM.3 model

(Figure 3.14a), 8.5 Ma for SIN-CUM.5 model (Figure 3.14b) and 10.5 Ma for SIN-CUM.8

model (Figure 3.14c), while Amphibole-Eclogite conditions are satisfied until approxi-

mately 30 Ma in broad portions below 40 km depth (Figure 3.14d). The extension of

the area characterised by these facies decreases at the expense of both the gradually in-

crease of the extension of the area characterised by Kyanite-Granulite facies conditions

and the appearance and widening of the area satisfying Sillimanite-Granulite P-T field at

30 km depth. Kyanite-Granulite becomes the most extended metamorphic facies during

the final stages (Figures 3.14g, h and i), while Sillimanite-Granulite facies conditions de-

velop stably after approximately 32.5 Ma for SIN-CUM.3 model (Figure 3.14d), 35.5 Ma

for SIN-CUM.5 model (Figure 3.14e) and 55.5 Ma for SIN-CUM.8 model (Figure 3.14f). In

SIN-CUM. 5 model the area with P-T conditions compatible with Sillimanite-Granulite

facies (Figure 3.14e) is larger than both in SIN-CUM.3 model and in SIN-CUM.8 model,

farther than 100 km from the trench. On the contrary, in SIN-CUM.8 there is the slow-

est growth of the area characterised by Kyanite-Granulite facies conditions and the final

extension of the area characterised by Sillimanite-Granulite facies is lesser than in SIN-

CUM.3 model (Figures 3.14f and d, respectively). The portion of the mantle wedge in

the stability field of Serpentine reduces progressively, to the detriment of the growth of

the area in the stability field of Chlorite. At the end of the evolution, Amphibole and

Spinel are stable in the lithospheric mantle in correspondence of Sillimanite-Granulite

and Kyanite-Granulite facies conditions in the crust.

Strain rates higher than 10−14 1/s can be observed in SIN-CUM.3 model and in SIN-

CUM.8 model until approximately 15 Ma under Epidote-Amphibolite, Amphibole-Eclogite

and Epidote-Eclogite facies conditions, and until 30 Ma only in a small area under Epidote-

Amphibolite conditions. In SIN-CUM.5 model high strain rates persist until 8.5 Ma un-

der Amphibolite, Kyanite-Granulite and Amphibole-Eclogite facies conditions (Figure

3.14b).

For what concerns the CUM-CUM model,low viscosity assumed in the hydrated area
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Figure 3.14: Distribution of metamorphic facies (identifies by different colours) during the post-collisional phase for models
SIN-CUM.3 (panels a, d and g), SIN-CUM.5 (panels b, e and h) and SIN-CUM.8 (panels c, f and i). The legend of the
colours of the facies is the same represented in Figure 3.12. Dashed black lines indicate 800 K isotherm. Continous black
lines indicate the contours of areas with equal the strain rates.

(1019 Pa·s) do not affect highly the production of viscous heating, although high strain

rates. Differently, high viscosities in the non-hydrated mantle produces high values of

viscous heating in the external portion of the wedge, with a consequent increase of tem-

perature. This increase of temperature causes a decrease of the extension of the area in

the stability field of Serpentine, with a consequent reduction of both the hydrated domain

and the area affected by recycling of subducted material. Differently from SIN-CUM

model, the area with P-T conditions compatible with the stability field of Serpentine is

wider for higher velocity of subduction, because of lower temperatures in the subducted

plate.

As in the SIN-CUM models, metamorphic facies with intermediate and high P/T

ratios develop simultaneously during the active subduction phase. Amphibolite and

Sillimanite-Granulite facies conditions develop at the base of the crust of the upper plate

(Figure 3.15). Moreover, Sillimanite-Granulite facies occupies a thin portion further than

100 km after 20 Ma of evolution (Figures 3.15d, e and f). In CUM-CUM.3 model, conti-

nental crust in a portion at about 30 km depth and 75-100 km far from the trench has P-T

conditions compatible with Sillimanite-Granulite facies, starting from 60 Ma of evolution

(Figure 3.15g).

Zeolite, Prehnite-Pumpellyite and Blueschist facies conditions develop in correspon-

dence of the trench and Blueschist, Amphibole-Eclogite and Epidote-Eclogite facies con-
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Figure 3.15: Distribution of metamorphic facies (identifies by different colours) during the active subduction phase for
models CUM-CUM.3 (panels a, d and g), CUM-CUM.5 (panels b, e and h) and CUM-CUM.8 (panels c, f and i). The
legend of the colours of the facies is the same represented in Figure 3.12. Dashed black lines indicate 800 K isotherm.
Continous black lines indicate the contours of areas with equal the strain rates.

ditions characterise the hydrated area. The area characterised by Blueschist conditions is

more extended for higher velocities (Figure 3.15). These metamorphic facies are recorded

by both oceanic crust derived by the lower plate and continental crust tectonically eroded

by the upper plate. Lawsonite-Eclogite conditions are attained in the early stages of evo-

lution below 80 km depth in all models (Figures 3.15a, b and c) and they remain stable

also in latter stages of active subduction evolution for CUM-CUM.5 and CUM-CUM.8

models (Figures 3.15e, f, h and i). At the collision, part of the continental crust of the

lower plate shows P-T conditions compatible with Blueschist facies (Figures 3.15g, h and

i).

Continental crust eroded by the upper plate develop P-T conditions compatible with

Kyanite-Granulite in the external portion of the hydrated area, starting from 30 Ma of

evolution for CUM-CUM.3 model (Figure 3.15d) and within 5 Ma of evolution for CUM-

CUM.5 and CUM-CUM.8 models (Figures 3.15b and c, respectively). In CUM-CUM.5,

Kyanite-Granulite facies can be recorded also after 35 Ma, by both continental crust of

the upper plate and oceanic crust (Figure 3.15e).

Highest strain rates, higher than 10−13 1/s, can develop during the whole active evo-

lution in domains in the P-T field of Zeolite, Prehnite-Pumpellyite, Blueschist, Amphibole-

Eclogite and Epidote-Eclogite facies. As in SIN-CUM models, higher the velocities larger

the extension of the area in which strain rates higher than 10−13 1/s can be developed
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(Figure 3.15).

Metamorphic facies with a high P/T ratio can be observed also during the early stages

of the post-collisional phase. In particular, areas under Blueschist facies conditions sur-

vive until 2.5 Ma for CUM-CUM.3 model and for CUM-CUM.5 model (Figures 3.16a and

b, respectively), and until 10.5 Ma for CUM-CUM.8 model (Figure 3.16c). The progressive

warming of the system induce an enlargement of the area characterised by P-T condi-

tions compatible with Kyanite-Granulite and Sillimanite-Granulite facies, with a slower

growth for faster subduction velocities. For CUM-CUM.3 model Kyanite-Granulite fa-

cies grows until 10.5 Ma of evolution of the pure gravitational phase, when is the most

extended facies between 30 km and 70 km deep (Figure 3.16d); for CUM-CUM.5 model

it grows until 25.5 Ma, when occurs in the whole thickened crust between 30 km and

70 km deep (Figure 3.16e); for CUM-CUM.8 model it reaches the maximum extension

at the end of the evolution (Figure 3.16i). The extension of Sillimanite-Granulite facies

at the end of the evolution is larger for lower prescribed velocities of subduction. It ex-

tends up to about 150 km far from the trench, with a maximum thickness between about

30 km in CUM-CUM.3 model and about 15 km in CUM-CUM.8 model (Figures 3.16g,

h and i). Strain rates higher than 10−14 1/s can be observed only in the early stages in

CUM-CUM.8 model, in correspondence of Blueschist, Amphibole-Eclogite and Epidote-

Eclogite facies conditions (Figure 3.16c).

3.3.4 Predicted P-T

Below, P- and T-peak conditions of the markers that reside in the mantle wedge at the end

of the active subduction evolution are analysed. This is essential to verify that markers

which recorded intermediate P/T conditions during the early stages of the active evolu-

tion were not carried in depth, having the chance to be exhumed during the following

stages of evolution. Two P- and T-peak conditions are discriminated: one characteris-

ing the active phase, PmaxA and TmaxA, and one characterising the post-collisional phase

PmaxC and TmaxC . In the following Figures, the three coloured areas indicate metamor-

phic gradients for low (red - Abukuma or Buchan gradients), intermediate (yellow - Dal-

radian or Barrovian gradients) and high (light blue - Franciscan or Sanbagawa gradients)

P/T ratios under which crustal rocks, occupying different positions in an evolving con-

vergent margin, can be re-equilibrated.

The recycling of abundant continental and oceanic crustal material is triggered during

the subduction phase (Figure 3.17) because of the activation of short-wavelength convec-

tive cells in the mantle wedge, which reflect the P-T conditions of the involved crustal

markers. An analysis of the PmaxA-T trend indicates that large amounts of continental

crust from the upper plate, which correspond to areas of approximately 6700, 8000 and

7000 km2 for subduction rates of 3, 5 and 8 cm/yr, respectively, record PmaxA-T condi-
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Figure 3.16: Distribution of metamorphic facies (identifies by different colours) during the post-collisional phase for models
CUM-CUM.3 (panels a, d and g), CUM-CUM.5 (panels b, e and h) and CUM-CUM.8 (panels c, f and i). The legend of the
colours of the facies is the same represented in Figure 3.12. Dashed black lines indicate 800 K isotherm. Continous black
lines indicate the contours of areas with equal the strain rates.

tions with intermediate P/T ratios (represented by the yellow area), which are warmer

than those that were prescribed by the initial continental geotherm. For these markers,

PmaxA was recorded during the early stages of the active subduction phase until approx-

imately 10 Ma in P-T conditions compatible with Greenschist, Epidote-Amphibolite and

Amphibolite facies conditions (Figures 3.17a and b). Differently, their TmaxA values show

that they could have recorded P-T conditions compatible with Sillimanite-Granulite fa-

cies during their path (Figures 3.17c and d). From these, it can be deduced that these

markers have recorded their P-TmaxA under Sillimanite-Granulite facies conditions in the

upper plate during the early stages of active evolution, and then they were never deeply

involved in the subduction system, but they were displaced while remaining within (or

coherent with) the continental crust of the upper plate from the external portion of the

convergent margin toward the wedge area, characterised by a colder thermal regime.

A smaller area of both oceanic and continental material (ranging from 2,000 km2 for

a subduction rate of 3 cm/yr to 1000 km2 for a subduction rate of 8 cm/yr) records high

P/T ratios that reach pressures of up to 3 GPa and temperatures up to 800 K during sink-

ing. After being subducted, the materials that are involved in mantle wedge recycling

are uplifted because of the formation of convective cells in the hydrated area. As a con-

sequence of the cold thermal state observed in the hydrated area, their P-T conditions

are colder than the initial continental geotherms (represented by the green area). These
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Figure 3.17: Predicted PmaxA -T (panels a and b) and P-TmaxA (panels c and d) distributions of the markers that have
been partially exhumed during the active phase for the model SIN-CUM.5. In panels a and c, gray, dark brown and light
brown points represent the upper oceanic crust, the continental crust of the upper plate and the lower plates, respectively.
In panels b and d, the markers are coloured according to the age at which PmaxA and TmaxA conditions are reached.
The thick black lines represent the unperturbed continental geotherm. The red areas indicate metamorphic gradients for
low P-T series (Abukuma or Buchan metamorphism), the yellow areas for medium P-T series (Dalradian or Barrovian
metamorphism), and the light blue areas for high P-T series (Franciscan or Sanbagawa metamorphism).

markers show compatibility with P-T conditions of different metamorphic facies; some

of them reach their PmaxA under Blueschist conditions and the ages of their pressure peak

are distribute during the whole evolution, while some other markers record their PmaxA

values under P-T conditions compatible with Amphibole-Eclogite, Epidote-Eclogite and

Lawsonite-Eclogite facies during the latter stages of evolution (Figures 3.17b). TmaxA val-

ues recorded in conditions characterised by high P/T ratio are reached primarily in the

latter stages (Figures 3.17d).

Panel a of Figure 3.18 shows the predicted pressures and temperatures that are recorded

by all of the crustal markers, both oceanic and continental, at different times during the

entire active subduction phase for the SIN-CUM models. Different colours are used to
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differentiate successive time intervals from the beginning of the evolution. The global

thermal configuration of the system does not change significantly with time; the non-

subducted markers in the upper plate (P < 0.8 GPa) have intermediate P/T ratios, while

the subducted markers in both the upper and lower plates (P > 0.8 GPa) have high P/T

ratios. These results indicate that intermediate P/T ratios can coexist with high P/T ratios

within an active subduction complex (Figure 3.18a).

During the pure gravitational phase (Figure 3.19), a large amount of continental crust

that belongs to the upper plate rises to shallower depths, which is consistent with the ac-

cretion of crustal material in the wedge at the end of the active subduction phase (an area

that ranges from approximately 3500 km2 in models SIN-CUM.3 and SIN-CUM.5 to 730

km2 in model SIN-CUM.8). Following the collision, the concentration of PmaxC-T values

of the continental markers from the lower plate (Figure 3.19a) shift from the Franciscan to

Barrovian fields from the beginning to the end (red to blue colours in Figure 3.19a, respec-

tively) of the gravitational phase, whereas the PmaxC-T values of the continental markers

from the upper plate remain in the Barrovian field during the entire gravitational phase.

The PmaxC-T distribution (Figure 3.19a) shows that the maximum T values are 1300 K for

models SIN-CUM.3 and SIN-CUM.5 and 1200 K for model SIN-CUM.8.

After the continental collision, in all the SIN-CUM models a cold thermal regime com-

patible with an active subduction phase is maintained in the system for few Ma. In fact,

a large amount of markers, both oceanic and continental, develop PmaxC-T conditions

compatible with Blueschist, Amphibole-Eclogite and Epidote-Eclogite facies during the

early stages of the post-collisional phase (Figure 3.19a). After that there is a progressive

increase of temperature with time (Figure 3.18b) and TmaxC values are mainly recorded

at the end of the evolution (e.g., Figure 3.19b) under P-T values characterising Green-

schist, Epidote-Amphibolite, Amphibolite, Sillimanite-Granulite and Kyanite-Granulite

facies. All markers record intermediate to high P/T ratios with a migration toward P-

T conditions that are warmer than the initial continental geotherm (black line in Figure

3.18b).

The velocities that are prescribed during the active subduction phase influence the

distribution of the P-TmaxC values. In particular, for low velocities (model SIN-CUM.3),

the markers that record P > 0.5 GPa have temperatures that range between 800 K and

1300 K and are characterised by intermediate to high P/T ratios. For intermediate veloc-

ities (model SIN-CUM.5), the markers are distributed along a narrow curved area with a

maximum temperature of approximately 1400 K at approximately 1.5 GPa. These mark-

ers plot in the Barrovian field, with the exception of markers with P > 2 GPa, which

are characterised by Franciscan-type P/T ratios. Finally, for high velocities (model SIN-

CUM.8), continental markers from the lower plate only appear at pressures lower than

2 GPa and lie within a narrow curved area with a maximum temperature of 1200 K at

approximately 2 GPa. Continental markers that belong to the upper plate and upper
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Figure 3.18: Predicted pressures and temperatures recorded by both oceanic and continental crustal markers at different
times during: Panel a) the active subduction phase of model SIN-CUM.5; panel b) the pure gravitational phase of model
SIN-CUM.5; and panel c) the pure gravitational phase of model CUM-CUM.5. Different colours indicate successive time
intervals from the beginning of the simulation. The thick black lines represent the unperturbed continental geotherms. The
red, yellow, and light blue areas indicate the metamorphic gradients for the low P-T series (Abukuma or Buchan meta-
morphism), medium P-T series (Dalradian or Barrovian metamorphism), and high P-T series (Franciscan or Sanbagawa
metamorphism), respectively.
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Figure 3.19: Predicted PmaxC -T (panel a) and P-TmaxC (panel b) distributions of the markers that have been partially
exhumed during the post-collisional phase for the model SIN-CUM.5. The markers are coloured according to the age at
which PmaxC and TmaxC conditions are reached. The thick black lines represent the unperturbed continental geotherm.
The red areas indicate metamorphic gradients for low P-T series (Abukuma or Buchan metamorphism), the yellow areas
for medium P-T series (Dalradian or Barrovian metamorphism), and the light blue areas for high P-T series (Franciscan or
Sanbagawa metamorphism).

oceanic markers record temperatures between 800 K and 1300 K and pressures of up to

3 GPa. The majority of the markers (corresponding to an area of approximately 2000

km2) record intermediate P/T ratios with the exception of a few markers with pressures

greater than 1.5 GPa that exhibit high P/T ratios.

When shear heating is included in a model that already accounts for mantle hydra-

tion, the following features can be identified. During the active phase, a discontinuous

distribution of PmaxA-T values of the markers is observed, which shows a gap in pressure

whose extent is different for different velocities (Figures 3.20 and 3.21). In particular, in

model CUM-CUM.3, a small number of continental and oceanic markers (corresponding

to a total area of approximately 100 km2) are distributed in one cluster and are limited by

temperatures between 800 K and 1000 K and pressures from 2 GPa to 2.5 GPa (Figures
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Figure 3.20: Predicted PmaxA-T (panels a and b) and P-TmaxA (panels c and d) distributions of the markers that have
been partially exhumed during the active phase for the model CUM-CUM.3. In panels a and c, gray, dark brown and light
brown points represent the upper oceanic crust, the continental crust of the upper plate and the lower plates, respectively.
In panels b and d, the markers are coloured according to the age at which PmaxA and TmaxA conditions are reached.
The thick black lines represent the unperturbed continental geotherm. The red areas indicate metamorphic gradients for
low P-T series (Abukuma or Buchan metamorphism), the yellow areas for medium P-T series (Dalradian or Barrovian
metamorphism), and the light blue areas for high P-T series (Franciscan or Sanbagawa metamorphism).

3.20). In models CUM-CUM.5 and CUM-CUM.8, a remarkably larger number of con-

tinental and oceanic markers (corresponding to total areas of approximately 1400 km2

and 1000 km2, respectively) exhibit P > 1.5 GPa with temperatures between 600 K and

1000 K for model CUM-CUM.5 (Figures 3.21) and between 500 K and 1000 K for model

CUM-CUM.8.

P-TmaxA conditions show an increase in the TmaxA of about 100 K, in respect to the

SIN-CUM models (Figures 3.21 and 3.21, panels c and d). This increase of temperature de-

termines an increase in the amount of the continental markers plotting under Sillimanite-

Granulite facies conditions. The P-TmaxA distribution of model CUM-CUM.3 shows sim-

ilar features to the PmaxA-T distribution with a narrower range of temperatures (approx-
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Figure 3.21: Predicted PmaxA-T (panels a and b) and P-TmaxA (panels c and d) distributions of the markers that have
been partially exhumed during the active phase for the model CUM-CUM.5. In panels a and c, gray, dark brown and light
brown points represent the upper oceanic crust, the continental crust of the upper plate and the lower plates, respectively.
In panels b and d, the markers are coloured according to the age at which PmaxA and TmaxA conditions are reached.
The thick black lines represent the unperturbed continental geotherm. The red areas indicate metamorphic gradients for
low P-T series (Abukuma or Buchan metamorphism), the yellow areas for medium P-T series (Dalradian or Barrovian
metamorphism), and the light blue areas for high P-T series (Franciscan or Sanbagawa metamorphism).

imately 50 K at approximately 1000 K) and pressures between 2.3 GPa and 2.7 GPa. In

contrast, in models CUM-CUM.5 and CUM-CUM.8, the markers with P-TmaxA values

greater than 1 GPa cluster in two groups that depend on the time at which they have

recorded their thermal peak (Figure 3.21). One group, which is composed of both conti-

nental and oceanic markers with maximum temperatures of approximately 1000 K and

high P/T ratios, record their thermal peaks during the second half of the active evolu-

tion (Figure 3.21b). The second group, which is composed only by continental crustal

markers of the upper plate with temperatures between 1000 K and 1300 K and pressures

between 1.3 GPa and 2 GPa, record their thermal peaks during the first 5 Ma of active

evolution (Figure 3.21b), reaching conditions compatible with Kyanite-Granulite facies
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(Figures 3.21c and d). Their P/T ratios are lower than the P/T ratios that are recorded by

the first group and are similar to the initial continental geotherm. Then, continental mark-

ers of both CUM-CUM.5 and CUM-CUM.8 models show a migration in time of Tmax with

P > 1 GPa toward lower temperatures and conditions with higher P/T ratios. During the

entire active subduction phase different P-T conditions, from intermediate (Barrovian) to

high (Franciscan), can be developed at the same in time in thermally contrasted portion

of the same subduction system. In particular, Kyanite-Granulite facies conditions can af-

fect the external portion of the mantle wedge, while the more internal portion is affected

by Blueschist conditions. Even though some continental markers record P-TmaxA condi-

tions under Kyanite-Granulite facies during the early stages (Figure 3.21d), they remain

in the mantle wedge until the beginning of post-collisional phase.

During the pure gravitational phase, the distribution of the PmaxC-T values and P-

TmaxC values are very similar in all of the CUM-CUM models and include a wide range

of temperatures (approximately 500 K at 1.5 GPa) for the PmaxC-T values and a narrow

range (approximately 100 K at every depth) for the P-TmaxC values. The PmaxC-T values

exhibit intermediate to high P/T ratios, whereas the P-TmaxC values are mainly charac-

terised by intermediate P/T ratios (data with high P/T ratios occur only above 2 GPa).

As in the SIN-CUM models, high P/T ratios for the PmaxC values are recorded until 10

Ma of pure gravitational evolution, while the TmaxC values are recorded during the last

stages of the pure gravitational evolution. In the CUM-CUM models, a progressive in-

crease in temperature occurs in the entire system during the pure gravitational phase

(Figure 3.18c) and, as expected, the warming trend is higher than in the SIN-CUM mod-

els (Figure 3.18b). Consequently, as in the SIN-CUM models, the majority of the markers

show intermediate P/T ratios at the end of the evolution, whereas high and intermediate

P/T ratios coexist during the early stages of the pure gravitational phase (red colour in

Figure 3.18c).

3.4 Discussion

The introduction of the hydration of the mantle wedge determines significant variations

of the thermodynamics of the subduction system. In the hydrated portion of the mantle

wedge, the activation of small convective cells during the early stages of active subduc-

tion favours the recycling and partial exhumation of buried oceanic and continental crust.

These dynamics last few Ma after the collision, before the thermal re-equilibration of the

system with the consequent increase of temperature in the wedge and the decrease of

the area in which serpentine is stable. The introduction of shear heating slightly affects

the thermal state in the hydrated area because the decrease in the mantle viscosity is

greater than the increase in the strain rates, which produces a small amount of energy

by shear heating. Accordingly, radiogenic decay remains the principal source of internal
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energy. The recycling of crustal material affects the dynamics and thermal state during

the pure gravitational phase because the large amount of crustal material that was tec-

tonically eroded from the upper plate and recycled in the wedge thickens the continental

crust and thus increases the temperature in the models with mantle hydration. In gen-

eral, the introduction of mantle hydration has no effect on the large-scale dynamics. Its

effects are limited to the subduction zone during both the active subduction and the pure

gravitational phases. In contrast, shear heating causes a shallower subduction geometry,

which is more evident for higher prescribed subduction velocities. Different subduction

velocities induce different thermal states in the interior of the subducting plate. In partic-

ular, the temperature in the subducting oceanic plate increases with decreasing velocity

because the cold subducted material is slowly replaced, and the external hot mantle is

more efficient at warming the subducting plate.

Generally the hydrated area has a rather triangular shape, as already suggested by

previous models characterised by different setups (Arcay et al., 2005; Hebert et al., 2009;

Quinquis and Buiter, 2014). In the CUM-CUM models, the higher the subduction velocity,

the larger the extents of both the main triangular hydrated area and the entire hydrated

area. This occurs because of the lower temperatures that characterise the interior of the

subducted plate and the resulting thermal depression at the bottom of the hydrated area.

For all models, the evolution of the hydrated area is characterised by an initial increase of

extension, a successive phase of stability and a final phase of rapid decrease. Differently,

in the SIN-CUM models, the prescribed velocities has a second-order impact on the max-

imum extent of the entire hydrated area, as already suggested by other models that do

not take into account shear heating (Hebert et al., 2009). Indeed, the extent of the hydrated

domain in model SIN-CUM.8 during the early stages of active subduction is comparable

to the extent during the late stages of active subduction in model SIN-CUM.3, which oc-

curs because a large amount of cold material is quickly subducted at the beginning of the

evolution of model SIN-CUM.8, which thermally depresses the subduction zone.

The thermal state during the pure gravitational phase remains comparable to that of

active subduction until approximately 10 Ma of evolution; subsequently, the system pro-

gressively warms. In both the SIN-CUM and CUM-CUM models, small-scale convective

cells remain active in the wedge area during the early post-collisional stages until wedge

dehydration is reached, with resulting increased viscosity. Thus, the system maintains

a cold thermal state at the beginning of the gravitational phase and then warms up be-

cause of the high radiogenic decay in the large amount of continental material that accu-

mulated in the wedge. Consequently, at the end of the evolution, the models with man-

tle hydration are characterised by warmer thermal regimes than those without hydra-

tion. The progressive warming of the system generates a thermal environment in which

the markers primarily experience P-T conditions that are compatible with Barrovian- (or

Dalradian)-type metamorphism at the end of the evolution with a final thermal gradient
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that is higher than the initial continental geotherm. In all of the models, the highest TmaxC

values are reached at the end of the evolution, whereas the markers record their PmaxC

during the early stages of the gravitational evolution before the uplift of the subducted

plate.

Despite the peculiar significance that has been traditionally assigned to metamor-

phic facies series, the P-T conditions predicted by the models show that contrasting P-T

conditions, such as intermediate (Barrovian) to high P/T ratios (Franciscan), can exist

simultaneously during active subduction. Markers that record Barrovian-type PmaxA-T

conditions during subduction, come from and remain in the continental crust of the up-

per plate and have trajectories that indicate that they are carried by mantle flow from the

bottom of the crust toward the more internal and shallower portion of the mantle wedge.

The markers that record Franciscan-type PmaxA-T conditions are exhumed by the activa-

tion of convective cells and the resulting recycling of crustal material that was either tec-

tonically sampled from the subducting plate or ablated by the upper plate in the mantle

wedge. In particular, during the phase of oceanic subduction, P-T conditions compatible

with Amphibolite and Sillimanite-Granulite facies are stable at the bottom of the conti-

nental crust of the upper plate, while P-T conditions compatible with Kyanite-Granulite

facies can be developed in the continental crust in the external and shallow portion of

the hydrated wedge. The thermal anomaly induced by the subduction at the bottom of

the continental crust of the upper plate is due to the large scale convective mantle flow

induced by the sinking of the slab. However, in the continental crust only intermediate

P/T ratios can be recorded, while metamorphic facies series characterised by low P/T

ratios can not be developed. Therefore, an additional source of heat should be taken

into account to develop Abukuma-type metamorphism, such as heat and fluids transfers

related to arc magmatism (arc-related metamorphism). P-T conditions under Epidote-

Amphibolite and Amphibolite facies can also develop in the shallower and warmer por-

tion of the wedge by recycled markers, both continental and oceanic. At the same time,

in the internal portion of the wedge the recycle of continental and oceanic markers hap-

pens in a colder thermal state, compatible with metamorphic facies characterised by high

P/T ratio. In this area markers can develop Blueschist, Amphibole-Eclogite and Epidote-

Eclogite facies conditions. The occurrence of contrasted metamorphic conditions in the

wedge is related to the hydration and the consequent recycling of subducted material. As

consequence, recycled oceanic and continental crust are spread in portion of the wedge

characterised by different thermal gradients, the further from the slab, the warmer.

The coexistence of metamorphic facies characterised by contrasted P-T gradients is

observed also during the early stage of the post-collisional gravitational evolution. In

fact, metamorphic facies with high P/T ratios (as Blueschist or Amphibole-Eclogite fa-

cies) remain stable after the collision for a period during which areas characterised by P-T

conditions in the stability fields of facies with intermediate P/T ratio enlarge (as Kyanite-
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Granulite facies). The duration of this metamorphic pattern is related to the thermal

condition of the system. In fact, the warming of the subduction complex does not occur

suddenly, and some Ma are necessary to thermally re-equilibrate the slab and the wedge,

characterised by high P/T ratios, with the surrounding warmer mantle. Differently from

the oceanic subduction phase, during the post-collisional phase the thermal anomaly in

the continental crust is due to the high radiogenic energy consequent to the thickened of

the crust.





Chapter 4

The Variscan belt

4.1 The Variscan orogeny

The Variscan belt, extending from Southern Iberia to Poland, is the more significant ge-

ological event in the basement of Europe (von Raumer et al., 2003) (Figure 4.1) and it is

part of a 1000 km broad and 8000 km long Paleozoic mountain system, which extended

from the Caucasus to the Appalachian and Ouachita mountains of northern America at

the end of the Carboniferous (Matte, 2001). It results from the successive collision of a

series of terranes (Armorican terrane assemblage and Gondwana) against Laurussia and

Avalonia during Devonian - Carboniferous times (e.g. Giorgis et al., 1999; Matte, 2001; von

Raumer et al., 2003; Marotta and Spalla, 2007; Compagnoni and Ferrando, 2010; Edel et al., 2013;

Lardeaux et al., 2014) (Figure 4.2). The final convergence between the supercontinents of

Laurussia, to the north, and Gondwana, to the south, was associated with an intensive

deformation of the assembled Avalonia and Armorican terrane assemblage (Edel et al.,

2013). These two microplates became separated by oceanic sutures and drifted during

the early Palaeozoic, prior to docking against Baltica and Laurentia before the Devono-

Carboniferous collision (Matte, 2001). Avalonia and Armorica have been defined essen-

tially on the basis of paleomagnetism and paleobiostratigraphy, but geological studies

allow smaller microplates, separated by oceanic sutures, to be defined within Armorica

(Matte, 2001; Franke, 2000), even if the corresponding small oceans (500 km) are difficult

to detect from palaeomagnetism and palaeobiostratigraphy. All these microplates have

a peculiar common upper Proterozoic basement (Avalonian-Cadomian) comprising low-

grade, thick turbiditic sediments and island arc-type volcanic and plutonic rocks that

were formed at the northern (active) margin of Rodinia (Matte, 2001). Avalonia com-

prises the northern foreland of the Variscan belt and is geologically well defined because

it lies between major sutures: the Iapetus and the Tornquist Caledonian sutures to the

north separating Avalonia from North America and from Baltica, respectively, and the

Rheic Variscan suture to the south. Avalonia drifted northward independently from

79
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Figure 4.1: Geological map of Variscan basement areas in Central Europe. AA: Austroalpine; Am: Armorican Massif;
Aq: Aquitaine; BCSZ: Badajoz-Cordoba Shear Zone; BM: Bohemian Massif; BV: Brunovistulicum; cI: Central Iberian
Zone; CO: Cabo Ortegal Complex; CZ: Cantabrian Zone; Co: Corsica; HE: Helvetic Zone; iA: Intra-Alpine; Ib: Iberia;
Lz,: Lizard; MC: French Central Massif; MS: Moravo-Silesian; Or: Ordenes ophiolites; OM: Ossa Morena Zone; PE/BR:
Penninic/Brianconnais; sA: Southalpine; Sd: Sardinia; sP: South Portuguese Zone; WALZ: West Asturias Leon Zone
(from von Raumer et al., 2003).

Armorica during the early Palaeozoic (Trench and Torsvik, 1991), detaching from Gond-

wana during Ordovician times and opening the Rheic Ocean, while the Iapetus closed

by southward and then northward subduction beneath the Taconic arc of Newfoundland

(Pickering, 1989). Armorica is not defined precisely on the basis of palaeomagnetic data

and, in fact, while for some authors (e.g. Tait et al., 1997) Armorica drifted northward

later than Avalonia, opening a very large ocean, for other authors (e.g. Torsvik, 1998) it

remained more or less closed to Gondwana during its northward drift, from Ordovician

to Devonian times. Geologically it does not represent a coherent microplate because it in-

cludes fragments separated by oceanic sutures underlined by eclogites that show MORB

geochemical affinities, such as the Southern Brittany-Northern Massif Central suture in

France (Matte, 2001).

The main sections of the Variscan belt show opposite vergences of nappes and re-

cumbent folds migrating toward external Carboniferous basins. Sutures are found on

both sides of the belt and they are the roots of large nappes containing ophiolitic rocks

and/or HP/UHP rocks (Matte, 2001) (Figure 4.3):

1. on the southern side of the belt, the Galicia-Southern Brittany suture runs from

the Coimbra-Cordoba Shear Zone in central Iberia (CCSZ) to southern Britanny,

northern Massif Central and further east to the southern Bohemian nappes. This

suture is located between the Armorican terrane assemblage and Gondwana. The

CCSZ is considered as the root zone of the western Iberian nappes as the South
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Figure 4.2: Plate tectonic sketch at lithospheric scale showing the movements of continents between 465 and 340 Ma.
GSB: Galicia-Southern Brittany ocean and suture (from Matte, 2001).
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Armorican Shear Suture Zone, running through southern Brittany to the northern

Massif Central, must be considered as the root of the ophiolitic southern Brittany-

Massif Central nappes. Ophiolitic rocks are dated between 500 and 400 Ma and the

HP/UHP metamorphism between 430 and 360 Ma (Matte, 2001). This suture, which

forms the root of large nappes transported to the East (Western Iberia) and to the

South (Massif Central), may be related to a N-S eo-Variscan suture, running from

the French external Alps to Sardinia and forming the root of W-verging pre-Permian

nappes. The translation toward SW of the French external Alps from Northern Eu-

rope, in prolongation with the Bohemian Massif, is related to the dextral wrenching

from Carboniferous to Permian times along a N030◦ strike-slip fault, in response

to oblique collision between Laurussia and Gondwana (Matte, 2001; Guillot et al.,

2009a; Edel et al., 2013) (Figure 4.4);

2. on the northern side of the belt, two sutures are relatively well defined from south-

ern England, through Germany to Poland: the Teplá suture, located between the

Saxothuringian plate and the southern Gondwana-derived fragments, and the Rheno-

hercynian suture, located between Avalonia and Armorica (Franke, 2000; Matte,

2001; Schulmann et al., 2009; Edel et al., 2013). They are the roots of NW-transported

nappes, showing HP/UHP metamorphism in the ophiolitic rocks of the Teplá su-

ture and its continental footwall. The oceanic rocks are dated at around 500 Ma

and the HP metamorphism took place around 380 Ma. The Rhenohercynian suture

corresponds to a younger Lower Devonian oceanic basin which opened and closed

later (Matte, 2001; Franke, 2000).

Armorica can be considered as a small continental plate between the northern su-

tures (Teplá and Rhenohercynian sutures) and the southern suture (Galicia-southern Brit-

tany suture). The two corresponding main oceanic basins (the Rheic and the Galicia-

southern Brittany oceans) closed by opposite subduction, as indicated by the occurrence

of HP/UHP metamorphism (430 and 360 Ma) on both sides of the belt. In France, Ar-

morica includes Central Brittany and Normandy between the southern Brittany-Massif

Central suture and the Rhenohercynian suture. In the Bohemian massif, Armorica corre-

ponds to two microplates: the Saxothuringian and the Barrandian (Matte, 2001).

4.2 The French Central Massif

The european basement of the Variscan Belt experienced a long-lasting evolution from

Cambrian-Ordovician rifting to Carboniferous collision and orogenic collapse (Matte,

2001; Faure et al., 2005, 2008). In France, the Variscan Belt is well exposed in the Massif

Central and Massif Armoricain, where two contrasted paleogeographic and tectonic do-

mains are recognized. The Nort-sur-Erdre Fault corresponds to the suture zone between
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Figure 4.3: Configuration of the Variscan belt of Western Europe and northern Africa at 270 Ma, showing the main sutures
and extension of the Avalonia and Armorica continental microplates. 1) Iapetus Caledonian suture and Ordovician island
arc; 2) Avalonia; 3) Armorica; 4) ophiolitic nappes rooted in the Galicia-Southern Brittany suture; 5) Schistose nappes in
the southern Variscides; 6) Carboniferous (Visean to Westphalian) foredeep basins; 7) main vergence of nappes. CCSZ:
Coimbra-Cordoba Shear Zone; Beja S: Beja suture (from Matte, 2001).

Figure 4.4: Model of evolution of the Variscides during the Carboniferous. Panel a): situation at 330–328 Ma, show-
ing shortening of the Variscan belt between Gondwana and Laurussia and major dextral wrenching along reactivated
transform boundaries; panel b): situation at the end of the Carboniferous (from Edel et al., 2013).
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the Armorican domain to the north and the Gondwana margin to the south (Galicia-

Southern Brittany suture) (Matte, 2001; Faure et al., 2008). The Massif Central belongs to

the western part of the Variscan chain and it is the largest area where Variscan metamor-

phic and plutonic rocks are exposed, with the entire massif belonging to the northern

Gondwanian margin (Mercier et al., 1991b; Faure et al., 2009). P-T estimates of the Variscan

metamorphism in the French Central Massif are presented in Tables B.2 and B.4.

The Massif Central is a stack of metamorphic nappes, in which six main units are

recognized, from the bottom to the top and from the south to the north (Ledru et al., 1989;

Faure et al., 2009; Lardeaux et al., 2014; Lardeaux, 2014a) (Figure 4.5):

1. the southernmost turbidites foreland basin (Visean-late Mississipian) contains olis-

toliths of Palaeozoic sedimentary rocks and it extends southward below the coastal

plain of the Mediterranean Sea and up to the Pyrénées, ;

2. the Paleozoic fold-and-thrust belt of the Montagne Noire area is composed of weakly

metamorphosed sediments (early Cambrian to early Carboniferous continental mar-

gin to platform series) and it is deformed in kilometres-scale south-verging recum-

bent folds and thrust sheets;

3. the Para-autochthonous unit overthrusts the southern fold-and-thrust belt and it

is composed primarily of metapelite and metagreywacke with minor limestones,

quartzites and volcanic rocks, metamorphosed under greenschist to epidote-amphibolite

facies conditions. In the northern part of the Massif Central it appears as tectonic

windows surrounded by the Lower Gneiss Unit;

4. the Lower Gneiss Unit (LGU) is composed primarily by metapelites, metagreywackes,

metarhyolites ans metagranites metamorhposed under amphibolite facies considi-

tions, plus minor amphibolites. The geochemical characteristics of the metaba-

sites indicate an origin as basaltic members of alkaline magmatic series, sometimes

in close association with alkaline rhyolites volcanic tuffs. This association of bi-

modal alkaline magmatic rocks with terrigenous detrital sediments indicates that

the members of the LGU, as well as the Para-autochthonous unit, are remnants of

the northern Gondwana passive margin. Prograde Barrovian-type metamorphic

sequences are recognised in different areas of the massif, with different ages de-

pending on their involvement in the nappe stacking (Burg et al., 1989);

5. the Upper Gneiss Unit (UGU) is composed of rocks which experienced Silurian

to lower Devonian HP to UHP metamorphism (eclogite and/or HP granulite fa-

cies), locally reaching coesite eclogite facies in the Mont du Lyonnais area (Paquette

et al., 1995; Lardeaux et al., 2001). This unit is characterised by the occurrence of a

bimodal association called ’Leptyno-Amphibolitic Complex’ (LAC), interpreted as
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Figure 4.5: Geological map of the French Massif Central and simplified geological cross-sections. 1-2, eastern cross-
section; 3-4, western cross-section (from Lardeaux et al., 2014).
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formed during the rifting that led to the separation of Armorica from north Gond-

wana (Faure et al., 2005). The LAC is a peculiar association of mafic/ultramafic rocks

(basalts, gabbros, spinel/garnet peridotites) and felsic rocks (rhyolites, granites and

tuffs). In general, it is located at the base of the UGU (Figure 4.6), while the upper

part consists of migmatites formed by MP to HP partial melting of para- and/or

orthogneisses, driven by a strong decompression. The eclogites derive from meta-

basalts and meta-gabbros and can be regarded as the variably fractionated mem-

bers of a tholeiitic suite. On the top of this eclogitic complex, various types of HP

granulites crop out (basic granulites, acid and aluminous granulites and granulitic

orthogneisses). The metabasites were derived from continental tholeiites, while

quartzo-feldspathic granulites were derived from rhyolites, granites or continental

sediments. This lithological association is typical for a thinned continental margin

at the ocean-continent transition (OCT). Therefore, the lowermost part of the UGU

can be interpreted as a subducted and exhumed Cambro-Ordovician OCT (Ledru

et al., 1989; Faure et al., 2009; Lardeaux et al., 2014; Lardeaux, 2014a);

6. the uppermost units are identified by the Brévenne and Morvan units in the east-

ern Massif Central and by the by the Thiviers-Payzac unit in the western Massif

Central. The Brévenne unit is an ophiolitic complex composed of mafic magmatic

rocks (pillow basalts, dolerites and diabases, gabbros, pyroclastites), serpentinites,

scarce trondjhemites and siliceous sediments (radiolarites, siltites). Geochemical

and geochronological investigations indicate that the Brévenne ophiolite was orig-

inated in a back-arc setting during late Devonian times and then deformed un-

der greenschist facies conditions. The Morvan arc is localised northern then the

Brévenne unit and it consists of weakly metamorphosed middle to late Devonian

calk-alkaline volcanic and volcaniclastic rocks. To the west, the Thiviers-Payzac

unit forms the highest tectonic unit in the south Limousin. It has received different

local names depending on the area, nevertheless, similar lithological, metamorphic

and structural features are recognized in all these areas (Duguet et al., 2007). It is

composed of Cambrian greywackes, quartzites and rhyolites intruded by Ordovi-

cian granite and metamorphosed under epidote-amphibolite facies. In the South

Limousin, some small outcrops of gabbro, mafic metavolcanic rocks (pillow lavas

in places), radiolarian cherts, siliceous red shales and Middle Devonian limestones

form the Génis Unit. The structural and paleogeographic setting of this unit is

not yet settled and it is interpreted either as an uppermost ophiolitic nappe simi-

lar to the Devonian Brévenne ophiolite or as an early Carboniferous olistostrome

reworking Devonian ophiolites (Ledru et al., 1989; Faure et al., 2009; Lardeaux et al.,

2014; Lardeaux, 2014a).

In the evolution of the Massif Central basement, two cycles of subduction/collision
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Figure 4.6: Model of the geodynamic evolution of the Massif Central showing the Eo-Variscan north-directed subduction
(panel a) and the Variscan south-directed subduction (panel b). UGU: Upper Gneiss Unit; LGU: Lower Gneiss Unit; PA:
Para-autochthonous units; LAC: Leptyno-Amphibolitic Complex (from Lardeaux , 2014a).

can be identified, with possibly opposite polarities (Faure et al., 2005, 2009; Lardeaux,

2014a):

• an early Paleozoic Eo-Variscan cycle, corresponding to the rifting of the Armorica

from Gondwana during the Ordovician to the early Silurian and their successive

collision during late Silurian-early Devonian driven by a northward subduction. In

fact, rock associations, metamorphic history and finite strain pattern depicted in the

Monts du Lyonnais Unit are regarded as the record of a north-dipping subduction

that led to the closure of the Galicia-Massif Central (or Medio-European) oceanic

domain (Figure 4.6a);

• a Variscan cycle, representing the late Devonian to Carboniferous collision of Gond-

wana and Laurussia through a south-directed subduction of the Rheic Ocean. The

direction of this second subduction event is argued by the position of the Morvan

arc to the north and Brévenne back-arc to the south (Figure 4.6b).

The protoliths of the eclogites widespread in the Massif Central show various chem-

ical characters and represent basic magmas of oceanic affinities emplaced in originally

various site. The maximum P-T conditions are similar for all the eclogites, while the

retrograde evolutions during the exhumation show differences between the western and

eastern parts of the Massif Central, suggesting contrasting thermal evolutions. In fact, the

retrograde P-T path in the central and western parts of Massif Central is characterised by

isothermal decompression into the upper amphibolite facies, while in the eastern part an
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Figure 4.7: PT diagram illustrating the contrasting retrograde P-T paths of HP metamorphic rocks in the French Massif
Central (from Mercier et al., 1991a).

increase in temperature occurs at the beginning of the retrograde P-T path, resulting in

granulite facies mineral assemblages (Mercier et al., 1991a,b) (Figure 4.7).

The tectonic architecture of the Massif Central can be well illustrated by three mainly

NS-orientated cross-sections over the eastern, the central and western parts, through

which the main metamoprhic and deformative stages can be reconstructed.

4.2.1 Eastern Massif Central

In the eastern cross-section four domains can be recognised (Lardeaux et al., 2014) (section

1-2 in Figure 4.5):

• Visean unmetamorphosed volcanics, sediments and granodiorites rocks unconformably

overlie or intrude older rocks (320-335 Ma);

• the middle to late Devonian Morvan magmatic arc and Brévenne back-arc ophiolite

(360-370 Ma). To the south, the Brévenne unit is separated by a dextral wrench fault,

underlay syntectonic granites (340-350 Ma) (Costa et al., 1993);

• the Upper Gneiss Unit in the Monts du Lyonnais area is characterised by migmatitic

ortho- and paragneisses at the top (380-390 Ma) and by the Leptyno-Amphibolitic

Complex at the bottom, including quartz or coesite bearing eclogites (Lardeaux et al.,

2001) (data ML2 in Table B.2) and garnet peridotites (Gardien et al., 1988; Costa et al.,
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Figure 4.8: P-T path of the Monts du Lyonnais coesite-bearing eclogite (from Lardeaux et al., 2001).

1993) (data ML1). Eclogites and related garnet amphibolites also occur to the north,

in the Morvan, and to the SE, in the Maclas-Tournon area (Gardien and Lardeaux,

1991; Ledru et al., 2001) (data Mc1). The age of HP/UHP metamorphism is un-

certain but in the Monts du Lyonnais a successive deformative stage is recorded

under amphibolite facies conditions with partial melting and it corresponds to a

NW–SE crustal shortening dated 340-360 Ma (Mercier et al., 1991a; Lardeaux et al.,

1989; Costa et al., 1993) (Figure 4.8). A late transpressive regime led to development

of a regional-scale fold system, correlated with the deformative event observed in

the Brévenne unit. With the exception of the initial stage of UHP, a similar evolution

has been identified for the Maclas area where the eclogites are retromorphosed un-

der granulites and then under amphibolite facies conditions (Gardien and Lardeaux,

1991; Ledru et al., 2001) (Figure 4.9).

• the Lower Gneiss Unit of the Pilat Unit is divided from the previous unit by a thrust

zone developed under amphibolite facies conditions. This unit is composed of

meta-sediments, meta-rhyolites, meta-basalts and numerous meta-granites meta-

morphosed under amphibolite facies conditions. This unit is characterised by a
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Figure 4.9: P-T path of the Monts du Lyonnais. 1: P-T conditions of the eclogitic stage; 2: P-T conditions of the granulitic
stage; 3: P-T conditions of the amphibolitic stage (from Gardien and Lardeaux , 1991).

well-developed N-dipping foliation and stretching lineation developed under con-

ditions of retrograde metamorphism from HT to greenschist facies. The metamor-

phism recorded under greenschist facies condiction is superimposed on a foliation

related to the earlier Variscan compressional events (350-380 Ma) associated with

southward emplacement of nappes and HP-HT metamorphism (Malavieille et al.,

1990). A late HT-LP event (295-320 Ma), synchronous with crustal extension, is

related to the intrusion of a large granitic pluton (the Velay Dome). Three melt-

ing events can be identified in the southern envelope of the Velay dome: 1) a first

melting episode occurred within the biotite stability field (315-325 Ma) which led

to the complete disappearance of muscovite and to the formation of migmatites. It

is interpreted as the result of internal heating linked to the decay of heat produc-

ing elements accumulated in a thickened crust. It resulted in the formation of a

partially molten middle crust with decoupling between the lower and upper crust,

late-collisional extension and crustal thinning; 2) a second episode of melting re-

lated to the emplacement of the Velay granites (approximately 305 Ma). This HT

event synchronous with crustal extension is considered to result from intrusion of

hot mantle-derived and lower crustal magmas triggering catastrophic melting in

the middle crust; 3) a third episode of melting corresponding to emplacement of

late granites (295-305 Ma) generated from melting of specific lithologies triggered

by injection of mafic magmas (Barbey et al., 2015). This strong tectono-thermal event

is interpreted as the record of the post-orogenic collapses of the eastern Massif Cen-

tral (Ledru et al., 2001).
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Figure 4.10: P-T paths of different units of the Aigurande Plateau. GLA: Leptyno-Amphibolitic Complex; MG: micaschist-
gneiss series (from Faure et al., 1990).

4.2.2 Western Massif Central

The structure observed in the western cross-section is consistent with the eastern archi-

tecture and five domains can be recognised from the north to the south (Lardeaux et al.,

2014) (section 3-4 in Figure 4.5):

• the Upper Gneiss Unit is represented by a synformal klippen in the Aigurande

Plateau (data PA) and others two to the south in the Limousin (data Li3 and Li7).

The Aigurande Plateau is an ENE-WSW trending antiform folding a nappe com-

posed of the LAC and migmatites thrusted upon a micaschist-gneiss series. The

eclogites observed in the LAC show an early HP stage, followed by a retrograde

evolution firstly in amphibolite facies conditions and then under conditions of LP

associated to a partial anatectic event. The evolution of the micaschist-gneiss se-

ries is characterised by a prograde metamorphism up to amphibolite facies con-

ditions, overprinted by a LP metamorphism (Figure 4.10). In the Limousine, the

UGU is composed primarily of plagioclase-rich gneisses, locally with an anatectic

imprint, and numerous bodies of amphibolitised quartz bearing eclogites, which

derive from MORB-type basalts and gabbros;

• para-autochthonous units underlie the LGU and are well exposed as tectonic win-

dows in the Thaurion anticline and Aigurande Plateau. These units are composed

mainly of micaschists and paragneisses with rare metavolcanics and quartzites;

• a peculiar characteristic of the western cross-section, in the Limousine area, is the

occurrence of dismembered ophiolite bodies including numerous peridotites and

forming a transported suture zone now separating the UGU and the LGU. These

ophiolite bodies are associated with scarce zoisite bearing eclogites equilibrated
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Figure 4.11: Comparison of the P-T path determined for the UHP Limousin eclogites with P-T conditions of Variscan
LT/HP and UHP rocks (Nove Dvory and Gföhl are UHP terranes in the Bohemian massif) and with UGU and LGU P-T
path determined for other Limousin eclogites (from Berger et al., 2010).

under UHP conditions (data Li6). The well-preserved assemblages of these eclog-

ites indicate a fast exhumation to mid-crustal level, which is followed by an upper

Devonian anatectic HT-MP event (Berger et al., 2010) (Figure 4.11);

• the Lower Gneiss Unit is well exposed in the core of the antiforms, as the Tulle An-

tiform in the Limousine (data Li1). It consists mainly of calc-alkaline orthogneisses

metamorphosed under amphibolite facies conditions and associated with parag-

neisses and minor amphibolites. The entire series is partly migmatised (375-385

Ma) (Faure et al., 2008);

• the uppermost Thiviers-Payzac low-grade unit (TPU) consists of metagreywackes,

metasandstones and metapelites with minor amounts of quartzites, graphite schists,

marbles and amphibolites. The foliation presents a well-developed NW–SE trend-

ing mineral and stretching lineation along which shear criteria indicate a top-to-the

NW shearing associated to the superposition of the TPU upon the UGU. In the

Quercy area (data TP1), the micaschists experienced a clockwise prograde meta-

morphic P-T path ending with an isobaric heating. The peak conditions corre-

spond to the amphibolite facies conditions coeval with the top-to-the NW shearing

(Duguet et al., 2007).

4.2.3 Central Massif Central

A third cross-section can be analysed to enlighten the metamorphic evolution of the do-

mains belonging to the central-southern Massif Central (Figure 4.12):

• the Upper Gneiss Unit is represented in the Haut-Allier, Artense, Cezallier, Marve-

jols and Rouergue metamorphic units. Eclogites in the LAC of the Haut-Allier and
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Figure 4.12: Simplified geological cross-sections throughout the central French Massif Central (from Faure et al., 2009).

Figure 4.13: P-T paths of the paragneisses from the Artense unit. In white the UGU; in grey the LGU; HP relicts are shown
by points (from Mercier et al., 1992).

Marvejols areas show HP metamorphism dated at 420-450 Ma (data HA1) and 410-

420 Ma (data Ma1), respectively. Moreover, in the Marvejols the eclogites are retro-

morphosed under granulite and amphibolite facies conditions, at 360-400 Ma and

345-360 Ma, respectively (Pin and Peucat, 1986; Ledru et al., 1989; Mercier et al., 1991b).

In the Artense area relicts of HP have been observed in both the paragneisses and

the amphibolites (data Ar1). In the Artense unit the evolution is characterised by an

initial HP metamorphic imprint followed by a decompression associated to an in-

crease of temperature, reaching granulite facies conditions. Differently, during the

last stage the exhumation is characterised by a decrease of temperature under am-

phibolite facies conditions (Mercier et al., 1992) (Figure 4.13). A retrograde P-T path

is observed also to the south, in the Rouergue. All the klippen of the Rouergue unit

(Lévézou, Najac and Le Vibal, data Ro1, Ro2 and Ro3, respectively) show HP relict

metamorphism, recorded at approximately 415 Ma, followed by slightly different

paths during the exhumation. However, all of them show a similar final mineral

assemblage (340-350 Ma) recorded under amphibolitic facies conditions (Burg et al.,

1989) (Figure 4.14);
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Figure 4.14: P-T paths of the klippen of the Rouergue area (from Burg et al., 1989).

• the Lower Gneiss Unit of the Artense area is composed of metapelites and meta-

morphosed orthogneisses (data Ar2). The members of this unit do not show relicts

of HP metamorphism and they underwent a retrograde metamorphic evolution af-

ter the coupling with the UGU. The older metamorphic imprint of the paragneiss is

recorded under amphibolite facies conditions and is coeval with the main foliation.

This unit suffered a successive anatectic event during the decompression (Mercier

et al., 1992) (Figure 4.13);

• in the southernmost portion of the Massif Central, the Montagne Noire exposes the

Palaeozoic Fold-Thrust Belt and the southern foreland basin. It is classically di-

vided into three units, characterised by late Visean-early Namurian south-verging

recumbent folds: the southern and northern parts, composed of Palaeozoic sedi-

mentary series, and the axial zone, composed of cores of gneisses and migmatites

surrounded by micaschists. Two large lithological units form the axial zone, a base-

ment orthogneissic complex and the Cambro-Ordovician covers, have a contact

marked by amphibolite layers. Both the axial and the outer zones experienced a

polyphase metamorphic evolution and, despite a pervasive anatexis, several rock

types considered as protoliths are preserved as restites. The most pervasive meta-

morphism is a HT-LP event, with minor variations between the southern and north-

ern part. Moreover, an earlier eclogite facies metamorphism is preserved in the

mafic rocks, while in both the orthogneisses and the pelitic rocks it has been en-

tirely deleted by the late LP metamorphism (Demange, 1985; Faure et al., 2014) (Fig-

ure 4.15).
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Figure 4.15: P-T-t paths of different rocks from the Montagne Noire (from Faure et al., 2014).

Figure 4.16: Digital terrain model of the Mediterranean region. AdS: Adriatic Sea; IL: Insubric line; MP: Moesian Platform;
PB: Provencal Basin; PaB: Pannonian Basin; RM: Rhodope Massif (from Cavazza and Wezel , 2003).

4.3 The Alps

The Alps are the product of continental collision along the former south-dipping sub-

duction zone between the Adriatic promontory of the African plate to the south and the

southern continental margin of the European-Iberian plate to the north. The Alpine belt

extend from the Gulf of Genoa to the Vienna basin, through the French-Italian western

Alpine arc and the east-west-trending central and eastern Alps. The eastward contin-

uation of the Alps is into the Carpathians and their former connection is buried below

the Neogene infill of the Pannonian basin. South of Genoa, the Alpine range disappears,

because it collapsed and was fragmented during the opening of the Neogene Ligurian-

Provencal-Algero basin and Late Neogene Tyrrhenian basin (e.g. Cavazza and Wezel, 2003;

Dal Piaz et al., 2003; dal Piaz, 2010) (Figure 4.16).

According to the sense of tectonic transport toward the foreland, the Alps are cur-

rently subdivided into two belts of differing size, internal frame, age and geological
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meaning: 1) the Europe-vergent belt, which is a thick collisional wedge of Cretaceous-

Neogene age, consisting of continental and minor oceanic units radially displaced to-

wards the Molasse foredeep and European foreland; and 2) the Adria-vergent Southern

Alps, which is a minor, non-metamorphic, ophiolite-free and younger (Neogene) thrust-

and-fold belt displaced to the south, developed inside the Alpine hinterland of the Adri-

atic upper plate, far from the oceanic suture (Polino et al., 1990 and refs therein). These

belts are juxtaposed along the Periadriatic lineament, a major fault system re-activated

during the Oligo-Neogene (Dal Piaz et al., 2003; dal Piaz, 2010). Four tectonic domains can

be recognised:

1. the Austroalpine domain (yellow in Figure 4.17) derived from the Adriatic passive

continental margin, which mainly developed during Cretaceous. It can be subdi-

vided into two sectors: 1) the western Austroalpine, consisting of the Seisa-Lanzo

zone and numerous external slices of the Dent Blanche nappe; these continental

units either override or are tectonically interleaved with the ophiolitic units of the

Penninic domain. Two units are identified (the upper Austroalpine outliers and the

Sesia-Lanzo inlier), which were diachronously subducted to various depths; 2) the

eastern Austroalpine, consisting in a pile of cover and basement nappes extending

from the Swiss/Austrian border to the Pannonian basin. Its allocthony over the

Penninic zone is marked by the ophiolitic units exposed in the Engadine, Tauern

and Rechnitz windows. To the north the Austroalpine overrides the outer-Penninic

Rheno-Danubian flysch belt, while to the south it is juxtaposed to the Southalpine

upper continental crust along the Periadriatic lineament. In different portions of

Central and Eastern Alps it is possible to recognise fragment of Variscan lower con-

tinental crust with eclogitic relics and slices of garnet-spinel peridotite (Spalla et al.,

2014 and refs therein);

2. the Penninic domain (blue in Figure 4.17) is limited to the north by the Penninic

front; it is constituterd by the continental and oceanic nappes of the proximal Euro-

pean continental margin and the Mesozoic ocean. In the Western Alps five kinds of

units can be distinguished: 1) the ophiolitic units, that are subdivided in eclogitic

(HP/UHP) and blueschists facies (HP) units, both overprinted by a greenschist

to amphibolite facies; 2) the inner-Penninic nappes of the continental basement;

3) the middle-Penninic multinappes system; 4) the lower-Penninic nappe of the

Ossola-Tessin window and outer-Penninic Valais zone, including ophiolitic units

and flysch décollement nappes, limited to the north by the Penninic frontal thrust;

5) klippe constituted by pre-Alpine metamorphic basement. In the Eastern Alps,

the Penninic zone is exposed in the Engadine, Tauern and Rechnitz windows. The

Tauern nappe consists of the ophiolitic nappe and of the underlying cover and base-

ment nappes derived from the European passive continental margin. The conti-
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nental nappes of the Penninic zone include metamorphic pre-Alpine basement and

the whole domain, excluding the klippe, shows a HP Alpine metamorphism which

overprints the pre-Alpine metamorphism (Spalla et al., 1996; dal Piaz, 2010; Lardeaux,

2014b and refs therein);

3. the Helvetic domain (red in Figure 4.17) consists of prominent crystalline massifs,

sedimentary cover units, and décollement nappes derived from the European mar-

gin. It is possible to recognise units characterised by polymetamorphic basement

(with Variscan and older metamorphism) and units characterised by monometa-

morphic basement (only Variscan metamorphism), evolving from an Ordovician

subduction, through a successive Variscan collision, to the orogenic collapse and

the erosion during the Carboniferous (Spalla et al., 2014 and refs therein);

4. the Southalpine domain (green in Figure 4.17) extends to the south of the Periadri-

atic lineament. It belongs to the continental Adriatic margin and it shows a very

low-grade Alpine metamorphic imprint (chlorite, white mica and stilpnomelane)

associated with the earlier Alpine fabrics (Albini et al., 1994; Carminati et al., 1997;

Spalla et al., 1999). During Alpine convergence E–W trending folds and thrusts de-

veloped and progressively propagated to the south, reactivating Mesozoic exten-

sional faults.

By the means of deep seismic experiments two distinct Moho surfaces have been

recognised: the Adriatic and the underlying European Moho, which gently bends from

the Alpine foreland to the deep base of the collisional wedge (Figure 4.18). The global

setting of the Alps is asymmetric and the orogeny was dominated by Europe-vergent dis-

placements, while the antithetic Southalpine belt is only a superficial feature of the Adri-

atic upper plate. The Europe-vergent belt is a mantle-free crustal wedge which tapers to

the north, floating over the current European lower plate and indented to the south by the

current Adriatic lithosphere (Figure 4.18). The orogenic wedge groups the Austroalpine,

Penninic and Helvetic domains and may be subdivided into two diachronous parts: 1) in

the inner portion of the belt, between the Penninic front and the Periadriatic lineament,

the older Austroalpine-Penninic part can be recognised. This is a fossil subduction com-

plex which includes the Adria/Europe collisional zone, marked by one or more ophiolitic

units and displays polyphase metamorphism evolving from blueschist or eclogite facies

imprint of Cretaceous-Eocene, to a HT Barrovian overprint of late Eocene-early Oligocene

age; 2) the younger Helvetic part, which is in the northern from the Penninic front. This is

made up of shallower basement thrust-sheets and largely detached cover units which de-

rived from the distal European margin, which escaped the low-T subduction regime and

were accreted in front of the exhumed Austroalpine-Penninic wedge from the Oligocene

(Polino et al., 1990).



98 4. The Variscan belt

Figure 4.17: Tectonic map of the Alps (from Spalla et al., 2014).

Figure 4.18: NW-SE geological section of the Alps. Austroalpine domain: Sesia-Lanzo (sl); Dent Blanche nappe (db);
Matterhorn (ma). Penninic domain (P): Piedmont ophiolitic units (po); Monte Rosa (mr); Grand St. Bernard (sb) nappes;
Valais zone (va); Penninic klippen (Pk); Penninic frontal thrust (pft). Helvetic domain (H); Southalpine domain (SA);
periadriatic fault system (pl); molasse foredeep (M); Jura belt (J); buried wedge (BW); continental crust (EC); continental
mantle (EM); asthenosphere (AS); adriatic lithospheric mantle (AM); padane-Adriatic foreland (PA) (from dal Piaz, 2010).
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4.3.1 Variscan metamorphism in the Alps

Most of the pre-Alpine basement recycled during the Alpine subduction shows a pre-

Mesozoic metamorphic evolution, compatible with the evolution that characterised the

european Variscan belt (von Raumer et al., 2003; Spalla et al., 2014). The future Alpine do-

mains were probably located along the southern flank of the Variscan belt (von Raumer

et al., 2003). The oldest zircons found in various polymetamorphic basements refer to Pre-

cambrian clastic material eroded from extra-Alpine sources. The occurrence of Proterozoic-

early Cambrian ocean spreading, island-arc activity, and bimodal volcanism is docu-

mented in the European and Adriatic basement, with debated traces of Precambrian

amphibolite-eclogite facies metamorphism (Aar, Silvretta) (Maggetti and Galetti, 1988; Maggetti

and Flisch, 1993; Schaltegger, 1994). From the Middle Ordovician onward, sedimentary

gaps and thermal uplift in the Alpine domain are thought to represent the general crustal

extensional regime, as observed outside the Alpine domains. In many Alpine basement

areas, polymetamorphic assemblages comparable to those of the contemporaneous Euro-

pean geological framework prevail, testifying to a polyphase metamorphic evolution ac-

companied by nappe stacking during different periods (von Raumer et al., 2013). An early

phase of subduction at about 380 Ma is characterised by transformation of metabasites

into eclogites (Stampfli, 2002; Liati et al., 2009; von Raumer et al., 2013) and in some zones a

subsequent recrystallisation under granulite facies conditions took place at about 340 Ma

(Ferrando et al., 2008; Liati et al., 2009; Rubatto et al., 2010). From 330 Ma onward, a general

environment of exhumation and uplift is well shown in the basement outside the Alps,

leading to a widespread HT overprint. These conditions induce a systematic migmatisa-

tion also observed in all the External massifs of the Helvetic domain (von Raumer et al.,

2013). P-T estimates of the Variscan metamorphism in the Alps are presented in Tables

B.1 and B.3.

4.3.2 The Austroalpine domain

The metamorphic basement of the Austroalpine domain (data Av in Table B.1) was part of

Gondwana before its involvement in the Variscan collision with Laurussia (von Raumer,

1998; Desmons et al., 1999a). In the Austroalpine basement, relicts of HP metamorphism

are preserved in lenses and elongated bodies of metabasites inside metapelites. Locally,

garnet, omphacite and quartz bearing eclogites are preserved in these bodies, as result of

the non-complete re-equilibration during the exhumation following the Variscan meta-

morphic peak (Konzett et al., 2005). Eclogites have been observed in different localities of

the Central and the Eastern Alps, as the Ulten zone, the Oetzal-Stubai zone, the Silvretta

basement, the Languard-Campo nappe, Koralpe and Saualpe (von Raumer, 1998; Spalla

et al., 2014). All these eclogites show a polyphasic evolution with a Variscan HP meta-

morphism for some of them (Miller and Thöni, 1995; Sassi et al., 2004; Konzett et al., 2005).



100 4. The Variscan belt

Variscan eclogites are preserved within large bodies derived from gabbros and related

ultramafic cumulates, re-equilibrated mostly under amphibolite facies conditions (Go-

dard et al., 1996; Spalla et al., 2014). The Austroalpine domain of the Central and Eastern

Alps is dominated by pre-Alpine basement rocks and two main types of crustal elements

can be differentiated: 1) the upper Austroalpine nappes, in the external zone; and 2) the

middle Austroalpine units, in the internal zone (Neubauer, 1988; von Raumer, 1998). In

the external zone Ordovician to Devonian sediments with acidic volcanic rocks of Or-

dovician age and basic intraplate to marginal basin volcanism of Silurian and Devonian

age testify to rifting along the former Gondwana passive margin. In the internal zone

Gondwana-derived crustal blocks contain metabasitic series (e.g. Silvretta) which indi-

cate a Cambrian island-arc situation. These units were the place of deep crustal thrusting

since the early Variscan evolution, and synkinematic granitoids are the signs of collision

during the Early Carboniferous (von Raumer, 1998). In the Western Alps, the Sesia zone,

the Dent Blanche nappe and the klippe between them form three complexes called Lower

Austroalpine (Desmons et al., 1999b).

Valpelline series (Dent Blanche nappe)

The Dent Blanche nappe comprises two main units described as the structurally lower

Arolla series, composed of late Paleozoic granites and granodiorites and mafic to ultra-

mafic rocks, and the structurally higher Valpelline series, composed of high-grade parag-

neisses with lenses and layers of basic granulites, garnet and clinopyroxene bearing am-

phibolites and marbles (Gardien et al., 1994; Desmons et al., 1999b; Zucali et al., 2011; Man-

zotti and Zucali, 2013). The dominant metamorphic imprint occurs under amphibolite to

granulite facies conditions and it is of pre-Alpine age (Gardien et al., 1994; Manzotti and

Zucali, 2013) (data Av11 and Av12 in Table B.1). The Alpine imprint is localised along

high-strain zones that are tens to hundreds of metres wide and occur under greenschists

facies condition (Manzotti and Zucali, 2013). Gardien et al. (1994) observed a pre-Alpine

polymetamorphic evolution, consisting of an early intermediate pressure granulitic stage

recorded by rare relics of kyanite, rutile and alkali feldspar, follow by an intensive re-

equilibration under HT amphibolite facies conditions. Zucali et al. (2011); Manzotti and

Zucali (2013) observed a pre-Alpine tectonometamorphic evolution in four evolutionary

stages, from pre-Permian to Alpine age and under granulite to greenschist facies condi-

tions (Figure 4.19).

Ulten zone (Tonale nappe)

The Ulten zone is part of the upper Austroalpine domain, which consists of a metasedi-

mentary cover and crustal slices derived from the Mesozoic passive margin of the Adria

microplate (Godard et al., 1996). North of the Tonale and Giudicarie lines, the Austroalpine



4.3 The Alps 101

Figure 4.19: P–T–t–d paths reconstructed by Zucali et al. (2011); Manzotti and Zucali (2013) (boxes and chronology) and
by Gardien et al. (1994) (G1, G2a, G2b, G3 and G4) (from Manzotti and Zucali , 2013).

system comprises a northern, cover-bearing nappe (Ortler nappe) and a southern, cover-

free nappe (Tonale nappe) (Scambelluri et al., 2010). The Ulten Zone belongs to the Tonale

nappe that is separated from the Ortler nappe to the north by the Peio Line and from the

Southalpine domain to the south by the Giudicarie line, which is a segment of the Peri-

adriatic lineament. The Tonale nappe is subdivided into Tonale and Ulten Zones, which

are divided by the Val Clapa and Rumo Lines. The Tonale Zone is mainly composed

of sillimanite-bearing metasediments, metagranitoids with subordinated marbles, calc-

silicates and mafic and ultramafic layers retrogressed during the late- or post-Variscan

exhumation. In addition, an Alpine greenschist facies overprint locally affects these

rocks. The crustal Ulten Zone is composed of migmatites, garnet and kyanite bear-

ing gneisses and subordinate metagranitoids. Ultramafic lenses, ranging in composition

from lherzolite to dunite, are located between the garnet-kyanite gneiss and the overly-

ing migmatites. Boudins of mafic amphibolites and rare retrogressed eclogites also occur

as lenses in the gneiss and migmatites. Differently, the Variscan HP (eclogite to granulite

facies) metamorphic signatures of the Ulten zone is well-preserved (data Av4, Av5 and

Av6 in Table B.1) and is only weakly overprinted by Alpine metamorphism (Godard et al.,

1996; Tumiati et al., 2003; Scambelluri et al., 2010). In the Ulten zone basement textural

and/or mineralogic relicts belonging to different stages of deformation and metamor-

phism have been recognised and its history can be summarized as follows: 1) pre-D1
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Figure 4.20: P–T paths reconstructed for the Ulten zone by Tumiati et al. (2003) (T03), Godard et al. (1996) (G96),
Hauzenberger et al. (1996) (H96) and Braga et al. (2007) (B07) (from Scambelluri et al., 2010).

(Godard et al., 1996) (or syn-D1, Hauzenberger et al., 1996), characterised by migmatisation

by dehydration melting; 2) D1, characterised by mylonitic deformation at eclogite facies

conditions; 3) post-D1, characterised by injection by exotic melts and further migmati-

sation at eclogite-granulite facies conditions during decompressional exhumation; 4) D2,

characterised by shearing and retrogression. The estimates define a metamorphic evolu-

tion characterised by a clockwise P-T path, with a HP peak followed by thermal relax-

ation up to maximum temperature and a successive retrogression under amphibolite to

greenschist facies conditions (Scambelluri et al., 2010) (Figure 4.20).

Silvretta nappe

The Silvretta nappe is situated at the border zone of Switzerland and Austria and it is

consituted for the large part of crystalline rocks, with the exception of the autochthonous

Permo-Triassic sediments. The most common crystalline rocks are orthogneisses and

metabasites, except in the northern part where metasedimentary rocks prevail. Unal-

tered eclogites and altered pre-Variscan eclogites occur as small subconcordant bodies

in amphibolites or medium grade paragneisses (Maggetti and Galetti, 1988; Maggetti and

Flisch, 1993; Schweinehage and Massonne, 1999). The Silvretta nappe show the highest con-

tent of metabasites compared to other basement units of the Eastern Alps and they occur

as lenses of plagioclase, epidote, biotite and garnet bearing amphibolites folded around

subvertical axis and intercalated in metapelites and metagreywackes (Schweinehage and

Massonne, 1999). In the crystalline basement, ultramafic rocks have been described from

the Hochnorderer to Val Sarsura, and on the western face of the Hochnorderer three ultra-
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Figure 4.21: P–T paths reconstructed for the eclogites of the Silvretta nappe (from Schweinehage and Massonne, 1999).

mafic lenses in amphibolites have been observed (Melcher et al., 2002). The polymetamor-

phic evolution of the Silvretta nappe begins with an Ordovician HP-HT event preserved

in few orthogneisses, followed by a Variscan deformation under amphibolitic facies con-

ditions and by a successive late-Variscan low-grade event (Schweinehage and Massonne,

1999) (Figure 4.21) (data Av7 and Av8 in Table B.1). The Alpine metamorphism have

weakly overprined the pre-Alpine history and it is constrained to the area surrounding

the Engadine window where metamorphism in greenschist facies conditions have been

recorded (Schweinehage and Massonne, 1999; Melcher et al., 2002).

Speik complex (Hochgrossen massif)

The Speik complex is a lithotectonic unit belonging to of the middle Austroalpine domain

and is constituted by a package of amphibolites, gabbros, sediments and serpentinized

ultramafic rocks several hundred meters thick that represent a pre-Silurian dismembered

ophiolite nappe. This unit underwent metamorphism during Variscan times (data Av1

in Table B.1) and was overprinted during Eoalpine orogeny to variable degrees. The

Hochgrossen massif is part of the Gaaler Schuppenzone, which contains fragments of

the Speik complex with transgressing Permo-Mesozoic sediments. To the north and NE

of the Hochgrossen summit, a rootless body of strongly foliated serpentinite structurally

overlies a paragneiss suite with minor amphibolite. Retrogressed eclogite and amphibo-

lite also form a concordant lens within the serpentinite close to its eastern margin (Faryad

et al., 2002). Differently from most eclogites to the east of the Tauren window which are

related to Eoalpine metamorphic events, these eclogites show a pre-Alpine evolution as

eclogites observed to the west of the Tauren window (Miller and Thöni, 1995; Schweinehage
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and Massonne, 1999; Faryad et al., 2002).

Oetztal-Stubai complex

The Oetztal-Stubai polymetamorphic complex was overthrust on Pennine rock series

during the late Cretaceous-Tertiary (Miller and Thöni, 1995). The Oetztal-Stubai com-

plex consists predominantly of metapelitic to metapsammitic gneisses and schists with

intercalated metacarbonates that recorded the Variscan metamorphic evolution under

medium to high-grade conditions (data Av2 and Av3 in Table B.1) and overprinted by Eo-

Alpine metamorphism, with increasing intensity from NW to SE and culminates in a zone

of epidote-amphibolite to eclogite facies conditions (Miller and Thöni, 1995; Konzett et al.,

2005; Rode et al., 2012). Meta-igneous rocks are present throughout the entire complex as

amphibolites and granitic orthogneisses cropping out in concordant layers or lenses. The

structures are dominated by a strong EW-trending schistosity and by a kilometre-scale

folding around steep axes (Konzett et al., 2005). Petrological and geochronological data

indicate at least three major periods of metamorphism or thermal activity in the Oetztal-

Stubai complex (Miller and Thöni, 1995; Konzett et al., 2005): 1) a Cadomian to Caledonian

high-grade event at 530-440 Ma that led to the formation of migmatites and the intru-

sion of granites and gabbros; 2) a dominant Variscan eclogite to amphibolite facies event

at 390-330 Ma; 3) an Eo-Alpine event at 100–65 Ma. Rocks other than metabasites only

rarely preserve evidence for a Variscan HP metamorphism. A similar Variscan metamor-

phic evolution can be stated for different portion of the complex and the basement can

be considered to be involved in the Variscan collision as a single lithotectonic unit (Rode

et al., 2012) (Figure 4.22).

4.3.3 The Penninic domain

The Penninic domain (data Pv in Table B.1) is supposed to have migrated, since the Juras-

sic, from a more southwestern position to its actual position between the Helvetic and

Austroalpine domains. (von Raumer, 1998). The western Penninic units consist either

of Precambrian to early Palaeozoic polymetamorphic basement or monometamorphic

basement (Thélin et al., 1993; Desmons and Mercier, 1993; von Raumer, 1998; Desmons et al.,

1999a). The Grand St. Bernard nappe is commonly divided in four main tectonic units

that, from the external (NW) to the internal (SE) side of the Alpine chain and from the

lower to the upper structural level are: the Zone Houillere, the Pontis nappe, the Siviez-

Mischabel nappe and the Mont Fort nappe. The Pontis and Siviez-Mischabel nappes

comprise both poly- and mono-metamorphic basements, while the two other units ap-

parently escaped any pre-Alpine metamorphism. Two metamorphic preserved windows

allow a partial reconstitution of the pre-Alpine metamorphic history: 1) eclogites in the

Siviez-Mischabel nappe, associated with banded amphibolites, that show pre-Variscan
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Figure 4.22: Summary of P-T paths in the central and northern Oetztal-Stubai complex (from Rode et al., 2012).

HP mineral assemblages, overprinted by an amphibolite facies event; 2) the Mont Mort

(Pontis nappe), composed of garnet and staurolite micaschists and aluminum silicate

bearing schists (Borghi et al., 1999; Thélin et al., 1990; Giorgis et al., 1999; Bussy et al., 1996;

Thélin et al., 1993; Desmons and Mercier, 1993). The Inner Crystalline massifs (Dora Maira

massif, the Monte Rosa nappe and the Gran Paradiso massif) represent basement nappe

of the Inner Penninic domain, characterised by the occurrence of HP metamorphic as-

semblages (Gasco et al., 2011a,b). To the east, the polymetamorphic basements have been

recognised in the Lucomagno and Leventina areas and in the Tambo and Suretta nappes

(Thélin et al., 1993). The Tauern region is underlain by a metabasic series of lower Palaeo-

zoic age which could represent a prolongation of the External massifs towards the east.

The late Variscan evolution can be well compared to that of the External massifs of the

Helvetic domain (von Raumer, 1998).

Siviez-Mischabel nappe

The Siviez-Mischabel nappe thickens progressively eastward and it is composed of poly-

metamorphic basement, in which eclogites can be observed, and of a mono-metamorphic

cover (Thélin et al., 1990, 1993). The poly-metamorphic basement is subdivided into two

units: the Ergishhorn unit, composed mainly by paragneisses and amphibolites, and the

Barneuza unit, which includes banded amphibolites, augen-schists and a banded com-
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Figure 4.23: P-T-t paths related to eclogites of the Siviez-Mischabel nappe (a) and of the Pontis nappe (b) (from Thélin
et al., 1993).

plex made up of chlorite schists, amphibolites and garnet bearing mica schists. The eclog-

ites and the retrogressed eclogites are associated to banded amphibolites of the Barneuza

unit and they show HP mineralogical associations, sometimes overprinted by a metamor-

phism developed under amphibolitic facies conditions (Thélin et al., 1993) (Figure 4.23a).

The eclogitic imprint has been recorded only in the basement and it has been recorded in

pre-Permian age, because of the presence of Permian non-eclogitised gabbro (Thélin et al.,

1990). The uncertain age of this HP imprint makes impossible to consider the eclogite

imprint as Variscan with a good confidence (data Pv7 in Table B.1). The Alpine meta-

morphism developed under greenschist facies conditions has been recorded both by the

basement and by the covers (Thélin et al., 1993).

Pontis nappe (Mont Mort)

The Mont Mort metapelites are located in the Grand St. Bernard area, in the internal

Ruitor zone of the Pontis nappe. They represent one of the best example of well preserved

pre-Mesozoic metamorphic assemblages in the Penninic domain (Bussy et al., 1996; Gior-

gis et al., 1999). The Mont Mort unit is mainly composed of a thick metapelitic series over-

lain by garnet and staurolite bearing mica schists. Quartzites, felsic banded gneiss and

amphibolitic gneisses occur sporadically within the two main lithologies (Giorgis et al.,

1999). Textures and mineral chemistry of the metapelites reflect a Variscan polyphase PT

path, characterised by a first stage developed under amphibolitic facies (data Pv6 in Ta-

ble B.1) conditions followed by an adiabatic decompression (Thélin et al., 1993; Bussy et al.,

1996; Giorgis et al., 1999) (Figure 4.23b). The Alpine metamorphism is weekly developed

in the Mont Mort unit and it is characterised by greenschist facies assemblage (Giorgis

et al., 1999).
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Figure 4.24: Metamorphic conditions for the first (dotted) and the second (squared) pre-Alpine events preserved in Clarea
Complex (from Borghi et al., 1999).

Ambin nappe

The Ambin nappe is considered a tectonic unit of continental crust belonging to the inter-

nal portion of the Grand St. Bernard nappe, showing affinities with the Pontis nappe. The

Ambin nappe consists of two metamorphic complexes: the lower characterised by a pre-

Alpine poly-metamorphic evolution (Clarea complex), and the upper characterised by

a mono-metamorphic evolution (Ambin complex). In the lower tectonic levels, the first

pre-Alpine stage occurred under IP conditions and it is defined only by mineralogical

relics in the metabasites and in the metapelites (data Pv5 in Table B.1), while the second,

dominant stage has been developed under epidote-amphibolitic facies conditions and it

is marked by the main sub-horizontal foliation of metapelites and orthogneisses (Figure

4.24). The two complexes show the same Alpine metamorphic evolution characterised

by two main events. The first event occurred under epidote-blueschist facies conditions

and it is followed by adiabatic decompression and then by a second metamorphic event

of Oligocene age (Borghi et al., 1999).

Ligurian Alps (Savona Massif)

The Savona Massif belongs to the Variscan basement of the Ligurian Alps, which are situ-

ated within the southernmost Penninic realm, in the Brianconnais domain, a stack of pre-
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Figure 4.25: P-T-t evolution of the eclogites from the Savona Massif. U/Pb data from Messiga et al. (1992); Cortesogno
et al. (1998), Ar-Ar data from Barbieri et al. (2003) (from Giacomini et al., 2007).

Alpine sedimentary sequences and basement slices thought to represent the Mesozoic

passive margin of the European continent (Messiga et al., 1992; Giacomini et al., 2007; Maino

et al., 2012). It underwent a poly-orogenic evolution, by means of which phases of Alpine

deformation and metamorphism overprinted older metamorphic units of Variscan or

pre-Variscan age. Despite this polyphase Alpine evolution, the Ligurian Alpine tec-

tonic domains preserve a well-exposed post-Variscan succession (Maino et al., 2012). The

Savona Massif comprises a strongly deformed mafic amphibolite-paragneiss complex in

tectonic contact with orthogneisses, related to pre-Alpine evolution. Locally, the am-

phibolites retain relics of gabbro and of eclogite facies assemblages (Messiga et al., 1992;

Giacomini et al., 2007). Several Variscan geological events can be recognised (data Pv1 in

Table B.1): 1) eclogite facies conditions during the eo-Variscan collisional stage; 2) amphi-

bolite facies overprint and concomitant migmatisation of some protoliths; and 3) lower

amphibolite-greenschist facies event related to late stages of exhumation (Messiga et al.,

1992; Maino et al., 2012) (Figure 4.25). The Variscan basement rocks are partially covered

by a Permian volcano-sedimentary succession (Maino et al., 2012). The Alpine metamor-

phic overprint is localised along shear zones and tectonic contacts, without exceeding

greenschist or blueschist facies conditions (Messiga et al., 1992; Giacomini et al., 2007).

Gran Paradiso massif

The Gran Paradiso massif is a large tectonic window, which consists of a subducted con-

tinental crust underlying eclogite facies oceanic units (Le Bayon et al., 2006). The northern
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part of the Gran Paradiso massif consists of two main units, the Money unit and the over-

lying Gran Paradiso unit. The Money unit is a mono-metamorphic unit, mainly consists

of metapelites and metaconglomeratic layers containing exclusively Alpine metamorphic

minerals, while pre-Alpine relics are lacking. The Gran Paradiso unit essentially consists

of augen-gneisses derived from porphyritic granitoids of late Paleozoic age (data Pv2 and

Pv3 in Table B.1). The Variscan metasedimentary rocks were reworked during Alpine

orogeny and transformed into a polymetamorphic complex of paragneisses and micas-

chists with lenses of eclogites interpreted as either pre-Alpine amphibolites or Variscan

gabbros. The overprinting eclogite facies assemblages of Alpine age are identified in both

the metabasic and the metasedimentary rocks of the Gran Paradiso unit (Le Bayon et al.,

2006; Gasco et al., 2010).

Monte Rosa nappe

The Monte Rosa nappe consists of pre-Alpine basement comprising a high-grade parag-

neiss complex containing migmatites (data Pv4 in Table B.1), transformed to garnet-

micaschists during the Alpine cycle (Dal Piaz, 2001; Gasco et al., 2011a). The whole nappe

is characterised by low-strain domains that preserve intrusive relationships between the

granitoids and the high-grade pre-Alpine complex, and by high-strain domains in which

the Alpine structural and metamorphic imprint is well developed. Horizons rich in mafic

boudins and marbles are present at different structural levels within the metapelites

(Furgg zone). The post-Variscan cover of the Monte Rosa is represented by late Carboniferous-

Permian and Mesozoic sequences mainly preserved in the external parts of the nappe

(Gornergrat zone) or included in the Furgg zone (Gasco et al., 2011a).

Adula nappe

The original palaeogeographical position of the Adula nappe is at the distal European

margin, towards the Valais ocean. The Adula nappe, including the Cima Lunga unit to

the west and the Gruf Complex to the east, is the largest basement nappe in the eastern

part of the Central Alps (Liati et al., 2009). It consists of a basement of ortho- and parag-

neisses and metapelitic schists of pre-Mesozoic age, with minor amounts of metasedi-

mentary rocks of postulated Mesozoic age occurring as thin imbricate slices in the central

and northern parts. Metabasic eclogites and amphibolites occur as boudins enclosed

within predominantly paragneisses. They are both Alpine and Variscan in age. The latter

occurs at 306-402 Ma in the central part and at 304-354 in the northern part (data Pv8 and

Pv9 in Table B.1). Ultramafic rocks are generally only present at the western and east-

ern margins of the nappe, but are locally dominant in the associated Cima Lunga unit

to the west. Based on the mineralogy and the P-T conditions of the HP rocks, the Adula

Nappe has been subdivided into northern, central and southern domains. In the northern
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part, metabasites are characterized by barroisite and glaucophane bearing assemblages,

whereas the rock felsic gneisses are dominated by garnet, white mica and kyanite bear-

ing assemblages. Some of the gneisses of the northern Adula nappe still preserve HP

relics. The metabasites of the middle Adula nappe are generally well-preserved eclogites

surrounded by HP metapelites. In the southern part, metabasic rocks are rare (Dale and

Holland, 2003; Liati et al., 2009).

Suretta nappe

The Suretta nappe forms a thin crystalline sliver covered by a thin autochthonous sedi-

mentary cover. The crystalline basement is composed of polymetamorphic rocks, includ-

ing metapelites, metagreywackes and minor mafic lenses, mainly amphibolites. The au-

thochtonous sedimentary cover lies unconformably over the already deformed basement.

Pre-Alpine structures are preserved in the core of the mafic lenses and they are associated

with a schistosity oblique with respect to the Alpine schistosity. The mafic lenses show a

pre-Alpine HP-HT metamorphism probably developed during the Ordovician subduc-

tion (data Pv10 in Table B.1), followed by an evolution toward HT condition developed

during the continental collision. The garnet bearing amphibolitic facies observed into the

lenses shows a minor retrogression under greenschist facies condition (Nussbaum et al.,

1998).

Tauern window (Inner Schieferhulle)

The Tauern window exposes Eastern Alpine Penninic nappes below the Austroalpine

nappes. The main geological units are the Altkristallin, the Lower Schists Cover, the Up-

per Schists Cover and the granites (von Quadt et al., 1997). The Penninic rocks of the SE

Tauern window have been subdivided into a Basement Complex, consisting of a series of

old poly-metamorphic schists and gneisses (the Inner Schieferhulle) and a younger series

of Permian calcalkaline plutonic rocks (the Zentralgneis), and the Peripheral Schiefer-

hulle, a structurally higher cover sequence of metamorphosed Mesozoic sedimentary

and volcanic rocks. Both units have recorded Alpine metamorphism, while only the In-

ner Schieferhulle basement has memory of an older orogenic cycle. Two distinct phases

of pre-Alpine regional metamorphism can be recognized in the Inner Schieferhulle: an

eclogite facies event and a later amphibolite-facies event (Figure 4.26). They may have

been part either of a single Variscan metamorphic cycle or the eclogite facies metamor-

phism may be older. The eclogites are exposed only in an area in the central part of a

large amphibolitic body in Dosener Tal (Droop, 1983) (data Pv12 in Table B.1). Similar

eclogitic rocks from the Penninic basement (lower Schieferhulle) have been described in

the southern central portion of the Tauer window (Zimmermann and Franz, 1989) (data

Pv11 in Table B.1).
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Figure 4.26: Estimates P-T conditions for pre-Alpine metamorphic events in Tauern window (from Droop, 1983).

4.3.4 The Helvetic domain

Wide remnants of the Variscan basement are exposed in the External Crystalline Massifs

of the Helvetic domain (data Hv in Table B.1), in the Western Alps. The Paleozoic base-

ment of the External Crystalline Massifs is composed of metamorphic rocks with ages

ranging from the Cambrian to the Carboniferous and of non-metamorphic covers with

ages ranging from the upper Carboniferous and the Permian (Ferrando et al., 2008; Rubatto

et al., 2010; von Raumer et al., 1999; Guillot and Ménot, 2009). The Permo-Carboniferous

granitoids show an Alpine metamorphic imprint, limited to shear zones and developed

under greenschist facies conditions, allowing the preservation of the pre-Alpine evolu-

tion (Guillot and Ménot, 2009; Compagnoni and Ferrando, 2010).The exhumation of the Exter-

nal Crystalline Massifs from below the Alpine sediments initiated in the Miocene, at the

end of the Alpine orogeny. The External Crystalline Massifs include the Argentera mas-

sif, the Oisans massif, the Belledonne massif, the Grandes Rousses massif, the Aiguilles

Rouges massif, the Mont Blanc massif, the Aar massif and the Gotthard massif (Ferrando

et al., 2008; Rubatto et al., 2010; von Raumer et al., 1999; Guillot and Ménot, 2009). According

to Guillot and Ménot (2009), the External Massifs can be subdivided in three domains:

1. a western domain corresponding to the external zone of the Belledonne massif,

which is composed of metasedimentary rocks with minor intercalation of mafic

layers (late Proterozoic-early Paleozoic);

2. a central domain composed of the southwestern Belledonne, of the Grandes Rousses

massif and of the external portion of the Oisans massif. This domain comprises

the Chamrousse ophiolitic complex (Cambro-Ordovician), the plutons, the Devo-
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Figure 4.27: P-T path inferred for the mafic sequence of the Frisson lake of the Argentera massif (metamorphic stages A
to D: white circles). P-T paths for type I and type II HP granulites are shown as broad grey arrows deduced by O’Brien
and Rötzler (2003) (from Ferrando et al., 2008).

Dinantian volcanic series and Visean metasediments;

3. an eastern domain that includes the northeastern part of Belledonne, the internal

zone of the Oisans massif, the Argentera massif, the Aar massif, The Gotthard mas-

sif and the Mont Blanc massif. This domain is composed of polymetamorphic base-

ment that includes retrogrades eclogites, mafic granulites and intrusions. The base-

ment is covered by Visean metasediments and by Permo-Carboniferous deposits.

Argentera massif

The Argentera is the southernmost External Crystalline Massif and consists of a migmatitic

basement with abundant relicts of pre-anatectic rock types, intruded by late Carbonifer-

ous to Permian granites cutting across the foliation. The massif is subdivided into two

medium- to high-grade metamorphic units: the Tinée Terrain in the SW and the Gesso-

Stura Terrain in the NE (data Hv1 in Table B.1), separated by the Ferriere-Molliéres shear

zone (Rubatto et al., 2001, 2010; Ferrando et al., 2008). The two terrains are characterised

by different pre-Alpine metamorphic evolutions, but both contain relics of HP and/or

HT mineral assemblages, usually preserved within mafic rocks and exceptionally also in

metapelites (Ferrando et al., 2008; Rubatto et al., 2001; Latouche and Bogdanoff , 1987) (Figure

4.27).
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Oisans massif

The inner part of the Oisans massif is mainly composed of garnet bearing gneisses and

rare kyanite and cordierite bearing metasediments. In this area the oldest structure has

been identified and corresponds to the nappe emplacement of the retrogressed eclogitic

unit over the paragneissic unit (data Hv6, Hv7 and Hv8 in Table B.1). The exact age and

direction of thrusting is unknown, but it occurred after the eclogite formation in this unit

at about 395 Ma and prior to the Devonian migmatization at less 355 Ma that affected

the entire nappe pile (di Paola, 2001; Guillot and Ménot, 2009). In the south-western part

of the Oisans massif, massive amphibolites with interlayered quartzites, leptynites and

chlorite bearing micaschist are exposed. In the southeastern part of the Oisans Massif,

amphibolic granulites record a LP-HT Late-Paleozoic metamorphism, with a P-T path

marked by a strong increase in temperature during decompression (Guillot and Ménot,

2009; Grandjean et al., 1996). A tectonic boundary can be traced between the external and

internal domains of the Oisans massif, described as a major normal fault with a sinistral

component (Le Fort, 1973; di Paola, 2001; Guillot et al., 2009a).

Belledonne massif

The Belledonne massif is subdivided in three main tectonic domain, separated by late

Paleozoic faults, which are characterized by distinct lithological, magmatic, tectonic and

metamorphic features (Menot, 1988; Ménot et al., 1987):

1. a domain exposed in the external branch, which includes a sub-vertical metapelitic

series;

2. a domain exposed in the NE part of the internal branch, consisting of a gneissic and

amphibolitic basement intruded by orthogneisses and granites and of green and

black schists associated with acid and basic metavolcanics;

3. a domain exposed in the SW of the internal branch, built up by the tectonic super-

position of four formations, the age, the geodynamic significance and the tectonometa-

morphic evolution of which are significantly distinct.

Eclogites in the Belledonne Massif occur as outcrops within a leptynite/amphibolite com-

plex situated in the north-eastern part of the massif (Paquette et al., 1989).

The external domain is composed of flysch slightly metamorphosed, while in the in-

ternal zone two portions divided by the Rivier-Belle Etoile fault can be distingueshed: 1)

to NE the basement is composed of gneisses and amphibolic rocks intruded by Visean

granits; 2) to SW the basement is constituted by three nappes, the upper Chamrousse

ophiolitic complex (lower Paleozoic), the Devo-Dinantian igneous rocks and the lower

Paleozoic micaschists (Guillot and Ménot, 2009). Within the SW domain two tectonic
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Figure 4.28: P-T conditions during the metamorphic evolution of the Allemont and Livet units. a) Upper Allemont sub-unit
(UsU) and lower Allemont sub-unit (LsU) P-T evolution; b) Livet Unit P-T evolution (from Guillot and Ménot , 1999).

blocks have been defined, separated by the La Pra-Livet fault. The western block in-

cludes the well exposed Chamrousse ophiolite lying upside down on the Taillefer and

Riouperoux-Livet formations. The eastern block displays a more complex structural pat-

tern with successive post-nappe folds. From top to bottom, the nappe pile involves three

major tectonic units: the Chamrousse ophiolitic complex; the Taillefer and Riouperoux-

Livet unit and the Allemont unit. The Livet and the Allemont units (data Hv4 and Hv3 in

Table B.1, respectively) recorded different initial P-T and structural evolution, followed

by the same tectonometamorphic evolutions during later stages (Guillot and Ménot, 1999)

(Figure 4.28).

Mont Blanc massif

The external Mont Blanc massif is characterised by a polymetamorphic basement com-

posed of orthogneiss, paragneiss, carbonate lenses, mafic schists, amphibolites and pre-

Alpine quartz veins (data Hv13 in Table B.1). The composition of the gneisses is generally

quartzo-feldspathic, but can vary depending on the amount of deformation and/or pro-

tolith. The mafic schists tend to be associated spatially with the marbles and zones of

intense deformation (Marshall et al., 1997; von Raumer et al., 1993). The Internal Mont

Blanc massif is composed almost entirely of the Mont Blanc intrusive rock suite. The

sedimentary cover of the internal massif consists of middle to upper Triassic, Jurassic

and Cretaceous quartzites and calcareous rocks. The Alpine metamorphism in the Mont

Blanc massif has generally overprinted the Variscan metamorphism, while the Alpine

peak-metamorphic conditions in the Aiguilles Rouges massif reached lower greenschist

grade, preserving the Variscan metamorphic evolution. The Mont Blanc and the Aigu-

illes Rouges massifs have undergone similar pre-Alpine metamorphic events, and due

to similarities in the rock types and the close spatial association, data obtained from the
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Figure 4.29: P–T path of the eastern (E) and western (W) part of the Col de Bérard region of the Aiguilles Rouges massif
(from Schulz and von Raumer , 2011).

Aiguilles Rouges massif have been used to interpret the pre-Alpine evolution of the Mont

Blanc. In Les Petoudes the Alpine deformation has been less intense and calc-silicate

lenses have preserved the pre-Alpine coronitic assemblages of almandine, hornblende,

quartz and plagioclase (Marshall et al., 1997).

Aiguilles Rouges massif

The Aiguilles Rouges Massif consists of a complex assemblage of tectonic units with con-

trasting maximum P-T metamorphic conditions and it is relatively well preserved from

Alpine overprint (Schulz and von Raumer, 2011; Bussy et al., 2000) (data Hv10, Hv11 and

Hv12 in Table B.1). The Alpine metamorphism increase southeasterly from anchizone to

greenschist facies conditions in the nearby Mont Blanc area. The different tectonic units

are separated by major, steeply dipping NE-SW faults and/or mylonitic zones (Bussy

et al., 2000). The massif is composed for the most part of micaschists and gneisses, of-

ten migmatitic, of various compositions (pelitic to greywacke). Subordinate amounts

of graphitic schists, calcite marbles, calc-silicate gneisses, amphibole-bearing schists and

amphibolites are also observed. Low-grade monometamorphic detrital sediments with

interlayered volcanites filled an early Carboniferous basin at the southern end of the

massif (Schulz and von Raumer, 2011; Liégeois and Duchesne, 1981). The basement in the

Col de Bérard region consists of paragneisses and micaschists together with various or-

thogneisses and metabasites which show a polymetamorphic evolution of Variscan age,

characterised by an early HP metamorphism followed by an adiabatic decompression

(Schulz and von Raumer, 2011) (Figure 4.29).

4.3.5 The Southalpine domain

The Southalpine domain extends to the south of the Periadriatic lineament (data Sv in

Table B.1). It consists of an Alpine E-W trending fold and thrust system, verging south
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Figure 4.30: P-T-t paths of the metapelites (GFM) and of the paragneisses (AFP) of the Eisecktal area (from Benciolini
et al., 2006).

and is composed of pre-Alpine basement and Permian-Mesozoic volcanic and sedimen-

tary sequences, locally displaying a very low-grade Alpine metamorphic imprint asso-

ciated with the earlier Alpine fabrics (Cassinis et al., 1988; Milano et al., 1988; Carminati

et al., 1997; Spalla and Gosso, 1999; Zanoni et al., 2010). The pre-Alpine basement comprises

micaschists and gneisses, with interlayered metagranitoids, minor metabasics, marbles

and quartzites. The dominant metamorphic imprints vary from epidote-amphibolite,

or amphibolite, to greenschist facies conditions and generally predate the deposition of

Permian-Mesozoic sequences (Milano et al., 1988; Spalla et al., 2009; Zanoni et al., 2010).

Eastern Southalpine (Eisecktal)

The basement of the Eastern Southalpine domain represents a portion of the European

Variscan belt, bounded to the north and to the west by two branches of the Periadriatic

lineament, the Pustertal and the North Giudicarie faults, respectively. In the Eisecktal

area the metamorphic basement is mainly composed of metapelitic and metapsammitic

sequences metamorphosed under greenschist facies conditions during the early Paleo-

zoic, in which lenses of garnet bearing paragneiss metamorphosed under HT-LP amphi-

bolite facies conditions can be observed (data Sv11 and Sv12 in Table B.1). The metamor-

phism and the associated deformation, developed under amphibolite facies conditions,

are compatible with crustal thickening, while metamorphism under greenschist faciers

conditions indicate lower temperatures. Therefore, they represent different tectonic units,

deriving from different crustal levels, coupled during the middle Carboniferous in green-

schist facies conditions (Benciolini et al., 2006) (Figure 4.30).

Central Southalpine

The Central Southalpine domain is composed of pre-Alpine basement (data Sv2-v4 and

Sv7-Sv10 in Table B.1) and of Permo-Cenozoic covers, which locally show a low grade

Alpine metamorphism. In the Orobic Alps five units belonging to the Southalpine base-
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Figure 4.31: Types of metamorphic evolution recorded in the basement of the Central Southalpine domain (from Zanoni
et al., 2010).

ment have been identified (Spalla and Gosso, 1999; Spalla et al., 2009; Zanoni et al., 2010)

(Figure 4.31): 1) units composed of continental crust exhumed after both the collision

and the crustal thickening at the end of the Variscan convergence; 2) units that show a

prograde P-T path, interpreted as the memory of the subduction, followed by an evo-

lution like that of the units of the first type; 3) Variscan units of upper crust coupled

with the units of the types 1 and 2 under greenschist facies conditions; 4) units charac-

terised by a metamorphic evolution interpreted as exhumation of Variscan crust during

the Permo-Mesozoic rifting; 5) units composed of continental crust that show metamor-

phic conditions recorded during the subduction but that do not show any sign of the

Variscan collision. Four deformation stages can be distingueshed, two of them regarding

only the Variscan basement and two Alpine stages recorded both by the basement and by

the covers (Spalla and Gosso, 1999; Spalla et al., 2009; Zanoni et al., 2010). In the metapelites

two coeval metamorphic imprints can be observed and they can be related to the initial

metamorphic stage of different evolution of different tectonic units which coupled during

the exhumation (Spalla and Gosso, 1999).

The Val Vedello basement (data Sv5 and Sv6 in Table B.1) is exposed in the central

portion of the Orobic Alps, where the Morbegno gneisses are interlayered with the Edolo

schists. The basement is composed primarily of micaschists and paragneisses, which

prevail in Edolo schists and in the Morbegno gneisses, respectively, and secondarily of

metagranitoids, marbles and metabasites. In the tectonometamorphic evolution, a meta-

morphism developed under amphibolite facies conditions (Variscan collision) and a suc-

cessive re-equilibration under greenschist facies conditions (Variscan exhumation) can be

distingueshed (Zanoni et al., 2010).
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Western Southalpine (Ivrea-Verbano and Strona-Ceneri zones)

The Ivrea-Verbano Zone and the Strona-Ceneri Zone (data Sv1 in Table B.1) are part of

the pre-Alpine basement of the Southalpine domain, separated by the Pogallo Line and

the Cossato-Mergozzo-Brissago Line and forming a SW-NE striking crustal segment ex-

posed over 130 km length and 10-50 km width. The Ivrea-Verbano zone is bounded to

the NW by the Periadriatic lineament and it represents an uptilted part of pre-Alpine

lower continental crust. It displays a continuous succession through thinned lower to

intermediate continental crust. The base is formed by metagabbros, ultramafic bodies,

and diorites intruded into a sequence of metapelites, metapsammites, metabasites and

minor marbles. The metamorphic grade increases from upper amphibolite facies in the

SE to granulite facies in the NW (Henk et al., 1997; Vavra et al., 1999). The Strona-Ceneri

zone is considered as the decoupled upper crust of the Ivrea-Verbano zone. It displays

a series of interlayered metasedimentary rocks, orthogneisses and minor amphibolites

intruded by late Paleozoic granites (Henk et al., 1997). This association of banded ultra-

mafic, mafic and felsic metamorphic rocks is widespread in the european Variscan base-

ment, known as the Leptyno-Ampibolitic Complex (LAC) (Henk et al., 1997; Giobbi et al.,

2003). The basement of the Strona-Ceneri zone is the remnant of an ophiolite belt and

relics of a pre-Variscan HP event, as the garnet bearing amphibolites, could have been

incorporated as clasts in turbiditic metasediments within an accretionary prism in the

early stages of the Variscan cycle and successively partially re-equilibrated under am-

phibolite facies conditions (Giobbi et al., 2003). To the east, the metamorphic basement

rocks of the Strona-Ceneri zone are overlain by Permo-Carboniferous sedimentary and

volcanic rocks. Both the Ivrea-Verbano zone and the Strona-Ceneri zone have been de-

formed during the Alpine evolution under greenschist facies conditions and the thermal

peaks recorded are successive to the Variscan evolution (Henk et al., 1997; Spalla et al.,

2014).



Chapter 5

Introduction of the free surface and

comparison with natural P-T

estimates

The P-T conditions recorded by each marker of the CUM-CUM models have been com-

pared with Pmax-T estimates related to the Variscan metamorphism inferred both from

continental basement rocks of the Alpine domain and of the French Massif Central. In

the polycyclic models of the Variscan orogeny, the first orogenic cycle is coeval with the

early stage of the monocyclic models. It corresponds to a stage of north verging oceanic

subduction, lasting between 425 and 375 Ma, and followed by a stage of collision and

late orogenic collapse. In the CUM-CUM models the second evolutionary stage is repre-

sented by the phase driven only by gravitational forces, lasting 80 Ma. Therefore, the

stage of collision and orogenic collapse has been considered to last between 375 and

295 Ma. Since the duration of the ocenic subduction phase has to last 50 Ma, only the

CUM-CUM.5 model has been taken into account for the comparison with the natural P-T

estimates.

Table B.1 and Table B.2 show the Pmax and TPmax estimates from the Alps (Figure

5.1) and from the French Massif Central (Figure 5.6), respectively, recorded during their

Variscan P-T paths. To have a complete agreement between natural estimates and model

predictions, three conditions must be satisfied contemporaneously:

1. same lithotype (in terms of oceanic crust, continental crust and mantle);

2. same ages;

3. same P-T values.

119
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Figure 5.1: Tectonic map of the Alps with the localisation of the data in Table B.1.

5.1 Comparison with the CUM-CUM.5 model

5.1.1 Alps

Helvetic domain

Data from the Helvetic domain that fit with the model predictions during the active

subduction phase (data Hv3, Hv4, Hv6, Hv7, Hv11 and Hv12 in Figure 5.2a) recorded

pressures over 0.8 GPa in a wide range of temperatures (between 800 K and 1200 K),

and lithological affinities only with continental markers (brown and red points in Figure

5.3a). During the early stages of evolution, natural Pmax-TPmax estimates fit both with

subducted markers eroded by the upper plate (data Hv6, Hv7, Hv11 and Hv12 in Fig-

ure 5.4a) and with markers at the bottom of the crust of the upper plate (datum Hv12 in

Figure 5.4a), depending on the estimated pressure. Differently, no oceanic markers show

an agreement, because their thermal conditions are too cold (below 800 k) for all data

(for example datum Hv1 has an estimate temperature of about 1000 K). Proceeding with

the evolution, the upper plate warms up and markers in the deep portion of the crust

begin to fit with datum Hv4 (Figure 5.4c-f), while datum Hv12 continues to fit only in

the colder internal and shallow portion of the wedge (Figure 5.4b-f). Differently, the slab

cools down and continental markers show an agreement only with data characterised by

temperatures under 1000 K (Figure 5.3a). In particular, Hv3 shows a fitting with markers
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in the internal portion of the wedge (Figure 5.4b-f), while datum Hv11 does not fit with

continuity because it is characterised by higher temperatures and the fitting occurs only

with continental markers that are recycled in the warmer external portion of the wedge

(Figure 5.4d and e). During the last stages of the active subduction phase data Hv3, Hv4,

Hv6, Hv11 and Hv12 show an agreement also with the subducted portion of the lower

plate (Figure 5.4f).

During the active subduction phase, data characterised by intermediate P/T ratios

and data characterised by high P/T ratios fit with the model in different portion of the

subduction complex. Markers at the bottom of the upper plate crust fit with data charac-

terised by intermediate P/T ratios, such as data Hv4 and Hv12, while data with higher

P/T ratios show agreement with subducted markers in different portions of the wedge.

In particular, the higher the ratio, the more external the portion (data Hv3 and Hv11).

Data characterised by high P/T ratios (data Hv3 and Hv11 in Figure 5.3a) show agree-

ment with the model after the collision only in the early stages (Figure 5.2a), when the

thermal conditions are similar to the active subduction phase. Datum Hv4 fits with con-

tinental markers placed in portions of both the upper and the lower plate characterised

by temperatures above 800 K (Figure 5.5a-e). Data Hv5 and Hv8 are characterised by

intermediate-to-low P/T ratios (Figure 5.3a) and they show an agreement with both

oceanic and continental markers in the thickened crust (above 30 km of depth) during

the second half of the pure gravitational evolution, after the thermal re-equilibration and

the warming of the subduction complex (Figure 5.5d-f). Oceanic and continental markers

in the deeper portions of the thickened crust fit with datum Hv6 (Figure 5.5a-f), which

is characterised by high temperature and intermediate pressure (Figure 5.3a). Generally,

with the proceeding of the post-collisional evolution there is a decreasing of P/T ratios

characterising the data that fit the model.

Pennidic domain

In the early stage of the the oceanic subduction phase there is correspondence between

data Pv3, Pv10, Pv11 and Pv12 (Figure 5.2a) and model predictions. Datum Pv3 is charac-

terised by intermediate P/T ratio and show the agreement with markers in the external

and shallow portion of the wedge, while data Pv10, Pv11 and Pv12 are characterised

by high P/T ratio and fit with markers either in the internal and shallow portion of the

wedge (datum Pv11) or in the deeper portion (data Pv10 and Pv12) (Figure 5.3b and Fig-

ure 5.4a). Proceeding with the evolution two groups of data characterised by clear con-

trasting P/T ratios and fitting with the model can be recognised: a first group composed

by data characterised by intermediate P/T ratio, pressures below 0.8 GPa and tempera-

tures between 800 K and 900K (data Pv2, Pv3, Pv4 and Pv7 in Figure 5.3b); and a second

group characterised by high P/T ratio, pressures above 1.8 GPa and temperature over
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Figure 5.4: Comparison between CUM-CUM.5 model and Pmax-TPmax estimates from the Alps for different times during
the oceanic subduction phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting with data
from the Helvetic domain, light blue dots fitting with data from the Pennidic domain, yellow dots fitting with data from
Austroalpine domain and blue dots indicate fitting with Southalpine domain.
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Figure 5.5: Comparison between CUM-CUM.5 model and Pmax-TPmax estimates from the Alps for different times during
the post-collisional phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting with data from the
Helvetic domain, light blue dots fitting with data from the Pennidic domain, yellow dots fitting with data from Austroalpine
domain and blue dots indicate fitting with Southalpine domain.
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900 K (data Pv1, Pv8 and Pv10 in Figure 5.3b). The first group show correspondences

with continental markers in the shallow and external portion of the wedge (datum Pv3

in Figure 5.4b-f) or at the bottom of the crust of the upper plate (data Pv2, Pv4 and Pv7

in Figure 5.4b-f), while the second group show an agreement with recycled oceanic and

continental markers on the deep and external portion of the wedge (data Pv1, Pv8 and

Pv10 in Figure 5.4b-f). The contemporary appearance of these two contrasted metamor-

phic gradients and their location inside the subduction complex is comparable to the

metamorphic gradient described by Miyashiro (1973) for the paired metamorphic belts,

even if the distribution at the surface after the exhumation is difficult to restore, due to

subduction-related Alpine reworking.

Data Pv8 and Pv10 fit with the model also during the early stages of the post-collisional

phase (Figure 5.2a), also if they are characterised by high P/T ratios (Figure 5.3b). They

show the agreement with oceanic and continental markers recycled during the oceanic

subduction phase and localised at a depth of about 70 km (Figure 5.5a and b). In time,

the slab warms up, as consequence of the thermal re-equilibration of the subduction com-

plex, and no data characterised by high P/T ratios fit with the model, as data Pv9 and

Pv10 (Figure 5.2a and Figure 5.3b). Differently, data characterised by intermediate P/T

ratios (Pv2, Pv3, Pv4, Pv5, Pv6 and Pv7 in Figure 5.3b) show correspondences with the

model during the whole duration of this phase. These data fit with continental markers

at the bottom of both the upper and the lower plate, at different distances from the trench

(Figure 5.5a-f). As for the data of the Helvetic domain, the model show an agreement

with data of the Pennidic domain characterised by lower P/T ratios with the proceeding

of the evolution.

Austroalpine domain

All the data of the Austroalpine domain that have the peak of the Variscan metamor-

phism dated between 375 and 425 Ma (data Av1, Av4, Av7, Av8 and Av9 in Figure 5.2a)

are characterised by high P/T ratios (Figure 5.3c). All these data fit with deep oceanic

and continental markers. In particular, datum Av8 shows the agreement with the oceanic

markers of the most internal and coldest portion of the slab, while data Av1 and Av7

have correspondences with oceanic and continental markers in the external portion of

the wedge, during their recycling (Figure 5.4b-d). Therefore, the lower the P/T ratios of

the data, the more the external portion of the wedge shows the agreement with them.

In addition, datum Av4 has a fit both with the subducted portion of the lower plate and

with recycled markers in the external portion of the wedge (Figure 5.4f).

Data Av2, Av4 and Av5 show correspondences with the model in the first 15-20 Ma of

post-collisional evolution (Figure 5.2a) and are characterised by high P/T ratios (Figure

5.3c). They show the agreement with subducted oceanic and continental markers placed
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at different depths, in relation to their estimated pressures (Figure 5.5a). Proceeding with

the evolution, the model show correspondences with data characterised by intermediate

P/T ratios (data Av10, Av11 and Av12 in Figure 5.3c). These data have the agreement

with markers of both the upper and the lower plate at a depth of about 30 km, in corre-

spondence of the thickened crust (Figure 5.5b-f). As for the data of the Helvetic domain,

with the proceeding of the post-collisional evolution there is a decreasing of P/T ratios

characterising the data that fit the model. An exception is represented by datum Av6

which is characterised by high P/T ratios (Figure 5.3c) and fit the model at about 40 Ma

of evolution after the collision (Figure 5.2a). It shows an agreement with a portion of

mantle at a depth of about 70 km, far from the subducted slab and from the recycled

markers in the wedge (Figure 5.5d).

Southalpine domain

Only three estimates of Pmax-TPmax from the Southalpine domain are dated between 375

and 425 Ma (data Sv2, Sv10 and Sv12 in Figure 5.2a) and all of them show a correspon-

dence with the model. Sv2 and Sv12 are characterised by intermediate P/T ratios while

datum Sv10 is characterised by high P/T ratio (Figure 5.3d). Among these data, Sv12 has

the lowest P/T ratio and it fits with markers in the deep portion of the crust of the up-

per plate (Figure 5.4b-f). Differently, datum Sv10 has the highest P/T ratio and it shows

agreement with the model in the external portion of the wedge, at a depth of about 45

km (Figure 5.4e and f). Datum Sv2 has a P/T ratio between Sv10 and Sv12 and it has

correspondences with markers at the bottom of the crust of the upper plate (deeper than

datum Sv12) and in the wedge, in a shallower area than datum Sv10 (Figure 5.4c-f). All of

these data have an agreement also with the lower plate: data Sv2 and Sv12 with continen-

tal markers in the deep portion of the non-subducted plate, while Sv10 with continental

markers in the subducted portion of the lower plate. (Figure 5.4e and f).

Datum Sv10, which is the only data of the Southalpine domain characterised by high

P/T ratio, has an agreement also in the early stage after the collision, for about 5 Ma

(Figure 5.2a). All the others, with the exception of datum Sv11, have intermediate P/T

ratios (Figure 5.3d). They fit with continental markers of both the upper and lower plate

at a depth between 25 and 30 km and at different distances from the subduction system

and the thickened crust (Figure 5.5a-f).

5.1.2 French Central Massif

In the early stage of the evolution, the model has correspondences with data HA1, Li3,

Li4, LB1, ML1, ML2, Ro1, Ro2, Ro3, Ar1 and Mc1 (Figure 5.2b). All of them are charac-

terised by high P/T ratios, with pressures above 0.7 GPa and temperatures over 900 K

(Figure 5.3e). With the exception of datum ML1 which has mantle affinities, all the data
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Figure 5.6: Tectonic map of the French Central Massif with the localisation of the data in Table B.2.

fit with continental subducted markers, previously eroded by the base of the crust of the

upper plate (Figure 5.7a). Data Ro3, Ar1 and Mc1 also have an agreement in the last

stages of this phase with continental markers in the subducted portion of the lower plate

(Figure 5.4f). Proceeding with the evolution, also data with intermediate P/T ratios (data

Li1, Li7, Ar2, PA2 and TP1) show agreement with the model. Among these data, Li1 has

the highest P/T ratio and all of them have correspondences with continental markers at

the bottom of both the upper and lower plate (Figure 5.7b-f). datum Ar2 begins to fit af-

ter 10 Ma of evolution, as consequence of the increase of temperature in the upper plate

due to the mantle flow. datum PA1 has a P/T ratios slightly higher than Li1 (Figure 5.3e)

and it fits with the shallowest and hottest subducted continental markers, in the external

and shallow portion of the wedge (Figure 5.7d). Data Li6, LB1, Ro1 and Ro2 are charac-

terised by high P/T ratios (Figure 5.3e) and their correspondences are with deep oceanic

and continental subducted markers (Figure 5.4b-e). As observed for the data of the Pen-

nidic domain of the Alps, different data characterised by contrasting P/T ratios show

agreement with the model at the same time in different portion of the subduction com-

plex. In particular data characterised by intermediate P/T ratios have correspondences

with markers at the bottom of the plates (for example datum Ar2), while data with high
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P/T ratios fit with subducted markers at different depths, depending on the estimated

pressures (for example data LB1 and Li6).

In the first 20 Ma after the continental collision, data Ro2, Ar1 and Mc1 (Figure 5.2b)

have agreements with continental and oceanic markers at a depth between 40 and 60 km,

in correspondence of the thickened crust (Figure 5.8a). These data are characterised by

high P/T ratios (Figure 5.3b). Differently, data ML3, Ro3, Ar2, PA2, MN1 and MN2 are

characterised by intermediate P/T ratios (Figure 5.3e) and they fit for the whole duration

of the post-collisional phase with continental and oceanic markers at a depth between 25

and 35 km both in the upper and in the lower plate, not only in correspondence of the

thickened crust (Figure 5.8a-f). An exception is datum ML1, which is characterised by

high P/T ratio (Figure 5.3e) and fit with the model during the entire phase (Figure 5.2b).

This datum has the agreement with a portion of the mantle at a depth of about 60 km,

which increase its extension in time (Figure 5.8a-f). Therefore, during this phase there is

an agreement with different data characterised by contrasted metamorphic gradient only

at the beginning, while in the last stages only data characterised by intermediate P/T

ratios fit with the model.

5.2 Introduction of the free surface

5.2.1 Model setup

Both the SIN-CUM and the CUM-CUM models show the activation of short-wavelength

convective cells related to the hydration and the serpentinisation of the mantle wedge,

with the consequent recycling of oceanic and continental subducted material (Chapter

3.3). These convective cells are limited below a depth of about 30-35 km and the recycled

materials are never exhumed to the surface but they rise up to the bottom of the continen-

tal crust of the upper plate. This dynamics can be due to the lack of a layer of atmosphere

above the upper and the lower plate, which are limited in their upper boundary.

To verify that the recycling of markers in the shallow portion of the wedge is not an

artificial consequence of the lack of the atmosphere, a 10 km thick layer has been intro-

duced in the CUM-CUM model above both plates, in order to simulate a free topographic

surface. Over the lower plate the layer is divided in a 3 km thick lower layer of water

and a 7 km thick upper layer of air. Differently, the crust of the upper plate has been

thickened by 3 km, having a 7 km thick layer of air above. Erosion and sedimentation

processes have been implemented as described by Roda et al. (2010b). The boundary con-

ditions are the same of the CUM-CUM models. The erosion-sedimentation mechanism

has been introduced only in the model with a velocity of 5 cm/yr (ED.5 model), in order

to compare its P-T predictions to natural P-T estimates of the Variscan metamorphism.

A new distribution of markers has been used in order to have a transition between the
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Figure 5.7: Comparison between CUM-CUM.5 model and Pmax-TPmax estimates from the French Central Massif for
different times during the oceanic subduction phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate
fitting with data.



5.2 Introduction of the free surface 131

Figure 5.8: Comparison between CUM-CUM.5 model and Pmax-TPmax estimates from the French Central Massif for
different times during the post-collisional phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate
fitting with data.
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Figure 5.9: Setup of the subduction zone for the model with free surfaces and the introduction of the erosion-sedimentation
mechanism (ED.5 model).

oceanic crust of the lower plate and the continental crust of the upper plate characterised

by a 45◦ dip contact. A 50 km thick layer composed by mantle markers of the continental

lithosphere has been introduced, to verify that also mantle can be exhumed and to follow

their paths in the wedge. A detail of the initial distribution of the markers for this model

is shown in Figure 5.9.

5.2.2 Results

As observed in CUM-CUM and in SIN-CUM models, also in this case there is the acti-

vation of small convective cells in the mantle wedge, which favour the recycling of sub-

ducted material. The first convective cell develops after 5.5 Ma and is located at a depth

of about 25 km (Figure 5.10a), in a shallower position with respect to the previous mod-

els. The recycling of subducted continental crust and sediments is shown by the presence

of some orange and dark green markers, which are respectively continental markers and

sediments subducted below 35 km and then exhumed above 30 km (Figure 5.10a). At

the same time, markers of the lithospheric mantle are carried to shallower depths toward

the trench. With the evolution of the model the convective cell slightly expands in depth,

favouring the recycling also of subducted oceanic crust at about 15.5 Ma after the begin-

ning of the subduction (light grey in Figure 5.10b). Further in the evolution, at about

35.5 Ma, others two small cells develop at higher depth, favouring the recycling also of

deeper material (Figure 5.10c). At the collision only one bigger convective cell is active

(Figure 5.10d). After an initial increase, the hydrated area seems to maintain its dimen-

sions during the whole oceanic subduction phase. This is due to the regularity of the

thermal conditions inside the slab and in the mantle wedge, which are underlined by the
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regularity of the isotherm 800 K (Figure 5.10a-c). The shallower position of the isotherm

800 K in the upper plate at the collision with respect to its initial depth, is related to the

large scale mantle flow described in all the previous models (Chapter 3.3). Comparing

the thermal state of this model with the CUM-CUM.5 model, an increase of temperature

in the mantle wedge can be observed, as consequence of a more intense mantle flow in

the most internal portion of the wedge.

A warming of the system can be observed starting from the collision, highlighted by

the rising of the isotherm 800 K, which produces the disappearing of the hydrated area

and the consequent deactivation of the convective cells in the mantle wedge. As observed

in the previous model, the thermal re-equilibration of the system is associated with a

gradual rising of all the subducted material until the last stages of evolution (Figure 5.10e

and f). At the end of the evolution, the thermal state in the thickened crust is slightly

colder than that observed at the end of the CUM-CUM.5 model. This is due to the larger

amount of mantle and oceanic crust in the shallow and internal portion of the wedge,

which causes a decrease of the energy produced by radioactive decay.

5.3 Comparison with the ED.5 model

An improvement in the duration of the agreement of the natural P-T estimates with ED.5

model (Figure 5.11) with respect to CUM-CUM.5 model (Figure 5.2) can be observed.

This improvement concerns all data that does not show an agreement with CUM-CUM.5

model during the whole duration of the oceanic subduction phase, both from the Alps

and from the French Central Massif (for example data Hv6, Pv7, Av9, Li3 and Ar1). Dif-

ferently, during the post-collisional phase some data show an improvement in the fitting

(for example data Hv11, Pv9, Av3, Sv10 and Mc1), while some others worsen their fitting

(for example data Hv5, Av11 and MN2).

5.3.1 Alps

Helvetic domain

During the oceanic subduction phase, all data from the Helvetic domain have correspon-

dences with ED.5 model. As for the CUM-CUM.5 model, data characterised by inter-

mediate P/T ratios (data Hv4 and Hv12 in Figure 5.3a) show an agreement with the

model at the bottom of the continental crust of the upper plate (Figure 5.12a-f). Datum

Hv12 is characterised by a lower estimated temperature with respect to Hv4, and it does

not fit with the bottom of the crust after 15 Ma, because of the increase of the temper-

ature of the upper plate (Figure 5.12c-f). Differently from CUM-CUM.5 model, datum

Hv4 fits also with recycling markers in the internal portion of the wedge. This is due

to the higher temperatures characterising the wedge of the ED.5 model. Consequently
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Figure 5.10: Temperature field in terms of the 800 K and the 1500 K isotherms (dashed lines) and streamline patterns
(black solid lines in the insets) surrounding the wedge area for the ED.5 model at different times: 5.5 Ma (panel a), at 15.5
Ma (panel b), at 35.5 Ma (panel c) and at 51.5 Ma (panel d) after the beginning of the active convergence, and at 25.5 Ma
(panel e) and at 78.5 Ma (panel f) after the continental collision. The yellow areas represent the hydrated wedge domains.
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to the increase of temperature in the wedge, also datum Hv8, which is characterised by

the lowest P/T ratio, fits with the model in the shallowest portion of the wedge (Figure

5.12b). The increase of temperature does not concern only the internal and shallow por-

tion of the wedge, but also the external areas that, in this model, show agreement with

data Hv6, Hv7 and Hv10 (Figure 5.12b-f). Given that the temperature increase moving

toward the external portions of the wedge, the data fit with markers in different positions

of the wedge depending on their estimated temperatures: the higher the temperature of

the data, the more external the areas in which they show the agreement.

With respect to the CUM-CUM.5 model, data Hv5 and Hv8 worsen their agreement,

while data Hv2 and Hv11 improve it (Figure 5.11a), as consequence of the colder thermal

state of the system. In fact, all these data have temperatures between 1000 and 1100 K, but

they are characterised by very different pressures: data Hv2 and Hv11 have an estimated

pressure of about 1.3-1.4 GPa, while data Hv5 and Hv8 have an estimated pressure of

about 0.5 GPa, with a consequent lower P/T ratio. As with model CUM-CUM.5, datum

Hv4 shows correspondences with the bottom of the continental crust of both the upper

and lower plate, and datum Hv6 fits with the deeper portion of the thickened crust (Fig-

ure 5.13a-f).

Pennidic domain

Data of the Pennidic domain show an improvement in the agreement with respect to

CUM-CUM.5 model, in particular during the early stages of evolution. In fact, the bot-

tom of the crust of the upper plate have correspondences with data Pv2, Pv4 and Pv7

from the beginning (Figure 5.11a). This could be the consequence of a faster warming of

the crust due to a more intense mantle flow that in this model is not limited at the top

of the plate. Moreover, these data show an agreement also with recycled markers in the

internal and shallow portion of the wedge, as already observed in data characterised by

intermediate P/T ratio of the Helvetic domain (Figure 5.3a and b). Datum Pv3 is charac-

terised by intermediate P/T ratio (Figure 5.11b) and fits with an area at the bottom of the

crust of the upper plate that widens in time further from the trench, in relation with the

gradual increase of temperature (Figure 5.12a-f). On the other hand, the warming of the

crust determines a migration of the area that have P-T conditions compatible with datum

Pv11, from the bottom of the crust of the upper plate, to the most internal portion of the

wedge (Figure 5.12a and b). All the other data of the Pennidic domain, which metamor-

phism is dated between 375 and 425 Ma, are characterised by high P/T ratios (data Pv1,

Pv8, Pv10 and Pv12 in Figure 5.3b) and they show agreements with subducted and recy-

cled markers in the wedge (Figure 5.12a-f). So, as observed during the comparison with

CUM-CUM.5 model, different data characterised by contrasted metamorphic gradients

fit with the model at the same time in different portion of the subduction system. In par-
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Figure 5.12: Comparison between ED.5 model and Pmax-TPmax estimates from the Alps for different times during the
oceanic subduction phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting with data from the
Helvetic domain, light blue dots fitting with data from the Pennidic domain, yellow dots fitting with data from Austroalpine
domain and blue dots indicate fitting with Southalpine domain.
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Figure 5.13: Comparison between ED.5 model and Pmax-TPmax estimates from the Alps for different times during the
post-collisional phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting with data from the
Helvetic domain, light blue dots fitting with data from the Pennidic domain, yellow dots fitting with data from Austroalpine
domain and blue dots indicate fitting with Southalpine domain.
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ticular data with intermediate P/T ratios fit at the bottom of the continental crust of the

upper plate and data with high P/T ratios fit with the subducted markers, highlighting

one more time the occurrence of different gradients in different parts of the subduction

system. However, this model shows that P-T conditions compatible with some data char-

acterised by intermediate P/T ratios can be found also in the shallow and internal portion

of the wedge.

During the post-collisional phase, data Pv2, Pv3, Pv4, Pv5, Pv6 and Pv7 have a com-

plete correspondence with the model (Figure 5.11a), as observed also with the CUM-

CUM.5 model (Figure 5.2a). They are characterised by intermediate P/T ratios (Figure

5.3b) and fit with the model at the bottom of the continental crust. In particular, data Pv2,

Pv4 and Pv7 fit with the base of the continental crust of the upper plate further than 300

km from the trench, datum Pv6 shows agreement at the bottom of the continental crust

of both the plates at a slightly less distance, and data Pv3 and Pv5 have correspondence

with the bottom of the crust of both plates within 200 km from the trench (Figure 5.13a-f).

Therefore, the lower the P/T ratio, the further the distance from the trench. With respect

to CUM-CUM.5 model, the crust of the lower plate is slightly colder and it does not fit

with data Pv2, Pv4 and Pv7. Inside the wedge, the model have a fitting with data Pv8,

Pv9 and Pv10 (Figure 5.13a-d), which are characterised by high P/T ratios (Figure 5.3b),

showing an improvement with respect to CUM-CUM.5 model. However, none of these

data have correspondences with the model until the last stages of the evolution.

Austroalpine domain

During the oceanic subduction phase, data Av1, Av7, Av8 and Av9 have a good agree-

ment with the model in the deep and internal portion of the wedge, at different distances

from the slab (Figure 5.12c). Av8 is the only datum that worsens its agreement with

respect to CUM-CUM.5 model, considering the duration of the fitting with the model

(Figure 5.11a). This because the increase of temperature in the wedge affects also the

slab, with a consequent decrease in the extension of the area characterised by very high

P/T ratio, compatible with data Av8 and Av7 (Figure 5.3c). In fact, also datum Av7 wors-

ens its agreement, not as duration of the fitting, but as number of markers that show the

agreement (Figure 5.11a). Differently, data Av1 and Av9, characterised by lower P/T ra-

tios with respect to Av7 and Av8 (Figure 5.3c), improve their agreement with the model,

both in the duration of the fitting and in the number of markers that show the agreement

(Figure 5.11a). At the collision, datum Av4 fits at the bottom of the crust of the upper

plate, in the shallow and internal portion of the wedge and with continental markers in

the subducted portion of the lower plate (Figure 5.12f).

Av10 and Av11 are the data of the Austroalpine domain characterised by the lowest

P/T ratio (Figure 5.3c) and, as for data Hv5 and Hv8 of the Helvetic domain, they worsen
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its agreement with respect to CUM-CUM.5 model, showing almost no agreement with

model predictions (Figure 5.11a). On the other hand, data Av2, Av3, Av4, Av5 improve

their agreements, showing correspondences with recycled markers in the wedge (Figure

5.13a-c). Datum Av2 has a very high P/T ratios (Figure 5.3c) and it fits with deep markers

very close to the slab, while data Av3, Av4 and Av5 have lower P/T ratios (Figure 5.3c)

and they have correspondences with recycled markers in a shallower and more external

portion of the wedge. Datum Av6 shows agreement with portions of mantle in the inter-

nal and deep area of the wedge, while datum Av12 fits continental markers of the lower

plate near the trench at a depth of about 25-30 km (Figure 5.13d-f).

Southalpine domain

Data Sv2, Sv10 and Sv12 do not show differences in the duration of the agreement with

the model with respect to CUM-CUM.5 model (Figure 5.11a and Figure 5.2a). Sv2 and

Sv12 are characterised by intermediate P/T ratios (Figure 5.3d) and they have correspon-

dence at the bottom of the crust of both the upper plate (Figure 5.12a-f) and the lower

plate (Figure 5.12e and f). Moreover, datum Sv12 has a fitting also inside the wedge, in

its shallow portion. Differently, datum Sv10 (high P/T ratio in Figure 5.3d) has P-T con-

ditions compatible with an area in the wedge close to the slab, at a depth of about 30 km.

As CUM-CUM.5 model, there is no correspondence with datum Sv11, characterised by

low P/T ratio (Figure 5.3d).

During the post-collisional phase, all data of the Southalpine domain, with the excep-

tion of Sv10, have correspondences with the bottom of the continental crust of both the

plates (Figure 5.13a-f). They are characterised by intermediate P/T ratios (Figure 5.3d)

and the fitting is very similar to that observed for CUM-CUM.5 model. The only differ-

ence is that datum Sv2 does not fit with the crust of the lower plate, but only with the

upper plate. Differently, datum Sv10, characterised by high P/T ratio (Figure 5.3d), im-

prove its agreement with the model with markers at a depth of about 25-30 km inside the

wedge (Figure 5.13a and b).

5.3.2 French Central Massif

With the exception of data HA1 and Li4 that have the same agreement with CUM-CUM.5

and ED.5 models, all data characterised by high P/T ratios (data Ma1, Li3, LB1, ML2, Ro1,

Ro2, Ro3, Ar1, PA1 and Mc1 in Figure 5.3e) improve the correspondences with model pre-

dictions (Figure 5.11b). They fit with recycling markers in the wedge, at different depths

and distances from the slab (Figure 5.14a-f), depending on their estimated pressures and

temperatures. Data Ro3 and PA1, which are characterised by lower P/T ratios, fit also

with the portion of the non-subducted continental crust of the upper plate closest to the

trench (Figure 5.14c-f). Moreover, also data Ar2 and MN2, characterised by intermediate
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P/T ratios (Figure 5.3e), improve their fitting with the model (Figure 5.11b). They have

correspondences with both the shallow and internal portion of the wedge and the bottom

of the continental crust of the upper plate, further than the area that have an agreement

with data Ro3 and PA1 (Figure 5.14b-f). Therefore, as observed for the data of the Penni-

dic domain, different portions of the model that show contrasted metamorphic gradient

have correspondence with data characterised by high and by intermediate P/T ratios at

the same time (for example data Ro1 and Ar2). Also in this case, there are correspon-

dences with data with intermediate P/T ratios not only in the continental crust far from

the trench, but also inside the wedge at shallow depths.

Data Ro2, Ar1 and Mc1 are the only having a metamorphism dated between 375 and

295 Ma characterised by a high P/T ratio (Figure 5.3e). All these data improve their fitting

with model predictions, having correspondences with subducted and recycled markers

in the wedge (Figure 5.15a-f). Datum Ro3 has an intermediate-to-high P/T ratio (Fig-

ure 5.3e) and it has correspondence with a larger amount of markers with respect to

CUM-CUM.5 model (Figure 5.11b), fitting with continental markers in the upper and in

the lower plates near the trench, at about 30 km deep (Figure 5.15a-f). Among the data

characterised by intermediate P/T ratio, MN1 and MN2 have the highest temperatures

and they worsen their fitting, with almost no correspondences with ED.5 model (Fig-

ure 5.11b). Data ML3, Ar2 and PA2 which have intermediate P/T ratios, do not show

differences in the agreement with respect to CUM-CUM.5 model, and they have corre-

spondences at the bottom of the continental crust. In particular, data ML3 and PA2 have

correspondences with both the plates, while datum Ar2 only with the continental crust

of the upper plate (Figure 5.15a-f).

5.3.3 P-T paths

For model ED.5 it has been observed that convective cells in the hydrated wedge are

active for the whole duration of the oceanic subduction phase, favouring the recycling

of oceanic and continental markers and their exhumation up to the shallower structural

levels of the crust. On the other hand, during the post-collisional phase deep subducted

material of the slab slowly rises up, but material already exhumed at "crustal levels" does

not show a further exhumation.

The paths of subducted and exhumed markers, in terms of pressure and temperature,

have been compared with inferred P-T-t paths of rocks from the Alps and from the French

Central Massif. Data chosen for the comparison satisfy three conditions:

1. their Pmax-TPmax stages (Tables B.1 and B.2) have correspondences with the model

during the oceanic subduction and/or the post-collisional phase (Figure 5.11);

2. the correspondences are with markers that reside above a depth of 100 km at the

end of the post-collisional phase;
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Figure 5.14: Comparison between ED.5 model and Pmax-TPmax estimates from the French Central Massif for different
times during the oceanic subduction phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting
with data.
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Figure 5.15: Comparison between ED.5 model and Pmax-TPmax estimates from the French Central Massif for different
times during the post-collisional phase. Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting with
data.
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3. they have recorded and preserved at least two stages during their metamorphic

evolution;

The data used for the discussion of the P-T paths are presented in Tables B.3 and B.4. The

simulated P-T paths used for the comparison have been chosen to show different type of

possible paths that had correspondences with the metamorphic evolution, in agreement

with the lithologic affinities of the data.

Helvetic domain

Datum Hv2 is characterised by high P/T ratio and an intermediate maximum pressure

recorded during its evolution. Its peak pressure is dated 336-344 Ma (Ferrando et al., 2008;

Rubatto et al., 2010), corresponding to the post-collisional phase in ED.5 model. Figure

5.16 shows that markers with correspondences with datum Hv2 between 336 and 344

Ma reach the correct pressure only at the end of the oceanic subduction phase and after

that they warm up slowly, fitting the P-T conditions estimated for the stage I during the

post-collisional phase. Though, none of these markers are exhumed and they do not fit

stages II, III and IV after stage I.

However, a lot of markers that fit with datum Hv2 shows one cycle of subduction

and exhumation before the final sinking. During the first stage of exhumation, prior

to the correspondence with stage I, they show a paths in agreement with the natural

inferred P-T path. So, the metamorphic evolution of datum Hv2 has been compared

with paths predicted during the oceanic subduction phase, in order to verify that some

markers could reproduce a P-T path compatible with the natural P-T path. In this case,

only continental markers have correspondences with the stage I of datum Hv2 and they

show 2 cycles of subduction and exhumation (Figure 5.17). Stage I corresponds to the

peak pressure reached by the markers during their first cycle and it is followed by the

thermal peak, which is recorded at slightly less pressures. After the thermal peak, the

markers show an isothermal exhumation up to about 1 GPa, and then some markers cool

down during the rise (yellow, green and light blue paths in Figure 5.17), while others

cool down rapidly, with no changes in pressure, up to a temperature of about 1000 K

(red and blue paths in Figure 5.17). The latter group fit with stage III and IV during the

exhumation. After the first exhumation, all markers are subducted and exhumed again,

fitting stage III and IV (some of them record P-T conditions similar to that of the stage II,

but they do not fit).

During the first cycle, the time between the stage I and the stage IV is about 23-33 Ma,

which correspond to the time span between the natural ages of the two stages (336-344

Ma for stage I and 310-315 Ma for stage IV). Considering that stage I is reached by the

markers after about 3-8 Ma, the beginning of the subduction could be at approximately

340-350 Ma, so long after the subduction occurred between 375 and 425 Ma. This means
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Figure 5.16: P-T paths of the markers fitting with datum Hv2 between 336 and 344 Ma. Panel a) represents simulated
paths of continental markers; panel b) represents simulated paths of sediments; panel c) represents simulated paths
of oceanic markers. Different colours represent paths of different markers. Circles represents the starting point of the
markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

Figure 5.17: P-T simulated paths of the continental markers fitting with datum Hv2 during the oceanic subduction phase.
Different colours represent paths of different markers. Circles represents the starting point of the markers and triangles
represent the ending points. Natural P-T stages are represented with black rectangles.
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Figure 5.18: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with datum Hv3 during
the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the starting point
of the markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

that the metamorphic stages recorded by datum Hv2 could be related to an exhumation

happened during a phase characterised by oceanic subduction, while P-T paths of ex-

humation predicted during the post-collisional phase do not fit with the metamorphic

evolution of datum Hv2.

Continental markers that record P-T conditions in agreement with datum Hv3 shows

two types of paths, some of them are exhumed from their initial position and then sub-

ducted and exhumed again (red, blue, green and yellow lines in Figure 5.18a), while

others show only an exhumation from their initial position (light blue and brown lines

in Figure 5.18a). Continental markers with an initial pressure below 1 GPa (red, green

and blue lines in Figure 5.18a) have P-T conditions compatible with the early metamor-

phic imprint recorded by rocks Hv3 during their subduction, before to reach their peak

pressure. After the re-equilibration at the peak pressure, some of them (red line in Figure

5.18a) have an isothermal exhumation, fitting stage II, and at about 0.7 GPa they begin

to cool down, fitting stage III; some others (yellow, blue and green lines in Figure 5.18a),

have a lower peak pressure and they warm up before to be exhumed and fit stage II and

III. These markers fit with stage I after 25-40 Ma from the beginning of the subduction.

Continental markers with an initial pressure of about 1 GPa (light blue and brown lines in

Figure 5.18a) show only exhumation, characterised by an initial warming, up to the ther-

mal peak, during which they fit stage I and II, and followed by cooling, during which

they fit stage III. In these cases the agreement with stage I is before 5 Ma of evolution. A

finale case is represented by some deep markers (yellow line in Figure 5.18a) that show

correspondences both during the initial exhumation and during the following cycle of

subduction and exhumation.

Markers of sediments can be divided in two groups: one group that completes only
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one cycle of subduction and exhumation (blue, green, light blue and brown lines in Fig-

ure 5.18b), and another group that completes two cycles (red and yellow lines in Figure

5.18b). Markers belonging to the first group fit with stage I during subduction, then they

reach their pressure peak and the successive thermal peak, before to be exhumed and fit

stage II and III. The time of the correspondence with stage I is between 20 and 45 Ma.

Markers belonging to the second group fit with stage I and II during their first subduc-

tion, then they reach their thermal peak (about 1200 K) before the exhumation, during

which they fit stage III; during the second cycle they fit stage I during subduction, then

they reach their pressure peak (about 1.5 GPa) and during the exhumation they have cor-

respondences with stage II and III. During the first subduction they reach stage I after

about 5 Ma, while during the second subduction they reach it after about 30 Ma.

Stage I has a geological Devonian age (350-420 Ma) and markers show the agreement

with it in a wide range of time (0-45 Ma). Therefore, the period during which the subduc-

tion could begin is very wide (350-465 Ma, Guillot and Ménot, 1999; Guillot et al., 2009a), in

agreement both with the subduction occurred between 425 and 375 Ma and with a possi-

ble successive subduction between 340-350 Ma deduced by datum Hv2. So, radiometric

dating need to better constrain this metamorphic evolution.

Datum Hv4 has correspondences with continental markers and sediments that com-

plete one or two cycles of subduction and exhumation (Figure 5.19). Markers that com-

plete one cycle fit with stages I, II and III during the exhumation, while markers that

complete two cycles have correspondences with stage III during the first exhumation,

and with stages I, II and III during the second exhumation. However, the largest amount

of markers cool down during their exhumation, while the three metamorphic stages of

datum Hv4 are characterised by different pressures but very similar temperatures, sug-

gesting an isothermal exhumation. This kind of path is in agreement with some markers

that complete only one cyle, showing an isothermal exhumation after the peak pressure

at about 1.5 GPa (brown line in Figure 5.19a and blue line in Figure 5.19b). These markers

fit with stage I (dated 297-407 Ma, Ménot et al., 1987; Guillot and Ménot, 1999; Guillot et al.,

2009a) after about 40 Ma, identifying the beginning of the subduction between 340 and

450 Ma, as observed for datum Hv3.

Both continental markers from different crustal depth and sediments fit with the first

stage of datum Hv11 after the pressure peak, that is at about 1.2-1.5 GPa (Figure 5.20).

Some of them have an isothermal exhumation, while others warm up reaching their ther-

mal peak after their fit with stage I. However, all of them have correspondences with

stage II during the exumation. Stage I can be reached both during the oceanic subduction

phase and the post-collisional phase, but in the latter case they are not exhumed and they

have no correspondences with stage II. In the other case, P-T conditions compatible with

stage II can be recorded between and 35 and 45 Ma of oceanic subduction, so before con-

tinental collision. Being the stage II dated at 300-330 Ma (Schulz and von Raumer, 2011),
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Figure 5.19: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with datum Hv4 during
the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the starting point
of the markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

Figure 5.20: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with datum Hv11
during the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the starting
point of the markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

subduction should begin between 335 and 375 Ma, in agreement with the observation

from datum Hv2.

The largest amount of markers that have an agreement with stage I of datum Hv12

show two cycles of subduction and exhumation (Figure 5.21). All of them fit with stage

I during the subduction of both cycles but P-T conditions compatible with stage II can

be recorded only during the first exhumation, after 20-25 Ma from the beginning of the

subduction. Moreover, few continental markers with an initial pressure of about 1 GPa

(red line in Figure 5.21a) are characterised by an initial exhumation followed by a cycle of

subduction and exhumation. These markers fit with stage I at the beginning of the evo-

lution, while they show correspondences with stage II during the second exhumation.

For these markers stage II is reached at about 45 Ma of evolution. As for datum Hv11,
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Figure 5.21: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with datum Hv12
during the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the starting
point of the markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

stage I can be reached also during the post-collisional phase, but in this case there is not

a successive exhumation with fitting with stage II. Considering that stage II is dated at

319-321 Ma (Genier et al., 2008; Bussy et al., 2000) and that it can be recorded by the mark-

ers after 20-45 Ma, the beginning of the subduction could be at about 340-365 Ma, in

according with the previous data. It is clear that the lack of radiometric ages for succes-

sive re-equilibration stages negatively influences the quality of the comparison between

natural data and model predictions.

Pennidic domain

Datum Pv1 has correspondences with oceanic markers that reach high pressures, over

2 GPa. The agreement with stage I is after the pressure peak, during an exhumation

characterised by warming (Figure 5.22). Markers that record the higher pressures, up

to 3 GPa, are exhumed at about 1.5 GPa, while markers subducted up to 2.5 GPa are

exhumed up to shallower depths, approximately at 1.2 GPa, fitting also with stage II.

The exhumation after the pressure peak is very fast, of approximately 3 mm/yr. After

stage I, the exhumation of the deepest markers is characterised by a period of cooling

with no changes in pressures, followed by a slight rising associated to warming. This last

phase of exhumation takes place during the post-collisional phase and it is not shown

by any other shallower markers. This is due to the dynamics characterising the wedge

after the collision, that show rising of the deep portion of the slab only, while it does not

occur at crustal depths. This means that material in the crust can be exhumed during the

post-collisional phase either by the mean of other kind of mechanisms, such as faults

and fractures, or a different tectonic setting, such as extension. This is in agreement

with data from Mont du Lyonnais, showing an initial phase of fast exhumation up to
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Figure 5.22: P-T simulated paths of the oceanic markers fitting with datum Pv1 during the oceanic subduction phase.
Different colours represent paths of different markers. Circles represents the starting point of the markers and triangles
represent the ending points. Natural P-T stages are represented with black rectangles.

approximately 20 km depth (> 1.5 mm/yr) associated with active subduction, followed

by a phase of exhumation with velocity lower than one order of magnitude associated to

a transpressive regime (Lardeaux et al., 2001). Stage I is dated 374-392 Ma (Messiga et al.,

1992; Giacomini et al., 2007; Maino et al., 2012) and it is reached by the markers after about

35-40 Ma of subduction, suggesting the beginning of the subduction between 410 and 430

Ma. The hypothesis that a further exhumation could be related to other mechanisms is

supported by the ages of stages II and III, indicating lower velocities of exhumation (less

than 0.5 mm/yr).

Markers that have correspondences with stage I of datum Pv5, show an agreement

also with stage I of datum Pv6 (Figure 5.23). All these markers, both of continents and

sediments, complete two cycles of subduction and exhumation, the first characterised by

their thermal peak, while during the second they record the pressure peak. During the

first cycle, they fit with stage I of datum Pv5 during the subduction, before maximum

temperature, and with stage I of Pv6 and stage II of Pv5 during the exhumation. Differ-

ently, during the second cycle, they have correspondences with stage I and II of Pv5 and

stage I of Pv6 after the pressure peak. An exception is represented by deep continental

markers (yellow and brown lines in Figure 5.23a), which paths are characterised by a sin-

gle cycle after an initial exhumation. Some of these markers (brown line in Figure 5.23a)

fit only with stage I of Pv6 during their first exhumation. Therefore, stage I of datum

Pv6 can be considered either as a metamorphic stage recorded by deep continental rocks

never subducted to high depths, or as a metamorphic stage successive to a non-preserved

HP stage (as stage I of datum Pv5). However, the latter case is supported by the ages of

stage I of Pv5 and stage I of Pv6. In fact, markers have correspondences with stage I of

Pv6 5-15 Ma after the fitting with the stage I of Pv5, in agreement with ages of 340-360
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Figure 5.23: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with data Pv5 and
Pv6 during the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the
starting point of the markers and triangles represent the ending points. Natural P-T stages are represented with black
(datum Pv5) and red (datum Pv6) rectangles.

Ma for Pv5 (Monie, 1990; Borghi et al., 1999) and of 328-332 Ma for Pv6 (Bussy et al., 1996;

Giorgis et al., 1999). Moreover, stage I of datum Pv5 is reached by the markers after 10-20

Ma, suggesting the beginning of the subduction between 345 and 380 Ma. The lacking of

correspondences with stage II of Pv6 can be related to the absence of exhumation during

the post-collisional phase of the model, suggesting, as for datum Pv1, the requirement of

a different tectonic setting.

Oceanic markers that show an agreement with stage I of datum Pv12 (Figure 5.24c)

complete only one cycle of subduction and exhumation, while sediments and continental

markers (Figure 5.24a and b, respectively) complete either one or two cycles. Oceanic

markers and sediments with paths characterised by one cycle reach their peak pressure

in correspondence of stage I, then they show a first phase of exhumation characterised

by warming, up to approximately 1 GPa, followed by exhumation associated to cooling,

during which they fit with stage II (blue, yellow, light blue and brown lines in Figure

5.24b and Figure 5.24c). For what concern continental markers, only the deepest ones

complete one cycle (yellow, green, light blue and brown lines Figure 5.24a). This cycle is

characterised by an increase of temperature after the peak pressure without changes of

depth, followed by an exhumation that in a first stage is isothermal. Continental markers

and sediments with paths characterised by two cycles fit with stage I only during the

first subduction, while stage II has correspondences during both exhumations. In this

case, the peak pressure corresponds with stage I and it is followed by the thermal peak,

before the agreement with stage II. Stage I is dated at 400-437 Ma (Droop, 1983; von Quadt

et al., 1997) and markers fit with it after 5-20 Ma of evolution, so the beginning of the

subduction has to be between 405 and 460 Ma.
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Figure 5.24: P-T simulated paths of the continental markers (panel a), sediments (panel b) and oceanic markers (panel
c) fitting with datum Pv12 during the oceanic subduction phase. Different colours represent paths of different markers.
Circles represents the starting point of the markers and triangles represent the ending points. Natural P-T stages are
represented with black rectangles.

Austroalpine domain

The paths of the markers with correspondences with datum Av3 are characterised by

two cycles of subduction and exhumation (Figure 5.25). However, they have a fitting

both with stage I and with stage II only during the first cycle, while during the second

cycle they do not reach pressures high enough to fit stage I and the exhumation occurs

at temperatures too low to fit with stage II. P-T conditions compatible with stage I are

reached at the end of the subduction, at pressure of approximately 1.2 GPa, then there

is a significant warming, reaching the thermal peak (approximately 1200 K) before to

start the exhumation and to fit with stage II. Stage I has a geological age of 350-360 Ma

(Rode et al., 2012) and stage II has a radiometric age of 304-330 Ma. This time interval is

in agreement with the paths of the markers that record P-T conditions compatible with

stage II approximately 20 Ma after the fitting with stage I. Considering that markers reach

stage I after 5-10 Ma of evolution, the beginning of the subduction should be set between
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Figure 5.25: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with datum Av3 during
the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the starting point
of the markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

330 and 360 Ma, according with data from the Helvetic domain and with data Pv5 and

Pv6 from the Pennidic domain.

Stage I of datum Av4 has correspondences both with markers that complete two cy-

cles of sinking and exhumation (red, blue and green lines in Figure 5.26a, and light blue

and brown lines in Figure 5.26b), and with markers that complete only one cycle (yellow,

light blue and brown lines in Figure 5.26a, and red, blue, green and yellow lines in Fig-

ure 5.26b). For what concerns markers with paths characterised by two cycles, the fitting

with stage I occurs during the sinking of both cycles, while there is correspondence with

stage II only during the second and final exhumation. In fact, the first cycle is charac-

terised by an increase of temperature after the fitting with stage I, which determines an

exhumation too hot to fit with stage II. Markers characterised by paths with a single cycle

fit with stage II during the exhumation that occurs at temperature comparable to that of

the second cycle. Stage I has an age of 365 Ma (Godard et al., 1996; Hauzenberger et al.,

1996) and if fits with markers after 5-40 Ma, positioning the beginning of the subduction

between 370 and 405 Ma.

Same conclusions can be deduced by datum Av5. In fact, stage I and stage II are

compatible with the metamorphic conditions observed in datum Av4 and the oceanic

markers show the same kind of paths: some of them (yellow and brown lines in Figure

5.27) complete two cycles, fitting with both stages I and II only during the second cycle;

others (red, blue, green and light blue lines in Figure 5.27) complete one cycle, fitting with

both stages during their exhumation. Stage I has an age similar to that of datum Av4 (360

Ma, Godard et al., 1996) and has correspondences with oceanic markers after 9-35 Ma of

evolution, positioning the beginning of the subduction between 370 and 395 Ma.
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Figure 5.26: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with datum Av4 during
the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the starting point
of the markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

Figure 5.27: P-T simulated paths of the oceanic markers fitting with datum Av5 during the oceanic subduction phase.
Different colours represent paths of different markers. Circles represents the starting point of the markers and triangles
represent the ending points. Natural P-T stages are represented with black rectangles.

Southalpine domain

Stage I of data Sv4 and Sv5 has been recorded at P-T conditions comparable with P-T

conditions recorded by data Sv7 and Sv9 during stage II. However, stage II of datum Sv4,

stage II of datum Sv5 and stage II of data Sv7 and Sv9 have been developed at different

P-T conditions, suggesting a retrograde path. Moreover, data Sv7 and Sv9 show relicts

of a stage I developed at lower pressure and temperature than stage II, showing also a

previous prograde path. Paths of the same markers have been used for the comparison

with all data of the Southalpine domain, to verify if different paths can be related to

different initial P-T conditions.

For the continental markers (Figures 5.28a and 5.29a) three group of markers can be
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Figure 5.28: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with data Sv4 and
Sv5 during the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the
starting point of the markers and triangles represent the ending points. Natural P-T stages are represented with black
(datum Sv5) and red (datum Sv4) rectangles.

identified: a first group of markers coming from shallow depths (red and blue lines in

Figures 5.28a and 5.29a), a second group of intermediate markers (yellow and light blue

lines in Figures 5.28a and 5.29a), and a third group of deep markers (green and brown

lines in Figures 5.28a and 5.29a). Markers of the first group complete two cycles of sub-

duction and exhumation, and they fit with stage I and stage II (in the right order) of

datum Sv5 only during the exhumation of the second cycle. Differently, P-T conditions

compatible with stage I of datum Sv4 are recorded during the sinking and the exhuma-

tion of the second cycle. Intermediate markers of the second group complete only one

cycle of subduction and exhumation, and they fit with stage I of data Sv4 and Sv5 and

with stage II of datum Sv5 during the exhumation. The third group of markers have ini-

tial pressures above 0.8 GPa and they show only exhumation, characterised by an initial

warming of about 200 K. They fit with stage I of data Sv4 and Sv5 and with stage II of da-

tum Sv5. None of these markers fit with stage II because the exhumation occurs always

at not high enough temperatures (Figures 5.28a). The prograde path deduced by stage I

and stage II of data Sv7 and Sv9 fit only with shallow markers (red line Figures 5.29a),

both during the first and the second cycle, while stage III never fit.

For what concerns the sediments (Figures 5.28b and 5.29b), two groups of paths can be

recognised: a first group of markers that complete one cycle of subduction and exhuma-

tion (red and yellow lines in Figures 5.28b and 5.29b), and a second group of markers that

complete two cycles (gree, blue, light blue and brown lines in Figures 5.28b and 5.29b).

Markers of the second group fit with stage I and II of data Sv7 and Sv9 during their sub-

duction, while they have correspondence with stage I of data Sv4 and Sv5 and with stage

II of datum Sv5 during the exhumation. Differently, markers of the second group fit with

stage I and II of data Sv7 and Sv9 during the first sinking, while correspond with stage I
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Figure 5.29: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with data Sv7 and
Sv9 during the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the
starting point of the markers and triangles represent the ending points. Natural P-T stages are represented with black
(datum Sv7) and red (datum Sv9) rectangles.

of data Sv4 and SV5 and with stage II of datum Sv5 during the second exhumation. As

for the continental markers, there are no sediments that during their paths fit with stage

II of datum Sv4 and with stage III of data Sv7 and Sv9.

Only markers deriving from shallow portions of the crust, both continent and sedi-

ments, have prograde paths compatible with stage I and II of data Sv7 and Sv9, while

continental markers from intermediate depths are subducted at thermal conditions too

cold to have correspondences, and deep continental markers do not show paths charac-

terised by a prograde stage. Differently, markers deriving from any portion of the crust

fit with the retrograde path deduced by stage I and II of datum Sv5, and with stage I of

datum Sv4. Therefore, there could be two explanations for the lacking of relicts metamor-

phic stage prior to stage I of data Sv4 and Sv5: either they are recorded by rocks deriving

from high depths (above 0.8 GPa) that do not show a prograde path but only an exhuma-

tion from their initial position; or previous stages are not preserved. As observed for

data Pv1 and Pv6, there are no markers with a path of exhumation compatible with the

path suggested by the last stage of data Sv4, Sv7 and Sv9, which could be characterised

by higher temperatures. This could be related to an exhumation occurred in a different

tectonic setting.

Markers have correspondences with stage I (dated 320-340 Ma, Diella et al., 1992;

Zanoni et al., 2010) of data Sv4 and Sv5 after 10-30 Ma of evolution (it depends if they

fit during the first or the second cycle), so the subduction should begin between 330 and

370 Ma. Stage II of data Sv7 and Sv9 have the same age of stage I of data Sv4 and Sv5

(Spalla et al., 1999, 2006) and there are correspondences with markers after 5-20 Ma, posi-

tioning the beginning of the subduction beteween 325 and 360 Ma.
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Figure 5.30: P-T simulated paths of the sediments fitting with datum Li1 during the oceanic subduction phase. Different
colours represent paths of different markers. Circles represents the starting point of the markers and triangles represent
the ending points. Natural P-T stages are represented with black rectangles.

French Central Massif

Datum Li1 has been determined for rock from the Lower Gneiss Unit and they show a

slight decrease of temperature (from about 920 K to about 850 K) at approximately 0.8-1.0

GPa from stage I to stage II. No continental markers show a decrease of temperature in

that range of pressures, while a lot of sediments have paths characterised by a single cycle

of subduction and exhumation (with a maximum pressure recorded at approximately 1.2

GPa), with a cooling observed at about 0.8 GPa (red, green, blue and brown lines in Figure

5.30). They fit with stage I and then with stage II during the exhumation, right after the

thermal peak. However, the interval of time between when markers begin to have P-T

conditions compatible with stage I and when they fit with stage II is about 5-6 Ma, so

lesser than the difference of ages between the stages (370-380 Ma for stage I and 350-

360 Ma for stage II, Faure et al., 2008, 2009). However, some markers have P-T conditions

compatible with stage I at the collision, at approximately 50 Ma, and after that their paths

are characterised by cooling, showing an agreement with stage II (yellow line in Figure

5.30). In this case, the interval of the correspondences between stage I and stage II is

approximately 15-25 Ma, comparable with the natural ages. Considering these markers,

the beginning of the subduction range between 420 and 430 Ma.

Continental markers show correspondence with stage I of datum Li4 when they reach

the maximum pressure of their paths, approximately 1.6 GPa. After that they undergo

a warming up to approximately 1200 K associated to a slight decrease of pressure, then

they are isothermally exhumed at different depths, from 1.2 GPa (yellow line in Figure

5.31) to 1.0 GPa (green and blue lines in Figure 5.31). The last stage of the retrograde path

is characterised by exhumation associated to cooling, during which markers fit stage II

or stage III. The paths described by the markers fitting with stage I are different from
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Figure 5.31: P-T simulated paths of the continental markers fitting with datum Li4 during the oceanic subduction phase.
Different colours represent paths of different markers. Circles represents the starting point of the markers and triangles
represent the ending points. Natural P-T stages are represented with black rectangles.

the path deduced by the natural stages, that seems to be characterised by a isothermal

exhumation from stage I to stage III. This path is similar to the path accomplished by

some markers (light blue line in Figure 5.31), but it occurs at lower temperatures and

there is not a fitting with stage I and stage III. Stage I (dated at 420-440 Ma, Pin and

Sills, 1986; Mercier et al., 1991a) is reached by markers before 5 Ma of evolution, so the

subduction should begin between 425 and 445 Ma, in accordance with the subduction

taken into account for the comparison with the model.

Datum Li7 derives from rocks of the Upper Gneiss Unit. As for rocks of datum Li1,

they show a decrease of the thermal conditions at approximately 0.8-1.0 GPa from stage

I to stage II, but at higher temperatures (from approximately 970 K to approximately

920 K). Differently from datum Li1, both oceanic and continental markers, coming from

different depths, and sediments show a cooling between 0.7 and 0.8 GPa, fitting with

stage I and with stage II. Continental markers with an initial position at about 1 GPa, fit

with stage I and II both during the initial exhumation and during the exhumation of the

following cycle (red, yellow and light blue lines in Figure 5.32a). Shallower continental

markers fit with both stages only during their cycle of subduction and exhumation (green

and blue lines in Figure 5.32a). Oceanic markers and sediments (Figure 5.32c and Figure

5.32b, respectively) have paths characterised bu one or two cycles of sinking and rising.

In case of one cycle, they fit with both stages during the exhumation, while in case of

two cycles, they fit during the second exhumation, because the first rising is too hot.

With respect to datum Li1, for which markers are never subducted below 1.2 GPa, some

markers fitting with Li7 have reached higher pressures during the subduction, up to

approximately 1.5-1.6 GPa. Stage I has a radiometric age of 377-387 Ma and markers reach

compatible P-T conditions after 27-47 Ma. Therefore, the beginning of the subduction
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Figure 5.32: P-T simulated paths of the continental markers (panel a), sediments (panel b) and oceanic markers (panel
c) with datum Li7 during the oceanic subduction phase. Different colours represent paths of different markers. Circles
represents the starting point of the markers and triangles represent the ending points. Natural P-T stages are represented
with black rectangles.

can be positioned between 405 and 435 Ma. Thermal conditions compatible with stage

I followed by a cooling at same pressures can be observed also at the end of the oceanic

subduction. In this case, markers complete three cycles, but P-T conditions compatible

with stage I are reached only during the last exhumation, after approximately 50 Ma

(brown lines in Figure 5.32). After that, during the post-collisional phase, markers cool

down, showing correspondences with stage II. Both in case of cooling during the last

stages of the oceanic subduction and in the case of cooling right after the collision, the

time interval of the correspondence stages I and II is about 2 Ma, so much lesser than that

deduced by the natural ages of approximately 25 Ma.

Natural estimates of successive metamorphic stages recorded and preserved by da-

tum ML1 shows a prograde path, up to about 2.5 GPa and 1250 K, followed by a ret-

rograde path, with the exhumation characterised by a gradual decrease of temperature,

up to pressures lower than 0.6 GPa and 750 K. Some markers of continental lithospheric

mantle have initial P-T conditions compatible with stage I, but none of them show an
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Figure 5.33: P-T simulated paths of markers of the continental lithospheric mantle fitting with datum ML1 during the
oceanic subduction phase. Different colours represent paths of different markers. Circles represents the starting point of
the markers and triangles represent the ending points. Natural P-T stages are represented with black rectangles.

initial prograde path characterised by an increase of pressure. In fact, all these markers

warm up with no changes in pressure, reaching the thermal peak in correspondence of

stage III. After that, the retrograde paths described by the markers fit clearly with a path

inferred by the natural estimates of the different metamorphic stages and all markers

have correspondences with stage IV, V and VI. Moreover, some markers (Green line in

Figure 5.33) show a second cycle of subduction and exhumation, during which they fit

with stages IV, V and VI.

Continental markers that record their maximum pressure under P-T conditions com-

patible with the stage I of datum ML2, complete two (red, blue, green, yellow and brown

lines in Figure 5.34a) or three cycles (light blue line in Figure 5.34a) of subduction and

exhumation. All of them reach stage I only at the end of the subduction of the first cy-

cle, while they show correspondences with stages II and III during the exhumation of

all cycles. However, the conditions under which the first exhumation occur are not al-

ways the same for all markers. In fact, after a general increase of temperature after stage

I and a successive adiabatic exhumation up to approximately 0.9 GPa, two paths can be

described: a first group of markers (red, blue and green lines in Figure 5.34a) show a

decrease of temperature with no changes in pressure reaching P-T conditions compatible

with stage II, and then there is a phase of exhumation associate to cooling, during which

they fit with stage III; and a second group of markers that show a uniform exhumation

associated to cooling, fitting with stage II and III.

Differently, there are no sediments or oceanic markers that fit with stage II and III

during the exhumation. In fact, after the correspondence with stage I, there is an increase

of temperature during a rising up to approximately 1.1 GPa, followed by a fast cooling

associated to exhumation, which result too cold to fit with stages II and III (Figure 5.34a
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Figure 5.34: P-T simulated paths of the continental markers (panel a), sediments (panel b) and oceanic markers (panel c)
fitting with datum ML2 during the oceanic subduction phase. Different colours represent paths of different markers. Circles
represents the starting point of the markers and triangles represent the ending points. Natural P-T stages are represented
with black rectangles.

and b).

Stage II has an age of 368-400 Ma (Lardeaux et al., 2001; Lardeaux and Dufour, 1987;

Dufour et al., 1985; Feybesse et al., 1988; Lardeaux et al., 1989; Mercier et al., 1991a; Costa

et al., 1993; Pin and Lancelot, 1982) and have an agreement with markers after 20-25 Ma of

evolution. This indicates that the subduction should begin between 390 and 425 Ma, in

agreement with the beginning of subduction in the model.

Stage I of datum Ro1 has correspondences with oceanic and continental markers and

with sediments at the end of their prograde paths, at about 1.5-1.6 GPa. After the fitting

with stage I, some continental markers show an increase of temperature associated to

a slight decrease of pressure, up to approximately 1200 K, followed by a faster rising,

charaterised by an initial isothermal exhumation and by a final exhumation associated

to cooling (red, green, yellow, light blue and brown lines in Figure 5.35a). During the

exhumation these markers fit either with stage II or with stage III, but they never fit with

both of them. Other continental markers (blue line in Figure 5.35a) have a retrograde
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Figure 5.35: P-T simulated paths of the continental markers (panel a), sediments (panel b) and oceanic markers (panel c)
fitting with datum Ro1 during the oceanic subduction phase. Different colours represent paths of different markers. Circles
represents the starting point of the markers and triangles represent the ending points. Natural P-T stages are represented
with black rectangles.

path compatible with the path of the oceanic markers (Figure 5.35c) and of the sediments

(Figure 5.35b). Their paths are characterised by a isothermal exhumation after the fitting

with stage I, avoiding the phase of warming. All these markers fit with stage II, but they

are not exhumed enough to reach pressures compatible with stage III. This could be due

to a final stage of exhumation developed under a different tectonic setting, as observed

for some data of the Pennidic domain and of the Southalpine domain. In this case, the

age of stage III (345-355 Ma, Mercier et al., 1991a) would be compatible with the end of the

oceanic subduction at approximately 375 Ma.

Stages I, II and III of datum Ro2, described a retrograde path characterised by ex-

humation associated to cooling. Some sediments and continental markers complete two

cycles of sinking and exhumation, while others, as all the oceanic markers complete only

one cycle. Markers with paths characterised by two cycles (red and yellow lines in Figure

5.36a and red line in Figure 5.36b) fit with stage I during the first subduction, before their

P-T peak, while they fit with stages II and III during the exhumation of both cycles. Dif-
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Figure 5.36: P-T simulated paths of the continental markers (panel a), sediments (panel b) and oceanic markers (panel c)
fitting with datum Ro2 during the oceanic subduction phase. Different colours represent paths of different markers. Circles
represents the starting point of the markers and triangles represent the ending points. Natural P-T stages are represented
with black rectangles.

ferently, markers with paths characterised by only one cycle, reach their pressure peak,

at approximately 1.5 GPa and 850 K, before the agreement with stage I, and they have

correspondences with all stages during the exhumation.

Differently from datum Ro2, the metamorphic stages recorded by datum Ro3 indicate

an initial adiabatic exhumation, followed by cooling. Shallow and intermediate continen-

tal markers complete two cycles of subduction and exhumation, fitting with stages I and

II only during the first cycle. This because during the second cycle of subduction, markers

reach lower temperatures, being exhumed in a thermal state colder than that necessary

to fit with stage II. During the first cycle, reach approximately 1150 K and 1.3 GPa in cor-

respondence of stage I, and after that they show a isothermal exhumation, fitting with

stage II, before to conclude their exhumation that in the successive phase is characterised

by cooling (red, blue, green and brown lines in Figure 5.37a). Deep continental mark-

ers complete only one cycle of sinking and exhumation and they reach higher maximum

pressures, approximately 1.5 GPa, at P-T conditions higher than those of stage I. These
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Figure 5.37: P-T simulated paths of the continental markers (panel a), sediments (panel b) and oceanic markers (panel c)
fitting with datum Ro3 during the oceanic subduction phase. Different colours represent paths of different markers. Circles
represents the starting point of the markers and triangles represent the ending points. Natural P-T stages are represented
with black rectangles.

markers fit with stage I both during the subduction and a phase of adiabatic exhumation,

and they fit with stage II right after the beginning of the cooling (yellow and light blue

lines in Figure 5.37a). Both sediments and oceanic markers (Figure 5.37b and c) always

complete two cycles, having correspondences with stages I and II only during the first

cycle. Although the paths of these markers during the first cycle is similar to those of

the continental markers, some of them show an increase of temperature after the fit with

stage I, and the correspondence with stage II occurs during a phase of cooling with no

changes in pressure. Stage III do not have correspondences with any kind of markers

because the exhumation occurs always in a thermal state too cold. The increase of tem-

peratures essential to fit with stage III could be related to an exhumation associated to

other mechanisms or occurring in other tectonic settings.

Metamorphic stages I and II of data Ar1 and Mc1 have been developed under very

similar P-T conditions, while stage III of datum Mc1 shows lower pressures and tempera-

tures. However, the natural path deduced by these metamorphic stage is comparable. All
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Figure 5.38: P-T simulated paths of the continental markers fitting with data Ar1 and Mc1 (panel a) and of the continental
markers fitting with datum Ar2 (panel b) during the oceanic subduction phase. Different colours represent paths of different
markers. Circles represents the starting point of the markers and triangles represent the ending points. Natural P-T stages
are represented with black (data Ar1 and Ar2) and red (datum Mc1) rectangles.

metamorphic stages of data Ar1 and Mc1 have correspondences with continental mark-

ers that complete two cycle of sinking and rising during the oceanic subduction (Figure

5.38a). Stage I of both data show agreement with markers in correspondence of the max-

imum pressure recorded during their paths, at approximately 1.5 GPa. The successive

retrograde path is characterised by an initial phase with an increase of temperature of

about 100 K associated to a rising up to 0.8-0.9 GPa, during which the markers fit with

stage II. After that, the exhumation is characterised by cooling and markers show corre-

spondences with stage III. The second cycle of sinking and exhumation is characterised

by lower temperatures and all markers fit only with stage III. Therefore, stage II of data

Ar1 and Mc1 can be recorded at different times of the same path.

Differently, datum Ar2 does not preserve traces of high pressures and stages I and

II have correspondences with continental markers, which path is characterised by two

cycles, during their first phase of exhumation (Figure 5.38b). These markers record their

peak pressure during the first cycle of subcudtion and it is lower (approximately 1.2 GPa)

than that recorded by markers fitting with datum Ar1. Stage III is characterised by a P/T

ratio too low to have correspondences with any markers during their exhumation.

Stage II of datum PA1 and stage I of datum PA2 have been developed under the same

P-T conditions, and similar P-T conditions are recorded also during stage III of datum

PA1 and stage II of datum PA2. Moreover, datum PA1 shows relicts of a previous meta-

morphic stage characterised by higher pressures and temperatures. Shallow continen-

tal markers complete two cycles of sinking and exhumation (red, green and blue lines

in Figure 5.39a), fitting with stage I of datum PA1 during both cycles, while they have

correspondences with stage II of datum PA1 and stage I of datum PA2 only during the

second exhumation. In fact, the first cycle is characterised by a great increase of temper-
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Figure 5.39: P-T simulated paths of the continental markers (panel a), sediments (panel b) and oceanic markers (panel c)
fitting with data PA1 and PA2 during the oceanic subduction phase. Different colours represent paths of different markers.
Circles represents the starting point of the markers and triangles represent the ending points. Natural P-T stages are
represented with black (datum PA1) and red (datum PA2) rectangles.

ature after stage I of datum PA1, with a consequent exhumation under too hot thermal

conditions. Intermediate and deep continental markers (yellow, light blue and brown

lines in Figure 5.39a) undergo an initial exhumation, followed by one cycle of sinking

and rising. They fit with stages I and II of datum PA1 and with stage I of datum PA2

during the final exhumation. Oceanic markers show paths similar to those completed by

continental markers, but, during the first cycle, they cool rapidly, fitting with stage II of

datum PA1 and with stage I of datum PA2 also during the first exhumation. Sediments

complete either one or two cycles, but the thermal conditions of the cycles is very similar

and they fit with stages I and II of datum PA1 and with stage I of datum PA2 during both

cycles. Stage III of datum PA1 and stage II of datum PA2 never show an agreement with

markers, as observed for the last metamorphic stage of datum Ar2. Stage I of datum PA1

has a radiometric age of 376-397 Ma and compatible P-T conditions are recorded by the

markers after 25-40 Ma, positioning the beginning of the subduction between 400 and

440 Ma.
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Figure 5.40: P-T simulated paths of the oceanic markers fitting with datum MN2 during the oceanic subduction phase.
Different colours represent paths of different markers. Circles represents the starting point of the markers and triangles
represent the ending points. Natural P-T stages are represented with black rectangles.

Stages I and II of datum MN2 shows a decrease of temperature characterised by none

or slightly changes in pressure. All oceanic markers that fit with stage I complete two

cycles of subduction and exhumation and they show a decrease of temperature according

to stages I and II right after a phase of adiabatic exhumation. In fact, at approximately 0.9-

1.0 GPa there is a clear decrease of temperature associated to slight variations of pressure.

In particular, some of them (red, yellow and green lines in Figures 5.40) show an increase

of pressure from stage I to stage II, while others (blue, brown and light blue lines in Figure

5.40) show a decrease of pressure.

Continental markers that have correspondences with datum TP1 have paths char-

acterised by an initial exhumation followed by a cycle of subduction and exhumation.

Markers with an initial pressure above 1.0 GPa (yellow, light blue and brown lines in

Figure 5.41a) fit with stage I and II both during the first exhumation and during the fol-

lowing cycle, while shallower continental markers (red, blue and green lines in Figure

5.41a) fit with both stages only during the second exhumation. Some markers record a

maximum pressure at approximately 1.5 GPa and their retrograde path is characterised

by an isothermal exhumation up to the fitting with stage I (red, green and light blue lines

in Figure 5.41a); other markers record lower maximum pressure (approximately 1.2 GPa)

and the exhumation path is characterised by a gradual cooling (blue, yellow and brown

lines in Figure 5.41a). Deep markers have correspondence with stage I after approxi-

mately 5 Ma, while all continental markers fit with stage I after the subduction at about

45 Ma. Sediments can be divided in two groups: a first group of markers that complete

two cycles of sinking and exhumation (red, blue and green lines in Figure 5.41b), and a

second group that complete only one cycle (yellow, light blue and brown lines in Figure

5.41b). Markers of the first group record their thermal peak during the first cycle, while
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Figure 5.41: P-T simulated paths of the continental markers (panel a) and sediments (panel b) fitting with datum TP1
during the oceanic subduction phase. Different colours represent paths of different markers. Circles represents the
starting point of the markers and triangles represent the ending points. Natural P-T stages are represented with black
rectangles.

the peak of pressure is reached during the second cycle. In both cycles they have cor-

respondence with stages I and II during the exhumation. Markers of the second group

record both the pressure and the thermal peak before the fitting with both stages. Sedi-

ments fit with stage I between 25 and 45 Ma from the beginning of the subduction. So,

considering the age of the stage I (375-385 Ma), the subduction should begin between 400

and 430 Ma. Time range compatible with the time between stage I and stage II (approx-

imately 15-30 Ma) are recorded only during the first exhumation of the deep continental

markers (estimated between 10 and 20 Ma), while the time range during the second ex-

humation is of approximately 5 Ma.

5.4 Discussion

The comparison between Figure 5.2 and Figure 5.3 shows that natural Pmax-TPmax es-

timates that are characterised by both intermediate P/T ratios (for example data Hv3,

Pv4, Sv12 and Ar2) and high P/T ratios (for example data Hv11, Pv10, Av9, Sv10 and

LB1) are in agreement with CUM-CUM.5 model predictions during the oceanic subduc-

tion phase. This can be observed for data with different lithological affinities (oceanic,

continental and mantle), both coming from different domains of the Alps and coming

from the French Massif Central. The data with intermediate P/T ratio show agreement

with CUM-CUM.5 model predictions at the bottom of the crust of the upper plate after

approximately 10 Ma of evolution (for example data Ar2 and Pv7), as consequence of

the activation of the large scale mantle flow that determines an increase of temperatures

at the base of the crust (for details see Chapter 3.3). Differently, data characterised by

high P/T ratios fit with subducted markers, oceanic or continental, in different portions
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of the wedge, depending on the estimated temperatures and pressures. In particular,

the higher the P/T ratios of the data, the more the internal portion of the wedge shows

the agreement with them (for example datum Av10 with respect to data Av8, Pv10 and

LB1). Consequently, two situations in which data characterised by different P-T condi-

tions fit with CUM-CUM.5 model predictions can be recognised: 1) the first is related to

the contemporaneous fitting of the natural data with subducted markers, characterised

by high P/T ratios, and with non-subducted continental markers at the bottom of the

crust, characterised by intermediate P/T ratios. This situation remember the occurrence

of contrasted thermal regime. Contrasted thermal regime have been invoked in the past

by Miyashiro (1973) to justify the juxtaposition of belt characterised by HP and LT (San-

bagawa) with belt characterised by LP and HT (Abukuma). We do not observe a such

homogeneous distribution in the actual chains; 2) the second is related to the different

conditions that can be developed in the wedge. In this case, data with higher P/T ra-

tios fit with markers in the internal and deep portion of the wedge, while data with

lower P/T ratios show agreement with data in the external and shallow portion. For

example, datum Hv11 has P-T estimate compatible with Kyanite-Granulite facies con-

ditions and it fits with CUM-CUM.5 model predictions at the same time of data Pv10

and LB1, which show conditions compatible with Amphibole-Eclogite facies, and with

datum Av7, that is compatible with Epidote-Eclogite facies conditions. Differently, dur-

ing the post-collisional phase, the coeval fitting with data characterised by intermediate

P/T ratios and with data characterised by high P/T ratios is observed only for few Ma

after the collision, so before the thermal re-equilibration of the system, when the ther-

mal conditions are similar to the oceanic subduction phase. In fact, data characterised

by intermediate P/T ratios have an agreement with the model for the whole duration of

the post-collisional phase (for example data Hv6, Pv7, Av10, Sv2 and Ar2), while crustal

data characterised by high P/T ratios show an agreement only during the early stages

(for example data Hv11, Pv10, Av2, Sv10 and Ar1).

ED.5 model is characterised by the introduction of the atmosphere and the implemen-

tation of the erosion-sedimentation mechanisms. As consequence of the introduction of

the air layer, in the ED.5 model the upper plate is characterised by a free surface. The new

setup does not limit anymore vertical movements of the upper plate, with consequences

on the mantle flow at the lithospheric depth. In fact, the mantle flow is more intense

close to the slab and the increase of temperature at the bottom of the continental crust

is faster. However, the thermal conditions in the perturbed crust are comparable to that

CUM-CUM.5 model. Moreover, the increase of mantle flow determines an increase of

temperatures also in the internal and shallow portion of the wedge. In the hydrated area

shallower small convective cells favour the recycling and the exumation of subducted

material up to very shallow crustal level, not only at the bottom of the continental crust,

as observed in SIN-CUM and in CUM-CUM models. During the post-collisional phase,
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the dynamics is still characterised by a general rising of the subducted slab, but the tem-

peratures in the thickened crust are lower. This is due to the larger amount of recycled

oceanic and lithospheric mantle markers, characterised by a lesser radiogenic decay with

respect to the continental crust.

These variations on the thermal state of the subduction complex determines a dif-

ferent fitting of model predictions with natural Pmax-TPmax estimates of the Variscan

metamorphism. The increase of temperature during the oceanic subduction phase de-

teremines a general improvement of the agreement, especially for data with HT, both

characterised by intermediate P/T ratios, such as data Hv6, Hv7, Ar2, MN2, and char-

acterised by high P/T ratios, such as data Pv8, Av9, Ma1, Li3. The improvement of

correspondences with data characterised by intermediate P/T ratios is localised mainly

in the shallower portions of the wedge. In fact, P-T conditions compatible with data char-

acterised by Barrovian-type metamorphism can be recorded not only at the bottom of the

continental crust, as observed for CUM-CUM.5 model, but also in the wedge. Therefore,

intermediate and high P/T ratios can be recorded at the same time, not only in areas of

the subduction complex that are distant from each other (the continental crust and the

wedge) as described in the paired metamorphic belts, but also at different levels of the

wedge. Differently, during the post-collisional phase, the slight decrease of temperatures

recorded in the thickened crust determines an improvement of fitting with some data

and a worsen with others. Data that show an improvement are characterised by interme-

diate temperatures and high P/T ratios, such as data Pv9, Sv10 and Ar1, while data that

worsen their correspondence are characterised by low-to-intermediate P/T ratios, such

as data Hv5, Av11, MN1 and MN2.

Simulated P-T paths of markers of ED.5 model, show a wide variety of possible paths,

and they do not depend only by the initial position of the markers. In fact, some mark-

ers that are close at the beginning of the simulation can accomplish different retrograde

and/or prograde paths and also complete a different number of cycles of sinking and ex-

humation. On the other hand, markers coming from different portions of the subduction

system can be coupled during their evolution and be exhumed together. In particular, the

coupling of units deriving from different areas and having recorded different P-T condi-

tions during their paths is often observed in the orogenic belts, for example at the Plateau

d’Aigurande, in the French Massif Central (Faure et al., 1990), and in the Belledonne Mas-

sif, in the Helvetic domain of the Alps (Guillot and Ménot, 1999). In general, three groups

of maximum pressure recorded by the markers before the exhumation can be identified:

a first group of sediments and of oceanic and continental markers that reach a maximum

pressure of about 1.2 GPa; a second group of of oceanic and continental markers and

sediments with a maximum pressure of about 1.6 GPa; and a group of oceanic markers

subducted to a maximum pressure between 2 and 3 GPa and exhumed at about 1 GPa

(for example markers that have correspondences with datum Pv1).
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The largest amount of data characterised by polymetamorphic evolution, find corre-

spondences with simulated paths of the markers for all the metamorphic stages, both

prograde and retrograde. The metamorphic stages that do not fit with any markers are

characterised by very low pressures and high temperatures. An example is the last stage

of data Sv4, Sv7 and Sv9 that never have correspondences, in contrast with the last stage

of datum Sv5, although the previous stages are very similar and have a lot of corre-

spondences. This can be due to the development of those P-T conditions during the ex-

humation under a different tectonic settings, characterised by higher thermal conditions.

However, final stages of exhumation under greenschist facies are constrained worse than

other metamorphic stages, because of the lack of thermobarometers.

Natural ages of the Pmax-TPmax estimates for the Variscan metamorphism in the Alps

range from approximately 330 Ma to 437 Ma. In particular, data from the Helvetic and

Penninic domains (Hv and Pv, respectively) are characterised by ages older than 390 Ma

(as data Hv1, Hv3, Hv4, Hv9, Hv10, Pv1, Pv8, Pv11 and Pv12), while data from the Aus-

troalpine and Southalpine domains and data Pv5 and Pv9 from the Penninic domain are

characterised by younger ages. The comparison with simulated paths can be useful to

infer the age of the subduction of data characterised by geological ages. By the com-

parison between the age of the metamorphic stages of the data and the time necessary

to models to develop compatible P-T conditions, two time ranges for the beginning of

the subduction can be identified. By the data of the French Central Massif and by data

from the Helvetic and Pennidic domains can be inferred that the subduction begins be-

tween 400 and 450 Ma; differently, data from Austroalpine and Southalpine domains,

data Hv11 and Hv12 from the Helvetic domain (characterised by geological ages) and

datum Pv5 from the Penninic domain indicate a possible younger subduction, starting

approximately between 330 and 380 Ma. The contrasted ages inferred by the data could

be related to two different periods of subduction spaced out by a brief period charac-

terised by continental collision. This hypothesis would be in agreement with the idea of

two cycles of subduction/collision with opposite polarities proposed by many authors

for the evolution of the Variscan orogeny (Matte, 2001; Faure et al., 2005, 2009; Guillot et al.,

2009a; Spiess et al., 2010; Lardeaux, 2014a).





Chapter 6

Model of double subduction

As discussed in the previous chapter, the P-T paths predicted by the model show a re-

ally good agreement with natural P-T paths inferred by the metamorphic stages recorded

and preserved during the Variscan orogeny by rocks from both the Alps and the French

Central Massif. By the way, the modelled paths opened the possibility to have two

cycles of subduction and collision involved in the evolution of the Variscan belt. The

hypothesis of two successive subduction systems is supported also by petrologic and

geochronologic data and, nowadays, it is widely accepted. For the French Central Mas-

sif, Lardeaux (2014a) proposed a Silurian north-dipping subduction of Medio-European

ocean and north margin of Gondwana underneath either the southern margin of Armor-

ica or an unknown continent, followed by a late Devonian south-dipping subduction

of the Saxothuringian ocean. A similar model has been supposed by Matte (2001), who

suggested a north-dipping subduction that closed the Galician-Southern Brittany ocean

during the Devonian, with the collision between Armorica and Gondwana, followed by

a south-dipping subduction that led the closure of the Rheic ocean and the collision be-

tween Armorica and Avalonia at the end of the Devonian. The evolution inferred from

data of the French Central Massif is compatible also with the evolution of the External

Crystalline Massifs of the the Western Alps (Guillot et al., 2009a). The Medio-European

(or Galician-Southern Brittany) domain is under debate, because of discrepancies be-

tween metamorphic and paleo-geographic data. In fact, on the one hand the presence of

HP/UHP metamorphism is evidence of its existence for at least 30 Ma, on the other hand

the lack of biostratigraphic and paleomagnetic data suggest a narrow oceanic domain,

smaller than 500-1000km (Matte, 2001; Faure et al., 2009; Lardeaux, 2014a). The ages of the

subductions deduced by the comparison between the simulated P-T paths of the model

and the natural ages of different metamorphic stages of the data (Chapter 5) agrees with

the timing of subduction inferred by geodynamic reconstructions (Matte, 2001; Guillot

et al., 2009a; Spiess et al., 2010; Lardeaux, 2014a), positioning the beginning of the first sub-

duction between 400 and 450 Ma and the beginning of the second subduction between

173
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330 and 380 Ma.

A model of double subduction, characterised by two opposite subduction systems,

has been developed to verify that it could well-represent the evolution of the Variscan

belt. Therefore, P-T data predicted by the new model has been compared to data of

Variscan metamorphism from the Alps and from the French Central Massif.

6.1 Model setup

The model characterised by a double opposite subduction has been developed with the

configuration of the CUM-CUM models. Therefore, same boundary conditions, same

grid and same density of the markers have been used (Chapter 3.1). Three models char-

acterised by different velocities of the first oceanic subduction have been developed, to

verify the impact on the thermal state and on the dynamics related to the second oceanic

subduction. Velocities of 1, 2.5 and of 5 cm/yr have been used for the first subduction (in

DS.1, DS.2.5 and DS.5 models, respectively), while the second subduction is characterised

by a velocity of 5 cm/yr. Differently from the CUM-CUM models that were characterised

by two evolutionary phases over a period of 130 Ma, four phases that covers the same

period have been now considered:

1. a first phase of active oceanic subduction that lasts 51.5 Ma, until the first continen-

tal collision;

2. a second phase of 10 Ma characterised by a pure gravitational evolution;

3. a third phase of active oceanic subduction that lasts 26.5 Ma, until the second con-

tinental collision;

4. a fourth phase of pure gravitational evolution that lasts 42 Ma.

Being assumed the duration of the first phase the same for DS.1, DS.2.5 and DS.5

models, the width of the oceanic domain involved in the first subduction, representing

the Medio-European ocean, is different for the three models with different subduction

velocitites. The oceanic domain is 500 km, 1250 km and 2500 km wide in DS.1, DS.2.5

and DS.5 models, respectively. Therefore, the dimension of the ocean for DS.1 and for

DS.2.5 models is compatible also with paleo-geographic reconstructions. Differently, the

continent located between the two oceanic domains, which represent either Armorica

or another micro-continent, and the oceanic domain involved in the second subduction,

representing the Saxothuringian ocean, have the same size in both models. The continent

is 400 km wide, while the ocean is 1250 km wide. The width of the continent is compatible

with the dimension of Armorica inferred by cross-sections of the Variscan belts in France

(Matte, 2001). The initial distribution of the markers for all models is shown in Figure 6.1.
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Figure 6.1: Setup and initial thermal configuration of the double subduction model. Brown, grey and black colours indicate
the continental crust, the upper oceanic crust and the lower oceanic crust, respectively. The distances are not to scale.

6.2 Results

In Chapter 3.3 it has been already enlightened how changes in the velocity of subduction

can influence the thermo-mechanics of the system. In particular, the lower the velocity

of subduction, the higher the temperature in the slab and in the mantle wedge. This is

due to the larger amount of cold material subducted for higher velocities, while the large-

scale mantle flow contributes on the thermal state in the same way for all models. The

consequence of lower temperatures for higher velocities is that the area in which the P-T

conditions are compatible with the stability field of the serpentine is wider. Therefore, for

low velocities the hydrated area is smaller and the convective cells in the mantle wedge

are less efficient to recycle subducted material. This general behaviour characterises the

first subduction of the presents model. In particular, the slab of DS.1 model is charac-

terised by temperatures too high to have hydration of the mantle wedge and, therefore,

to recycle subducted crust (Figure 6.2). Furthermore, as observed for CUM-CUM models,

the higher the subduction velocity, the lower the dip angle of the slab (Figure 6.2).

Below, the discussion of the thermal state and of the dynamics of the models charac-

terised by two opposite subduction will focus from the beginning of the second oceanic

subduction, being the thermo-mechanics related to the first subduction widely described

in Chapter 3.3. In particular, differences in the dynamics and in the thermal state be-

tween the models with different velocity of the first subduction will be enlightened, and

the thermal states will be compared to the thermal state of a subduction started in a non-

perturbed system.

The sinking of the slab determines a gradual backward bending of the first slab, as-

sociated to a thinning below a depth of approximately 150 km (Figure 6.3). Differently

from the large-scale dynamics observed in the SIN-CUM and in the CUM-CUM mod-

els (Figures 3.3 and 3.7, respectively), the mantle flow above the slab is very weak, with

the exception of the DS.5 model, in which it intensifies at about 15.5 Ma (Figures 6.3c3).

The lack of an intense large-scale mantle flow could be related to the presence of the first

slab that prevent the activation of the convective flow. Its enhancing in DS.5 model after
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Figure 6.2: Temperature field in terms of the 800 K and 1300 K isotherms (dashed black lines) surrounding the wedge
area for the DS.1 model (panel a), DS.2.5 model (panel b) and for the DS.5 model (panel c) at 26.5 Ma of evolution of the
first subduction. The yellow areas represent the hydrated wedge domains. Black, grey, dark brown and light brown points
represent the lower oceanic crust, upper oceanic crust, continental crust of the upper plate, and continental crust of the
lower plate, respectively.

15.5 Ma is due to the higher dip angle of the slab with a consequent larger area above

it. The presence of the short-lived convective flow in the DS.5 model determines an in-

crease of temperature at the bottom of the first slab (Figures 6.3c3 and d3) with respect to

DS.1 and DS.2.5 models (Figures 6.3c1, d1 and c2, d2, respectively) and a decrease of the

dip angle toward the new subduction. However, the large-scale mantle flow is limited

above the second slab and below the new one. As consequence, in the internal portion

of the subduction complex, between the slabs, there is no thermal contribution of mantle

flow from external and hotter portions of the domain, as observed in CUM-CUM models.

Differently, the large-scale convective cell below the second slab is of the same order of

magnitude for all models and comparable with the flow of CUM-CUM.5 model.

Figure 6.4 show the differences in the thermal state between DS.1 (black lines), DS.2.5
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(red lines), DS.5 (blue lines) and CUM-CUM.5 models (green lines) in terms of isotherms

800, 1100 and 1300 K. At the beginning of the second subduction the upper plate is still

thermally perturbed. In particular, in the micro-continent isotherms 800 K are shallower

than in an unperturbed system (continues green line of CUM-CUM.5 model) and there

are no differences between DS.1, DS.2.5 and DS.5 models (continues black, red and blue

lines, respectively). On the other hand, the first slab is not yet thermally re-equilibrated,

as shown by the depression of isotherms 1100 and 1300 K (dotted and dashed lines in

Figures 6.4a and b). Comparing the isotherm 1100 K of DS.1, DS.2.5 and of DS.5 model,

one can see that in the early stages DS.5 model is the coldest, while DS.1 is the warmest.

This is the consequence of the thermal state at the end of the first subduction, which is

colder for higher velocities, as described in Chapter 3.3.

Despite of the colder thermal state in correspondence of the first slab, the isotherms

800 and 1100 K are very similar in the slab and in the internal portion of the wedge for all

models during the early stages of evolution. In fact, differences in the thermal states of

the models are enlightened only by isotherm 1300 K, that show a colder thermal state for

DS.1, DS.2.5 and DS.5 models with respect to CUM-CUM.5 model (dotted lines in Figure

6.4b). Isotherm 800 K shows only a slight difference inside the slab after 5.5 Ma, when it

is slightly deeper in model DS.1 with respect to DS.2.5 and DS.5 models (continues black

line in Figure 6.4b). However, it begins to clearly differentiate inside the slab after 15.5

Ma of evolution (continues lines in Figure 6.4c), when isotherm 800 K is the deepest in

model DS.1 and the shallowest in DS.5 and CUM-CUM.5 models. Further differences can

be observed at the collision (continues lines in Figure 6.4d), when DS.5 model is colder

than CUM-CUM.5 model but warmer than DS.1 and DS.2.5 models, and DS.2.5 model is

the coldest. In the same way, 1100 K isotherm begins to show differences in the portion of

the wedge close to the new subduction at approximately 15.5 Ma (dashed lines in Figure

6.4c), with a colder thermal state for DS.1, DS.2.5 and DS.5 models. The colder thermal

state in the wedge observed in DS.1, DS.2.5 and DS.5 models with respect to CUM-CUM.5

model could be related to the lack of heat supply due to the mantle flow, which in case

of double subductions does not reach the portion of the wedge close to the second slab.

In correspondence of the doubled crust related to the first continental collision, isotherm

1100 K is shallower in model DS.1, DS.2.5 and DS.5 models with respect to the isotherm

in a non-thickened crust, because of the higher energy produced by radioactive decay

(dashed lines in Figures 6.4c and d).

The dynamics in the wedge is comparable to the dynamics observed for CUM-CUM

models (Figure 3.8), with slightly differences due to the lower temperatures inside the

slab predicted in DS.1, DS.2.5 and in DS.5 models (Figure 6.5). In fact, the hydrated

area is more extended in DS.1 and in DS.2.5 models with respect to DS.5 model (yellow

area in Figure 6.5), because of the colder thermal state and the consequent larger portion

of mantle wedge in which the serpentine in stable. Differences in the extension of the
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Figure 6.4: Thermal configurations predicted by the DS.1 (black lines), DS.2.5 (red lines), DS.5 (blue lines) and CUM-
CUM.5 models (green lines) in terms of isotherms 800 K (continues lines), 1100 K (dashed lines) and 1300 K (dotted
lines) at different time steps during the oceanic subduction phase: at 0.5 Ma (panel a), at 5.5 Ma (panel b), at 15.5 Ma
(panel c) and at 26.5 Ma (panel d).

hydrated area are more evident at the end of the subduction, when differences of the

thermal conditions in the slab are more pronounced (Figures 6.5b, d and f).

After the collision, the large-scale dynamics shows a decrease in the intensity of the

convective flow, below the second subducted slab, of approximately two order of mag-

nitude (Figure 6.6), for all models. On the other hand, above the slab the activation of a

feeble convective cell occurs, of the same order of magnitude, that decrease its intensity

during the post-collisional evolution. The combined action of these two large-scale con-

vective cells determines the increase of the dip angle of the deep portion of both the slabs

(Figures 6.6b, d and f). At the same time, both the subducted portion of the continental

crust of the lower plate and the recycled material in the wedge rise to shallower depths,

because of the lower density of the continental crust with respect to the mantle.

During the post-collisional phase, the portion of the slab characterised by tempera-

tures below 800 K thermally re-equilibrates by the first 10 Ma, as shown by the isotherms

800 K that do not have differences between DS.1, DS.2.5, DS.5 and CUM-CUM.5 models

(continues lines in Figure 6.7a). Differently, isotherms 1100 K have different maximum

depths for the models until the last stages of the evolution. In particular, isotherm 1100

K reach a depth of approximately 150 km in DS.1 model, more than 150 km in DS.2.5

model, of approximately 100 km in DS.5 model and of less than 100 km in CUM-CUM.5

model (black, red, blue and green dashed lines in Figure 6.7b, respectively). The slower

re-equilibration and the final colder thermal state of DS.2.5 model and, to a lesser extent,
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Figure 6.5: Temperature field in terms of the 800 K and 1300 K isotherms (dashed black lines) surrounding the wedge area
for the DS.1 model (panels a and b), DS.2.5 model (panels c and d) and for the DS.5 model (panels e and f) at different
times. Panels a, c and e show models at 10.5 Ma after the beginning of active convergence; panels b, d and f show
models at 26.5 Ma after the beginning of active convergence. The yellow areas represent the hydrated wedge domains.
Black, grey, dark brown and light brown points represent the lower oceanic crust, upper oceanic crust, continental crust of
the upper plate, and continental crust of the lower plate, respectively.
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Figure 6.6: Large-scale temperature field (colours) and streamline patterns (solid black lines) for DS.1, (panels a and b),
DS.2.5 (panels c and d) and DS.5 (panels e and f) models at 10.5 Ma (panels a, c and e) and at 42.5 Ma (panels b, d and
f) after the second continental collision. Black, grey, dark brown and light brown points represent the lower oceanic crust,
upper oceanic crust, continental crust of the upper plate, and continental crust of the lower plate, respectively.

of DS.1 and DS.5 models are related to the lower temperatures predicted at the end of the

oceanic subduction.

6.3 Comparison with natural P-T estimates

The western Alps (considering the Alpine convergence) represent a clear example of a

metamorphic belt related to a cold subduction zone, while the French Central Massif is

an example of a Silurian metamorphic evolution in relation with hotter subduction sys-

tem (Lardeaux, 2014a). This is in agreement with the thermal states predicted by DS.1,

DS.2.5 and DS.5 models with respect to CUM-CUM.5 model. In fact, the second subduc-

tion is always colder than the first subduction, irrespective of the velocity of subduction.

In particular, DS.1 and DS.2.5 models are characterised by colder second subductions,

while the first subduction is the hottest for DS.1 model, as consequence of the lowest

velocity. However, DS.1 model does not show recycling of subducted crust during the
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Figure 6.7: Thermal configurations predicted by the DS.1 (black lines), DS.2.5 (red lines), DS.5 (blue lines) and CUM-
CUM.5 models (green lines) in terms of isotherms 800 K (continues lines) and 1100 K (dashed lines) at different time
steps during the post-collisional phase: at 10.5 Ma (panel a and at 42.5 Ma (panel b).

first subduction, as consequence of the higher temperatures. Differently, DS.5 model has

ocean related to the first subduction more wide to that proposed by paleo-geographic

reconstructions. Therefore, DS.2.5 model results to be the most adequate to make a com-

parison with natural P-T estimates of the Variscan metamorphism.

6.3.1 First subduction-collision cycle

In DS.2.5 model the first oceanic subduction corresponds to a north verging oceanic sub-

duction, spanning between 425 and 373.5 Ma, and followed by a stage of collision lasting

10 Ma, before the beginning of the second subduction. This intermediate post-collisional

stage span between 373.5 and 363.5 Ma.

Alps

A general improvement in the agreement with natural Pmax-TPmax of the Alps can be

observed during the first subduction of DS.2.5 model (Figure 6.8a) with respect to the

oceanic subduction phase of the CUM-CUM.5 model (Figure 5.2a). In particular, DS.2.5

model shows an increase in the correspondence with data Hv6, Hv7, Hv11, Pv12 and

Av9, while a worsening is observed only for datum Av8. In models DS.2.5, at the colli-

sion, datum Hv11 fits both with continental markers in the wedge and with continental

markers in the subducted portion of the lower plate (Figure 6.9f1), while in model CUM-

CUM.5 it fitted only with continental subducted markers of the lower plate (Figure 5.4f).

Figures 6.9a1-f1 show that all the data that improve their fit have correspondence with

markers in the portion of the wedge characterised by temperatures higher than 800 K.

Therefore, the improvement of the fit is due to the higher temperatures characterising

slow subductions, both in the slab and in the mantle wedge. In the same way, datum Av8

worsens its fit because it is characterised by low temperature and high pressure and none

of the markers of the slab record appropriate P-T conditions. On the other hand, none

of the data with correspondence at the bottom of the continental crust of the upper plate
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show differences in the fitting between the models. So, the velocity of subduction does

not influence the thermal state in the upper plate but only in the slab and in the mantle

wedge.

French Central Massif

An improvement occurs also by the comparison of natural Pmax-TPmax estimates with the

first subduction of DS.2.5 model (Figure 6.8b), with respect to the comparison with the

subduction phase of CUM-CUM.5 model (Figure 5.2b). In fact, data Li3, LB1, Ro1, Ro2,

Ro3, Ar1, Mc1, PA1 and ML2 have correspondences with DS.2.5 model for longer period

and datum Li6 shows an increase in the number of markers that show the agreement. In

particular, datum Li6 improves its correspondences because larger portion of the slab are

characterised by temperatures above 800 K at high pressure. In fact, there is a change of

position of the area with P-T conditions compatible with datum Li6, from the external

portion of the wedge in CUM-CUM.5 model (Figure 5.7b), to the internal portion of the

slab (Figure 6.9b2). As observed for the data of the Alps, all the data of the French Central

Massif that improve their fit with the model are characterised by high or intermediate-

to-high P/T ratios and show correspondences with oceanic and continental subducted

markers. So, none of the markers that fit at the bottom of the continental crust of the up-

per plate, which are characterised by intermediate P/T ratios, improve their agreement.

With the exception of data LB1 and Ro2 that are characterised by the lowest tempera-

tures (Figure 5.3e), all the other data fit with CUM-CUM.5 model only at the beginning

of the subduction (Figure 5.7a), then the system cool and it does not show compatible P-T

conditions anymore. Differently, a slower subduction, characterised by higher temper-

atures, shows correspondences with these data for longer periods with subducted and

recycled markers in the wedge (Figure 6.9a2-f2). At the collision, data Ar1, Mc1, Ro2 and

Ro3 have correspondences with subducted markers of the lower plate and continues to

fit also with markers in the wedge (Figure 6.9f2), differently from correspondences only

with the lower plate shown in model CUM-CUM.5 (Figure 5.7f). No differences in the

correspondences can be observed between the first gravitational phase of DS.2.5 model

and the early stages of the post-collisional phase of CUM-CUM.5 model, both for data of

the Alps and for data of the French Central Massif.

6.3.2 Second subduction-collision cycle

The second oceanic subduction phase lasts 26.5 Ma and it corresponds to a south verging

subduction running between 363.5 and 337 Ma. It is followed by a final post-collisional

phase lasting 42 Ma, between 337 and 295 Ma.
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Figure 6.9: Comparison between DS.2.5 model and Pmax-TPmax estimates from the Alps (panels a1-f1) and from the
French Central Massif (panels a2-f2) for different times during the first oceanic subduction phase. Dotted lines indicate
800 K and 1500 K isotherms. In panels a1-f1, red dots indicate fitting with data from the Helvetic domain, light blue dots
fitting with data from the Pennidic domain, yellow dots fitting with data from Austroalpine domain and blue dots indicate
fitting with Southalpine domain; in panels a2-f2, red dots indicate fitting with data from the French Central Massif.
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Alps

Comparing the correspondences of data from the Alps during the second oceanic sub-

duction of DS.2.5 model (Figure 6.8a) with the correspondences during the equivalent

period of post-collisional phase of CUM-CUM.5 model (between 363.5 and 337 Ma in

Figure 5.2a) an improvement in the agreement can be observed. In particular data Hv2,

Hv3, Hv11, Pv9, Pv10, Av3, Av10 and Sv10 have a better agreement with the model,

while only datum Pv8 slightly worsens its agreement, being characterised by a high P/T

ratio with a temperature over 1000 K. The worsening of the fit of datum Pv8 is due to the

colder thermal state predicted by the model in the slab during the second oceanic sub-

duction, with respect to the thermal conditions recorded in the external and deep portion

of the wedge in CUM-CUM.5 model, both during the oceanic subduction and during the

post-collisional phase. However, datum Pv8 shows an agreement with subducted mark-

ers during the early stages of the second subduction of DS.2.5 model (Figure 6.10a1).

Amongst the data that improve their fit, the only one characterised by an intermediate

P/T ratio is Av10. It begins to fit with the model approximately 10 Ma earlier than in

CUM-CUM.5 model (Figures 6.10b1-c2), but it fits only in the shallower portions of the

thickened crust of the first subduction (as in CUM-CUM.5 model), while it has no cor-

respondences with markers involved in the second subduction. In CUM-CUM.5 model,

datum Pv10 ceased to fit after few Ma of the beginning of the post-collisional phase, after

the thermal re-equilibration of the slab. Differently, in DS.2.5 model, datum Pv10 has cor-

respondences with subducted and recycled markers in the external portion of the wedge

until 10 Ma from the beginning of the second subduction (Figures 6.10a1 and b1). Fur-

thermore, it fits again starting from the second continental collision, at the beginning with

continental markers in the subducted portion of the lower plate (Figures 6.10e1 and a2),

and later also with continental markers in the wedge, until the end of the post-collisional

evolution (Figures 6.10b2-e2). In the same way, datum Pv9 fits with model DS.2.5 from

the beginning of the collision to the end of the evolution (Figures 6.10e1-d2), while da-

tum Pv9 has not correspondences with CUM-CUM.5 model. Data Av3, Hv2, Hv3 and

Hv11 display correspondences with simulated P-T paths compatible with the beginning

of the subduction between 340 and 380 Ma, in agreement with the second subduction

simulated in the DS.2.5 model, and all of them improve their fit. In fact, they are charac-

terised by high P-T ratios and they fit with markers involved in the second subduction. In

particular, Av3 and Hv3 and Hv11 have correspondences with subducted markers in the

shallow portion of the wedge during the early stages (Figures 6.10a1 and b1), while Hv2

fits with continental markers in the subducted portion of the lower plate at the collision

(Figure 6.10e1). In additon, datum Hv11 shows correspondences also with continental

markers of the lower plate in the early stages of the post-collisional phase (Figures 6.10e1

and a2). Datum Sv10 has some correspondences with the model in the shallow portion
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of the wedge during the early stages, improving its fit (Figures 6.10a1 and b1).

Datum Av4 shows a slight improvement in the number of markers that show an

agreement because there are two areas characterised by compatible P-T conditions. In

fact, in CUM-CUM.5 model Av4 fitted only with continental markers in the wedge at the

beginning of the post-collisional phase, while in DS.2.5 model it fits both with continen-

tal markers in the subducted portion of the lower plate, related to the first subduction,

and with continental subducted markers in the wedge of the second subduction (Figure

6.10a1). With respect to datum Av4, characterised by a high P/T ratio, data Av2 and Pv8

have an higher P/T ratio, and they only fit with deep subducted markers in the wedge

related to the second subduction (Figures 6.10a1 and b1) but they do not fit anymore

with the first subduction, as occurred in CUM-CUM.5 model. During the oceanic sub-

duction, datum Hv6 shows the same correspondence observed in CUM-CUM.5 model, in

the deep portion of the doubled crust of the first subduction (Figures 6.10a1-e1), while af-

ter the collision it fits with markers in the thickened crust of both the subductions (Figures

6.10a2-e2). Datum Hv5 shows the same correspondences than in CUM-CUM.5 model, in

the shallow portion of the thickened crust (Figures 6.10a2-c2). Data Hv4, Pv2, Pv4, Pv7

and all data from the Southalpine domain, with the exception of Sv10, are characterised

by intermediate P/T ratios and fit at the entire bottom of the non-subducted continental

crust, both of the upper and of the lower plates (Figures 6.10a1-e2).

French Central Massif

Data from the French Central Massif do not have differences in the correspondences

during the second oceanic subduction with DS.2.5 model with respect to CUM-CUM.5

model. In fact, there are no data that fit with the second slab during subduction, with

the exception of datum Ro2 during the early stages of the evolution, with markers in the

external portion of the wedge (Figure 6.11a1). However, it does not fit with subducted

markers belonging to the first slab, conversely to what occurred in CUM-CUM.5 model.

On the other hand, data Ro2, Ar1 and Mc1, all characterised by high P/T ratios, fit with

the second slab starting from the second continental collision, showing an improvement

in the correspondences with respect to CUM-CUM.5 model. These data fit only with con-

tinental markers of the subducted portion of the wedge until 10 Ma of post-collisional

evolution (Figures 6.11e1-b2), then they have correspondence also with recycled markers

in the wedge (Figures 6.11c2-d2).

Differently, data characterised by intermediate P/T ratios (ML3, PA2, Ro3, MN1,

MN2, Ar2) do not show differences in the correspondences both during the second oceanic

subduction and during the second post-collisional phase. In particular, data ML3 and

PA2 continues to fit at the bottom of the continental crust of the upper plate and at the

bottom of the crust of the lower plate related to the first subduction (Figures 6.11a1 and
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Figure 6.10: Comparison between DS.2.5 model and Pmax-TPmax estimates from the Alps for different times during the
second oceanic subduction phase (panels a1-f1) and during the second post-collisional evolution (panels a2-f2). Dotted
lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting with data from the Helvetic domain, light blue dots
fitting with data from the Pennidic domain, yellow dots fitting with data from Austroalpine domain and blue dots indicate
fitting with Southalpine domain.
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b1). In addition, data Ro3, MN1 and MN2 have correspondences only in the portion of

the thickened crust related to the first subduction below a depth of 30 km, as occurred

in CUM-CUM.5 model (Figures 6.11a1-e2). Datum Ar2 had correspondences with CUM-

CUM.5 model at the bottom of the crust during the first half of the post-collision phase

and nearby the doubled crust during the second half of evolution. In the comparison

with DS.2.5 model, it shows the same correspondences in relation of the first slab (Fig-

ures 6.11a1-e1) and, during the second post-collisional phase, also with the thickened

crust due to the second slab (Figures 6.11a2-e2).

In general, data of the French Central Massif show a worsening in the fit during the

second subduction with respect to the first subduction. This means that a hot subduction

is necessary to develop P-T conditions compatible with these data, or that a refinement

and an amount improvement of radiometric dating could sensibly refine the comparison

between natural data and model predictions.

6.4 Discussion

Three models of double subduction, characterised by different velocities of the first sub-

duction, have been developed, to analyse the impact of a perturbed system on the acti-

vation and evolution of an oceanic subduction. Differences of the thermal state inside

the slab for different velocities of the first subduction confirm the conclusion inferred in

Chapter 3. In fact, a decrease of velocity determines an increase of temperatures because

of lesser amount of cold material subducted for same time periods. In particular, temper-

atures in the slab and in the mantle wedge for a velocity of 1 cm/yr are too high to have

P-T conditions compatible with the stability field of serpentine and the mantle wedge

can not be hydrated. As a consequence, there are not activation of small-scale convective

cells and recycling of subducted material.

In all models, at large scale, there is an intense mantle flow above the second slab,

as observed in CUM-CUM models. This is due to the presence of the first subduction,

which prevent the activation of the large-scale convective cell. The lack of the mantle

flow up to the external boundaries of the hydrated area, and the consequent absence of its

heat supply, determines a decrease of temperatures in the mantle wedge, in the portion

between the slabs of the two successive subductions. Moreover, also the temperature

inside the second slab is lower than in CUM-CUM.5 model. In particular, DS.1 and DS.2.5

models are characterised by a thermal state colder than DS.5 model. During the second

post-collisional phase there is an increase of dip angle of both the slabs.

Considering both paleo-geographic reconstructions of the Variscan orogeny and meta-

morphic evidences, the more appropriate model to compare the predicted P-T with natu-

ral P-T estimates is DS.2.5 model. In fact, DS.5 model is characterised by a wide ocean in-

volved in the first subduction (2500 km), while paleo-geographic reconstructions suggest
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Figure 6.11: Comparison between DS.2.5 model and Pmax-TPmax estimates from the French Central Massif for different
times during the second oceanic subduction phase (panels a1-f1) and during the second post-collisional evolution (panels
a2-f2). Dotted lines indicate 800 K and 1500 K isotherms. Red dots indicate fitting with data.

a dimension of max 1000 km. On the other hand, DS.1 model does not show recycling of

subducted material related to the first subduction.

DS.2.5 model shows a general improvement in the agreement with natural data, both

from the Alps and from the French Central Massif. All the data that improve their fit

during the first subduction of the model have an estimated temperature above 800 K and

have correspondences with subducted and recycled markers in the external and warmer

portion of the mantle wedge. This because of the higher thermal state predicted in the
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slab for lower velocities. In particular, almost all data from the French Central Massif

show better correspondences with the model, while an improvement for only few data

of the Alps can be observed. On the other hand, during the second subduction a lot of

data from the Alps, all of them characterised by high P/T ratios, improve their fit, while

none of the data from the French Central Massif show differences in the correspondences

with respect to CUM-CUM.5 model. Therefore, a slow and hot subduction is needed

to develop P-T conditions in the wedge compatible with data from the French Central

Massif. Differently, data from the Alps are characterised by different metamorphic gradi-

ents and some of them have better correspondences with a hot subduction (for example

datum Pv12), while others with a cold subduction (for example data Hv2 and Av3).

The fit of data from the Alps with the first and the second subduction is in agree-

ment with results obtained by the comparison with natural P-T paths. In fact, paths of

markers compatible with Alpine data show that two time ranges for the beginning of the

subduction can be identify: one between 350 and 380 Ma and another between 400 and

450 Ma, in agreement with the available radiometric dating distribution, with the ages >

390 Ma concentrated in Helvetic and Penninic domains, as already evinced by Spalla et al.

(2014). Differently, modelled paths compatible with data from the French Central Massif

suggest only one subduction beginning at approximately 400-450 Ma and their lack of fit

with the second subduction support this result. For example, data Hv2 and Av3 show

better correspondences with the second subduction and their paths agreed suggesting a

more recent subduction, while data Pv12 and PA1 have a better fit with a hot subduction

and its paths suggested an older subduction.





Chapter 7

Conclusions

In a first phase, this work focuses on the effects of the hydration of mantle wedge and

of shear heating on the thermo-mechanics of a subduction complex. The introduction of

the hydration determines the activation of small convective cells during the early stages

of active subduction, because of the low viscosities associated to the serpentinisation

of the wedge, favouring the recycling and the partial exhumation of subducted oceanic

and continental crust. Differently, the introduction of shear heating slightly affects the

thermal state in the hydrated area, while it is more effective in the slab and in the non-

hydrated mantle. In fact, in the hydrated wedge the decrease of the viscosity is greater

than the increase of the strain rates, with a consequent low production of energy by shear

heating. In the models characterised by both the hydration of the wedge and the shear

heating there is a correlation between the velocity of subduction and the dimension of

the hydrated area. In fact, the higher the velocity, the larger the hydrated domain. This

is due to the lower temperatures that characterise the internal portion of the slab and

the resulting thermal depression at the bottom of the hydrated area. Lower temperatures

related to higher velocities of subduction are due to the larger amount of cold lithosphere

subducted in the same time.

During the pure gravitational phase, the slab progressively warms as consequence

of the thermal re-equilibration of the system. Moreover, the recycling of large amount

of continental crust during the oceanic subduction determines the doubling of the crust,

with a consequent increase of energy due to radiogenic decay. This additional heat sup-

ply produces a thermal state warmer than in a non-perturbed system. The progressive

warming of the system generates a thermal environment in which the markers record P-T

conditions compatible with a Barrovian metamorphism. In all models, the highest TmaxC

values are reached at the end of the evolution.

The P-T conditions predicted by the models show that contrasting P-T conditions can

exist simultaneously in different portions of the same subduction systerm. In general, in-

termediate P/T ratios can be developed at the bottom of the continental crust of the upper

193
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plate and in the shallow and most external portion of the hydreated wedge. On the other

hand, high P/T ratios can be recorded by the markers during their cycles of subduction

and exhumation, in the internal portion of the wedge at different depths. Differences of

temperature predicted in various portions of the wedge determine different thermal gra-

dients recorded by the markers during the evolution. The coexistence of metamorphic

facies characterised by contrasted P-T gradients can be observed also during the early

stages of the pure gravitational evolution. In fact, the warming of the subduction com-

plex does not occur suddenly, and some Ma are necessary to thermally re-equilibrate the

slab and the wedge with the surrounding warmer mantle.

The coeval existence of domain characterised by different P-T conditions is under-

lined also by the comparison with natural P-T estimates. In fact, data characterised by

intermediate P/T ratios and data characterised by high P/T ratios show correspondences

in different areas of the model at the same time. In particular, model predictions agree

with data with intermediate P/T ratio at the bottom of the crust of the upper plate, while

data characterised by high P/T ratios fit with subducted oceanic and continental markers

in different portions of the wedge. However, different conditions can be developed also

in the wedge. In fact, data with higher P/T ratios are compatible with P-T conditions in

the more internal and deeper portion of the wedge.

The introduction of an upper layer of air, allowing free movements of the upper plate,

produces an increase in the intensity of the mantle flow. The consequence is an increase

of temperature of the system. Furthermore, the activation of shallower small convective

cells is observed, favouring the exhumation of subducted material up to very shallow

crustal level. The variations induced on the thermal state determine a variation in the

comparison between model predictions and natural Pmax-TPmax estimates. The increase

of temperature during the oceanic subduction phase determines a general improvement

of the agreement, especially for data with HT, both characterised by intermediate P/T

ratios and characterised by high P/T ratios. In this model P-T conditions compatible

with data characterised by Barrovian-type metamorphism can be recorded not only at

the bottom of the continental crust but also in the wedge.

The comparison between the simulated P-T paths and successive metamorphic stages

preserved by rocks from the Alps and from the French Central Massif supports the pos-

sibility to have an evolution of the Variscan orogeny characterised by two opposite sub-

duction. In fact, two periods during which the subduction could begin can be recognised:

based on the data from the French Central Massif and on some data from the Helvetic and

Pennidic domains, it can be inferred that the subduction begins between 400 and 450 Ma;

differently, data from Austroalpine and Southalpine domains of the Alps indicate a pos-

sible younger subduction starting approximately between 330 and 380 Ma. These results

agree with the hypothesis of two cycles of subduction/collision characterised by opposite

polarities, as already proposed by many authors for the evolution of the Variscan orogeny
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(Matte, 2001; Faure et al., 2005, 2009; Guillot et al., 2009a; Spiess et al., 2010; Lardeaux, 2014a).

Three models of double subduction characterised by different velocities of the first

subduction have been developed, to analyse the impact of a perturbed system on the

activation and evolution of an oceanic subduction. The second slab results to be always

colder than the first subduction and models with a lower first subduction have a second

slab characterised by lower temperatures. In addition, also the portion of mantle between

the two slabs is colder, because the first subduction prevent the mantle flow to reach

the hydrated area. The model used for the comparison with natural P-T estimates of

the Variscan metamorphism is DS.2.5 model, with a velocity of the first subduction of

2.5 cm/yr. This choice has been made to make the width of the first ocean involved in

the subduction compatible with paleo-geographic reconstruction, differently from DS.5

model. During the first subduction the slab is characterised by temperatures compatible

with the develop of the hydrated area with the possibility to recycle subducted material,

differently from DS.1 model.

As observed for the model with an upper layer of air, the increase of temperature

during the first subduction determines an increase in the agreement between model pre-

dictions and natural data. In particular all data from the French Central Massif improve

their correspondences. On the other hand, during the second colder subduction no data

of the French Central Massif fit with model predictions, while data from the Alps sen-

sibly improve their fit. This is in agreement with metamorphic evidences that suggest a

hot subduction as cause for the metamorphism of the French Central Massif (Lardeaux,

2014a).





Appendix A

Benchmarks

A.1 Benchmark on Runge-Kutta

The implementation of the Runge-Kutta scheme has been tested by means of the classical

Zalesak disc test (Zalesak, 1979; Thieulot, 2014). For this experiment, a disc of radius R =

0.15 is centered at location (x0, y0) = (0.5, 0.75) of a square domain of size Lx = Ly = 1

(Figure A.1a). A grid of 50 × 50 linear triangular elements has been used to discretised

the domain. The markers in the disc area are 50 per element. The velocity field in the

domain is prescribed as follows:

• u(x, y) = 2π(y − L
2
)

• v(x, y) = −2π(y − L
2
)

After a 2π rotation, markers should be back to their initial location. In spite of its simplic-

ity, the Runge-Kutta scheme at first order shows a great accuracy in the determination of

the position of the markers during different stages of the rotation (Figures A.1b-e).

A.2 Benchmark on Rayleigh–Taylor instability

The Rayleigh-Taylor instability test consists of two fluids that are placed on each other,

with a compositionally lighter layer (ρ1 = 1000) under a thicker denser layer (ρ2 = 1010)

(van Keken et al., 1997; Thieulot, 2014). The viscosity is µ1 = µ2 = 100. The experiment has

been performed in a isothermal 2D domain of Lx = 0.9142 and Ly = 1, discretised with a

grid composed of 40× 40 quadratic triangular elements. All parameters are normalised.

The markers characterising the fluids are 229458, 1 every 0.002 both in x and in y. The

thickness of the lower layer is y = 0.2 and the initial deflection of the interface between

the layers is w(x) = 0.02 cos( πxLx
) (Figure A.2a). No-slip boundary conditions are applied

at the top and at the bottom, while free-slip boundary conditions are applied on the
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Figure A.1: Initial setup (panel a, t = 0) and evolution of the Zalesak disc test at different times. Panel b: t = π
2

; panel c:

t = π; panel d: t = 3

2
π; panel e: t = 2π.

lateral sides. The thermal and compositional Rayleigh number are Ra = 0 and Rc = 1,

respectively. The gravity acceleration is chosen to be 10 m/s2. The long-wavelength

shape of the initial interface determines the rise of the first plume along the left edge

of the domain (Figure A.2b) and a second plume follows, rising along the right edge

(Figure A.2c). The evolution does not show any artificial mixing at the interface between

the layers and the final stage (Figure A.2e) is comparable to that obtained by van Keken

et al. (1997) (Figure A.2f).

A.3 Benchmark on shear and adiabatic heating

The benchmark test described by Gerya (2011) for the shear and the adiabating heating

has been carried out to verify the results predicted by the SubMar code. In this experiment

the continuity and momentum equations have been solved for a buoyancy-driven flow in

a purely vertical gravity field characterised by two vertical layers with different density

and viscosity: the left layer is characterised by a density of 3200 kg/m3 and a viscosity of

1020 Pa·s, while the right layer is characterised by a density of 3300 kg/m3 and a viscosity

of 1022 Pa·s. The model domain is 1000×1500 km with a regular grid characterised by

1200 triangular elements. Free slip conditions are applied along all boundaries; a constant

temperature of 1300 K is fixed in the whole domain and the thermal expansion is assumed

equals to 3 · 10−5 1/K. The gravity acceleration is chosen to be 10 m/s2.

The difference in viscosities characterising the two layers generates a viscous flow
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Figure A.2: Evolution of the Rayleigh-Taylor instability experiment. Panel a: t = 0; panel b: t = 500; panel c: t = 1000;
panel d: t = 1500; panel e: t = 2000; panel f: fluids interface at the end of the evolution from van Keken et al. (1997).

resulting in shear and adiabatic heating. Figure A.3 shows the energy due to shear and

adiabatic heating predicted by the SubMar code (panels a and b), compared to that ob-

tained by Gerya’s code (panels c and d, from Gerya, 2011). The two simulations are very

similar in all the domain in terms of values and pattern for both the shear and the adia-

batic heating, differing each other by less than 5%.
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Figure A.3: Results of the benchmark for shear (panels a, c and e) and adiabatic (panels b, d and f) heating. Panels a and
b show the results for the SubMar code; panels c and d show the results for the Gerya’s code (Gerya, 2011); panels e and
f show the percentage error of the SubMar in respect to the Gerya’s code of shear and adiabatic heating, respectively.



Appendix B

P-T estimates of the Variscan

metamorphism

B.1 Pmax-T estimates

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

Key Location Lithology T (K) P (GPa) Age (Ma) References

Hv1
AR: Tinèe;

Metabasite 983-1033 1.2-1.4 420-428 (U/Pb) 1, 2
Gesso-Stura-Vésubie

Hv2 AR: Frisson Eclogitic gneiss 993-1023 1.33-1.43 336-344 (U/Pb) 3, 4
Hv3 BD: Allemont Metapelite 773-873 0.9-1.1 Devonian (350-420) 5, 6
Hv4 BD: Livet Metapelite 803-923 0.6-1.0 297-407 (K/Ar) 5, 6, 7
Hv5 P: Romanche valley Metabasite 923-1058 0.45-0.7 311-335 (Ar/Ar) 8
Hv6 P: Oisan Metabasite 1048-1267 0.9-1.7 Variscan (295-425) 8

Hv7 P: La Lavey Metabasite 1073-1173 1.3-1.5
Early Variscan

9, 10
(375-425)

Hv8 P: Peyre Arguet Metabasite 1023-1123 0.3-0.7 Variscan (295-425) 9, 10, 11

Hv9
BD: Lac de la Croix;

Metabasite 883-943 1.1-1.3 382-398 (U/Pb) 2, 10
Beaufortin

Hv10 Ai: Lac Cornu Metabasite 998-1023 1.5-1.6 387-403 (U/Pb) 2, 12, 13

Hv11
Ai: Lac Cornu;

Metapelite 898-948 1.2-1.4 > 330 14
Col de Bérard

Hv12 Ai: Emosson lake Metapelite 798-948 0.8-1.0 > 320 15

Hv13 MB: Mont Blanc
Amphibolite

772-863 0.61-0.76 307-335 (Ar/Ar) 16
Skarn

Pv1 LB: Savona Massif Eclogite 923-1023 > 1.7 374-392 (U/Pb) 17, 18, 19
Pv2 GP: Gran Paradiso Metapelite 873-923 0.5-0.7 Variscan (295-425) 20
Pv3 GP: Orco valley Metapelite 883-903 0.8-0.9 Variscan (295-425) 21
Pv4 MR: Monte Rosa Metapelite 823-848 0.4-0.6 Variscan (295-425) 22

Pv5
GS: Ambin nappe

Metapelite 823-923 0.8-1.1 340-360 (Ar/Ar) 23, 24
(Clarea Complex)

Pv6 GS: Mont Mort Metapelite 823-873 0.5-0.8 328-332 (U/Pb) 25, 26
Pv7 GS: Siviez-Mischabel Metabasite 823-923 0.5-0.6 Variscan (295-425) 27
Pv8 Ad: Central part Metabasite 948-1098 1.95-2.45 346-402 (U/Pb) 28, 29

Continues in the next page
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Pv9 Ad: Northern part Metabasite 838-988 1.45-1.95 304-354 (U/Pb) 28, 29
Pv10 Su: Suretta Metabasite 890-1023 > 2.0 Variscan (295-425) 30
Pv11 TW: Frosnitztal Metabasite 673-773 0.8-1.2 400-437 (U/Pb) 31, 32
Pv12 TW: Doesenertal Metabasite 793-993 > 1.2 400-437 (U/Pb) 32, 33

Av1
SC: Hochgrossen

Metabasite 923-1023 1.0-2.2 389-405 (Ar/Ar) 34, 35
Massif

Av2
Oe: Central

Metabasite 973-1073 2.5-2.9 340-370 (Rb/Sr) 36, 37, 38
Oetztal Stubai

Av3 Oe: Oetztal Stubai Metapelite 823-923 1.1-1.3 350-360 39
Av4 TZ: Ultental Metapelite 923-1023 1.0-2.0 365 (Pb/Pb) 40, 41
Av5 TZ: Ultental Metabasite 913-9733 1.2-1.6 360 (Ar/Ar) 42
Av6 TZ: Ultental Ultramafite 1043-1083 2.2-2.8 326-334 (Sm/Nd) 42, 43, 44
Av7 Sil: Ischgl Metabasite 893-943 2.3-2.9 > 387 45
Av8 Sil: Val Puntota Metabasite 673-773 2.5-2.7 > 387 45

Av9 LCN: Mortirolo Metapelite 1023-1123 > 2.0
Early Variscan

46
(375-425)

Av10 LCN: Mortirolo Metabasite 1023-1223 0.65-0.9 314-370 47, 48
Av11 DB: Valpelline Metapelite 934-1018 0.45-0.65 < 320 49, 50
Av12 DB: Valpelline Metabasite 973-1023 0.9-1.0 < 320 50, 51
Sv1 Strona Ceneri Zone Metapelite 863-963 0.6-0.8 307-359 (Ar/Ar) 52, 53
Sv2 DCZ: Upper Como lake Metapelite 833-923 0.7-1.1 300-400 (K/Ar) 54, 55, 56
Sv3 Monte Muggio Zone Metapelite 833-853 0.7-0.9 320-340 (K/Ar) 55, 57, 58
Sv4 VVB: Dervio Olgiasca Metapelite 823-903 0.7-0.9 320-340 59, 60
Sv5 Val Vedello Metapelite 863-941 0.7-1.1 320-340 60
Sv6 Val Vedello Metapelite 743-823 0.35-0.75 < 320 60

Sv7
Valtellina

Metapelite 843-933 0.85-1.15 320-340 61
NEOB Type (A)

Sv8
Valtellina

Metapelite 713-823 0.35-0.75 320-340 60, 62
NEOB Type (B)

Sv9
Val Camonica

Metapelite 823-903 0.8-1.1 320-340 63, 64
NEOB Type (A)

Sv10 TVB: Val Trompia Metapelite 773-823 0.9-1.3 349-379 (Rb/Sr) 65, 66, 67
Sv11 Ei: Eisecktal Paragneiss 873-923 0.2-0.3 Devonian (350-420) 68
Sv12 Ei: Eisecktal Metapelite 723-823 0.5-0.65 Devonian (350-420) 68

Helvetic domain (Hv): AR: Argentera; BD: Belledonne; P: Pelvoux; Ai: Aiguilles Rouges; MB: Mont Blanc. Penninic
domain (Pv): LB: Ligurian Brianconnais; GP: Gran Paradiso; MR: Monte Rosa; GS: Grand ST. Bernardo; Ad: Adula; SU:
Suretta; TW: Tauern window. Austroalpine domain (Av): SC: Speik Complex; Oe: Oetztal; TZ: Ulten Zone; Sil: Silvretta;
LCN: Languard-Campo nappe; DB: Dent Blanche. Southapline domain (Sv): DCZ: Domaso-Cortafò Zone; VVB: Val
Vedello basement; NEOB: NE Orobic basement; TVB: Tre Valli Bresciane; Ei: Eisecktal. References: 1 = Latouche and

Bogdanoff (1987); 2 = Paquette et al. (1989); 3 = Ferrando et al. (2008); 4 = Rubatto et al. (2010); 5 = Guillot and Ménot (1999); 6=
Guillot et al. (2009a); 7 = Ménot et al. (1987); 8 = di Paola (2001); 9 = Le Fort (1973); 10 = Guillot et al. (1998); 11 = Grandjean

et al. (1996); 12 = Liégeois and Duchesne (1981); 13 = von Raumer et al. (1999); 14 = Schulz and von Raumer (2011); 15 = Genier

et al. (2008); 16 = Marshall et al. (1997); 17 = Messiga et al. (1992); 18 = Giacomini et al. (2007); 19 = Maino et al. (2012); 20 = Le

Bayon et al. (2006); 21 = Gasco et al. (2010); 22 = Gasco et al. (2011a); 23 = Monie (1990); 24 = Borghi et al. (1999); 25 = Bussy

et al. (1996); 26 = Giorgis et al. (1999); 27 = Thélin et al. (1993); 28 = Dale and Holland (2003); 29 = Liati et al. (2009); 30 =
Nussbaum et al. (1998); 31 = Zimmermann and Franz (1989); 32 = von Quadt et al. (1997); 33 = Droop (1983); 34 = Faryad et al.

(2002); 35 = Melcher et al. (2002); 36 = Miller and Thöni (1995); 37 = Thoeni (2002); 38 = Konzett et al. (2005); 39 = Rode et al.

(2012); 40 = Godard et al. (1996); 41 = Hauzenberger et al. (1996); 42 = Herzberg et al. (1977); 43 = Tumiati et al. (2003); 44 =
Morten et al. (2004); 45 = Schweinehage and Massonne (1999); 46 = Gosso et al. (1995); 47 = Thoeni (1981); 48 = Zucali (2001); 49
= Zucali and Spalla (2011); 50 = Manzotti and Zucali (2013); 51 = Gardien et al. (1994); 52 = Boriani and Villa (1997); 53 = Giobbi

et al. (2003); 54 = Fumasoli (1974); 55 = Mottana et al. (1985); 56 = di Paola and Spalla (2000); 57 = Bertotti et al. (1993); 58 =
Siletto et al. (1993); 59 = Diella et al. (1992); 60 = Zanoni et al. (2010); 61 = Spalla et al. (1999); 62 = Spalla and Gosso (1999); 63 =
Pigazzini (2003); 64 = Spalla et al. (2006); 65 = Riklin (1983); 66 = Giobbi and Gregnanin (1983); 67 = Spalla et al. (2009); 68 =
Benciolini et al. (2006).
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Table B.2: Pmax-T estimates recorded in the crustal and mantle rocks of the French
Central Massif

Key Location Lithology T (K) P (GPa) Age (Ma) References

HA1 Haut Allier Eclogite (UGU) 1023-1123 1.8-2.2 422-452 (U/Pb) 1, 2, 3, 4, 5, 6, 7
Ma1 Marvejols Eclogite (LAC) 923-1003 1.8-2.0 409-421 (U/Pb) 1, 2, 3, 4, 5, 8, 9
Li1 Limousine Paragneiss (LGU) 873-973 0.8-1.1 370-380 (U/Th/Pb) 4, 10
Li3 Limousine Metapelite (UGU) 1103 1.6-1.9 390-430 11
Li4 Limousine Eclogite (LGU) 23-1023 1.5-2.0 420-440 (Pb/Pb) 1, 8
Li5 Limousine Migmatite (LGU) 1033-1053 0.5-0.6 349-359 (U/Th/Pb) 12, 13
Li6 Limousine Eclogite 853-1003 2.5-3.5 402-422 (U/Pb) 14
Li7 Limousine Migmatite (UGU) 923-1023 0.7-0.8 377-387 (U/Pb) 3, 4, 15
LB1 La Bessenoits Eclogite (UGU) 873-983 1.6-1.9 390-436 (Pb/Pb) 4, 5, 16

ML1
Mont du

Peridotite 973-1073 < 2.0 Variscan (295-425) 17
Lyonnais

ML2
Mont du

Eclogite (UGU) 1003-1053 1.5
Early Variscan 6, 8, 9, 18, 19

Lyonnais (400-425) 20, 21, 22

ML3
Mont du

Migmatite 873-1023 0.6-1.0 350-360 4, 5, 10
Lyonnais

Ro1 Lévézou Eclogite (UGU) 953-1033 1.5-2.0
Early Variscan

8, 23
(375-425)

Ro2 Najac Eclogite (UGU) 923-1003 1.1-1.6 Variscan (295-425) 8, 23
Ro3 Le Vibal Eclogite (UGU) 1013-1133 1.0-1.4 Variscan (295-425) 23
Ar1 Artense Eclogite (UGU) 973-1023 1.4-1.6 Variscan (295-425) 8, 24
Ar2 Artense Amphibolite (LGU) 943-1023 0.6-0.82 Variscan (295-425) 25

PA1
Plateau

Metapelite (LAC) 923-1023 1.0-1.2 376-397 (Ar/Ar) 4, 26, 27
d’Aiguran

PA2
Plateau

Micaschist 823-923 0.6-0.8 350-380 26
d’Aiguran

Mc1 Maclas Eclogite (UGU) 973-1043 1.4-1.6 Variscan (295-425) 28, 29
VD1 Velay Dome Migmatite (LGU) 948-998 0.4-0.5 309-319 (U/Pb) 29, 30

VD2
Velay Dome

Metapelite 748-798 0.4-0.6 335-340 (Ar/Ar) 29
(Cévennes)

MN1
Montagne

Metabasite 973-1073 0.7-1.1 345-360 (U/Th/Pb) 31, 32
Noire

MN2
Montagne

Ultramafite 1073-1173 0.5-1.0
Early Variscan

32
Noire (375-425)

TP1 Quercy Metapelite (TPU) 853-963 0.6-1.0 375-385 (Rb/Sr) 33

UGU: Upper Gneiss Unit; LGU: Lower Gneiss Unit; LAC: Leptyno-amphibolitic Complex; TPU: Thiviers-Payzac Unit.
References: 1 = Pin and Sills (1986); 2 = Ledru et al. (1989); 3 = Faure et al. (2005); 4 = Faure et al. (2008); 5 = Lardeaux (2014a);
6 = Costa et al. (1993); 7 = Ducrot et al. (1983); 8 = Mercier et al. (1991a); 9 = Pin and Lancelot (1982); 10 = Faure et al. (2009); 11
= Bellot and Roig (2007); 12 = Gebelin et al. (2004); 13 = Gébelin et al. (2009); 14 = Berger et al. (2010); 15 = Lafon (1986); 16 =
Paquette et al. (1995); 17 = Gardien et al. (1988); 18 = Lardeaux et al. (2001); 19 = Dufour et al. (1985); 20 = Lardeaux and Dufour

(1987); 21 = Feybesse et al. (1988); 22 = Lardeaux et al. (1989); 23 = Burg et al. (1989); 24 = Mercier et al. (1989); 25 = Mercier

et al. (1992); 26 = Boutin and Montigny (1993); 27 = Faure et al. (1990); 28 = Gardien and Lardeaux (1991); 29 = Ledru et al.

(2001); 30 = Barbey et al. (2015); 31 = Demange (1985); 32 = Faure et al. (2014); 33 = Duguet et al. (2007).
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B.2 P-T paths

Table B.3: P-T paths of the crustal and mantle rocks of the Alps

Key
Metamorphic

T (K) P (GPa) Age (Ma) References
stage

Hv2 Stage I 993-1023 1.33-1.43 336-344 (U/Pb) 1, 2
Stage II 980-984 1.08-1.12 330-335 1, 3, 4
Stage III 923-953 0.7-1.0 315-330 1, 3, 4
Stage IV 773-998 < 0.59 310-315 (Ar/Ar) 1, 4

Hv3 Stage I 773-873 0.9-1.1 Devonian (350-420) 5, 6
Stage II 803-963 0.6-1.0 Post-Devonian I 5
Stage III 778-1018 0.3-0.7 Post-Devonian II 5

Hv4 Stage I 803-923 0.6-1.0 297-407 (K/Ar) 5, 6, 7
Stage II 803-923 0.5-0.9 Post-Carboniferous I 5
Stage III 813-933 0.3-0.7 Post-Carboniferous II 5

Hv11 Stage I 898-948 1.2-1.4 > 330 8
Stage II 873-943 0.7-0.8 300-330 (U/Pb) 8

Hv12 Stage I 798-848 0.8-1.0 > 320 9
Stage II 903-973 0.4-0.6 319-321 (U/Pb) 9, 10

Pv1 Stage I 923-1023 > 1.7 374-392 (U/Pb) 11, 12, 13
Stage II 823-973 0.6-1.2 320-346 (U/Pb) 11, 12, 13, 14
Stage III 723-823 0.4-0.7 300-310 (U/Pb) 11, 12, 13, 14

Pv5 Stage I 823-923 0.8-1.1 340-360 (Ar/Ar) 15, 16
Stage II 843-933 0.4-0.6 Post-middle Mississippian 16

Pv6 Stage I 823-873 0.5-0.8 328-332 (U/Pb) 17, 18
Stage II 823-873 0.1-0.2 Post-late Mississippian 18

Pv12 Stage I 793-993 > 1.2 400-437 (U/Pb)) 19, 20
Stage II 903-963 0.5-1.1 Post-early Devonian 20

Av3 Stage I 823-923 1.1-1.3 350-360 21
Stage II 923-1023 0.4-0.6 304-330 (U/Th/Pb) 21

Av4 Stage I 923-1023 1.0-2.0 365 (Pb/Pb) 22, 23
Stage II 823-923 0.6-0.8 Post-Devonian 22, 23

Av5 Stage I 913-973 1.2-1.6 360 (Ar/Ar) 22
Stage II 823-923 0.6-0.8 Post-Devonian 22

Sv4 Stage I 823-903 0.7-0.9 320-340 24, 25
Stage II 923-1023 0.4-0.55 Post-Mississippian 26

Sv5 Stage I 863-941 0.7-1.1 320-340 25
Stage II 558-663 0.1-0.5 Early Permian 25

Sv7 Stage I 753-813 0.75-0.95 > 340 27
Stage II 843-933 0.85-1.15 320-340 27
Stage III 673-823 0.3-0.4 Post-Mississippian 27

Sv9 Stage I 643-823 0.6-0.8 350-380 28, 29
Stage II 823-903 0.8-1.1 320-340 I 28, 29
Stage III 673-823 0.2-0.4 Post-Mississippian 28

References: 1 = Ferrando et al. (2008); 2 = Rubatto et al. (2010); 3 = Rubatto et al. (2001); 4 = Corsini et al.

(2004); 5 = Guillot and Ménot (1999); 6= Guillot et al. (2009a); 7 = Ménot et al. (1987); 8 = Schulz and von

Raumer (2011); 9 = Genier et al. (2008); 10 = Bussy et al. (2000); 11 = Messiga et al. (1992); 12 = Giacomini

et al. (2007); 13 = Maino et al. (2012); 14 = Barbieri et al. (2003); 15 = Monie (1990); 16 = Borghi et al.

(1999); 17 = Bussy et al. (1996); 18 = Giorgis et al. (1999); 19 = von Quadt et al. (1997); 20 = Droop (1983);
21 = Rode et al. (2012); 22 = Godard et al. (1996); 23 = Hauzenberger et al. (1996); 24 = Diella et al. (1992);
25 = Zanoni et al. (2010); 26 = Siletto et al. (1993); 27 = Spalla et al. (1999); 28 = Pigazzini (2003); 29 =
Spalla et al. (2006).
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Table B.4: P-T paths of the crustal and mantle rocks of the French Central Massif

Key
Metamorphic

T (K) P (GPa) Age (Ma) References
stage

Li1 Stage I 873-973 0.8-1.1 370-380 (U/Th/Pb) 1, 2
Stage II 823-873 0.8-1.0 350-360 (Ar/Ar) 2

Li4 Stage I 923-1023 1.5-2.0 420-440 (Pb/Pb) 3, 4
Stage II 923-1023 1.0-1.2 Early Devonian 4
Stage III 983-1023 0.85 Middle-Devonian 4

Li7 Stage I 8923-1023 0.7-0.8 377-387 (U/Pb) 1, 5, 6
Stage II 873-973 0.7-1.0 350-360 (Ar/Ar) 2, 6

ML1 Stage I 973-1073 < 2.0 7
Stage II 1223-1323 2.3-3.0 7, 8
Stage III 1153-1223 < 2.0 7
Stage IV 973-1153 < 1.2 7, 8
Stage V < 973 0.6-0.8 7
Stage VI < 773 < 0.6 7

ML2 Stage I 1003-1053 1.5 > 400 9, 10
Stage II 1023 0.8-1.0 368-400 (Rb/Sr) 4, 8, 11, 12, 13, 14
Stage III 923-993 0.6-0.8 340-350 (Ar/Ar) 4, 8, 11, 12, 13, 14

Ro1 Stage I 953-1033 1.5-2.0 Early Variscan (375-425) 4, 15
Stage II 953-1023 1.1-1.4 Late Devonian 4
Stage III 823-923 0.4-0.7 345-355 (Rb/Sr) 4

Ro2 Stage I 923-1003 1.1-1.6 4, 15
Stage II 873-923 0.7 4, 15
Stage III 673-723 0.3-0.5 15

Ro3 Stage I 1013-1133 1.0-1.4 15
Stage II 1023-1123 0.85-0.95 15
Stage III 793-923 0.35-0.45 15

Ar1 Stage I 973-1023 1.4-1.6 4, 16
Stage II 1073-1123 1.0-1.2 4, 16
Stage III 923-973 0.6-0.75 4, 16

Ar2 Stage I 943-1023 0.6-0.82 17
Stage II 923-1023 0.4-0.56 17
Stage III < 773 < 0.3 17

PA1 Stage I 923-1023 1.0-1.2 376-397 (Ar/Ar) 1, 18, 19
Stage II 823-923 0.6-0.8 350-380 19
Stage III 723-823 0.2-0.4 300-320 19

PA2 Stage I 823-923 0.6-0.8 350-380 19
Stage II 623-723 0.2-0.3 300-320 19

Mc1 Stage I 973-1043 1.4-1.6 20, 21
Stage II 1023-1103 1.0-1.3 21
Stage III 773-873 0.5 21

MN2 Stage I 1073-1173 0.5-1.0 22
Stage II 973-1073 0.6-1.5 22

TP1 Stage I 853-963 0.6-1.0 375-385 (Rb/Sr) 23
Stage II 673-773 0.4-0.6 350-360 (Ar/Ar) 2, 23

References: 1 = Faure et al. (2008); 2 = Faure et al. (2009); 3 = Pin and Sills (1986); 4 = Mercier et al.

(1991a); 5 = Lafon (1986); 6 = Faure et al. (2005); 7 = Gardien et al. (1988); 8 = Costa et al. (1993); 9 =
Lardeaux et al. (2001); 10 = Dufour et al. (1985); 11 = Lardeaux and Dufour (1987); 12 = Feybesse et al.

(1988); 13 = Lardeaux et al. (1989); 14 = Pin and Lancelot (1982); 15 = Burg et al. (1989); 16 = Mercier et al.

(1989); 17 = Mercier et al. (1992); 18 = Boutin and Montigny (1993); 19 = Faure et al. (1990); 20 = Gardien

and Lardeaux (1991); 21 = Ledru et al. (2001); 22 = Demange (1985); 23 = Duguet et al. (2007).
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C.1 Paper on the PhD subject

Accepted after major revision after editor decision on 14/11/2016 by the Geophysical

Journal International. This subject has been treated in the thesis in Chapter 3.
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C.3 Abstract

EGU General Assembly 2014
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SGI-SIMP Annual Congress
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GIGS Annual Meeting 2015
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