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Key Points:10

• the existence of contrasted metamorphic domains broadens the interpretation of11

thermal states in converging systems, contrasting the perspective that identifies12

each single metamorphic facies series as representative of a specific geodynamic13

process.14

• the varieties of metamorphic gradients recorded during subduction increases with15

the increment of convergence velocity.16

• mylonitic fabrics dominate in HP-LT metamorphic facies in continental crust as-17

sociated with serpentinized mantle, as observed in highly deformed tectonic mélange18

described in the internal domains of the Alps.19
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Abstract20

We developed a 2D numerical model that simulates the evolution of a subduction in or-21

der to analyze which different metamorphic facies and deformation fabrics can be recorded22

within a subduction complex and whether the subduction velocity can influence their23

distribution. Regions with pressure and temperature (P-T) conditions characteristic of24

different metamorphic facies have been explored in the different domains of the subduc-25

tion system to verify the existence of associations that may result as diagnostic of spe-26

cific areas of the subduction system at different times. Distribution patterns of strain27

rates and relative deformation fabrics have also been investigated to verify whether they28

can be recorded under different metamorphic facies conditions. Our results show that29

three domains characterized by contrasting metamorphic conditions can be simultane-30

ously observed in different regions of the subduction complex, in contrast with the widespread31

idea that different metamorphic series are representative of peculiar geodynamic scenar-32

ios, but in agreement with the commonly observed coexistence of contrasted P-T con-33

ditions in orogenic belts. In addition, we verified that mylonitic fabrics can develop more34

frequently in metamorphic facies characterized by high Pressure/Temperature (P/T) ra-35

tios, while coronitic fabric can be better preserved in metamorphic facies with low-to-36

medium P/T ratios.37

Plain Language Summary38

The use of numerical modeling in geosciences allow us to better understand the mech-39

anisms involved in geodynamic processes that take place on a large scale. Here we use40

a numerical simulation of the convergence between tectonic plates in which one plate subducts41

under the other. We do this in order to analyze pressure and temperature conditions recorded42

in different portions of subduction systems, and to investigate whether deformations that43

we observe in rocks depend on particular pressure and temperature conditions. Our re-44

sults show that areas characterized by high pressures and low temperatures and areas45

characterized by low pressures and high temperatures can be simultaneously observed46

in different portions of the subduction system. These results are in contrast with the widespread47

idea that specific pressure and temperature conditions are peculiar to specific geodynamic48

processes, such as the oceanic subduction or the continental collision. Ultimately, our49

research suggests that geodynamic reconstructions deriving from data collected on field50

might be taken carefully.51

1 Introduction52

Following the pioneering works carried out in the seventies (e.g., Oxburgh & Tur-53

cotte, 1970, 1971; England & Richardson, 1977; Toksz & Bird, 1977) several key advances54

have been made in numerical modeling methods that have improved the understanding55

of the thermo-mechanical evolution of the oceanic and continental lithosphere during oceanic56

subduction and continental collision (e.g., Thompson, 1981; Cloos, 1982, 1983; England57

& Thompson, 1984; Cloos & Shreve, 1988a, 1988b; Peacock, 1989, 1990b; Cloos, 1993;58

Gerya et al., 2002; Gerya & Stöckhert, 2006; Marotta & Spalla, 2007; Billen, 2008; Roda59

et al., 2011; van Hunen & Allen, 2011; Roda et al., 2012; Magni et al., 2014; Luoni et60

al., 2020). In particular, several models have shown the importance of dehydration-hydration61

reactions (e.g., Peacock, 1990a; Guillot et al., 2001; Rupke et al., 2004; Arcay et al., 2005;62

Faccenda et al., 2009; Faccenda & Mancktelow, 2010; Meda et al., 2010; Quinquis & Buiter,63

2014; Wang et al., 2019) on the mantle wedge dynamics, with the activation of short wave-64

length convective cells consequent to the serpentinization and the associated decrease65

in viscosity (Hirth & Kohlstedt, 2003; Gerya et al., 2002; Honda & Saito, 2003; Hebert66

et al., 2009; Meda et al., 2010; Roda et al., 2010; Regorda et al., 2017).67
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2D thermo-mechanical models can help to explore both the spatial distribution and68

temporal evolution, in subduction/collision systems, of fields characterized by P-T con-69

ditions corresponding to the different metamorphic facies (Eskola, 1915, 1920; Turner,70

1981; Fettes & Desmond, 2007). Traditionally three metamorphic series with different71

P/T ratios have been identified from petro-structural analysis of orogenic belts, and they72

are usually associated with different stages of evolution of a convergent margin (e.g., Ernst,73

1976, 1977; Spear, 1993; Kornprobst, 2002; Yardley & Warren, 2020):74

1. Metamorphic series with high P/T ratios, deduced by regional scale distribution75

of dominant metamorphic imprints (e.g., Miyashiro, 1961; Ernst, 1973), are gen-76

erally associated with Pressure-Temperature (P-T) conditions interpreted as pe-77

culiar of subduction and are referred to as Franciscan (or Sanbagawa) metamor-78

phic sequences;79

2. Barrovian (or Dalradian) metamorphic series, which are characterized by inter-80

mediate P/T ratios, are traditionally interpreted as the effect of crustal thicken-81

ing during continental collision both by mountain belt tectono-metamorphic an-82

alyzes and by thermo-mechanical modelling predictions (e.g., Barrow, 1912; Eng-83

land & Richardson, 1977; Thompson, 1981; England & Thompson, 1984; Thomp-84

son & England, 1984; Bohlen, 1987; Sandiford & Powell, 1991; Jamieson et al., 1998);85

3. metamorphic facies series characterized by low P/T ratios (Abukuma or Buchan-86

type metamorphism) have been generally associated with abnormally high geother-87

mal gradients such as those of the island arc or ridge settings (Oxburgh & Tur-88

cotte, 1970; Mevel et al., 1978; Cloos, 1993; Fagan et al., 2001; Verati et al., 2018;89

Favier et al., 2019), slab rollback or increase of the slab dip after continental col-90

lision (Li et al., 2013; Menant et al., 2016; Ji et al., 2019; Schliffke et al., 2019; Sizova91

et al., 2019), post-collisional extension (Carmignani & Kligfield, 1990; Vanderhaeghe,92

2012), melt migration through the crust (Depine et al., 2008), local effects of con-93

tact metamorphism (Rothstein & Manning, 2003)94

Miyashiro (1961, 1973) promoted the concept of paired metamorphic belts, revisited by95

Brown (2010), and based on the juxtaposition along orogenic crustal sections of tectonic96

complexes characterized by Franciscan- and Abukuma-type metamorphic facies series.97

In addition, in some orogenic belts, the high-pressure (HP) units show significantly con-98

trasted P-T metamorphic conditions during subduction. For example, in the European99

Variscan belt, significantly contrasted P-T metamorphic conditions have been recorded100

by the rocks during the Variscan subduction, from blueschist, to eclogite and HP-granulite101

facies (e.g., see synthesis and references in Ballèvre et al., 2009; Faure et al., 2005, 2008,102

2009; Lardeaux, 2014b; Lardeaux et al., 2014; Regorda et al., 2020). In the Alps, detailed103

P-T-t paths reconstructions highlight different thermal gradients recorded by specific meta-104

morphic units during their evolution within the Alpine subduction zone (e.g., Spalla et105

al., 1996; Berger & Bousquet, 2008; Roda et al., 2012; Lardeaux et al., 2014, and refer-106

ences therein). These occurrences suggest that a thermal gradient (or P/T ratio) is not107

peculiar of a single geodynamic process, but contrasted gradients and thermal states can108

be recorded in the same geological setting, as a function of the burial and exhumation109

paths of tectonic slices involved in a subduction/collision system.110

Moreover, thermo-mechanical numerical models can help to quantify strain rates111

and relate them to different regions of the subduction/collision complex (Teall, 1885; Spry,112

1969; Ramsay & Graham, 1970; Beach, 1976; Lardeaux et al., 1982; Pognante et al., 1985;113

Lardeaux & Spalla, 1990; Spalla & Zucali, 2004; Passchier & Trouw, 2005; Gosso et al.,114

2015). However, since the development of different fabrics is strongly influenced by many115

other factors, such as the temperature, grain size and the mineral rock composition (e.g.,116

Handy et al., 1999; Passchier & Trouw, 2005), we analyzed the strain rates field in dif-117

ferent structural level in the crust and in different parts of the subduction complex to118

verify if coronitic, tectonitic or mylonitic fabrics could develop with higher probabilities119

under particular P-T conditions. Many authors (e.g., Fry, 1979; White, 1979; Pfiffner120
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& Ramsay, 1982; Prior et al., 1990; Herwegh et al., 1997; Norris & Cooper, 2003; Mehl121

& Hirth, 2008; Okudaira & Shigematsu, 2012) have correlated the deformation observed122

in the rocks with strain rate and the finite strain accumulated. Strain rates between 10−15 s−1
123

and 10−13 s−1 are necessary to produce regional scale structures in orogenic belts (Pfiffner124

& Ramsay, 1982), while narrow localized shear zones can be easily developed in case of125

strain rates higher than 10−13 s−1 (Mehl & Hirth, 2008; Okudaira & Shigematsu, 2012).126

Mylonites are usually associated with very high strain rates (10−12 s−1 to 10−10 s−1) over127

very short time periods (500 to 50000 years, Pfiffner & Ramsay, 1982; Prior et al., 1990)128

or with lower strain rates (in the order of 10−13 s−1) over time periods up to 5 Ma (Pfiffner129

& Ramsay, 1982). Differently, coronites can be preserved for strain rates lower than 10−15 s−1
130

(Pfiffner & Ramsay, 1982). These thresholds are considered effective for different rock131

types and therefore we use them as reference to evaluate the probability to develop coro-132

nitic, tectonitic and mylonitic textures, both in the continental and in the oceanic crust.133

In the Alps, rocks deeply involved in the subduction complex and recording P-T con-134

ditions compatible with blueschist and eclogite metamorphic facies can be observed in135

the axial zone of the chain, and generally show heterogeneous deformation with dom-136

inant tectonitic or mylonitic fabrics (e.g., Oberhänsli & Goffé, 2004; Gasco et al., 2011;137

Malatesta et al., 2012; Lardeaux, 2014a; Zucali et al., 2020; Roda et al., 2021). These138

rocks are often associated with serpentinites (e.g., Gasco et al., 2011; Malatesta et al.,139

2012; Lardeaux, 2014a; Manzotti et al., 2014; Assanelli et al., 2020; Roda et al., 2020),140

which have a crucial role in exhumation mechanisms (Schwartz et al., 2001; Gerya et al.,141

2002; Yamato et al., 2007; Warren et al., 2008; Guillot et al., 2009; Meda et al., 2010;142

Roda et al., 2012; Luoni et al., 2020; Tamblyn et al., 2020). Differently, Alpine HP meta-143

morphism has not been recorded by rocks from the external domains of the Alps, which144

generally show a lower amount of finite deformation under P-T conditions compatible145

with zeolite, prehnite-pumpellyite, greenschist and epidote-amphibolite metamorphic fa-146

cies (e.g., Handy & Oberhänsli, 2004; Lardeaux, 2014a).147

The aim of this work is to analyze where different metamorphic facies and defor-148

mation fabrics can develop within a subduction complex and to evaluate the influence149

of the subduction velocity on their distribution. We considered subduction velocities of150

3, 5 and 8 cm yr−1 to simulate the evolution of slow, intermediate and fast subduction151

systems, respectively. Velocities of 3 and 8 cm yr−1 have been chosen to describe slower152

and faster subduction zones (observed respectively in portions of Central and in South153

America and the Philippines; e.g., Cruciani et al., 2005; Lallemand et al., 2005), respec-154

tively. The velocity of 5 cm yr−1 has been chosen to represent a moderate velocity con-155

vergence system, in accordance with the subduction velocities generally accepted for the156

Variscan convergence (Regorda et al., 2020, and refs. therein). Although many other pa-157

rameters, such as the age of the subducted slab and the slab dip, can have an impact158

on both the thermal field and the geodynamic evolution of the subduction system, pre-159

vious works have shown the crucial role of the subduction velocity (e.g. Arcay et al., 2005;160

Hebert et al., 2009; Regorda et al., 2017, 2020). Consequently, here we decided to focus161

our study only on the impact of the subduction velocity, considering the geometry of an162

average subduction system. The results predicted by the models have been analyzed in163

terms of strain rates and metamorphic facies developed only on crustal rocks, highlight-164

ing their position in the subduction complex.165

2 Model setup166

We developed three models characterized by different subduction velocities to re-167

produce the thermo-mechanical evolution of a subduction, whose duration depends on168

the time needed to subduct a 2500 km-wide ocean. The physics is described by the equa-169

tions of continuity, of conservation of momentum and of conservation of energy (e.g., van170

Keken et al., 1997, 2008; Thieulot, 2014; Tosi et al., 2015), which can be expressed as171
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follows:172

∂ρ

∂t
+ ∇ · (ρu) = 0 (1)

−∇p+ ∇ · τ + ρg = 0 (2)

ρCp

(
∂T

∂t
+ u ·∇T

)
= ∇ · (k∇T ) +Hr +Hs +Ha (3)

where u is the velocity, p is the pressure, τ is the deviatoric stress, ρ is the density, g is173

the gravity acceleration, Cp is the heat capacity at constant pressure, T is the temper-174

ature, k is the thermal conductivity, Hr is the radiogenic heating per mass unit, Hs =175

τij ε̇ is the shear heating and Ha = TαDp
Dt is the adiabatic heating, where α is the ther-176

mal expansion coefficient. Density variations due to temperature are generally small enough177

to assume the density as constant (ρ = ρ0) in Eq. 1 and in Eq. 3, while it must be treated178

as a variable in the buoyancy term of Eq. 2, such that179

ρ = ρ0(1− α(T − T0))

where ρ0 is the density at a reference temperature T0. Eq. 1 then can be rewritten as180

∇ · u = 0 (4)

This simplification is known as the extended Boussinesq approximation (e.g., Christensen181

& Yuen, 1985; Gerya, 2010; Ismail-Zadeh & Tackley, 2010). The equation of conserva-182

tion of momentum has been integrated using the penalty function formulation, while the183

Petrov-Galerkin method has been used to integrate the equation of conservation of en-184

ergy. Numerical integration has been performed by means of the 2D finite elements code185

SubMar (Marotta et al., 2006), in a rectangular domain 1400 km wide and 700 km deep,186

discretized by a non-deforming irregular grid composed by quadratic triangular elements,187

carrying a denser nodal distribution near the contact region between the plates, where188

the most significant gradients in temperature and velocity fields are expected. The hor-189

izontal and vertical sizes of the elements vary from 30 to 2.5 km, with the smallest el-190

ements located in proximity to the active margin region to a depth of 300 km. 455489191

markers with different indexes are distributed in the domain with a density of 1 marker192

per 0.25 km2, to compositionally differentiate the characteristic lithologic composition193

of lower and upper continental and oceanic crust, and lithospheric mantle of the upper194

plate, while no markers have been introduced in the asthenospheric mantle. Rock prop-195

erties and rheological parameters are listed in Table 1.196

The model combines a linear viscous rheology for the sublithospheric mantle with197

a linear viscoplastic rheology for the lithosphere. For each material i, the viscous com-198

ponent is calculated as199

µvisc
i = µ0ie

Eai
R

(
1
T − 1

T0

)
(5)

where T is the temperature and µ0i and Eai are the reference viscosity and the activa-200

tion energy at the reference temperature T0, respectively. The plastic component µplast
i201

is computed combining the Byerlee’s law and the Tresca criterion (Regorda et al., 2017).202

In the lithospheric layer the effective viscosity is defined as203

µeff
i = min

[
µplast
i , µvisc

i

]
(6)

The rheological weakening of the mantle wedge has been simulated by assuming204

a constant viscosity of 1019 Pa s for the serpentinized mantle (Honda & Saito, 2003; Ar-205

cay et al., 2005; Gerya & Stöckhert, 2006; Roda et al., 2010). The stability field of ser-206

pentine (Schmidt & Poli, 1998) has been delimited inside the hydrated mantle wedge,207

which is limited from below by the subducting plate (see details in Regorda et al., 2017;208

Marotta et al., 2020; Regorda et al., 2020). With respect to the original SubMar of Marotta209
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Table 1. Values of the material and rheological parameters used in the analysis. η0 and ρ0 are

the reference viscosity and density for each material, respectively. 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).

Continental Upper Lower Dry Serpentinized

Crust Oceanic Crust Oceanic Crust Mantle Mantle

Rheology Dry Granite - Diabase Dry Dunite -

E(kJ mol−1) 123 - 260 444 -

n 3.2 - 2.4 3.41 -

η0(Pa s) 3.47× 1021 1019 1.61× 1022 5.01× 1020 1019

ρ0(kg/m3) 2640 2961 2961 3200 3000

K(W/mK) 3.03 2.10 2.10 4.15 4.15

Hr(µW m−3) 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

et al. (2006), the code has been implemented taking into account mantle hydration, phase210

transitions and latent heat, as described in detail in Marotta et al. (2020), while partial211

melting has not been taken into account.212

Since metamorphic facies characterized by HT and LP can develop in the super-213

ficial layers of the continental crust as consequence of partial melting and melt migra-214

tion (e.g., Depine et al., 2008), the absence of these mechanisms could be a limitation,215

preventing the development of specific metamorphic conditions. Similarly, since our code216

does not account for strain localization, the models could not be able to predict the de-217

velopment of highly localized zones that can experience very high strain rates (>10−11 s−1),218

as suggested by experimental analysis (e.g., Okudaira & Shigematsu, 2012).219

Dirichlet or Neumann boundary conditions for velocities and temperatures are used220

along different boundaries of the 2D domain. The velocity boundary conditions corre-221

spond to no-slip conditions along the upper and the lower boundaries of the 2D domain222

and free-slip conditions along the right boundary, while the left boundary is open, in or-223

der to allow inflow and outflow of material. In addition, a velocity of 3, 5 or 8 cm yr−1
224

(hereinafter referred as models v3, v5 and v8, respectively) is prescribed along the bot-225

tom of the oceanic crust to drive the closure of the 2500 km-wide ocean in 85, 51 and226

32 Ma, respectively. The same velocity is also fixed along a 45 dipping plane that ex-227

tends from the trench to a depth of 100 km to facilitate the trigger of the subduction.228

The thermal boundary conditions correspond to fixed temperatures at the top (27 ◦C)229

and the bottom (1327 ◦C) of the model, zero thermal flux at the right vertical sidewall230

and fixed temperature along the left side of the model where temperature remains un-231

changed from the initial values. The initial thermal structure corresponds to a simple232

conductive thermal configuration throughout the lithosphere, with temperatures that vary233

from 27 ◦C at the surface to 1327 ◦C at its base, and a constant temperature of 1327 ◦C234

below the lithosphere. The base of the lithosphere is located at a depth of 80 km under235

both the oceanic and continental plates. This configuration corresponds to both an oceanic236

–6–
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Figure 2. Petrogenetic P-T grid for crustal rocks used in our models (modified after Spear,

1993; Yardley, 1989; Ernst & Liou, 2008). Black arrows represent geothermal gradients tradition-

ally associated to arc regions and collision zones (dashed arrows), warm subduction complexes

(continuous arrow) and cold subduction complexes (dashed-dotted arrow), as presented by Cloos

(1993). Black dotted lines represent very low subduction-zone geothermal gradient (5 ◦C km−1).

Metamorphic facies abbreviations: Ab-Ep-Horn = albite-epidote hornfels; Am = amphibolite;

Am-Ec = amphibole-eclogite; BS = blueschist; Dry-Ec = dry eclogite; Ep-Am = epidote am-

phibolite; EC = eclogite; Ep-Ec = epidote-eclogite; Gr = granulite; GS = greenschist; Hbl-Horn

= hornblende hornfels; HP-Gr = high pressure-granulite; Lw-Ec = lawsonite-eclogite; PP =

prehnite-pumpellyite; Px-Horn = pyroxene hornfels; San = Sanidinite; Ze = Zeolite.
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Figure 1. Model geometry showing layer thicknesses and the initial temperature prole.

lithosphere of approximately 40 Ma, based on the cooling of a semi-infinite half space237

model (Turcotte & Schubert, 2002), and a thinned continental passive margin based on238

a medium to slow spreading rate of 2-3 cm yr−1 during continental rifting (e.g., Marotta239

et al., 2016). The 1327 ◦C isotherm defines the base of the lithosphere throughout the240

evolution of the system. The initial geometry of the model is synthesized in Fig. 1.241

The P-T distribution of metamorphic facies has been here synthesised from differ-242

ent authors (Spear, 1993; Yardley, 1989; Ernst & Liou, 2008) and summarised in Fig.243

2, where their boundaries have been necessarily discretized, mediating the diffuse lim-244

its proposed by the various authors, for their integration in the performed models. Green-245

schist, zeolite and prehnite-pumpellyite limits are in agreement with Spear (1993) and246

they correspond to greenschist and sub-greenschist facies of other authors (e.g., Ernst,247

2001; Fettes & Desmond, 2007; Bousquet et al., 2008).248

3 Model results249

Below, we will describe the numerical results focusing on: (i) the thermal evolu-250

tion of the models; (ii) the spatial distribution of metamorphic facies inside the subduc-251

tion complex at different times; (iii) the strain rates possibly recordable by rock volumes252

deforming under different metamorphic environment (= facies); and (iv) the potential253

distribution of rock fabrics (coronitic, tectonitic and mylonitic) inside the subduction com-254

plex.255

Fabric development not only depends on the strain rate and the time span over which256

it operates, but also on many other factors, such as the temperature at which deforma-257

tion is imposed and the composition of rocks (Handy et al., 1999; Passchier & Trouw,258

2005). Consequently, we consider fields defined by specific strain rates just as domains259

in which different fabrics can be developed with higher probabilities, without taking into260

account differences in the protolith and in the mineralogy of the rocks. In particular, we261

consider fields characterized by strain rates higher than 10−13 s−1 as potentially mylonitic,262

and fields with strain rates lower than 10−15 s−1 as potentially coronitic (Pfiffner & Ram-263

say, 1982). In the same way, we consider fields where the strain rates are between 10−15 s−1
264

and 10−13 s−1 as dominantly tectonitic, without excluding the possibility to have fab-265

ric heterogeneity due to different composition of rocks manifesting coronitic and/or my-266

lonitic textures, spatially subordinated.267
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3.1 Thermal evolution268

The geodynamic evolution of subduction systems has been thoroughly analyzed and269

described by many authors (e.g., Arcay et al., 2005; Gerya & Stöckhert, 2006; Marotta270

& Spalla, 2007; Gerya, 2011; Roda et al., 2012; Regorda et al., 2017; Dai et al., 2018; Stern271

& Gerya, 2018; Wang et al., 2019). Here, we will describe only the main features of the272

thermal evolution of the different models, to highlight the impact of the subduction ve-273

locity on the predicted P-T conditions in different parts of the subduction system. Model274

results show that:275

1. the increase in the subduction velocity results in a decrease in the temperatures276

inside the slab, enlighten by the lower depths reached by isotherms 500 and 700 ◦C277

in model v3 (Fig. 3, panels a) with respect to model v5 (Fig. 3, panels b) and,278

more clearly, to model v8 (Fig. 3, panels c). In addition, in models v3 there is a279

continuous warming of the subducted slab during the evolution (see the distribu-280

tion of the isotherms in Fig. 3, panels a), while model v8 shows a continuous cool-281

ing (see the distribution of the isotherms in Fig. 3, panels c). For model v5 the282

subducted slab remains colder than model v3 until approximately 25 Ma of evo-283

lution, while afterwards it slowly warms up (see isotherm 700 ◦C in Fig. 3, pan-284

els b).285

2. Models v3 and v5 show lower temperatures at the bottom of the upper plate and286

in the external portion of the mantle wedge with respect to model v8, which is clear287

observing the shape and the depth of the isotherms 500 and 700 ◦C in Fig. 3. In288

particular, models v3 and v5 show a continuous cooling in the wedge area (see isotherms289

in Fig. 3, panels a and b), while model v8 shows an initial slight cooling followed290

by an intense warming (see isotherms in Fig. 3, panels c).291

3.2 Metamorphic facies292

3.2.1 Model v3293

The model does not predict P-T conditions compatible with metamorphic facies294

characterized by low-pressure (LP) and medium- (MT) to high-temperature (HT) con-295

ditions, such as granulite and hornfels (Fig. 4, panel a). Amphibolite facies conditions296

are attained only during the first part of the evolution (Fig. 4, panel a), at the base of297

the upper plate crust (Fig. 5, panel a1), and it disappears with the progressive decrease298

in temperature. In the same way, the extent of the epidote-amphibolite facies decreases299

in time (Fig. 4, panel a) as temperature decreases always at the base of the upper plate300

crust (Fig. 5, panels a2 and a3). Differently, P-T conditions compatible with the zeo-301

lite and greenschist facies are persistently stable in the upper crust of the upper plate302

(Fig. 5, panels a) and the region undergoing greenschist facies conditions enlarges at the303

expense of the epidote-amphibolite facies over the time (Fig. 5, panel a3). The prehnite-304

pumpellyite facies is stable with continuity in a small portion of the upper crust of the305

upper plate, close to the trench (Fig. 5, panels a).306

Blueschist facies conditions are continuously stable during the subduction (Fig. 4,307

panel a), especially in the inner portion of the mantle wedge, close to the slab (Fig. 5,308

panels a), and its extension increases during the mature stages of the evolution (Fig. 4,309

panel a), when temperatures lower than 500 ◦C are predicted up to approximately 90 km310

far from the trench (Fig. 5, panel a3). The decrease in temperature in the external por-311

tion of the wedge determines a larger region undergoing amphibole-eclogite facies con-312

ditions during the mature stages of the evolution (Fig. 5, panels a). A similar behaviour313

can be observed for the regions affected by epidote-eclogite facies conditions at higher314

depths, although with a very limited extension (Fig. 4, panel a and Fig. 5, panels a).315

Differently, the progressive decrease in temperature in the external portion of the wedge316
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Figure 3. Thermal evolution of models v3 (panels a), v5 (panels b) and v8 (panels c). The

first column (panels a1, b1 and c1) shows the thermal state when the slab has reached 200 km

depth, at 10, 5 and 3 Ma of evolution for models v3, v5 and v8, respectively; the second column

(panels a2, b2 and c2) represents the thermal state at about half of the evolution, at 40, 25 and

15 Ma for models v3, v5 and v8, respectively; and the third column (panels a3, b3 and c3) rep-

resents the thermal state at the end of the evolution at 85, 51 and 32 Ma for models v3, v5 and

v8, respectively. Black arrows represent the velocities of the mantle flow above the slab. Black

dashed lines represent isotherms 500 and 700 ◦C.
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Figure 4. Amount of crustal rocks determined for each metamorphic facies during the evo-

lution for model v3 (panel a), model v5 (panel b) and model v8 (panel c). Metamorphic facies

abbreviations as in Fig. 2.
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Figure 5. Areal distribution in the subduction complex of the metamorphic facies for models

v3 (panels a), v5 (panels b) and v8 (panels c). The first column (panels a1, b1 and c1) shows

the facies distribution when the slab has reached 200 km depth, at 10, 5 and 3 Ma of evolution

for models v3, v5 and v8, respectively; the second column (panels a2, b2 and c2) represents the

facies distribution at about half of the evolution, at 40, 25 and 15 Ma for models v3, v5 and v8,

respectively; and the third column (panels a3, b3 and c3) represents the facies distribution at the

end of the evolution at 85, 51 and 32 Ma for models v3, v5 and v8, respectively. Black continuous

lines represent the lower limit of the crust of the upper plate and of the oceanic crust. Black

dashed lines represent isotherms 500 and 700 ◦C. Colors of the metamorphic facies as in Fig. 2.
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at the end of the evolution results in the disappearance of HP-granulite facies conditions317

(Fig. 4, panel a).318

Below approximately 80-90 km of depth, lawsonite-eclogite and dry-eclogite facies319

conditions are attained and the limit between the two strongly depends on the temper-320

ature. Both facies are stable at the beginning of the subduction: the lawsonite-eclogite321

facies conditions are satisfied in the internal part of the slab, where there are temper-322

atures below 650 ◦C, while the dry-eclogite facies conditions characterize the external por-323

tion (Fig. 5, panel a1). The temperature increase in the slab results in the progressive324

disappearance of the lawsonite-eclogite facies regions during the mature stages of evo-325

lution (Fig. 5, panel a2).326

3.2.2 Effects of the subduction velocity327

The increase in the subduction velocity determines the appearance of regions un-328

dergoing granulite and hornfels facies conditions, even if in small areas. In particular,329

granulite facies conditions are attained with discontinuity in model v5 (Fig. 4, panel b),330

while model v8 shows a more continuous occurrence of granulite, hornblende hornfels and331

albite-epidote hornfels facies (Fig. 4, panel c). These metamorphic facies characterize332

the bottom of the upper plate crust and the shallow and external portion of the wedge333

during the mature stages of the evolution (Fig. 5, panels b2, c2 and c3), as a consequence334

of the temperature increase for higher velocities. In the same way, the higher temper-335

atures in the upper plate predicted by models v5 and v8 allow that amphibolite facies336

conditions are achieved during the whole evolution (Fig. 4, panels b and c). In partic-337

ular, model v8 shows the attainment of amphibolite facies conditions in a wide zone at338

the bottom of the upper plate crust, up to 150 km from the trench (Fig.5, panel c2 and339

c3). Similarly, the increase of temperature in the upper plate during late evolution in340

models v5 and v8 results in an increase of the area under epidote-amphibolite facies con-341

ditions (Fig. 5, panels b3 and c3). However, the increase in temperature of the upper342

plate results in a reduction of the region characterized by zeolite and greenschist facies343

conditions (Fig. 4 panels b and c), in relation to the contemporary increase of the area344

affected by epidote-amphibolite facies conditions in the upper plate (Fig. 5, panels b and345

c). The increase in the subduction velocity determines also the extent of portions affected346

by blueschist facies conditions during the mature evolution, in particular for model v8347

(Fig. 4, panel c). This is consequent to the intense warming of the external portion of348

the mantle wedge induced by the large-scale mantle flow underneath the overriding plate,349

which determines the decrease of the regions with temperatures lower than 500 ◦C (Fig.350

5, panels b and c). The reduction of area under blueschist facies conditions is counter-351

poised by the occurrence of HP-granulite facies conditions during the whole evolution352

(Fig. 4, panels b and c and Fig. 5, panels b and c), as a consequence of the higher tem-353

peratures predicted by models v5 and v8 with respect to model v3. However, model v5354

predicts lower temperatures than model v8 in the external portion of the mantle wedge,355

and this results in the individuation of a region characterized by amphibole-eclogite and356

epidote-eclogite facies conditions in model v5 comparable to that of model v3 and larger357

than that of model v8 (Fig. 4, panels b with respect to panels a and c, respectively).358

Below approximately 80-90 km depth, the existence of lawsonite-eclogite and dry-359

eclogite metamorphic facies during mature stages of the evolution is strongly influenced360

by the subduction velocity. Model v5 shows a cold slab during the first half of the evo-361

lution, with the consequent co-existence of both lawsonite-eclogite and dry-eclogite fa-362

cies conditions (Fig. 5, panel b2). Differently, the warming predicted during the second363

half of the evolution determines P-T conditions compatible only with dry-eclogite facies364

(Fig. 5, panel b3), as observed for model v3. On the contrary, the continuous decrease365

in temperature that characterized the slab of the high velocity model (v8) allows the oc-366

currence of the lawsonite-eclogite facies conditions until the end of the subduction, in367
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the internal portion of the slab, and the dry-eclogite facies in the external portion (Fig.368

5, panels b3 and c3).369

3.3 Strain rates370

For each time step we considered the maximum value of the effective strain rate371

predicted in each field characterized by different metamorphic facies conditions (Fig. 6),372

in order to verify if tectonitic and/or mylonitic fabrics can be expected. Successively, we373

calculated the potential rock percentages (expressed by the number of the Lagrangian374

markers) that can record strain rates lower than 10−15 s−1 (green in Figs. 7, 8 and 9),375

between 10−15 s−1 and 10−13 s−1 (yellow in Figs. 7, 8 and 9) and higher than 10−13 s−1
376

(red in Figs. 7, 8 and 9), with respect to the total crustal amount undergoing each dif-377

ferent metamorphic facies conditions.378

3.3.1 Model v3379

Regions characterized by metamorphic facies with a low P/T ratio, such as am-380

phibolite and HP-granulite facies, are characterized by maximum strain rates that only381

occasionally exceed 10−15 s−1 (Fig. 6, panel a), indicating a low probability to develop382

tectonitic and mylonitic fabrics. In fact, the crust percentage under amphibolite and HP-383

granulite facies conditions that can preserve coronitic texture is always close to 100% (green384

in Fig. 7), with the exceptions of few time steps, when a tectonitic fabric can be expected385

(yellow in Fig. 7). Slightly higher maximum strain rates can be observed under dry-eclogite386

facies conditions, where they are mainly between 10−15 s−1 and 10−13 s−1 during the en-387

tire evolution (Fig. 6, panel a). However, only a maximum of 25% of crust develops a388

tectonitic fabric (yellow in Fig. 7), while the largest part still preserves a coronitic tex-389

ture (green in Fig. 7). Similarly, maximum strain rates between 10−15 s−1 and 10−13 s−1
390

(with occasional peaks above 10−13 s−1) is observed during the first half of evolution in391

crust undergoing epidote-amphibolite facies conditions, while there is a decrease during392

the mature stages of evolution, mainly below 10−15 s−1 (Fig. 6, panel a). Actually, al-393

though the largest amount of crustal rocks still preserves a coronitic texture (mostly over394

85%; green in Fig. 7), during the first half of the evolution tectonitic and, occasionally,395

mylonitic fabric (yellow and red, respectively, in Fig. 7) are expected. Model v3 shows396

maximum strain rates above 10−13 s−1 during the entire evolution under zeolite and green-397

schist facies conditions (Fig. 6, panel a). However, the amount of crust that develops a398

mylonitic fabric is lower than 5% (red in Fig. 7), while a tectonitic fabric occurs in ap-399

proximately 45% of the crust (yellow in Fig. 7). Therefore, the largest amount of crustal400

rocks undergoing these metamorphic facies (green in Fig. 7) can preserve a coronitic tex-401

ture. Differently, in the prehnite-pumpellyite facies the maximum strain rates are always402

lower than 10−13 s−1 (Fig. 6, panel a), but a tectonitic fabric develops in more than 70%403

of the crustal rocks undergoing this metamorphic facies (yellow in Fig. 7).404

Highest peaks of maximum strain rates (between 10−13 s−1 and 10−12 s−1) is ob-405

served in crustal portions undergoing blueschist facies conditions (Fig. 6, panel a). Here,406

there is a clear increase of regions that develops mylonitic fabrics (up to 35%; red in Fig.407

7), and the coronitic texture is preserved in less than 50% of these parts (green in Fig.408

7). Under amphibole-eclogite and epidote-eclogite facies conditions maximum attained409

strain rates are always around 10−13 s−1 (Fig. 6, panel a), but in the epidote-eclogite a410

larger crustal amount develops tectonitic and mylonitic fabrics. In fact, the majority of411

crust undergoing amphibole-eclogite facies conditions preserves a coronitic texture (from412

50 to 95%, green in Fig. 7) and the mylonitic fabric is expected at maximum in 30% of413

these rocks (red in Fig. 7). Differently, the coronitic domains under the epidote-eclogite414

conditions vary from 5 to 95% (green in Fig. 7) and the mylonitic domains extends up415

to 80% (red in Fig. 7). Maximum strain rates under the lawsonite-eclogite facies con-416

ditions are very variable in time, from 10−17 s−1 to 10−13 s−1 (Fig. 6, panel a), with reper-417

cussion on the extent of different fabric domains. In fact, time spans characterized only418
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Figure 6. Maximum value of strain rates recorded by each metamorphic facies for each time

step for model v3 (panel a), model v5 (panel b) and model v8 (panel c). Metamorphic facies

abbreviations as in Fig. 2.
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Figure 7. Percentages of crustal rocks of model v3 that can record strain rates lower than

10−15 s−1 (green), between 10−15 s−1 and 10−13 s−1 (yellow) and higher than 10−13 s−1 (red)

with respect to the total amount of crustal rocks of each metamorphic facies as function of time.

White portions indicate the non-existence of the metamorphic facies.
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White portions indicate the non-existence of the metamorphic facies.
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by coronitic domains (green in Fig. 7) alternate with time spans during which there are419

only mylonitic domains (red in Fig. 7).420

3.3.2 Effects of the subduction velocity421

Maximum strain rates recorded by regions characterized by different metamorphic422

facies during the evolution show a general increase in models v5 and v8 (Fig. 6, panels423

b and c) with respect to model v3 (Fig. 6, panel a). However, this does not correspond424

to a homogeneously distributed similar increase in the amount of tectonitic and mylonitic425

domains with respect to coronitic domains. Maximum strain rates recorded by the am-426

phibolite and HP-granulite facies regions show a general increase for higher subduction427

velocities, in particular for model v8, that is characterized by maximum strain rates mainly428

between 10−13 s−1 and 10−15 s−1, with some peaks above 10−13 s−1 (Fig. 6, panel c). Sim-429

ilarly, the average percentages of crustal rocks that preserve a coronitic texture decrease430

in models v5 and v8 (green in Figs. 8 and 9, respectively), with a correspondent increase431

in the extent of tectonitic and mylonitic domains, up to 60 and 80% in the amphibolite432

facies and up to 30 and 60% in the HP-granulite facies for models v5 and v8, respectively433

(yellow and red in Figs. 8 and 9). However, the most part of crustal rocks still poten-434

tially preserves coronitic domains, mostly over 70%. In the same way, the granulite fa-435

cies shows maximum strain rates lower than 10−15 s−1 in model v5 (Fig. 6, panel b), while436

they are between 10−13 s−1 and 10−15 s−1 in model v8 (Fig. 6, panel c), but tectonitic437

fabrics are dominant and occurs from 50 to 100% (green in Fig. 9). A general increase438

of maximum strain rates with the subduction velocity is observed also under the dry-439

eclogite facies conditions, for which models v5 and v8 show sporadic peaks of maximum440

strain rates above 10−13 s−1, more frequent for higher subduction velocities (Fig. 6), even441

if in very limited areas (under 5%; Figs. 8 and 9). Differently, there is a decrease of the442

crustal amount with a dominant tectonic fabric with the increase in the subduction ve-443

locity, from a maximum of 25% in model v3 (yellow in Fig. 7), to a maximum of 20%444

in model v5 (yellow in Fig. 8) and of 10% in model v8 (yellow in Fig. 9).445

Under epidote-amphibolite facies conditions the crust shows an increase of max-446

imum strain rates with the increase of the subduction velocity, up to 3 orders of mag-447

nitude, in particular during the second half of the evolution. In fact, maximum strain448

rates are in the order of 10−14-10−13 s−1 for model v5 and of 10−13-10−12 s−1 for model449

v8 (Fig. 6, panels b and c, respectively). The amount of crustal rocks in which domi-450

nant tectonitic fabric is expected remains almost constant in models v5 and v8, in par-451

ticular approximately 20% on average for model v5 (yellow in Fig. 8) and 30% on av-452

erage for model v8 (yellow in Fig. 9), while areas potentially able to develop mylonitic453

fabrics are very limited (less than 5% for models v5 and v8; red in Figs. 8 and 9, respec-454

tively). Therefore, the largest amount of the crust preserves coronitic fabrics also un-455

der epidote-amphibolite facies conditions (green in Figs. 8 and 9).456

Maximum strain rates under greenschist facies show an increase in model v8, up457

to approximately 10−12 s−1 (Fig. 6, panel c). The amount of crust under greenschist fa-458

cies that records strain rates compatible with coronitic textures is not influenced by sub-459

duction velocity (green in Figs. 8 and 9), while there is a widest diffusion of mylonitic460

fabrics for higher subduction velocities, from 5% in model v5 and 8% in model v8 (red461

in Figs. 8 and 9, respectively). Under zeolite facies conditions there is an increase in the462

crustal percentage with strain rates above 10−13 s−1 (Fig. 6, panels b and c) from 20%463

in model v5 up to 30% in model v8 (red in Figs. 8 and 9, respectively). A similar pat-464

tern is observed for the prehnite-pumpellyite facies, which shows an increase of mylonitic465

fabrics percentage, from 40% in model v5 up to 60% in model v8 (red in Figs. 8 and 9).466

Blueschist facies rocks show an increase in the maximum strain rates with the in-467

crease of subduction velocity, with short peaks of 10−11 s−1 in model v8 (Fig. 6, panel468

c), and a slight increase of the crust percentage with strain rates below 10−15 s−1, from469
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30-40% in model v3 (green in Fig. 7) to 20-30% in models v5 and v8 (green in Figs. 8470

and 9, respectively), with a concurrent slight increase in regions affected by strain rates471

above 10−13 s−1, from 40% in model v3 (red in Fig. 7), to 50% in model v5 (red in Fig.472

8) and 60% in model v8 (red in Fig. 9). The amphibole-eclogite facies shows a variable473

pattern during the evolution in all models, but in general the subduction velocity does474

not have a clear effect and the majority of the crust can preserve coronitic texture, from475

50 to 95% in model v3 (green in Fig. 7) and from 30 to 90% in models v5 and v8 (green476

in Figs. 8 and 9, respectively). Although an increase in the maximum strain rates un-477

der epidote-eclogite facies for models v5 and v8 (Fig. 6, panels b and c), model v8 shows478

a decrease of mylonitic domains with respect to model v5 (Figs. 8 and 9, respectively).479

Differently from the general trend observed for all the other metamorphic facies, under480

the lawsonite-eclogite facies there is an increase in the relative amount of crustal rocks481

that preserve coronitic textures in model v8, which is always above 80% (green in Fig.482

9).483

3.4 Spatial distribution of deformation fabrics484

Here, we merge the distribution of the metamorphic facies conditions with the coro-485

nitic, tectonitic and mylonitic domains predicted in different portions of the subduction486

complex to verify whether under different metamorphic conditions coronitic, tectonitic487

or mylonitic fabrics can develop.488

3.4.1 Model v3489

The crust of the upper plate is exclusively characterized by low strain rates, such490

as mainly coronitic texture are expected farther than 50 km from the trench (Fig. 10,491

panels a1, b1 and c1). The corresponding low strain rates are predicted under the ze-492

olite, greenschist, epidote-amphibolite and amphibolite facies during the whole evolu-493

tion of the model (Fig. 10, panels a1, b1 and c1). Strain rates increase towards the trench494

and a domain with a dominant tectonitic fabric can be recognised under zeolite, prehnite-495

pumpellyite, greenschist, epidote-amphibolite and blueschist facies during the complete496

evolution (Fig. 10, panels a2, b2 and c2).497

In the mantle wedge area, all fabrics develop contemporaneously. In particular, in498

the internal portions of the mantle wedge and inside the slab, coronitic, tectonitic and499

mylonitic fabrics occur under all metamorphic facies conditions with a high P/T ratio,500

such as the blueschist, amphibole-eclogite, epidote-eclogite, dry-eclogite and lawsonite-501

eclogite facies (Fig. 10, panels a3, b3 and c3). Differently, domains undergoing HP-granulite502

and amphibole-eclogite conditions preserve wide portions of coronitic texture in the ex-503

ternal portion of the mantle wedge, which is characterized by temperatures higher than504

600 ◦C (Fig. 10, panels a1, b1 and c1). Deeper than 100 km, the slab is mainly charac-505

terized by strain rates compatible with coronitic texture (Fig. 10, panels a1, b1 and c1),506

with some domains, up to approximately 170 km depth, in which a tectonitic fabric de-507

velops (Fig. 10, panels a2, b2 and c2). Both these fabric domains occur under lawsonite-508

eclogite and dry-eclogite conditions, in agreement with the different thermal fields pre-509

dicted during successive convergence stages, as discussed in Section 3.2 (Fig. 5). In par-510

ticular, coronitic and tectonitic fabrics are observed in the early evolution, under lawsonite-511

eclogite conditions, in the internal portion of the slab and under dry-eclogite conditions512

in the external and warmer part of the slab (Fig. 10, panels a1 and a2), while for the513

late evolution they are observed only under dry-eclogite conditions (Fig. 10, panels b1,514

b2, c1 and c2).515

3.4.2 Effects of the subduction velocity516

The increase in the subduction velocity results in a slight increase of strain rates517

in the upper plate. In particular, domains with dominant tectonitic fabrics are observed518

–20–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Geochemistry, Geophysics, Geosystems

−300

−200

−100

0

−100 0 100 −100 0 100

km

−100 0 100

−300

−200

−100

0

k
m

−300

−200

−100

0

(a1)

t=10 Ma

(a2)

t=10 Ma

(a3)

t=10 Ma

(b1)

t=40 Ma

(b2)

t=40 Ma

(b3)

t=40 Ma

(c1)

t=85 Ma

(c2)

t=85 Ma

(c3)

t=85 Ma

Coronitic fabric Tectonitic fabric Mylonitic fabric

500

500

500

500

500

500

500

500

500

Figure 10. Distribution of coronitic (panels a1, b1 and c1), tectonitic (panels a2, b2 and c2)

and mylonitic (panels a3, b3 and c3) fabrics for each metamorphic facies of model v3 at 10 Ma

(panels a), 40 Ma (panels b) and 85 Ma of evolution (panels c). Black continuous lines repre-

sent the lower limit of the crust of the upper plate and of the oceanic crust. Black dashed lines

represent isotherms 500 and 700 ◦C. Colors of the metamorphic facies as in Fig. 2.
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Figure 11. Distribution of coronitic (panels a1 and b1), tectonitic (panels a2 and b2) and

mylonitic (panels a3 and b3) fabrics for each metamorphic facies of model v5 at 25 Ma (panels a)

and 51 Ma of evolution (panels b). Black continuous lines represent the lower limit of the crust of

the upper plate and of the oceanic crust. Black dashed lines represent isotherms 500 and 700 ◦C.

Colors of the metamorphic facies as in Fig. 2.

farther than 100 km from the trench in models v5 (Fig. 11, panels a2, b2) and v8 (Fig.519

12, panels a2 and b2), while farther away coronitic domains dominate under zeolite, green-520

schist, epidote-amphibolite and amphibolite facies as in model v3, but also under gran-521

ulitic conditions in models v5 and v8 (Fig. 11, panels a1 and b1 and Fig. 12, panels a1522

and b1, respectively). Moreover, the subduction velocity increase results in a widening523

of the region potentially recording a mylonitic fabric close to the trench, under green-524

schist, zeolite and prehnite-pumpellyite facies conditions (compare Fig. 10, panels a3,525

b3 and c3 with Fig. 11, panels a3 and b3 and Fig. 12, panels a3 and b3).526

The increase in the subduction velocity determines an increase of tectonitic and527

mylonitic domains in the central portion of the mantle wedge at the expense of the coro-528

nitic domains (Fig. 11, panels a3 and b3 and Fig. 12, panels a3 and b3), in particular529

under blueschist conditions. Differently, only coronitic domains are expected in the ex-530

ternal portion of the wedge also for higher velocities models (v5 and v8; Fig. 11, pan-531

els a1 and b1 and Fig. 12, panels a1 and b1).532

Since the thermal state of the slab deeper than 100 km is largely influenced by the533

subduction velocity, also the distribution of predicted strain rates under different meta-534

morphic facies varies during the late stages of different models. In particular, in model535

v5 coronitic domains are observed under lawsonite-eclogite facies in the internal portion536

of the slab and under dry-eclogite facies in the external portion at half of the evolution537

(Fig. 11, panel a1), while they are expected under dry-eclogite conditions at the end of538

the evolution (Fig. 11, panel b1). In the same way, dominant tectonitic domains develop539
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Figure 12. Distribution of coronitic (panels a1 and b1), tectonitic (panels a2 and b2) and

mylonitic (panels a3 and b3) fabrics for each metamorphic facies of model v8 at 15 Ma (panels a)

and 32 Ma of evolution (panels b). Black continuous lines represent the lower limit of the crust of

the upper plate and of the oceanic crust. Black dashed lines represent isotherms 500 and 700 ◦C.

Colors of the metamorphic facies as in Fig. 2.
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under lawsonite-eclogite or under dry-eclogite conditions at half or at the end of the evo-540

lution, respectively (Fig. 11, panels a2 and b2). Differently, the colder thermal state pre-541

dicted by model v8 determines the existence of P-T conditions compatible with the lawsonite-542

eclogite facies during the whole evolution with the consequent predicted existence of coro-543

nitic (Fig. 12, panels a1 and a2) and tectonitic domains (Fig. 12, panels b1 and b2) .544

A general increase of tectonitic domains occurs in the deeper portion of the slab with545

the increase of the subduction velocity in particular during the late evolution (compare546

Fig. 10, panels b2 and c2 with Fig. 11, panels a2 and b2 and Fig. 12, panels a2 and b2).547

4 Discussion548

In the context of a 2D numerical model of an ocean-continent subduction process549

we tested three different convergence velocities to evaluate their influence on the expected550

metamorphic facies distribution in the crust and the potentially associated deformation551

fabrics. The introduction of shear heating, adiabatic heating and latent heat allows the552

prediction in all models of hotter thermal states with respect to older geodynamics mod-553

els, in agreement with the P-T conditions observed in various collisional belts (Penniston-554

Dorland et al., 2015). The increase of subduction velocity determines lower temperatures555

inside the slab, related to a progressive intensification of the large-scale mantle flow that556

causes the advective warming of the subducted slab more effective than the continuous557

sinking of cold material. Differently, the more intense large-scale mantle flow underneath558

the overriding plate observed for higher subduction velocities determines higher temper-559

atures at the bottom of the upper plate for model v8 with respect to models v3 and v5.560

Moreover, our results show that three domains denoted by contrasted P/T ratios561

can be recognised within different domains of the same subduction system (Fig. 5), on562

the basis of the distribution of P-T conditions characterizing the different metamorphic563

facies:564

1. a domain identifiable in the upper plate and characterized by intermediate (Barrovian-565

type metamorphism) P/T ratios and slightly higher than the Abukuma-type meta-566

morphism traditionally interpreted as developed under thermal states character-567

izing arc regions and plate interiors (black dashed arrows in Fig. 13), respectively568

(Miyashiro, 1961; Ernst, 1973; England & Richardson, 1977; England & Thomp-569

son, 1984; Thompson, 1981; Thompson & England, 1984; Cloos, 1993; Spear, 1993).570

In addition, the increase in the temperature observed during subduction, especially571

in models v5 and v8, results in the development of epidote-amphibolite facies con-572

ditions also in the lower plate (light grey dots in Fig. 13, panels c2 and c3) and573

of amphibolite and granulite facies conditions in the crust of the upper plate (dark574

grey dots in Fig. 13, panels b2, b3, c2 and c3), between 100 and 250 km far from575

the trench (Fig. 5, panels b2, c2 and c3);576

2. a domain located in the external part of the mantle wedge with temperatures higher577

than 600 ◦C and depths shallower than 80 km, which is characterized by intermediate-578

to-high P/T ratios (comprising part of Barrovian- and of Franciscan-facies series)579

that has been interpreted as consistent with warm subductions (continuous black580

arrows in Fig. 13). The subduction velocity only influences the extent and the du-581

ration of the stability fields of the metamorphic facies (Fig. 4) and the increase582

in temperature in the external portion of the wedge observed in model v8 deter-583

mines compatibility of the oceanic crust also with HP-granulite, mainly during the584

first half of the evolution (Fig. 5, panels c1 and c2 and light grey dots in Fig. 13,585

panels c1 and c2);586

3. a domain located in the internal portion of the mantle wedge (with temperature587

below 600 ◦C) and along the whole slab below 80 km depth, characterized by high588

P/T ratios (Franciscan-facies series) interpreted as in tune with cold subductions589

(dashed-dotted black arrows in Fig. 13). In this domain, the oceanic crust of all590
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models attains P-T conditions in the stability fields of blueschist and all types of591

eclogite facies (Fig. 5 and light grey dots in Fig. 13) up to 100 km depth, regard-592

less of the subduction velocity. On the contrary, below 100 km depth the subduc-593

tion velocity has a strong influence during the second part of the evolution, when594

two metamorphic gradients can be distinguished: one colder, for model v8 and with595

a predominant compatibility of oceanic crust and crust of the upper plate with596

lawsonite-eclogite facies conditions (Fig. 5, panels c2 and c3 and Fig. 13, panels597

c2 and c3); and one warmer, for models v3 and v5 and with a prevalent compat-598

ibility of oceanic crust and crust of the upper plate with dry-eclogite facies con-599

ditions (Fig. 5, panels a2, a3 and b3 and Fig. 13, panels a2, a3 and b3).600

The presence of thermally contrasted domains within the same subduction system601

brings back to the thermal dualism proposed with the concept of paired metamorphic602

belts (Miyashiro, 1973), more recently revised by Brown (2010). In particular, high sub-603

duction velocities allow the attainment of facies typical of the Abukuma-type metamor-604

phism in the crust of the upper plate, as hornblende- and albite-epidote-hornfels facies,605

contemporaneously with facies typical of the Franciscan-type metamorphism in the in-606

ternal portion of the mantle wedge, as blueschist and lawsonite-eclogite facies (Figs. 5607

and 13). However, differently from the original idea of paired metamorphic belts pro-608

posed by Miyashiro (1973), our results show the potential development of metamorphic609

facies characterized by HT and LP-MP also in absence of magmatism, in particular for610

high subduction velocities (models v5 and v8). The duality of thermal fields predicted611

by all models regardless of the subduction velocity, even if more emphasized in model612

v8, is in agreement with the idea that this duality is characteristic of one-sided subduc-613

tions (Brown, 2010). P-T conditions predicted by the models are also consistent with614

the contrasted P-T metamorphic conditions and gradients that have been described in615

the internal zones of some collisional belts. Significantly contrasted P-T metamorphic616

conditions have been recorded during the Variscan subduction, from blueschist, to eclog-617

ite and HP-granulite facies (e.g., Faure et al., 2005; Ballèvre et al., 2009; Lardeaux, 2014b;618

Jouffray et al., 2020; Regorda et al., 2020), as observed in all models (Fig. 5).619

In addition, our work supports that different metamorphic series and different ther-620

mal gradients can coexist in the same geodynamic setting and can be recorded by the621

same tectonic unit during its burial and exhumation path, as suggested for rocks belong-622

ing to the subduction complex of the Alpine belt (e.g., Spalla et al., 1996, 2010; Roda623

et al., 2012, 2020). Finally, the crust from upper and lower plates experienced higher P/T624

ratio conditions for lower convergence velocities. In particular, a large amount of crustal625

slices lie around the cold- and warm-subduction gradients in model v3 during the ma-626

jority of the evolution, showing P-T conditions compatible with amphibolite and HP-627

granulite facies only at the end of the subduction process (Fig. 13, panels a2 and a3).628

These model predictions are in agreement with the occurrence of metamorphic imprints629

in the rocks of the subduction complex of the Alps, where low P/T ratios are rarely ob-630

served (e.g., Berger & Bousquet, 2008; Bousquet et al., 2008; Roda et al., 2012; Lardeaux631

et al., 2014; Penniston-Dorland et al., 2015) in accordance to the low velocity proposed632

for the Alpine convergence (e.g., Agard et al., 2009; Roda et al., 2010; Le Breton et al.,633

2021). Differently, both lower and upper plate crustal rocks are affected by higher tem-634

perature conditions in faster models since the mid-time evolution. Higher temperatures635

predicted by the models for higher subduction velocities are in agreement with the con-636

clusions inferred by Penniston-Dorland et al. (2015) comparing P-T data from subduc-637

tion zones characterized by different convergent velocities. The global distribution of rock638

slices from upper and lower plates (dark and light grey markers in Fig. 13, respectively)639

indicates that the increment in the convergence velocity allows an increase in the meta-640

morphic gradients that can potentially develop contemporaneously during an oceanic sub-641

duction. For highest convergence velocities, metamorphic imprints characterized by low642

P/T ratios can diffusely coexist with metamorphic imprints distinguished by high P/T643

ratios and lying along gradients traditionally associated to cold and warm subduction644

–25–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Geochemistry, Geophysics, Geosystems

T (°C)

P
 (

G
P

a)

100 300 500 700 900 1100 1300 100 300 500 700 900 1100 1300 100 300 500 700 900 1100 1300

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Figure 13. Distribution of oceanic crust (light grey dots) and crust of the upper plate (dark

grey dots) as function of P-T conditions predicted by models v3, v5 and v8 (panels a, b and c,

respectively) at different times. Black arrows represent geothermal gradients traditionally associ-

ated to arc regions and collision zones (dashed arrows), warm subduction complexes (continuous

arrow) and cold subduction complexes (dashed-dotted arrow), as presented by Cloos (1993).

Black dotted lines represent very low subduction-zone geothermal gradient (5 ◦C km−1). Colors of

the metamorphic facies are as in Fig. 2.
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complexes, as described by Cloos (1993) (see dashed-dotted and continuous arrows in645

Fig. 13). Such observation well fits, for example, with the occurrence in the Variscan sub-646

duction complex of blueschist- to granulite-facies conditions (e.g., Faure et al., 2005; Ballèvre647

et al., 2009; Lardeaux, 2014b; Jouffray et al., 2020), in accordance with higher veloci-648

ties generally proposed for the Variscan convergence (Regorda et al., 2020, and refs. therein).649

Our results show that mylonitic units are expected exclusively in the central por-650

tion of the mantle wedge (Figs. 10, 11 and 12, panels a3, b3 and c3). In fact, in the most651

internal portion of the mantle wedge the viscosities are relatively high, due to the low652

temperatures produced by the subducted slab, and the velocity gradients are low since653

the velocities are strictly controlled by the descending of the slab. Differently, in the ex-654

ternal and warmer portion of the mantle wedge the viscosities are higher than those in655

the internal and colder portions, because the serpentine is no more stable and the rhe-656

ology is mainly governed by the dry dunite (e.g., Arcay et al., 2005; Gerya & Stöckhert,657

2006). Therefore, metamorphic facies that attain a dominant mylonitic fabric are those658

characterized by temperatures lower than 600 ◦C, where serpentine is stable, and high659

P/T ratios, such as epidote-eclogite, amphibole-eclogite and, mainly, blueschist facies (Figs.660

7, 8 and 9). Pervasive mylonitic domains predicted under epidote-eclogite facies condi-661

tions agree with observations of the degree of fabric evolution in the continental crust662

deeply involved in the Alpine subduction system, where mylonitic fabrics are developed663

under epidote-eclogite facies in up to the 85% of the rock volume (Zucali et al., 2020).664

Moreover, the coexistence of mylonitic, tectonitic and coronitic, as predicted under blueschist665

metamorphic facies (Figs. 7, 8 and 9), has been observed in meta-intrusive rocks in the666

Sesia-Lanzo Zone (Corti et al., 2017) and in the Dent-Blanche Unit (Roda & Zucali, 2011).667

The high strain rates (mylonitic fabric) predicted by the models for the HP meta-668

morphic facies occurring within the mantle wedge are consistent with the fabric recorded669

in the internal domains of the Alps, where highly deformed rocks that have recorded HP670

metamorphism during their P-T evolution, such as the blueschist and eclogite facies, are671

often coupled with serpentinized mantle slices (e.g., Malatesta et al., 2012; Roda et al.,672

2018, 2020). Differently, domains that can better preserve coronitic textures are located673

in the non-subducted crust of the upper plate and along the slab, where the velocity gra-674

dients and strain rates are relatively low, and in the most external portion of the man-675

tle wedge, where the rheology is governed by the strong dry dunite instead of weaker ser-676

pentine (Fig. 10, panels a1, b1 and c1, Fig. 11, panels a1 and b1 and Fig. 12, panels a1677

and b1). In fact, metamorphic facies that result associated with dominant coronitic do-678

mains are amphibolite and granulite, which are widespread in the upper plate, HP-granulite,679

which affects the warmest portion of the mantle wedge, and dry-eclogite, which devel-680

ops in the colder and deeper portion of the slab (Fig. 10, panels a1, b1 and c1, Fig. 11,681

panels a1 and b1 and Fig. 12, panels a1 and b1). In addition, zeolite, prehnite-pumpellyite,682

greenschist and epidote-amphibolite metamorphic facies show a decrease in the defor-683

mation moving away from the trench (Fig. 10, panels a2, b2 and c2, Fig. 11, panels a2684

and b2 and Fig. 12, panels a2 and b2), in agreement with observations from the exter-685

nal domains of the Alps (e.g., Handy & Oberhänsli, 2004; Lardeaux et al., 2014), where686

the Alpine HP metamorphic imprint is missing, and no important pre-collisional duc-687

tile structural reworking is reported. In fact, high viscosities and high stresses are pre-688

dicted in the portion of the upper plate close to the trench, with consequent interme-689

diate strain rates, between 10−15 s−1 and 10−13 s−1, in agreement with strain rates ob-690

served in non-mylonitic deformed rocks (Pfiffner & Ramsay, 1982). Therefore, these low-691

grade metamorphic facies are characterized by wide dominant tectonitic domains asso-692

ciated to wide domains that can better preserve coronitic textures (Figs. 7, 8 and 9). Re-693

sults predicted by model v3 for the greenschist metamorphic facies are in agreement with694

estimates of the degree of fabric evolution made on a portion of continental crust of the695

central SesiaLanzo Zone, where there is a dominance of coronitc domains under green-696

schist facies conditions (over 80%), while tectonitic domains are far less distributed (un-697

der 20%) and mylonitic domains have been observed marginally (Zucali et al., 2020).698
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Although all models show the same relations between metamorphic facies and strain699

rates, the velocity of subduction determines variations in the relative extent of coronitic,700

tectonitic and mylonitic domains under some specific metamorphic facies. This is due701

to different thermal states predicted by the models and, therefore, to the different ex-702

tent of the metamorphic facies in correspondence of domains characterized by specific703

strain rates. For example, under greenschist facies conditions an increase in the relative704

amount of tectonitic and mylonitic fabric with the increase in the subduction velocity705

occurs (Figs. 7, 8 and 9). In fact, in models v5 and v8 the temperatures in the upper706

plate are higher than in model v3 (see isotherms in Figs. 3 and 5), which result in lower707

viscosities and as a consequence, higher strain rates. Differently, under lawsonite-eclogite708

conditions a decrease in the relative amount of tectonitic and mylonitic fabric occurs for709

higher subduction velocities (Figs. 7, 8 and 9). This is due to the lower temperatures710

recorded inside the deep portion of the slab (see isotherms in Figs. 3 and 5), with a con-711

sequent widening of regions affected by lawsonite-eclogite conditions in a zone charac-712

terized by high viscosities and low strain rates (Fig. 10, panels a1, b1 and c1, Fig. 11,713

panels a1 and b1 and Fig. 12, panels a1 and b1).714

5 Conclusion715

By means of 2D thermo-mechanical models, we investigated the evolution of meta-716

morphic facies and associated fabric developments in a convergent system from subduc-717

tion to the beginning of the continental collision. We found that:718

1. the metamorphic facies traditionally associated with continental collisional com-719

plexes and characterized by low P/T ratios, such as amphibolite, epidote-amphibolite720

and granulite, can be also associated with the oceanic subduction, developing at721

the bottom of the the upper plate crust, in particular for subduction velocities ≥722

5 cm yr−1;723

2. three domains characterized by contrasted P/T ratios can be observed in differ-724

ent regions of the convergent margin: (i) a first domain occur in the upper plate725

and is characterized by low to intermediate P/T ratios; (ii) a second domain is lo-726

cated in the external part of the mantle wedge and is characterized by high P/T727

ratios, corresponding to the gradient traditionally attributed to warm subduction728

zones; and (iii) a third domain corresponds to the internal portion of the mantle729

wedge or develops along the slab and is characterized by high P/T ratios, tradi-730

tionally considered characteristic of cold subduction zones;731

3. the existence of contrasted metamorphic domains broadens the interpretation of732

thermal states in converging systems by widening the interpretation of the paired733

metamorphic belts proposed by Miyashiro (1973), contrasting the narrow perspec-734

tive that tends to identify each single metamorphic facies series as representative735

of a specific geodynamic process. In this view, these results can also solve some736

problematic occurrences of coexisting contrasting metamorphic imprints that char-737

acterize adjacent portions of the collisional belts (e.g., the Variscan metamorphic738

evolution from different areas of the high-pressure tectonic units in the French Mas-739

sif Central, the Alpine and Himalayan subduction-related orogenic wedges);740

4. the varieties of metamorphic gradients that can be potentially recorded during the741

subduction increases with the convergence velocity. In particular, high convergence742

velocities allow the existence of granulite and blueschist metamorphic facies at the743

same time, in agreement with the metamorphic imprints related to the Variscan744

evolution observed in the French Massif Central and in the Alps. On the contrary,745

P-T conditions compatible with granulite and amphibole metamorphic facies are746

hardly reached for low subduction velocities, as observed for the Alpine conver-747

gence;748

5. wide domains with dominant coronitic textures can be preserved in the upper plate,749

farther from the trench for higher subduction velocities, and in the warmest por-750
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tion of the mantle wedge where metamorphic facies conditions characterized by751

high temperatures and low-to-medium pressures, such as HP-granulite, granulite752

and amphibolite facies can be attained;753

6. mylonitic fabrics can be expected mainly in subducted rocks within the serpen-754

tinized mantle wedge under LT and HP metamorphic facies, such as blueschist,755

amphibole-eclogite and epidote-eclogite, and in the portion of the upper plate close756

to trench by LT and LP metamorphic facies, such as greenschist, zeolite and prehnite-757

pumpellyite;758

7. mylonitic fabrics dominate in blueschist and eclogite facies in continental crust gen-759

erally associated with serpentinized mantle, in agreement with the occurrence of760

highly deformed tectonic mélange constituted by HP metamorphic rocks and ser-761

pentinites described in the internal domains of the Alps;762

8. regions in the upper plate undergoing to greenschist, zeolite, prehnite-pumpellyite763

and epidote-amphibolite facies conditions, associated with very low strain rates,764

show similarity with the metamorphic signature observed in the external domains765

of the Alps where no important pre-collisional ductile deformation is reported and766

the Alpine HP tectono-metamorphic imprint is lacking.767
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