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1.  Introduction
Following the pioneering works carried out in the seventies (e.g., England & Richardson, 1977; Oxburgh 
& Turcotte, 1970, 1971; Toksöz & Bird, 1977) several key advances have been made in numerical mode-
ling methods that have improved the understanding of the thermo-mechanical evolution of the ocean-
ic and continental lithosphere during oceanic subduction and continental collision (e.g., Billen,  2008; 
Cloos, 1982, 1983, 1993; Cloos & Shreve, 1988a, 1988b; England & Thompson, 1984; Gerya & Stöckhert, 2006; 
Gerya et al., 2002; Luoni et al., 2020; Magni et al., 2014; Marotta & Spalla, 2007; Peacock, 1989, 1990b; Roda 
et al., 2011, 2012; Thompson, 1981; van Hunen & Allen, 2011). In particular, several models have shown the 
importance of dehydration-hydration reactions (e.g., Arcay et al., 2005; Faccenda et al., 2009; Faccenda & 
Mancktelow, 2010; Guillot et al., 2001; Meda et al., 2010; Peacock, 1990a; Quinquis & Buiter, 2014; Rupke 
et al., 2004; Wang et al., 2019) on the mantle wedge dynamics, with the activation of short wavelength con-
vective cells consequent to the serpentinization and the associated decrease in viscosity (Gerya et al., 2002; 

Abstract  We developed a 2D numerical model that simulates the evolution of a subduction in 
order to analyze which different metamorphic facies and deformation fabrics can be recorded within 
a subduction complex and whether the subduction velocity can influence their distribution. Regions 
with pressure and temperature (P-T) conditions characteristic of different metamorphic facies have 
been explored in the different domains of the subduction system to verify the existence of associations 
that may result as diagnostic of specific areas of the subduction system at different times. Distribution 
patterns of strain rates and relative deformation fabrics have also been investigated to verify whether they 
can be recorded under different metamorphic facies conditions. Our results show that three domains 
characterized by contrasting metamorphic conditions can be simultaneously observed in different regions 
of the subduction complex, in contrast with the widespread idea that different metamorphic series 
are representative of peculiar geodynamic scenarios, but in agreement with the commonly observed 
coexistence of contrasted P-T conditions in orogenic belts. In addition, we verified that mylonitic fabrics 
can develop more frequently in metamorphic facies characterized by high Pressure/Temperature (P/T) 
ratios, while coronitic fabric can be better preserved in metamorphic facies with low-to-medium P/T 
ratios.

Plain Language Summary  The use of numerical modeling in geosciences allow us to better 
understand the mechanisms involved in geodynamic processes that take place on a large scale. Here 
we use a numerical simulation of the convergence between tectonic plates in which one plate subducts 
under the other. We do this in order to analyze pressure and temperature conditions recorded in different 
portions of subduction systems, and to investigate whether deformations that we observe in rocks depend 
on particular pressure and temperature conditions. Our results show that areas characterized by high 
pressures and low temperatures and areas characterized by low pressures and high temperatures can be 
simultaneously observed in different portions of the subduction system. These results are in contrast with 
the widespread idea that specific pressure and temperature conditions are peculiar to specific geodynamic 
processes, such as the oceanic subduction or the continental collision. Ultimately, our research suggests 
that geodynamic reconstructions deriving from data collected on field might be taken carefully.
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Key Points:
•	 �The existence of contrasted 

metamorphic domains broadens 
the interpretation of thermal states 
in converging systems, contrasting 
the perspective that identifies each 
single metamorphic facies series 
as representative of a specific 
geodynamic process

•	 �The varieties of metamorphic 
gradients recorded during 
subduction increases with the 
increment of convergence velocity

•	 �Mylonitic fabrics dominate in high-
pressure-LT metamorphic facies in 
continental crust associated with 
serpentinized mantle, as observed in 
highly deformed tectonic mélange 
described in the internal domains 
of the Alps
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Hebert et al., 2009; Hirth & Kohlstedt, 2003; Honda & Saito, 2003; Meda et al., 2010; Regorda et al., 2017; 
Roda et al., 2010).

2D thermo-mechanical models can help to explore both the spatial distribution and temporal evolution, 
in subduction/collision systems, of fields characterized by P-T conditions corresponding to the different 
metamorphic facies (Eskola, 1915; 1920; Fettes & Desmond, 2007; Turner, 1981). Traditionally three met-
amorphic series with different P/T ratios have been identified from petro-structural analysis of orogenic 
belts, and they are usually associated with different stages of evolution of a convergent margin (e.g., Er-
nst, 1976, 1977; Kornprobst, 2002; Spear, 1993; Yardley & Warren, 2020):

1.	 �Metamorphic series with high P/T ratios, deduced by regional scale distribution of dominant metamor-
phic imprints (e.g., Ernst, 1973; Miyashiro, 1961), are generally associated with Pressure-Temperature 
(P-T) conditions interpreted as peculiar of subduction and are referred to as Franciscan (or Sanbagawa) 
metamorphic sequences.

2.	 �Barrovian (or Dalradian) metamorphic series, which are characterized by intermediate P/T ratios, are 
traditionally interpreted as the effect of crustal thickening during continental collision both by mountain 
belt tectono-metamorphic analyzes and by thermo-mechanical modeling predictions (e.g., Barrow, 1912; 
Bohlen, 1987; England & Richardson, 1977; England & Thompson, 1984; Jamieson et al., 1998; Sandiford 
& Powell, 1991; Thompson, 1981; Thompson & England, 1984).

3.	 �Metamorphic facies series characterized by low P/T ratios (Abukuma or Buchan-type metamorphism) 
have been generally associated with abnormally high geothermal gradients such as those of the island 
arc or ridge settings (Cloos, 1993; Fagan et al., 2001; Favier et al., 2019; Mevel et al., 1978; Oxburgh & 
Turcotte, 1970; Verati et al., 2018), slab rollback or increase of the slab dip after continental collision (Ji 
et al., 2019; Li et al., 2013; Menant et al., 2016; Schliffke et al., 2019; Sizova et al., 2019), post-collisional 
extension (Carmignani & Kligfield, 1990; Vanderhaeghe, 2012), melt migration through the crust (De-
pine et al., 2008), local effects of contact metamorphism (Rothstein & Manning, 2003).

Miyashiro (1961, 1973) promoted the concept of paired metamorphic belts, revisited by Brown (2010), and 
based on the juxtaposition along orogenic crustal sections of tectonic complexes characterized by Francis-
can- and Abukuma-type metamorphic facies series. In addition, in some orogenic belts, the high-pressure 
(HP) units show significantly contrasted P-T metamorphic conditions during subduction. For example, in 
the European Variscan belt, significantly contrasted P-T metamorphic conditions have been recorded by 
the rocks during the Variscan subduction, from blueschist, to eclogite and HP-granulite facies (e.g., see 
synthesis and references in Ballèvre et al., 2009; Faure et al., 2005, 2008, 2009; Lardeaux, 2014b; Lardeaux 
et al., 2014; Regorda et al., 2020). In the Alps, detailed P-T-t paths reconstructions highlight different ther-
mal gradients recorded by specific metamorphic units during their evolution within the Alpine subduction 
zone (e.g., Berger & Bousquet, 2008; Lardeaux et al., 2014; Roda et al., 2012; Spalla et al., 1996, and refer-
ences therein). These occurrences suggest that a thermal gradient (or P/T ratio) is not peculiar of a single 
geodynamic process, but contrasted gradients and thermal states can be recorded in the same geological 
setting, as a function of the burial and exhumation paths of tectonic slices involved in a subduction/colli-
sion system.

Moreover, thermo-mechanical numerical models can help to quantify strain rates and relate them to dif-
ferent regions of the subduction/collision complex (Beach, 1976; Gosso et al., 2015; Lardeaux et al., 1982; 
Lardeaux & Spalla, 1990; Passchier & Trouw, 2005; Pognante et al., 1985; Ramsay & Graham, 1970; Spalla 
& Zucali, 2004; Spry, 1969; Teall, 1885). However, since the development of different fabrics is strongly in-
fluenced by many other factors, such as the temperature, grain size and the mineral rock composition (e.g., 
Handy et al., 1999; Passchier & Trouw, 2005), we analyzed the strain rates field in different structural level 
in the crust and in different parts of the subduction complex to verify if coronitic, tectonitic or mylonitic fab-
rics could develop with higher probabilities under particular P-T conditions. Many authors (e.g., Fry, 1979; 
Herwegh et al., 1997; Mehl & Hirth, 2008; Norris & Cooper, 2003; Okudaira & Shigematsu, 2012; Pfiffner & 
Ramsay, 1982; Prior et al., 1990; White, 1979) have correlated the deformation observed in the rocks with 
strain rate and the finite strain accumulated. Strain rates between 10−15 s−1 and 10−13 s−1 are necessary to 
produce regional scale structures in orogenic belts (Pfiffner & Ramsay, 1982), while narrow localized shear 
zones can be easily developed in case of strain rates higher than 10−13 s−1 (Mehl & Hirth, 2008; Okudaira & 
Shigematsu, 2012). Mylonites are usually associated with very high strain rates (10−12 s−1 to 10−10 s−1) over 
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very short time periods (500–50,000 years, Pfiffner & Ramsay, 1982; Prior et al., 1990) or with lower strain 
rates (in the order of 10−13 s−1) over time periods up to 5 Ma (Pfiffner & Ramsay, 1982). Differently, coronites 
can be preserved for strain rates lower than 10−15 s−1 (Pfiffner & Ramsay, 1982). These thresholds are con-
sidered effective for different rock types and therefore we use them as reference to evaluate the probability 
to develop coronitic, tectonitic and mylonitic textures, both in the continental and in the oceanic crust. In 
the Alps, rocks deeply involved in the subduction complex and recording P-T conditions compatible with 
blueschist and eclogite metamorphic facies can be observed in the axial zone of the chain, and generally 
show heterogeneous deformation with dominant tectonitic or mylonitic fabrics (e.g., Gasco et  al.,  2011; 
Lardeaux, 2014a; Malatesta et al., 2012; Oberhänsli & Goffé, 2004; Roda et al., 2021; Zucali et al., 2020). 
These rocks are often associated with serpentinites (e.g., Assanelli et  al.,  2020; Gasco et  al.,  2011; Lar-
deaux, 2014a; Malatesta et al., 2012; Manzotti et al., 2014; Roda et al., 2020), which have a crucial role in 
exhumation mechanisms (Gerya et al., 2002; Guillot et al., 2009; Luoni et al., 2020; Meda et al., 2010; Roda 
et al., 2012; Schwartz et al., 2001; Tamblyn et al., 2020; Warren et al., 2008; Yamato et al., 2007). Differ-
ently, Alpine HP metamorphism has not been recorded by rocks from the external domains of the Alps, 
which generally show a lower amount of finite deformation under P-T conditions compatible with zeolite, 
prehnite-pumpellyite, greenschist and epidote-amphibolite metamorphic facies (e.g., Handy & Oberhäns-
li, 2004; Lardeaux, 2014a).

The aim of this work is to analyze where different metamorphic facies and deformation fabrics can develop 
within a subduction complex and to evaluate the influence of the subduction velocity on their distribution. 
We considered subduction velocities of 3, 5, and 8 cm yr−1 to simulate the evolution of slow, intermediate 
and fast subduction systems, respectively. Velocities of 3 and 8 cm yr−1 have been chosen to describe slower 
and faster subduction zones (observed respectively in portions of Central and in South America and the 
Philippines; e.g., Cruciani et al., 2005; Lallemand et al., 2005), respectively. The velocity of 5 cm yr−1 has 
been chosen to represent a moderate velocity convergence system, in accordance with the subduction ve-
locities generally accepted for the Variscan convergence (Regorda et al., 2020, and refs. therein). Although 
many other parameters, such as the age of the subducted slab and the slab dip, can have an impact on both 
the thermal field and the geodynamic evolution of the subduction system, previous works have shown the 
crucial role of the subduction velocity (e.g. Arcay et al., 2005; Hebert et al., 2009; Regorda et al., 2017, 2020). 
Consequently, here we decided to focus our study only on the impact of the subduction velocity, considering 
the geometry of an average subduction system. The results predicted by the models have been analyzed in 
terms of strain rates and metamorphic facies developed only on crustal rocks, highlighting their position in 
the subduction complex.

2.  Model Setup
We developed three models characterized by different subduction velocities to reproduce the thermo-me-
chanical evolution of a subduction, whose duration depends on the time needed to subduct a 2,500 km-
wide ocean. The physics is described by the equations of continuity, of conservation of momentum and of 
conservation of energy (e.g., Thieulot, 2014; Tosi et al., 2015; van Keken et al., 1997, 2008), which can be 
expressed as follows:

 
   


( ) 0

t
u� (1)

      0p τ g� (2)

 
 

           
p r s a

TC T k T H H H
t

u� (3)

where E u is the velocity, E p is the pressure, E  is the deviatoric stress, E  is the density, E g is the gravity accelera-
tion, pE C  is the heat capacity at constant pressure, E T  is the temperature, E k is the thermal conductivity, rE H  is the 

radiogenic heating per mass unit,  s ijE H   is the shear heating and a
DpE H T
Dt

 is the adiabatic heating, 
where E  is the thermal expansion coefficient. Density variations due to temperature are generally small 
enough to assume the density as constant (   0E  ) in Equation 1 and in Equation 3, while it must be treated 
as a variable in the buoyancy term of Equation 2, such that
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    0 0(1 ( ))T T�
where 0E  is the density at a reference temperature 0E T  . Equation 1 then can be rewritten as

   0u� (4)
This simplification is known as the extended Boussinesq approximation (e.g., Christensen & Yuen, 1985; 
Gerya, 2010; Ismail-Zadeh & Tackley, 2010). The equation of conservation of momentum has been integrat-
ed using the penalty function formulation, while the Petrov-Galerkin method has been used to integrate the 
equation of conservation of energy. Numerical integration has been performed by means of the 2D finite 
elements code SubMar (Marotta et al., 2006), in a rectangular domain 1,400 km wide and 700 km deep, 
discretized by a non-deforming irregular grid composed by quadratic triangular elements, carrying a denser 
nodal distribution near the contact region between the plates, where the most significant gradients in tem-
perature and velocity fields are expected. The horizontal and vertical sizes of the elements vary from 30 to 
2.5 km, with the smallest elements located in proximity to the active margin region to a depth of 300 km. 
Four hundred fifty-five thousand four hundred eighty-nine markers with different indexes are distributed 
in the domain with a density of one marker per 0.25 km2, to compositionally differentiate the characteristic 
lithologic composition of lower and upper continental and oceanic crust, and lithospheric mantle of the 
upper plate, while no markers have been introduced in the asthenospheric mantle. Rock properties and 
rheological parameters are listed in Table 1.

The model combines a linear viscous rheology for the sublithospheric mantle with a linear viscoplastic 
rheology for the lithosphere. For each material i , the viscous component is calculated as

 

 
  

 

1 1
0

0

Eai
R T Tvisc

i i e
� (5)

where E T  is the temperature and 0iE  and iE Ea  are the reference viscosity and the activation energy at the ref-
erence temperature 0E T  , respectively. The plastic component  plast

iE  is computed combining the Byerlee's law 
and the Tresca criterion (Regorda et al., 2017). In the lithospheric layer the effective viscosity is defined as

     min ,eff plast visc
i i i� (6)

The rheological weakening of the mantle wedge has been simulated by assuming a constant viscosity of 
1019 Pa s for the serpentinized mantle (Arcay et al., 2005; Gerya & Stöckhert, 2006; Honda & Saito, 2003; 
Roda et al., 2010). The stability field of serpentine (Schmidt & Poli, 1998) has been delimited inside the hy-
drated mantle wedge, which is limited from below by the subducting plate (see details in Marotta et al., 2020; 
Regorda et al., 2017, 2020). With respect to the original SubMar of Marotta et al. (2006), the code has been 
implemented taking into account mantle hydration, phase transitions and latent heat, as described in detail 
in Marotta et al. (2020), while partial melting has not been taken into account.

Continental crust Upper oceanic crust Lower oceanic crust Dry mantle Serpentinized mantle

Rheology Dry granite - Diabase Dry dunite -

E E (kJ mol−1) 123 - 260 444 -

E n 3.2 - 2.4 3.41 -

0E  (Pa s)  213.47 10E 1910E  221.61 10E  205.01 10E 1910E
0E  (kg/m 3E  ) 2,640 2,961 2,961 3,200 3,000

E K (W/mK) 3.03 2.10 2.10 4.15 4.15

rE H  (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

aRanalli and Murphy  (1987). bAfonso and Ranalli  (2004). cKirby  (1983). dHaenel et  al.  (1988). eChopra and 
Peterson  (1981). fDubois and Diament  (1997) and Best and Christiansen  (2001). gRoda et al.  (2011). hSchmidt and 
Poli (1998). iGerya and Stöckhert (2006). jRoda et al. (2012). kGerya and Yuen (2003).

Table 1 
Values of the Material and Rheological Parameters Used in the Analysis. 0E  and 0E  Are the Reference Viscosity and 
Density for Each Material, Respectively
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Since metamorphic facies characterized by HT and LP can develop in the superficial layers of the conti-
nental crust as consequence of partial melting and melt migration (e.g., Depine et al., 2008), the absence of 
these mechanisms could be a limitation, preventing the development of specific metamorphic conditions. 
Similarly, since our code does not account for strain localization, the models could not be able to predict the 
development of highly localized zones that can experience very high strain rates ( E  10−11 s−1), as suggested 
by experimental analysis (e.g., Okudaira & Shigematsu, 2012).

Dirichlet or Neumann boundary conditions for velocities and temperatures are used along different bound-
aries of the 2D domain. The velocity boundary conditions correspond to no-slip conditions along the upper 
and the lower boundaries of the 2D domain and free-slip conditions along the right boundary, while the 
left boundary is open, in order to allow inflow and outflow of material. In addition, a velocity of 3, 5, or 
8 cm yr−1 (hereinafter referred as models v3, v5, and v8, respectively) is prescribed along the bottom of the 
oceanic crust to drive the closure of the 2,500 km-wide ocean in 85, 51, and 32 Ma, respectively. The same 
velocity is also fixed along a 45 dipping plane that extends from the trench to a depth of 100 km to facilitate 
the trigger of the subduction.

The thermal boundary conditions correspond to fixed temperatures at the top (27°C) and the bottom 
(1327°C) of the model, zero thermal flux at the right vertical sidewall and fixed temperature along the left 
side of the model where temperature remains unchanged from the initial values. The initial thermal struc-
ture corresponds to a simple conductive thermal configuration throughout the lithosphere, with tempera-
tures that vary from 27°C at the surface to 1327°C at its base, and a constant temperature of 1327°C below 
the lithosphere. The base of the lithosphere is located at a depth of 80 km under both the oceanic and conti-
nental plates. This configuration corresponds to both an oceanic lithosphere of approximately 40 Ma, based 
on the cooling of a semi-infinite half space model (Turcotte & Schubert, 2002), and a thinned continental 
passive margin based on a medium to slow spreading rate of 2–3 cm yr−1 during continental rifting (e.g., 
Marotta et al., 2016). The 1327°C isotherm defines the base of the lithosphere throughout the evolution of 
the system. The initial geometry of the model is synthesized in Figure 1.

The P-T distribution of metamorphic facies has been here synthesized from different authors (Ernst & 
Liou, 2008; Spear, 1993; Yardley, 1989) and summarized in Figure 2, where their boundaries have been nec-
essarily discretized, mediating the diffuse limits proposed by the various authors, for their integration in the 
performed models. Greenschist, zeolite and prehnite-pumpellyite limits are in agreement with Spear (1993) 
and they correspond to greenschist and sub-greenschist facies of other authors (e.g., Bousquet et al., 2008; 
Ernst, 2001; Fettes & Desmond, 2007).

Figure 1.  Model geometry showing layer thicknesses and the initial temperature profile.
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3.  Model Results
Below, we will describe the numerical results focusing on: (a) the thermal 
evolution of the models; (b) the spatial distribution of metamorphic fa-
cies inside the subduction complex at different times; (c) the strain rates 
possibly recordable by rock volumes deforming under different metamor-
phic environment (=facies); and (d) the potential distribution of rock fab-
rics (coronitic, tectonitic, and mylonitic) inside the subduction complex.

Fabric development not only depends on the strain rate and the time span 
over which it operates, but also on many other factors, such as the tem-
perature at which deformation is imposed and the composition of rocks 
(Handy et al., 1999; Passchier & Trouw, 2005). Consequently, we consider 
fields defined by specific strain rates just as domains in which different 
fabrics can be developed with higher probabilities, without taking into 
account differences in the protolith and in the mineralogy of the rocks. 
In particular, we consider fields characterized by strain rates higher than 
10−13 s−1 as potentially mylonitic, and fields with strain rates lower than 
10−15 s−1 as potentially coronitic (Pfiffner & Ramsay, 1982). In the same 
way, we consider fields where the strain rates are between 10−15 s−1 and 
10−13 s−1 as dominantly tectonitic, without excluding the possibility to 
have fabric heterogeneity due to different composition of rocks manifest-
ing coronitic and/or mylonitic textures, spatially subordinated.

3.1.  Thermal Evolution

The geodynamic evolution of subduction systems has been thoroughly 
analyzed and described by many authors (e.g., Arcay et  al.,  2005; Dai 
et al., 2018; Gerya, 2011; Gerya & Stöckhert, 2006; Marotta & Spalla, 2007; 

Regorda et al., 2017; Roda et al., 2012; Stern & Gerya, 2018; Wang et al., 2019). Here, we will describe only 
the main features of the thermal evolution of the different models, to highlight the impact of the subduction 
velocity on the predicted P-T conditions in different parts of the subduction system. Model results show 
that:

1.	 �The increase in the subduction velocity results in a decrease in the temperatures inside the slab, enlight-
en by the lower depths reached by isotherms 500 and 700°C in model v3 (Figure 3, panel a) with respect 
to model v5 (Figure 3, panel b) and, more clearly, to model v8 (Figure 3, panel c). In addition, in models 
v3 there is a continuous warming of the subducted slab during the evolution (see the distribution of the 
isotherms in Figure 3, panel a), while model v8 shows a continuous cooling (see the distribution of the 
isotherms in Figure 3, panel c). For model v5 the subducted slab remains colder than model v3 until 
approximately 25 Ma of evolution, while afterward it slowly warms up (see isotherm 700°C in Figure 3, 
panel b).

2.	 �Models v3 and v5 show lower temperatures at the bottom of the upper plate and in the external portion 
of the mantle wedge with respect to model v8, which is clear observing the shape and the depth of the 
isotherms 500 and 700°C in Figure 3. In particular, models v3 and v5 show a continuous cooling in the 
wedge area (see isotherms in Figure 3, panels a and b), while model v8 shows an initial slight cooling 
followed by an intense warming (see isotherms in Figure 3, panel c).

3.2.  Metamorphic Facies

3.2.1.  Model v3

The model does not predict P-T conditions compatible with metamorphic facies characterized by low-pres-
sure (LP) and medium- (MT) to high-temperature (HT) conditions, such as granulite and hornfels (Figure 4, 
panel a). Amphibolite facies conditions are attained only during the first part of the evolution (Figure 4, 
panel a), at the base of the upper plate crust (Figure 5, panel a1), and it disappears with the progressive 

Figure 2.  Petrogenetic P-T grid for crustal rocks used in our models 
(modified after Ernst & Liou, 2008; Spear, 1993; Yardley, 1989). Black 
arrows represent geothermal gradients traditionally 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 amphibolite; 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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decrease in temperature. In the same way, the extent of the epidote-amphibolite facies decreases in time 
(Figure 4, panel a) as temperature decreases always at the base of the upper plate crust (Figure 5, panels 
a2 and a3). Differently, P-T conditions compatible with the zeolite and greenschist facies are persistently 
stable in the upper crust of the upper plate (Figure 5, panel a) and the region undergoing greenschist facies 
conditions enlarges at the expense of the epidote-amphibolite facies over the time (Figure 5, panel a3). The 
prehnite-pumpellyite facies is stable with continuity in a small portion of the upper crust of the upper plate, 
close to the trench (Figure 5, panel a).

Blueschist facies conditions are continuously stable during the subduction (Figure 4, panel a), especially 
in the inner portion of the mantle wedge, close to the slab (Figure 5, panel a), and its extension increases 

Figure 3.  Thermal evolution of models v3 (panel a), v5 (panel b) and v8 (panel c). The first column (panels a1–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–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–c3) represents 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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during the mature stages of the evolution (Figure 4, panel a), when tem-
peratures lower than 500°C are predicted up to approximately 90  km 
far from the trench (Figure 5, panel a3). The decrease in temperature in 
the external portion of the wedge determines a larger region undergo-
ing amphibole-eclogite facies conditions during the mature stages of the 
evolution (Figure 5, panel a). A similar behavior can be observed for the 
regions affected by epidote-eclogite facies conditions at higher depths, 
although with a very limited extension (Figure 4, panel a and Figure 5, 
panel a). Differently, the progressive decrease in temperature in the exter-
nal portion of the wedge at the end of the evolution results in the disap-
pearance of HP-granulite facies conditions (Figure 4, panel a).

Below approximately 80–90  km of depth, lawsonite-eclogite and 
dry-eclogite facies conditions are attained and the limit between the two 
strongly depends on the temperature. Both facies are stable at the begin-
ning of the subduction: the lawsonite-eclogite facies conditions are satis-
fied in the internal part of the slab, where there are temperatures below 
650°C, while the dry-eclogite facies conditions characterize the external 
portion (Figure 5, panel a1). The temperature increase in the slab results 
in the progressive disappearance of the lawsonite-eclogite facies regions 
during the mature stages of evolution (Figure 5, panel a2).

3.2.2.  Effects of the Subduction Velocity

The increase in the subduction velocity determines the appearance of 
regions undergoing granulite and hornfels facies conditions, even if in 
small areas. In particular, granulite facies conditions are attained with 
discontinuity in model v5 (Figure 4, panel b), while model v8 shows a 
more continuous occurrence of granulite, hornblende hornfels and al-
bite-epidote hornfels facies (Figure 4, panel c). These metamorphic faci-
es characterize the bottom of the upper plate crust and the shallow and 
external portion of the wedge during the mature stages of the evolution 
(Figure 5, panels b2, c2, and c3), as a consequence of the temperature 
increase for higher velocities. In the same way, the higher temperatures 
in the upper plate predicted by models v5 and v8 allow that amphibolite 
facies conditions are achieved during the whole evolution (Figure 4, pan-
els b and c). In particular, model v8 shows the attainment of amphibolite 
facies conditions in a wide zone at the bottom of the upper plate crust, 
up to 150 km from the trench (Figure 5, panels c2 and c3). Similarly, the 
increase of temperature in the upper plate during late evolution in mod-
els v5 and v8 results in an increase of the area under epidote-amphibolite 
facies conditions (Figure 5, panels b3 and c3). However, the increase in 
temperature of the upper plate results in a reduction of the region charac-
terized by zeolite and greenschist facies conditions (Figure 4 panels b and 
c), in relation to the contemporary increase of the area affected by epi-
dote-amphibolite facies conditions in the upper plate (Figure 5, panels b 
and c). The increase in the subduction velocity determines also the extent 
of portions affected by blueschist facies conditions during the mature evo-
lution, in particular for model v8 (Figure 4, panel c). This is consequent to 
the intense warming of the external portion of the mantle wedge induced 
by the large-scale mantle flow underneath the overriding plate, which de-
termines the decrease of the regions with temperatures lower than 500°C 
(Figure 5, panels b and c). The reduction of area under blueschist facies 
conditions is counterpoised by the occurrence of HP-granulite facies con-
ditions during the whole evolution (Figure 4, panels b and c and Figure 5, 
panels b and c), as a consequence of the higher temperatures predicted by 

Figure 4.  Amount of crustal rocks determined for each metamorphic 
facies during the evolution for model v3 (panel a), model v5 (panel b), and 
model v8 (panel c). Metamorphic facies abbreviations as in Figure 2.
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models v5 and v8 with respect to model v3. However, model v5 predicts lower temperatures than model v8 
in the external portion of the mantle wedge, and this results in the individuation of a region characterized 
by amphibole-eclogite and epidote-eclogite facies conditions in model v5 comparable to that of model v3 
and larger than that of model v8 (Figure 4, panel b with respect to panels a and c, respectively).

Below approximately 80–90 km depth, the existence of lawsonite-eclogite and dry-eclogite metamorphic fa-
cies during mature stages of the evolution is strongly influenced by the subduction velocity. Model v5 shows 
a cold slab during the first half of the evolution, with the consequent co-existence of both lawsonite-eclogite 
and dry-eclogite facies conditions (Figure 5, panel b2). Differently, the warming predicted during the second 
half of the evolution determines P-T conditions compatible only with dry-eclogite facies (Figure 5, panel 

Figure 5.  Areal distribution in the subduction complex of the metamorphic facies for models v3 (panel a), v5 (panel b), and v8 (panel c). The first column 
(panels a1–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–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–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 Figure 2.
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b3), as observed for model v3. On the contrary, the continuous decrease 
in temperature that characterized the slab of the high velocity model (v8) 
allows the occurrence of the lawsonite-eclogite facies conditions until 
the end of the subduction, in the internal portion of the slab, and the 
dry-eclogite facies in the external portion (Figure 5, panels b3 and c3).

3.3.  Strain Rates

For each time step we considered the maximum value of the effective 
strain rate predicted in each field characterized by different metamorphic 
facies conditions (Figure  6), in order to verify if tectonitic and/or my-
lonitic fabrics can be expected. Successively, we calculated the potential 
rock percentages (expressed by the number of the Lagrangian markers) 
that can record strain rates lower than 10−15 s−1 (green in Figures 7–9), 
between 10−15 s−1 and 10−13 s−1 (yellow in Figures 7–9) and higher than 
10−13 s−1 (red in Figures  7–9), with respect to the total crustal amount 
undergoing each different metamorphic facies conditions.

3.3.1.  Model v3

Regions characterized by metamorphic facies with a low P/T ratio, such 
as amphibolite and HP-granulite facies, are characterized by maximum 
strain rates that only occasionally exceed 10−15 s−1 (Figure  6, panel a), 
indicating a low probability to develop tectonitic and mylonitic fabrics. In 
fact, the crust percentage under amphibolite and HP-granulite facies con-
ditions that can preserve coronitic texture is always close to 100% (green 
in Figure 7), with the exceptions of few time steps, when a tectonitic fab-
ric can be expected (yellow in Figure 7). Slightly higher maximum strain 
rates can be observed under dry-eclogite facies conditions, where they 
are mainly between 10−15 s−1 and 10−13 s−1 during the entire evolution 
(Figure 6, panel a). However, only a maximum of 25% of crust develops 
a tectonitic fabric (yellow in Figure  7), while the largest part still pre-
serves a coronitic texture (green in Figure 7). Similarly, maximum strain 
rates between 10−15 s−1 and 10−13 s−1 (with occasional peaks above 10−13 
s−1) is observed during the first half of evolution in crust undergoing epi-
dote-amphibolite facies conditions, while there is a decrease during the 
mature stages of evolution, mainly below 10−15 s−1 (Figure 6, panel a). Ac-
tually, although the largest amount of crustal rocks still preserves a coro-
nitic texture (mostly over 85%; green in Figure 7), during the first half of 
the evolution tectonitic and, occasionally, mylonitic fabric (yellow and 
red, respectively, in Figure 7) are expected. Model v3 shows maximum 
strain rates above 10−13 s−1 during the entire evolution under zeolite and 
greenschist facies conditions (Figure 6, panel a). However, the amount of 
crust that develops a mylonitic fabric is lower than 5% (red in Figure 7), 
while a tectonitic fabric occurs in approximately 45% of the crust (yellow 
in Figure 7). Therefore, the largest amount of crustal rocks undergoing 
these metamorphic facies (green in Figure 7) can preserve a coronitic tex-
ture. Differently, in the prehnite-pumpellyite facies the maximum strain 
rates are always lower than 10−13 s−1 (Figure 6, panel a), but a tectonitic 
fabric develops in more than 70% of the crustal rocks undergoing this 
metamorphic facies (yellow in Figure 7).

Highest peaks of maximum strain rates (between 10−13 s−1 and 10−12 s−1) 
is observed in crustal portions undergoing blueschist facies conditions 
(Figure 6, panel a). Here, there is a clear increase of regions that develops 
mylonitic fabrics (up to 35%; red in Figure 7), and the coronitic texture is 

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 Figure 2.
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preserved in less than 50% of these parts (green in Figure 7). Under amphibole-eclogite and epidote-eclog-
ite facies conditions maximum attained strain rates are always around 10−13 s−1 (Figure 6, panel a), but in 
the epidote-eclogite a larger crustal amount develops tectonitic and mylonitic fabrics. In fact, the majority 
of crust undergoing amphibole-eclogite facies conditions preserves a coronitic texture (from 50% to 95%, 
green in Figure 7) and the mylonitic fabric is expected at maximum in 30% of these rocks (red in Figure 7). 
Differently, the coronitic domains under the epidote-eclogite conditions vary from 5% to 95% (green in 
Figure 7) and the mylonitic domains extends up to 80% (red in Figure 7). Maximum strain rates under the 
lawsonite-eclogite facies conditions are very variable in time, from 10−17 s−1 to 10−13 s−1 (Figure 6, panel a), 
with repercussion on the extent of different fabric domains. In fact, time spans characterized only by coro-
nitic domains (green in Figure 7) alternate with time spans during which there are only mylonitic domains 
(red in Figure 7).

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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3.3.2.  Effects of the Subduction Velocity

Maximum strain rates recorded by regions characterized by different metamorphic facies during the evo-
lution show a general increase in models v5 and v8 (Figure 6, panels b and c) with respect to model v3 
(Figure 6, panel a). However, this does not correspond to a homogeneously distributed similar increase in 
the amount of tectonitic and mylonitic domains with respect to coronitic domains. Maximum strain rates 
recorded by the amphibolite and HP-granulite facies regions show a general increase for higher subduction 
velocities, in particular for model v8, that is characterized by maximum strain rates mainly between 10−13 
s−1 and 10−15 s−1, with some peaks above 10−13 s−1 (Figure 6, panel c). Similarly, the average percentages 
of crustal rocks that preserve a coronitic texture decrease in models v5 and v8 (green in Figures 8 and 9, 
respectively), with a correspondent increase in the extent of tectonitic and mylonitic domains, up to 60% 
and 80% in the amphibolite facies and up to 30% and 60% in the HP-granulite facies for models v5 and v8, 

Figure 8.  Percentages of crustal rocks of model v5 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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Figure 9.  Percentages of crustal rocks of model v8 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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respectively (yellow and red in Figures 8 and 9). However, the most part of crustal rocks still potentially 
preserves coronitic domains, mostly over 70%. In the same way, the granulite facies shows maximum strain 
rates lower than 10−15 s−1 in model v5 (Figure 6, panel b), while they are between 10−13 s−1 and 10−15 s−1 
in model v8 (Figure 6, panel c), but tectonitic fabrics are dominant and occurs from 50% to 100% (green in 
Figure 9). A general increase of maximum strain rates with the subduction velocity is observed also under 
the dry-eclogite facies conditions, for which models v5 and v8 show sporadic peaks of maximum strain 
rates above 10−13 s−1, more frequent for higher subduction velocities (Figure 6), even if in very limited areas 
(under 5%; Figures 8 and 9). Differently, there is a decrease of the crustal amount with a dominant tectonic 
fabric with the increase in the subduction velocity, from a maximum of 25% in model v3 (yellow in Fig-
ure 7), to a maximum of 20% in model v5 (yellow in Figure 8) and of 10% in model v8 (yellow in Figure 9).

Under epidote-amphibolite facies conditions the crust shows an increase of maximum strain rates with 
the increase of the subduction velocity, up to three orders of magnitude, in particular during the second 
half of the evolution. In fact, maximum strain rates are in the order of 1410E  –10−13 s−1 for model v5 and of 

1310E  –10−12 s−1 for model v8 (Figure 6, panels b and c, respectively). The amount of crustal rocks in which 
dominant tectonitic fabric is expected remains almost constant in models v5 and v8, in particular approx-
imately 20% on average for model v5 (yellow in Figure 8) and 30% on average for model v8 (yellow in Fig-
ure 9), while areas potentially able to develop mylonitic fabrics are very limited (less than 5% for models v5 
and v8; red in Figures 8 and 9, respectively). Therefore, the largest amount of the crust preserves coronitic 
fabrics also under epidote-amphibolite facies conditions (green in Figures 8 and 9).

Maximum strain rates under greenschist facies show an increase in model v8, up to approximately 10−12 
s−1 (Figure 6, panel c). The amount of crust under greenschist facies that records strain rates compatible 
with coronitic textures is not influenced by subduction velocity (green in Figures 8 and 9), while there is a 
widest diffusion of mylonitic fabrics for higher subduction velocities, from 5% in model v5 and 8% in model 
v8 (red in Figures 8 and 9, respectively). Under zeolite facies conditions there is an increase in the crustal 
percentage with strain rates above 10−13 s−1 (Figure 6, panels b and c) from 20% in model v5 up to 30% in 
model v8 (red in Figures 8 and 9, respectively). A similar pattern is observed for the prehnite-pumpellyite 
facies, which shows an increase of mylonitic fabrics percentage, from 40% in model v5 up to 60% in model 
v8 (red in Figures 8 and 9).

Blueschist facies rocks show an increase in the maximum strain rates with the increase of subduction veloc-
ity, with short peaks of 10−11 s−1 in model v8 (Figure 6, panel c), and a slight increase of the crust percentage 
with strain rates below 10−15 s−1, from 30%–40% in model v3 (green in Figure 7) to 20%–30% in models v5 
and v8 (green in Figures 8 and 9, respectively), with a concurrent slight increase in regions affected by strain 
rates above 10−13 s−1, from 40% in model v3 (red in Figure 7), to 50% in model v5 (red in Figure 8) and 60% in 
model v8 (red in Figure 9). The amphibole-eclogite facies shows a variable pattern during the evolution in 
all models, but in general the subduction velocity does not have a clear effect and the majority of the crust 
can preserve coronitic texture, from 50% to 95% in model v3 (green in Figure 7) and from 30% to 90% in 
models v5 and v8 (green in Figures 8 and 9, respectively). Although an increase in the maximum strain rates 
under epidote-eclogite facies for models v5 and v8 (Figure 6, panels b and c), model v8 shows a decrease 
of mylonitic domains with respect to model v5 (Figures 8 and 9, respectively). Differently from the general 
trend observed for all the other metamorphic facies, under the lawsonite-eclogite facies there is an increase 
in the relative amount of crustal rocks that preserve coronitic textures in model v8, which is always above 
80% (green in Figure 9).

3.4.  Spatial Distribution of Deformation Fabrics

Here, we merge the distribution of the metamorphic facies conditions with the coronitic, tectonitic and my-
lonitic domains predicted in different portions of the subduction complex to verify whether under different 
metamorphic conditions coronitic, tectonitic or mylonitic fabrics can develop.

3.4.1.  Model v3

The crust of the upper plate is exclusively characterized by low strain rates, such as mainly coronitic texture 
are expected farther than 50 km from the trench (Figure 10, panels a1–c1). The corresponding low strain 
rates are predicted under the zeolite, greenschist, epidote-amphibolite and amphibolite facies during the 
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whole evolution of the model (Figure 10, panels a1–c1). Strain rates increase toward the trench and a do-
main with a dominant tectonitic fabric can be recognised under zeolite, prehnite-pumpellyite, greenschist, 
epidote-amphibolite and blueschist facies during the complete evolution (Figure 10, panels a2–c2).

In the mantle wedge area, all fabrics develop contemporaneously. In particular, in the internal portions 
of the mantle wedge and inside the slab, coronitic, tectonitic and mylonitic fabrics occur under all meta-
morphic facies conditions with a high P/T ratio, such as the blueschist, amphibole-eclogite, epidote-eclog-
ite, dry-eclogite, and lawsonite-eclogite facies (Figure 10, panels a3–c3). Differently, domains undergoing 
HP-granulite and amphibole-eclogite conditions preserve wide portions of coronitic texture in the external 
portion of the mantle wedge, which is characterized by temperatures higher than 600°C (Figure 10, panels 
a1–c1). Deeper than 100 km, the slab is mainly characterized by strain rates compatible with coronitic tex-
ture (Figure 10, panels a1–c1), with some domains, up to approximately 170 km depth, in which a tectonitic 

Figure 10.  Distribution of coronitic (panels a1–c1), tectonitic (panels a2–c2) and mylonitic (panels a3–c3) fabrics for each metamorphic facies of model v3 at 
10 Ma (panel a), 40 Ma (panel b) and 85 Ma of evolution (panel c). 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 Figure 2.
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fabric develops (Figure 10, panels a2–c2). Both these fabric domains occur under lawsonite-eclogite and 
dry-eclogite conditions, in agreement with the different thermal fields predicted during successive con-
vergence stages, as discussed in Section 3.2 (Figure 5). In particular, coronitic and tectonitic fabrics are 
observed in the early evolution, under lawsonite-eclogite conditions, in the internal portion of the slab and 
under dry-eclogite conditions in the external and warmer part of the slab (Figure 10, panels a1 and a2), 
while for the late evolution they are observed only under dry-eclogite conditions (Figure 10, panels b1, b2, 
c1 and c2).

3.4.2.  Effects of the Subduction Velocity

The increase in the subduction velocity results in a slight increase of strain rates in the upper plate. In 
particular, domains with dominant tectonitic fabrics are observed farther than 100 km from the trench in 
models v5 (Figure 11, panels a2 and b2) and v8 (Figure 12, panels a2 and b2), while farther away coronitic 
domains dominate under zeolite, greenschist, epidote-amphibolite and amphibolite facies as in model v3, 
but also under granulitic conditions in models v5 and v8 (Figure 11, panels a1 and b1 and Figure 12, pan-
els a1 and b1, respectively). Moreover, the subduction velocity increase results in a widening of the region 
potentially recording a mylonitic fabric close to the trench, under greenschist, zeolite and prehnite-pumpel-
lyite facies conditions (compare Figure 10, panels a3–c3 with Figure 11, panels a3 and b3 and Figure 12, 
panels a3 and b3).

The increase in the subduction velocity determines an increase of tectonitic and mylonitic domains in the 
central portion of the mantle wedge at the expense of the coronitic domains (Figure  11, panels a3 and 
b3 and Figure 12, panels a3 and b3), in particular under blueschist conditions. Differently, only coronitic 

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 (panel a) and 51 Ma of evolution (panel 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 Figure 2.
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domains are expected in the external portion of the wedge also for higher velocities models (v5 and v8; Fig-
ure 11, panels a1 and b1 and Figure 12, panels a1 and b1).

Since the thermal state of the slab deeper than 100 km is largely influenced by the subduction velocity, also 
the distribution of predicted strain rates under different metamorphic facies varies during the late stages of 
different models. In particular, in model v5 coronitic domains are observed under lawsonite-eclogite facies 
in the internal portion of the slab and under dry-eclogite facies in the external portion at half of the evolu-
tion (Figure 11, panel a1), while they are expected under dry-eclogite conditions at the end of the evolution 
(Figure 11, panel b1). In the same way, dominant tectonitic domains develop under lawsonite-eclogite or 
under dry-eclogite conditions at half or at the end of the evolution, respectively (Figure 11, panels a2 and 
b2). Differently, the colder thermal state predicted by model v8 determines the existence of P-T conditions 
compatible with the lawsonite-eclogite facies during the whole evolution with the consequent predicted 
existence of coronitic (Figure 12, panels a1 and a2) and tectonitic domains (Figure 12, panels b1 and b2). A 
general increase of tectonitic domains occurs in the deeper portion of the slab with the increase of the sub-
duction velocity in particular during the late evolution (compare Figure 10, panels b2 and c2 with Figure 11, 
panels a2 and b2 and Figure 12, panels a2 and b2).

4.  Discussion
In the context of a 2D numerical model of an ocean-continent subduction process, we tested three differ-
ent convergence velocities to evaluate their influence on the expected metamorphic facies distribution in 
the crust and the potentially associated deformation fabrics. The introduction of shear heating, adiabatic 
heating and latent heat allows the prediction in all models of hotter thermal states with respect to older 

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 (panel a) and 32 Ma of evolution (panel 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 Figure 2.
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geodynamics models, in agreement with the P-T conditions observed in various collisional belts (Pennis-
ton-Dorland et al., 2015). The increase of subduction velocity determines lower temperatures inside the 
slab, related to a progressive intensification of the large-scale mantle flow that causes the advective warm-
ing of the subducted slab more effective than the continuous sinking of cold material. Differently, the more 
intense large-scale mantle flow underneath the overriding plate observed for higher subduction velocities 
determines higher temperatures at the bottom of the upper plate for model v8 with respect to models v3 
and v5.

Moreover, our results show that three domains denoted by contrasted P/T ratios can be recognised within 
different domains of the same subduction system (Figure 5), on the basis of the distribution of P-T condi-
tions characterizing the different metamorphic facies:

1.	 �A domain identifiable in the upper plate and characterized by intermediate (Barrovian-type metamor-
phism) P/T ratios and slightly higher than the Abukuma-type metamorphism traditionally interpreted 
as developed under thermal states characterizing arc regions and plate interiors (black dashed arrows 
in Figure 13), respectively (Cloos, 1993; England & Richardson, 1977; England & Thompson, 1984; Er-
nst,  1973; Miyashiro,  1961; Spear,  1993; Thompson,  1981; Thompson & England,  1984). In addition, 
the increase in the temperature observed during subduction, especially in models v5 and v8, results 
in the development of epidote-amphibolite facies conditions also in the lower plate (light gray dots in 
Figure 13, panels c2 and c3) and of amphibolite and granulite facies conditions in the crust of the upper 
plate (dark gray dots in Figure 13, panels b2, b3, c2 and c3), between 100 and 250 km far from the trench 
(Figure 5, panels b2, c2 and c3);

2.	 �A domain located in the external part of the mantle wedge with temperatures higher than 600°C and 
depths shallower than 80 km, which is characterized by intermediate-to-high P/T ratios (comprising 
part of Barrovian- and of Franciscan-facies series) that has been interpreted as consistent with warm 
subductions (continuous black arrows in Figure 13). The subduction velocity only influences the extent 
and the duration of the stability fields of the metamorphic facies (Figure 4) and the increase in temper-
ature in the external portion of the wedge observed in model v8 determines compatibility of the oceanic 
crust also with HP-granulite, mainly during the first half of the evolution (Figure 5, panels c1 and c2 and 
light gray dots in Figure 13, panels c1 and c2);

3.	 �A domain located in the internal portion of the mantle wedge (with temperature below 600°C) and along 
the whole slab below 80 km depth, characterized by high P/T ratios (Franciscan-facies series) interpreted 
as in tune with cold subductions (dashed-dotted black arrows in Figure 13). In this domain, the oceanic 
crust of all models attains P-T conditions in the stability fields of blueschist and all types of eclogite facies 
(Figure 5 and light gray dots in Figure 13) up to 100 km depth, regardless of the subduction velocity. On 
the contrary, below 100 km depth the subduction velocity has a strong influence during the second part 
of the evolution, when two metamorphic gradients can be distinguished: one colder, for model v8 and 
with a predominant compatibility of oceanic crust and crust of the upper plate with lawsonite-eclogite 
facies conditions (Figure  5, panels c2 and c3 and Figure  13, panels c2 and c3); and one warmer, for 
models v3 and v5 and with a prevalent compatibility of oceanic crust and crust of the upper plate with 
dry-eclogite facies conditions (Figure 5, panels a2, a3 and b3 and Figure 13, panels a2, a3 and b3).

The presence of thermally contrasted domains within the same subduction system brings back to the ther-
mal dualism proposed with the concept of paired metamorphic belts (Miyashiro, 1973), more recently re-
vised by Brown (2010). In particular, high subduction velocities allow the attainment of facies typical of the 
Abukuma-type metamorphism in the crust of the upper plate, as hornblende- and albite-epidote-hornfels 
facies, contemporaneously with facies typical of the Franciscan-type metamorphism in the internal portion 
of the mantle wedge, as blueschist and lawsonite-eclogite facies (Figures 5 and 13). However, differently 
from the original idea of paired metamorphic belts proposed by Miyashiro (1973), our results show the po-
tential development of metamorphic facies characterized by HT and LP-MP also in absence of magmatism, 
in particular for high subduction velocities (models v5 and v8). The duality of thermal fields predicted by 
all models regardless of the subduction velocity, even if more emphasized in model v8, is in agreement with 
the idea that this duality is characteristic of one-sided subductions (Brown, 2010). P-T conditions predicted 
by the models are also consistent with the contrasted P-T metamorphic conditions and gradients that have 
been described in the internal zones of some collisional belts. Significantly contrasted P-T metamorphic 
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conditions have been recorded during the Variscan subduction, from blueschist, to eclogite and HP-gran-
ulite facies (e.g., Ballèvre et al., 2009; Faure et al., 2005; Jouffray et al., 2020; Lardeaux, 2014b; Regorda 
et al., 2020), as observed in all models (Figure 5).

In addition, our work supports that different metamorphic series and different thermal gradients can co-
exist in the same geodynamic setting and can be recorded by the same tectonic unit during its burial and 
exhumation path, as suggested for rocks belonging to the subduction complex of the Alpine belt (e.g., Roda 
et  al.,  2012,  2020; Spalla et  al.,  1996,  2010). Finally, the crust from upper and lower plates experienced 
higher P/T ratio conditions for lower convergence velocities. In particular, a large amount of crustal slices 
lie around the “cold-” and “warm-subduction gradients” in model v3 during the majority of the evolution, 
showing P-T conditions compatible with amphibolite and HP-granulite facies only at the end of the subduc-
tion process (Figure 13, panels a2 and a3). These model predictions are in agreement with the occurrence of 
metamorphic imprints in the rocks of the subduction complex of the Alps, where low P/T ratios are rarely 
observed (e.g., Berger & Bousquet, 2008; Bousquet et al., 2008; Lardeaux et al., 2014; Penniston-Dorland 

Figure 13.  Distribution of oceanic crust (light gray dots) and crust of the upper plate (dark gray 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 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). Colors of the metamorphic facies are as in Figure 2.
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et al., 2015; Roda et al., 2012) in accordance to the low velocity proposed for the Alpine convergence (e.g., 
Agard et al., 2009; Le Breton et al., 2021; Roda et al., 2010). Differently, both lower and upper plate crustal 
rocks are affected by higher temperature conditions in faster models since the mid-time evolution. Higher 
temperatures predicted by the models for higher subduction velocities are in agreement with the conclu-
sions inferred by Penniston-Dorland et al. (2015) comparing P-T data from subduction zones characterized 
by different convergent velocities. The global distribution of rock slices from upper and lower plates (dark 
and light gray markers in Figure 13, respectively) indicates that the increment in the convergence velocity 
allows an increase in the metamorphic gradients that can potentially develop contemporaneously during 
an oceanic subduction. For highest convergence velocities, metamorphic imprints characterized by low P/T 
ratios can diffusely coexist with metamorphic imprints distinguished by high P/T ratios and lying along 
gradients traditionally associated to cold and warm subduction complexes, as described by Cloos  (1993) 
(see dashed-dotted and continuous arrows in Figure 13). Such observation well fits, for example, with the 
occurrence in the Variscan subduction complex of blueschist- to granulite-facies conditions (e.g., Ballèvre 
et al., 2009; Faure et al., 2005; Jouffray et al., 2020; Lardeaux, 2014b), in accordance with higher velocities 
generally proposed for the Variscan convergence (Regorda et al., 2020, and refs. therein).

Our results show that mylonitic units are expected exclusively in the central portion of the mantle wedge 
(Figures 10–12, panels a3–c3). In fact, in the most internal portion of the mantle wedge the viscosities are 
relatively high, due to the low temperatures produced by the subducted slab, and the velocity gradients 
are low since the velocities are strictly controlled by the descending of the slab. Differently, in the external 
and warmer portion of the mantle wedge the viscosities are higher than those in the internal and colder 
portions, because the serpentine is no more stable and the rheology is mainly governed by the dry dunite 
(e.g., Arcay et al., 2005; Gerya & Stöckhert, 2006). Therefore, metamorphic facies that attain a dominant 
mylonitic fabric are those characterized by temperatures lower than 600°C, where serpentine is stable, and 
high P/T ratios, such as epidote-eclogite, amphibole-eclogite and, mainly, blueschist facies (Figures 7–9). 
Pervasive mylonitic domains predicted under epidote-eclogite facies conditions agree with observations of 
the degree of fabric evolution in the continental crust deeply involved in the Alpine subduction system, 
where mylonitic fabrics are developed under epidote-eclogite facies in up to the 85% of the rock volume 
(Zucali et al., 2020). Moreover, the coexistence of mylonitic, tectonitic and coronitic, as predicted under 
blueschist metamorphic facies (Figures 7–9), has been observed in meta-intrusive rocks in the Sesia-Lanzo 
Zone (Corti et al., 2017) and in the Dent-Blanche Unit (Roda & Zucali, 2011).

The high strain rates (mylonitic fabric) predicted by the models for the HP metamorphic facies occur-
ring within the mantle wedge are consistent with the fabric recorded in the internal domains of the Alps, 
where highly deformed rocks that have recorded HP metamorphism during their P-T evolution, such as the 
blueschist and eclogite facies, are often coupled with serpentinized mantle slices (e.g., Malatesta et al., 2012; 
Roda et al., 2018, 2020). Differently, domains that can better preserve coronitic textures are located in the 
non-subducted crust of the upper plate and along the slab, where the velocity gradients and strain rates are 
relatively low, and in the most external portion of the mantle wedge, where the rheology is governed by the 
strong dry dunite instead of weaker serpentine (Figure 10, panels a1–c1, Figure 11, panels a1 and b1 and 
Figure 12, panels a1 and b1). In fact, metamorphic facies that result associated with dominant coronitic 
domains are amphibolite and granulite, which are widespread in the upper plate, HP-granulite, which af-
fects the warmest portion of the mantle wedge, and dry-eclogite, which develops in the colder and deeper 
portion of the slab (Figure 10, panels a1–c1, Figure 11, panels a1 and b1 and Figure 12, panels a1 and b1). 
In addition, zeolite, prehnite-pumpellyite, greenschist and epidote-amphibolite metamorphic facies show a 
decrease in the deformation moving away from the trench (Figure 10, panels a2–c2, Figure 11, panels a2 and 
b2 and Figure 12, panels a2 and b2), in agreement with observations from the external domains of the Alps 
(e.g., Handy & Oberhänsli, 2004; Lardeaux et al., 2014), where the Alpine HP metamorphic imprint is miss-
ing, and no important pre-collisional ductile structural reworking is reported. In fact, high viscosities and 
high stresses are predicted in the portion of the upper plate close to the trench, with consequent interme-
diate strain rates, between 10−15 s−1 and 10−13 s−1, in agreement with strain rates observed in non-mylonitic 
deformed rocks (Pfiffner & Ramsay, 1982). Therefore, these low-grade metamorphic facies are characterized 
by wide dominant tectonitic domains associated to wide domains that can better preserve coronitic textures 
(Figures 7–9). Results predicted by model v3 for the greenschist metamorphic facies are in agreement with 
estimates of the degree of fabric evolution made on a portion of continental crust of the central Sesia–Lanzo 
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Zone, where there is a dominance of coronitc domains under greenschist facies conditions (over 80%), while 
tectonitic domains are far less distributed (under 20%) and mylonitic domains have been observed margin-
ally (Zucali et al., 2020).

Although all models show the same relations between metamorphic facies and strain rates, the velocity of 
subduction determines variations in the relative extent of coronitic, tectonitic, and mylonitic domains un-
der some specific metamorphic facies. This is due to different thermal states predicted by the models and, 
therefore, to the different extent of the metamorphic facies in correspondence of domains characterized by 
specific strain rates. For example, under greenschist facies conditions an increase in the relative amount of 
tectonitic and mylonitic fabric with the increase in the subduction velocity occurs (Figures 7–9). In fact, in 
models v5 and v8 the temperatures in the upper plate are higher than in model v3 (see isotherms in Fig-
ures 3 and 5), which result in lower viscosities and as a consequence, higher strain rates. Differently, under 
lawsonite-eclogite conditions a decrease in the relative amount of tectonitic and mylonitic fabric occurs for 
higher subduction velocities (Figures 7–9). This is due to the lower temperatures recorded inside the deep 
portion of the slab (see isotherms in Figures 3 and 5), with a consequent widening of regions affected by 
lawsonite-eclogite conditions in a zone characterized by high viscosities and low strain rates (Figure 10, 
panels a1–c1, Figure 11, panels a1 and b1 and Figure 12, panels a1 and b1).

5.  Conclusion
By means of 2D thermo-mechanical models, we investigated the evolution of metamorphic facies and as-
sociated fabric developments in a convergent system from subduction to the beginning of the continental 
collision. We found that:

1.	 �The metamorphic facies traditionally associated with continental collisional complexes and character-
ized by low P/T ratios, such as amphibolite, epidote-amphibolite and granulite, can be also associated 
with the oceanic subduction, developing at the bottom of the the upper plate crust, in particular for 
subduction velocities E  5 cm yr−1.

2.	 �Three domains characterized by contrasted P/T ratios can be observed in different regions of the con-
vergent margin: (a) a first domain occur in the upper plate and is characterized by low to intermediate 
P/T ratios; (b) a second domain is located in the external part of the mantle wedge and is characterized 
by high P/T ratios, corresponding to the gradient traditionally attributed to warm subduction zones; and 
(c) a third domain corresponds to the internal portion of the mantle wedge or develops along the slab 
and is characterized by high P/T ratios, traditionally considered characteristic of cold subduction zones.

3.	 �The existence of contrasted metamorphic domains broadens the interpretation of thermal states in con-
verging systems by widening the interpretation of the paired metamorphic belts proposed by Miyashi-
ro (1973), contrasting the narrow perspective that tends to identify each single metamorphic facies series 
as representative of a specific geodynamic process. In this view, these results can also solve some prob-
lematic occurrences of coexisting contrasting metamorphic imprints that characterize adjacent portions 
of the collisional belts (e.g., the Variscan metamorphic evolution from different areas of the high-pres-
sure tectonic units in the French Massif Central, the Alpine and Himalayan subduction-related orogenic 
wedges).

4.	 �The varieties of metamorphic gradients that can be potentially recorded during the subduction increases 
with the convergence velocity. In particular, high convergence velocities allow the existence of granulite 
and blueschist metamorphic facies at the same time, in agreement with the metamorphic imprints re-
lated to the Variscan evolution observed in the French Massif Central and in the Alps. On the contrary, 
P-T conditions compatible with granulite and amphibole metamorphic facies are hardly reached for low 
subduction velocities, as observed for the Alpine convergence.

5.	 �Wide domains with dominant coronitic textures can be preserved in the upper plate, farther from the 
trench for higher subduction velocities, and in the warmest portion of the mantle wedge where meta-
morphic facies conditions characterized by high temperatures and low-to-medium pressures, such as 
HP-granulite, granulite and amphibolite facies can be attained.

6.	 �Mylonitic fabrics can be expected mainly in subducted rocks within the serpentinized mantle wedge 
under LT and HP metamorphic facies, such as blueschist, amphibole-eclogite and epidote-eclogite, and 
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in the portion of the upper plate close to trench by LT and LP metamorphic facies, such as greenschist, 
zeolite and prehnite-pumpellyite.

7.	 �Mylonitic fabrics dominate in blueschist and eclogite facies in continental crust generally associated 
with serpentinized mantle, in agreement with the occurrence of highly deformed tectonic mélange con-
stituted by HP metamorphic rocks and serpentinites described in the internal domains of the Alps.

8.	 �Regions in the upper plate undergoing to greenschist, zeolite, prehnite-pumpellyite and epidote-am-
phibolite facies conditions, associated with very low strain rates, show similarity with the metamorphic 
signature observed in the external domains of the Alps where no important pre-collisional ductile defor-
mation is reported and the Alpine HP tectono-metamorphic imprint is lacking.

Data Availability Statement
Results are presented and developed also in the frame of the MIUR project “Dipartimento di Eccellenza 
2017” (Work Package 3, Task 3.4). All figures were created using the Generic Mapping Tool (GMT) plotting 
software (Wessel & Smith, 1998). All data have been obtained using the numerical code SubMar (Marotta 
et al., 2006), as described in Regorda et al. (2017) and Marotta et al. (2020).
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