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We provide 2D thermomechanical numerical models to constrain the subduction process of narrow
(~ 600 km wide) oceanic basins resulting in formation and exhumation of serpentinite-bearing high-
pressure (HP) and ultrahigh-pressure (UHP) complexes presently exposed as dismembered massifs in oro-
genic belts. We simulated subduction of “heterogeneous” (i.e. non layered) oceanic lithosphere testing differ-
ent serpentinite rheologies and varying other major parameters (initial slab dip, convergence rate, age and
structure of oceanic lithosphere, distance subduction zone/continental margin, weak zone geometry). We
show that serpentinite rheology is the most important parameter affecting both the geometry and behavior
of serpentinite channels that form in the mantle-wedge as the result of upward migration of slab fluids. A
strong serpentinite power-law rheology is responsible for the continuous accretion and underthrusting of
slab slices at the base of mantle-wedge to form planar- or wedge-shape serpentinitic channels; the great
part of sediments is buried only during continental crust subduction but is never exhumed; moreover slab
slices do not mix with mantle wedge rocks. Exhumation of mafic/ultramafic rocks occurs from pressure not
exceeding 15 kbar. On the other hand, a weak Newtonian behavior of serpentine best describes subduction
and exhumation dynamics. This rheology produces channels that usually widen to depth; slab and sediment
slices are easily incorporated in mantle wedge serpentinite during ongoing convergence; in this case, slab
and mantle-wedge serpentinite are mixed together and can be closely associated in the channel. The models
running a Newtonian rheology highlight that slices of the oceanic overriding plate can be eroded and dragged
in the channel till great depth. A weak power-law serpentinite rheology produces a transitional behavior
between that of strong power-law and Newtonian rheology. The serpentinitic mélange, produced using a
Newtonian rheology, is finally exhumed from pressure >20 kbar during the final stages of continental
crust subduction and collision. The rise to shallow depth of the HP mélange is driven by concurrent serpen-
tinite buoyancy, slab roll-back and asthenospheric mantle upwelling. Moreover, we propose that the subduc-
tion/exhumation dynamics observed in the model acted during closure of the narrow Alpine Tethys ocean; in
particular, we suggest that some slices presently outcropping in HP ophiolitic massifs of the Western Alps
(Voltri and Monviso massifs) were tectonically coupled at slab/mantle interface and exhumed during colli-
sion in a soft, low-viscosity serpentinite channel.
We finally investigated intensity and dynamics of magmatic processes during subduction. Our numerical
experiments suggest that even subduction of narrow oceanic basins may indeed allow the development of
a magmatic arc. In such relatively small short-living arcs, steeper, faster and younger slabs produce earlier
onset of the volcanism after the beginning of subduction.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Several high-pressure (HP) and ultra high-pressure (UHP) terrains
in theworld are related to subduction and closure of narrow (i.e. up to
1300 km-wide) inter-continental oceanic basins (e.g. Alps, Zagros,
testa).

rights reserved.
Sistan; Agard et al., 2009; Marroni and Pandolfi, 2007; McQuarrie
et al., 2003). More specifically, intraoceanic subduction is responsible
for the closure of some of these basins. In addition, intra-oceanic
plate margins constitute about 40% of the present-day subduction
zones on Earth (Leat and Larter, 2003).

Tectonic uprise and emplacement of eclogite-facies rocks in
mountain buildings has been explained through a number of major
processes, included exhumation along the slab/mantle interface.
Starting from the subduction-channel model by Cloos (1982)

http://dx.doi.org/10.1016/j.lithos.2012.01.003
mailto:cristina.malatesta@unige.it
http://dx.doi.org/10.1016/j.lithos.2012.01.003
http://www.sciencedirect.com/science/journal/00244937


235C. Malatesta et al. / Lithos 140–141 (2012) 234–251
conceived to explain exhumation of high pressure blocks in a sedi-
mentary matrix, an increasing number of studies has envisaged that
exhumation is localized in a low-viscosity weak zone at the plate in-
terface where upward flow of high- and ultrahigh-pressure slices ac-
creted to this channel is strongly enhanced. The large stability field of
antigorite serpentine to maximum depths of about 200 km (Ulmer
and Trommsdorff, 1995), provides reliable evidence for serpentiniza-
tion of the mantle wedge flushed by subduction fluids (Bostock et al.,
2002; Hyndman and Peacock, 2003) and for the presence of weak ser-
pentinite layers atop of the slab. Several models and natural occur-
rences now suggest that exhumation of HP rocks involved in
intraoceanic subduction likely occurs inside serpentinite channels
(i.e. Agard et al., 2009; Blanco-Quintero et al., 2011a; Gerya et al.,
2002; Gorczyk et al., 2007; Guillot et al., 2009; Krebs et al., 2011).
High-pressure low-temperature rocks exhumed along serpentinite
channels correspond to cm to km-sized weakly deformed lenses of
former oceanic-crustal rocks surrounded by prevalent highly sheared
serpentinites. Metasediments are generally subordinate in volume
and are highly deformed (e.g. Rio San Juan Complex in Dominican Re-
public, Krebs et al., 2011 and references therein; Sierra del Convento
and La Corea serpentinite matrix mélanges, eastern Cuba, Blanco-
Quintero et al., 2011a; García-Casco et al., 2006; Monviso Massif in
Western Alps, Guillot et al., 2009; Schwartz et al., 2000; Schwartz et
al., 2007; Voltri Massif in Western Alps, Federico et al., 2007;
Malatesta et al., 2011). Numerical models of subduction have been
provided for general case-studies involving burial of oceanic plates
below continental margins, or intraoceanic subduction within infi-
nitely large basins (e.g. Arcay et al., 2005; Burov et al., 2001;
Faccenda et al., 2009; Gerya and Stöckhert, 2006; Gerya et al., 2002;
Gorczyk et al., 2007; Meda et al., 2010; Roda et al., 2010; Schwartz
et al., 2001; Warren et al., 2008; Yamato et al., 2007, 2008, 2009).
These models apply to geodynamic settings like Japan, Andes and to
orogenic terrains like those domains of the Alps where oceanic sub-
duction was below a thinned continental margin. Still untested is
the process of intraoceanic subduction within a narrow basin. This
could shed light on subsystems of the Alpine orogen like Western Li-
guria, where subduction was intraoceanic (Abbate et al., 1980;
Boccaletti et al., 1971; Hoogerduijn Strating, 1991; Marroni and
Treves, 1998; Marroni et al., 2010 and references therein; Van
Wamel, 1987).

In our models, the inferred width of the oceanic basin is compara-
ble to the extension of past oceanic basins, ranging from b600 km
(e.g. Western Tethys; Marroni and Pandolfi, 2007) to 1300 km (e.g.
Neotethys) (McQuarrie et al., 2003). These fossil basins were charac-
terized either by layered (complete) oceanic lithosphere (Neotethys;
Dilek et al., 1991) or by “incomplete” oceanic sequences (Western
Tethys; Lagabrielle and Cannat, 1990; Lagabrielle and Lemoine,
1997; Piccardo, 2007). In the layered oceanic lithosphere, like in fast
spreading centers, mantle peridotites are overlain by layered gabbros
that grade towards a sheeted dyke complex covered by massive and
pillow basalts at the top. The incomplete sequences, like the
present-day slow or ultra-slow spreading ridges (with spreading
rate of about 55 mm/y and b12 mm/y, respectively; Dick et al.,
2003), are characterized by magma starved segments where gabbros
form limited bodies inside the oceanic mantle and the sheeted
dike complex is lacking. In the latter settings serpentinized mantle
peridotites occupy large areas of the ocean floor (Mevel, 2003).

Numerical modeling of subduction of heterogeneous crust pro-
duced at slow spreading ridges is scarce. Single numerical study of
Gorczyk et al. (2007) focused on the Caribbean setting, tested intrao-
ceanic subduction in which the upper plate is a classical oceanic crust
and the lower plate is a “low-spreading oceanic crust”. They noticed
that subduction of such oceanic lithosphere, at a convergence rate
of 2 cm/y, produces a wide subduction channel made of serpentinites
(hydrated abyssal peridotite and hydrated mantle peridotite), meta-
basalts, metagabbros and minor metasediments. Gorczyk et al.
(2007) also concluded that serpentinite buoyancy is the driving
force that allows the rise of serpentinite mélanges through extension
zones induced by the slab retreat. Indeed, the results of this study
cannot be directly applied to the Western Alpine Tethys where the
extent of oceanic subduction was much shorter than in the Caribbean
and culminated by subduction of passive margin.

The aim of this paper is to present a new 2D model of intraoceanic
subduction of “heterogeneous” oceanic lithosphere in narrow basins
that culminates with passive margin subduction and to compare
numerical results with the natural case of the Western Alpine Tethys.

Moreover, we test how geometric (initial dip angle of the slab, dis-
tance of the subduction zone from continental margins, extent of ser-
pentinization in abyssal peridotite, weak zone geometry), kinematic
(convergence rate) and rheological parameters (rheology of serpenti-
nite, age of oceanic lithosphere) can affect evolution of this intra-
oceanic subduction. We performed 2D numerical simulations using
the modified code I2VIS (Gerya and Yuen, 2003, 2007). The coupled
petrological–thermomechanical models allow a self-organization of
the subduction zone geometry that is free to evolve spontaneously.
In particular we analyzed the potential development of a serpentinite
channel localized at the slab/mantle interface and the exhumation
trajectories of high-pressure rocks inside the channel. We also inves-
tigated possible magmatic activity and crust formation produced
by partial melting above the slab in order to find out if subduction
of a narrow oceanic basin is able to produce a magmatic arc.
2. Model description

The subduction model adopted here is similar to previous numer-
ical studies (Gorczyk et al., 2007; Sizova et al., 2010). It is designed in
a 4000 km×200 km box in which computational finite-difference
nodes are distributed on an irregular rectangular 2001×2001 grid
(resolution changes from 1×1 km in the central area to 5×1 km on
the margins of the model); 13 million markers are randomly distrib-
uted inside the grid. All mechanical boundary conditions are free-slip
with the exception of the lower boundary that is permeable.

We reproduced behavior of a relatively narrow, about 600 km
wide, oceanic basin delimited by thinned continental margins
(Fig. 1). The lithosphere in this basin is significantly different from
the layered lithosphere typical of fast spreading ridges, as it domi-
nantly consists of variably serpentinized peridotites hosting km-size
intrusive gabbroic bodies capped by a thin discontinuous basaltic
layer. Such “heterogeneous” lithosphere is often related to slow and
ultra-slow spreading ridges (Dick et al., 2003, 2006; Ildefonse et al.,
2007; Lagabrielle and Lemoine, 1997; Mevel, 2003; Piccardo, 2007).
In our models the gabbroic bodies have fixed sizes (1×1 km or 2×2
km) and are arranged in rows with horizontal spacing respectively
of 1 and 2 km (Fig. 1). The vertical distance of the rows is 1 km. The
size and the spacing of the bodies are comparable to the grid size
that precludes accurate modeling of shapes and internal deformation
of individual bodies. Indeed, due to the high density of Lagrangian
markers and the use of local marker-to-node interpolation schemes
(Duretz et al., 2011; Gerya and Yuen, 2007), disintegration and
mechanical mixing of the heterogeneous oceanic crust in subduction
channel is resolved in the models that is sufficient for the purpose
of our study.

The discontinuous basaltic layer is arranged in blocks (500 m
thick, 2 km wide), separated by 2 km of serpentinite representing
topographic highs in the basin. Both are overlain by a 1 km-thick sed-
imentary cover.

The continental margins in the models are characterized by a wet
quartzite rheology (Ranalli, 1995). The continental crust has maxi-
mum thickness of 30 km and becomes thinner near the contact with
the serpentinized oceanic lithosphere. A sedimentary cover is present
also on continental margins.



Fig. 1. Initial set up of the models. An oceanic basin delimited by continental margins is depicted. The oceanic lithosphere structure is peculiar of slow and ultra-slow spreading
ridges: gabbros are present as pockets inside the serpentinized lithospheric mantle; a discontinuous basaltic layer covers the serpentinized peridotites which form topographic
highs in the basin. Sediments overlie both the oceanic lithosphere and the distal part of the continental margins. The size of gabbro intrusions and the thickness of the serpentinite
horizon can vary in the models as described in Table 2.
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The upper layer of the model (from 8 km to 13 km above the conti-
nental crust and the oceanic lithosphere, respectively) consists of low-
density and low-viscosity media corresponding respectively to air
(density=1 kg/m3, viscosity=1019 Pa s) and sea water (density=
1000 kg/m3, viscosity=1019 Pa s). The high viscosity contrast between
suchmedia and the oceanic or continental lithosphere minimizes shear
stresses (b105 Pa) at the top of the solid portion of the model, that
behaves as a free erosion/sedimentation surface (Nikolaeva et al.,
2008; Schmeling et al., 2008).

Horizontal plate motion is simulated applying a prescribed con-
stant velocity (Table 2a–b) to a narrow area placed in the “left-side”
continental lithosphere.

Erosion and sedimentation are controlled by a transport equation
(Nikolaeva et al., 2008) which comprises imposed erosion
(ve=0.3 mm/y) and sedimentation rates (vs=0.03 mm/y), as well
as erosion and sedimentation levels. The depth under which sedi-
mentation begins coincides with sea level. The surface slope for the
accumulated sedimentary prism is limited by 27°. The density and
viscosity of rocks are calculated for given P–T conditions (Table 1).

An oceanic geotherm (Turcotte and Schubert, 2002) defines the
initial temperature field of the oceanic plates. The thermal structure
of the oceanic lithosphere simulates an asymmetrical opening of the
basin (Fig. 1); the age decreases from the transitional zones
(55 My), close to the continental margins, towards the inner area of
the basin (Table 2). A particular geotherm characterizes the tempera-
ture field of the transitional zones between the ocean and the conti-
nental margins.

After bending of the oceanic lithosphere, subduction starts at a
geometrically prescribed weak zone that represents the decoupling
area between the two plates. It virtually corresponds to a shear
zone that dips in the mantle and that is characterized by a wet olivine
rheology (Ranalli, 1995). We considered a “right”-dipping weak zone
60 km-thick at the top, 20 km-thick at the bottom and reaching
80 km depth. In our models the dip angle of the weak zone controls
initial inclination of the subducting slab.

At the beginning of subduction, sediments are scraped off the
downgoing plate and are piled up in the accretionary wedge that
progressively forms during ongoing convergence.

During convergence, the subducted lithosphere and the hydrated
overlying mantle gradually replace the weak zone, thus maintaining
decoupling along the plate interface. In order to analyze the influence
of the weak zone geometry on subduction models, we also conducted
few runs with a trapezium-shape weak zone (230 km-thick at the
top, 20 km-thick at the bottom and 40 km deep) with friction coeffi-
cients varying from 0.1 to 0.3.

As soon as subduction starts along the weak zone, the entire sys-
tem and the dip angle of the slab are free to evolve. The inclination
of the subducting plate during the process is mainly affected by its



Table 1
Physical properties of rocks used in numerical simulations. ρ0=density; k=thermal conductivity; Tsolidus,liquidus=solidus and liquidus temperatures of the crust; Hr, HL=heat production (radiogenic, latent); E=activation energy;
n=stress component; AD=material constant, V=activation volume; sin(φdry)=effective friction coefficient for dry rocks. The following parameters are the same for all the rocks: Cp=1000 J/kg, a=3×10−5 K−1, b=1×10−3 MPa−1.

Material ρ0, [kg/m3] k [W/(m∗K)] Tsolidus [K] Tliquidus [K] Hr

[μW/m3]
HL [kJ/kg] E

[kJ/mol]
n AD

[Mpa− II∗s−1]
V [J /
(MPa∗mol)]

Rheology/flow law

Sediments and felsic crust Sediments: 2600 [0.64+807/
(T+77)]×exp
0.00004∙PMPa

At Pb1 MPa: 889+17,900/
(P+54)+20,200/(P+54)2.
At P>1200 MPa: 831+0.06∙P

1262+0.009·P Sed.:2 300 154 2.3 10−3.5 0 Wet quartzite, c=10 MPa,
sin (φdry)=0.15Felsic crust: 2700 Felsic

crust:1
Melt-bearing sediments
and felsic crust

2400 – – – – – 0 1 – –

Basalts 3000 [1.18+474/
(T+77)]×exp
0.00004∙PMPa

At Pb1600 MPa: 973−70,400/
(P+354)+77,800,000/(P+354)2.
At P>1600 MPa: 935+
0.0035∙P+0.0000062 ∙ P2

1423+0.105·P 0.25 380 154 2.3 10−3.5 0 Wet quartzite, c=10 MPa,
sin (φdry)=0.1

Melt-bearing basalts 2900 – – – – – 0 1 – –

Gabbroic/Mafic crust 3000 [1.18+474/
(T+77)]×exp
0.00004∙PMPa

– 1423+0.105·P 0.25 380 238 3.2 10−3.5 0 Plagioclase An75, c=10 MPa,
sin (φdry)=0.6

Lithosphere–Asthenosphere
dry mantle

3300 [0.73+1293/
(T+77)]×exp
0.00004∙PMPa

1394+0.133·P−0.0000051·P2 2073+0.114·P 0.022 – 532 3.5 104.4 8 Dry olivine, c=10 MPa,
sin (φdry)=0.6

Hydrated mantle/Hydrated
mantle at subduction
zone (weak zone)/
Serpentinized mantle

3200 (hydrated)
3300 (weak zone)
3000 (serp.)

– Hydrated mantle: at Pb1600 MPa:
973+70,400/(P+354)+77,800,000/
(P+354)2. At P>1600 MPa: 935+
0.0035∙P+0.0000062∙P2

Hydrated mantle:
2073+0.114·P

0.022 Hydrated
mantle: 300

470 4 103.3 – Wet olivine, c=10 MPa,
sin (φdry)=0.1; for Newtonian
rheology: ηcreep=1018 P s

8,9a 3,8a 10−37a 3,2a

Melt-bearing dry mantle 2900 – – – – – 0 1 – –

Referencesb 1,2 3 4 5 5 1 1,2,6 4,6 4 4,6 4,1

a Weak serpentinite power-law rheology.
b 1=(Turcotte and Schubert, 2002), 2=(Bittner and Schmeling, 1995), 3=(Clauser and Huenges, 1995), 4=(Ranalli, 1995), 5=(Schmidt and Poli, 1998), 6=(Hilairet et al., 2007).
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Table 2
Description of models parameters and summary of volcanic activity main features; the friction coefficient of the weak zone is zero, except for craq model (0.1); serpentinite in all
the models have density=3.0·103 kg/m3 (50% of serpentinization), except for crca (*) model (serpentinite density=2.8·103 kg/m3; almost a pure serpentinite); gabbro size is
1×1 km; the distance of the weak zone from the “right” continental margin is 100 km. Craz and crba models have 2×2 km gabbro size and the distance of the weak zone from
the “right” margin is 150 km. ** Models with a layered oceanic crust. a) a strong power-law rheology of serpentinite (wet olivine) is used except for model crdk (weak power-
law rheology, Hilairet et al., 2007). (OLage=age of the youngest oceanic lithosphere; H=thickness of the serpentinite horizon in the slab; tvolc=time elapsed between subduction
beginning and appearing of volcanic activity on surface; Dtr=distance of the first spreading site from the trench; Evolc=linear extension of the volcanics on surface measured after
40 My for convergence rate=1 cm/y, 20 My for 2 cm/y and 13 My for 3 cm/y). b) Models running a weak serpentinite Newtonian rheology.

Model Convergence
rate

Slab
dip

OLage H Serp. channel
geometry

Volcanic activity

tvolc Dtr Evolc

a)
crbc 1 cm/y 15° 30 My 4 km Planar 29 My 280 km 20 km
crbe 1 cm/y 15° 5 My 4 km Wedge 25 My 250 km b10 km
crbl 3 cm/y 20° 25 My 4 km Wedge 7 My 240 km 100 km
crcb 1 cm/y 20° 25 My 4 km Wedge/Planar 21 My 200 km 80 km (spaced spots)
crbo 1 cm/y 15° 25 My 4 km Planar 30 My 270 km b50 km (very spaced spots)
crch 1 cm/y 40° 25 My 4 km Wedge 10 My 120 km 70 km
craz 1 cm/y 15° 25 My 6 km Wedge 29 My 260–290 km Spots activity
crba 1 cm/y 15° 25 My 2 km Planar 25 My 260–280 km 25 km
craq 1 cm/y – 10 My 6 km – – – –

crdk 1 cm/y 15° 25 My 4 km Wedge/Planar 30 My 260 km 50 km
crca* 1 cm/y 15° 25 My 4 km Planar 29 My 280 km 20 km
crcc** 1 cm/y 15° 25 My – – 26 My 260 km 70 km

b)
crck 1 cm/y 15° 25 My 4 km Hourglass 23 My 175 km 20 km
crco 1 cm/y 40° 25 My 4 km Planar 10 My 110 km 40 km
crcp 3 cm/y 15° 25 My 4 km Planar 8 My 230–240 km 40–50 km
crcr 1 cm/y 15° 5 My 4 km Hourglass 24 My 210–220 km 40 km
crcs 1 cm/y 15° 30 My 4 km Planar+bulge 23 My 175 km Spots
crdl** 1 cm/y 15° 25 My – Planar 23 My 200 km 100 km
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rheology and density and by the thermomechanical interaction with
the surrounding material (Gorczyk et al., 2007).

Fluids released by the subducting slab hydrate the overlying man-
tle wedge (Gerya et al., 2002; Gorczyk et al., 2007; Poli and Schmidt,
1995; Schmidt and Poli, 1998). Fluids are subducted inside rock
porosities or are fixed in hydrous minerals whose stability controls
the episodes of fluid release, which can occur to depths exceeding
200 km (Poli and Schmidt, 1995; Schmidt and Poli, 1998). The
amount of water (up to 2 wt.%) released from rock porosity (sedi-
ments and basaltic crust) is computed as a linear function of depth
as follows:

XH2O wt:%ð Þ ¼ XH2O p0ð Þ � 1–Δz=75ð Þ

where XH2O(p0)=2 wt.% is the porosity water content at the surface;
Δz is the depth below the surface in km (Sizova et al., 2010).

Slab mantle dehydration/hydration algorithm is based on water
markers and is similar to previously published subduction models
(Gorczyk et al., 2007; Nikolaeva et al., 2008; Sizova et al., 2010). The
physicochemical conditions in the model and assumption of thermo-
dynamic equilibrium control the dehydration reactions that allow
H2O release by a rock marker. The generated water marker includes
a particular amount of water and starts to move independently with
time until it reaches a lithology that can assimilate H2O (Sizova
et al., 2010). The velocity of fluid markers is calculated from the
local kinematical transport condition as follows (Gorczyk et al.,
2007):

vx waterð Þ ¼ vx; vz waterð Þ ¼ vz−vz percolationð Þ

where vx and vz are the local velocity of the mantle and vz(percolation) is
the prescribed relative velocity of upward percolation of H2O through
the mantle. The maximum water content of the mantle wedge hy-
drated by the slab fluids is 2 wt.% (Sizova et al., 2010). The boundary
between serpentinite-rich and hydrated serpentinite-free mantle
rocks (density=3200 kg/m3) is defined by the stability field of anti-
gorite (Schmidt and Poli, 1998). Furthermore we assumed that the
serpentinization degree of mantle peridotites is described by the
rock density, that in our models varies between 2800 (almost a fully
serpentinized peridotite) and 3000 kg/m3 (50% of serpentinization;
Hilairet and Reynard, 2009).

It is well understood that serpentinization of mantle rocks causes
their significant rheological weakening in both brittle and ductile re-
gime of deformation (Escartin et al., 2001; Hilairet et al., 2007; Hirose
et al., 2006; Katayama et al., 2009; Tatakahashi et al., 2011). The actu-
al amount of weakening depends on many physical factors including
degree of serpentinization (e.g., Escartin et al., 2001), mineral compo-
sition, water content, ongoing hydration/dehydration reactions (e.g.,
Hirose et al., 2006), and deformation regime (e.g., Escartin et al.,
2001; Hilairet et al., 2007; Hirose et al., 2006). Since for the natural
subduction process these factors remain largely uncertain, we tested
a range of different rheologies for serpentinized mantle in our
models: strong power law rheology of wet olivine (Ranalli, 1995),
weak power law rheology of antigorite (Hilairet et al., 2007) and
weak Newtonian rheology with the constant viscosity of 1018 Pa s
(Gerya et al., 2002) (see Table 1 for parameters of different models).

Melt is extracted from partially molten rocks considering a melt
extraction threshold Mmax and a non-extractable amount of melt
MminbMmax that remains in the rock (Nikolaeva et al., 2008). Markers
trace the amount of melt extracted during subduction. In the models,
a constant Mmax=4 vol.% and Mmax/Mmin=2 ratio is used. The total
amount of melt migrating upward is calculated as reported in
Nikolaeva et al. (2008). The extracted melt is instantaneously driven
to the surface since the velocity of the melt is thought to be rapid
compared to the deformation of the unmolten mantle and be unaf-
fected from its dynamics (Nikolaeva et al., 2008).

3. Results

The systematic change of parameters in our models (serpentinite
rheology, convergence rate, initial slab dip, age of the oceanic litho-
sphere, extent of pre-subduction serpentinization, subduction zone —

continental margins distance; initial weak-zone geometry) allowed
us to assess the role of different processes governing the evolution



239C. Malatesta et al. / Lithos 140–141 (2012) 234–251
of an intraoceanic subduction zone, with particular regard to: i) the
serpentinite channel geometry, ii) the subduction/exhumation
dynamics and iii) the volcanic activity. Our models indicate that ser-
pentinite rheology is a major factor controlling geometry and impor-
tantly the exhumation dynamics in the channel. In particular, the
main features observed in models running a strong power-law rheol-
ogy (wet olivine) and a weak Newtonian rheology will be compared
with those of one model (model crdk; Table 2a) in which serpentinite
is described by a weak power-law rheology (Hilairet et al., 2007). A
final comparison is made among models with “heterogeneous” and
layered oceanic crust.

3.1. Serpentinite channel geometry

In each model, water loss from subducting slab causes formation
of a serpentinite layer at the plate/mantle interface. Serpentinite rhe-
ology strongly controls the geometry of the channel: a strong power-
law behavior (wet olivine) enhances the formation of planar (Fig. 2A)
or wedge channels (Fig. 2B), whereas a weak Newtonian creep of ser-
pentine induces planar or “hourglass” channels (Figs. 2D–3C). The last
geometry evolves into a planar channel that develops a serpentinitic
Fig. 2. Influence of slab dip considering two distinct serpentinite rheologies (A–B: strong pow
model crbo and crck); B–D) steep slab (40°; model crch and crco). The legend of colors is r
bulge at the bottom (Fig. 3D). A weak power-law serpentinite rheol-
ogy promotes development of wedge shapes evolving into planar
channels during convergence process. Wedge channels are character-
ized by decreasing thickness with increasing depth, whereas thick-
ness of planar channels is almost constant or slightly decreases
towards high depths. “Hourglass” channels display maximum thick-
ness at the bottom and at the top and are narrower at intermediate
depths. Geometry of the channel is also extensively controlled by
a number of major parameters such as the initial subduction dip
angle, the age of the youngest oceanic lithosphere and the depth of
the serpentinite horizon in the oceanic slab (Fig. 4). Convergence
rate and the distance of subduction zone from the continental mar-
gins have a minor influence.

Hereafter we discuss the role of major critical parameters in de-
pendence of rheological behavior of serpentinite.

3.1.1. Initial slab dip
Subduction zones with low dip angle (15°) and serpentine strong

power-law rheology (Fig. 2A) produce a channelwith changing geom-
etry: the channel is generally planar and assumes a wedge-like mor-
phology at the beginning and during the final stages of subduction,
er-law rheology (wet olivine); C–D: Newtonian rheology). a–c) shallow slab dip (15°;
epresented in Fig. 1. Explanation in the text.
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Fig. 3. Different serpentinitic channel geometries obtained with variable ages of the youngest part of oceanic lithosphere. A–C) 5 My, development of a wedge shape channel (crbe)
with a strong power-law (wet olivine) creep of serpentine and of an “hourglass” channel (crcr) considering a Newtonian creep of serpentine; B–D) 30 My, a planar channel (crbc)
forms with a strong power-law serpentine rheology; a Newtonian behavior produces a serpentinitic “bulge” at the bottom of the planar channel (crcs). In C) and D) the mixing
between serpentinites scraped off the slab and those deriving from the hydration of mantle wedge is highlighted.
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when the continental crust approaches to the trench. In such shallow
subduction zones the main agent controlling the channel morphology
is the migration of uprising slab-fluids: in the first stage of subduction
the majority of serpentinites belong to the oceanic lithosphere and
hydration affects a thin portion of themantlewedge.With the subduc-
tion progress, fluids are released from an increasingly larger slab
surface, conferring a planar shape to the channel. The approaching of
the channel to the antigorite breakdown P–T conditions is responsible
for its final wedge morphology. Steeper slabs (40°; strong power-law
serpentinite rheology) develop a well marked wedge-shape serpenti-
nitic channel during the whole convergence (Fig. 2B).

Using a Newtonian serpentine rheology, low angle-dipping slabs
(15°) produce channels with an initial wedge shape that evolves
first in a planar and then in an “hourglass” geometry. The pre-
collisional stages are characterized by progressive formation of a ser-
pentinitic “bulge” that widens below the overriding plate (Fig. 2C). A
narrow wedge-shaped channel develops in the initial stages of high-
angle subduction (40°; Newtonian serpentinite rheology); with the
advancing process the channel acquires a broader and broader planar
morphology (Fig. 2D).
3.1.2. Age of the oceanic lithosphere
At a given time after the subduction initiation, the P–T conditions

of serpentinite breakdown are reached at shallower depths in young
and hotter lithosphere (5 My) compared to older and colder slabs
(30 My) (e.g. Fig. 3A–B). In models with strong power-law serpenti-
nite rheology, such conditions favor formation of shallow wedge-
like channels in “hot” subduction zones (Fig. 3A); in contrast, stability
of serpentinite to greater depths in older and colder oceanic plates al-
lows development of planar channels (Fig. 3B). In case of Newtonian
serpentine creep this situation is valid only for the initial stages of
subduction; during the ongoing convergence both young and old
slabs produce “hourglass” channels evolving to planar channels that
broaden at increasing depths (Fig. 3C–D).

3.1.3. Extent of pre-subduction serpentinization
The initial depth of the serpentinization horizon in the oceanic

lithosphere and hence the ratio between areas occupied by gabbro in-
trusions versus serpentinite also plays an important role. Greater ser-
pentinite thickness (6 km), corresponding to a lithosphere where
gabbros are 50% of serpentinites (two rows of 2×2 km of gabbros;
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Fig. 4. Area diagrams showing the control on channel geometry of: A–B) age of the younger oceanic lithosphere vs slab dip; C–D) convergence rate vs slab dip (A–C: strong power-
law serpentine rheology; b–d: Newtonian serpentinite rheology). The symbols depict the observed results in models. The dashed lines are an inferred limit between two fields. The
small cartoons represent the three end-members of the channel geometry.
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Fig. 5A), induces development of wedge-shape channels. Less serpen-
tinized lithosphere (2 km of serpentinite thickness) with higher
gabbro ratio (200%) leads to formation of planar channels (Fig. 5B).
Fig. 5. Effect of slab structure. A) 6 km-thick serpentinite horizon in mantle p
Lighter and less dense oceanic lithosphere, e.g. where gabbros are
20% of the total serpentinite (6 km of serpentinites and one row of
2×2 km gabbro pockets), is hardly subducted. This causes a strong
eridotite (model craz); B) 2 km-thick serpentinite horizon (model crba).
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decrease of the subduction rate; the continental crust is therefore
unable to subduct and it starts to buckle. In this case gabbro intru-
sions reach maximum depths of about 40 km and no circulation is
active inside the channel.

The serpentinization degree of the slab does not affect the channel
geometry. An almost pure serpentinite (density=2800 kg/m3)
slows down the subduction process and inhibits the subduction of
continental crust at depths>40 km. To summarize, the higher is ser-
pentinization of the subducting oceanic lithosphere, the less is the
possibility of deep subduction.

3.1.4. Convergence rate
Velocity of the incoming plate does not considerably affect the

channel geometry; in general high velocity values tend to produce
wedge-shape instead of planar shape channels (serpentine strong
power-law rheology) (Fig. 6A–B).

High convergence rate coupled with serpentinite Newtonian rhe-
ology slows down the velocity of hydration of the mantle wedge
(Fig. 6C); this mechanism involves the development of a planar chan-
nel that only in the pre-collisional stages evolves in an hourglass
geometry.

3.1.5. Distance of subduction zone from the continental margins
Distance of the weak zone from the continental margins usually

has minor influence on the evolution of the channel, independently
of serpentinite rheology. An exception is done for subduction with in-
termediate dip angles and convergence rate (20° and 2 cm/y) starting
at an active continental margin (strong power-law rheology of ser-
pentine). The channel acquires a trapezium geometry that becomes
more and more marked proceeding with the convergence: the as-
thenospheric mantle tends to rise along the subducting plate; due
to the increase of temperature in the mantle wedge, the water release
Fig. 6. Effect of convergence rate (A–B: strong power-law rheology of serpentine; C and Fig. 2
B and Fig. 2C) low velocity (1 cm/y; model crcb and crck in Fig. 2C).
and the formation of serpentine are restricted in a confined shallow
area. A planar channel finally develops between the asthenospheric
mantle and the subducting oceanic lithosphere.

3.2. Subduction and exhumation dynamics

Hereafter we will analyze the influence of major parameters (ser-
pentinite rheology, initial slab dip, convergence rate, distance of the
subduction zone from the continental margins) that control sub-
duction and exhumation dynamics of oceanic lithosphere, sediments
and mantle wedge rocks.

3.2.1. Serpentinite rheology
Serpentinite rheology is a key parameter for the dynamics inside

the channel: a strong power-law serpentinite rheology inhibits mix-
ing of oceanic serpentinite (here called “OS”) and crust with serpen-
tinite deriving from hydration of the mantle wedge (MWS). In such
a case a layered channel forms, with a top layer of MWS (delimited
upward by the extent of the hydration front) and a lower layer of
accreted oceanic slab materials. During subduction no mixing
between OS and MWS occurs (Fig. 7A) independently of slab dip
and velocity of the incoming plate.

On the other hand, the Newtonian serpentine creep enhances the
early mixing between OS (deriving both by the subducting slab and
by the overriding plate) and MWS: variably sized blocks are torn
from the slab and later incorporated and exhumed together with
mantle-wedge serpentinites (Fig. 7B–C).

A weak power-law serpentinite rheology (Hilairet et al., 2007)
produces a transitional behavior between those of strong power-
law and weak Newtonian rheologies: inside the subduction channel
greater mechanical mixing is observed compared to strong power-
law models.
C: Newtonian rheology of serpentine). A–C) high velocity (3 cm/y; model crbl and crcp);
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Fig. 7. Differentmixingmechanisms inside the subduction channel; they are controlled by serpentine rheologies. A) strong power-law rheology (model crci=crcb with convergence
rate=2 cm/y); B) Newtonian rheology and young oceanic lithosphere (5 My; model crcr); C) Newtonian rheology and “old” oceanic lithosphere (30 My; model crcs).

243C. Malatesta et al. / Lithos 140–141 (2012) 234–251
3.2.2. Initial slab dip and convergence rate
Initial inclination of the slab and convergence rate are furthermore im-

portant parameters controlling the circulation of subducted rocks inside
the serpentinite channel, especially in models adopting a Newtonian
rheology of serpentine. In this case serpentinite mixing starts at 400 °C
isotherm depth considering shallow subduction zones (15°) and inde-
pendently of convergence rate. 400 °C isotherm depth acts as a “barrier”
for further subduction of the slices at the top of the slab, that are instead
scraped off and accreted inside the serpentinitic “bulge”. During conver-
gence, such a depth barrier varies and it increases according to thebend-
ing of isotherms. Buried rocks are exhumed from pressure greater than
20 kbar (see following paragraph). Steeply dipping subducting plates
(40°) promote marked mixing of slab and wedge materials along the
entire channel; the mixing effect decreases with increasing subduction
velocity and exhumation is progressively inhibited.

Considering a strong power law serpentinite rheology, only blocks
of lithosphere very close to the trench are partially exhumed (till
5 kbar) frommaximum pressure of 10–15 kbar with an anticlockwise
P–T path. High convergence rates (3 cm/y) promote a strong flux
of slab bodies in the shallower part of the serpentinitic wedge
(Fig. 6A) where they start to circulate making well defined loops.
These rocks record initial anticlockwise P–T paths, followed by later
clockwise paths reaching maximum pressure of about 5 kbar. Some
of the involved rocks can be later dragged by the slab to higher depths
but not be exhumed.
3.2.3. Distance of subduction zone from continental margins
The distance of the subduction zone from the continental margins af-

fects the exhumation mechanism only in case of Newtonian creep of
serpentine: when the weak zone is located in the middle of the
oceanic basin (250 km far from the “right” continental margin), the
arrival of the continental crust at the trench is associated with a slight
slab roll-back; during the collisional stages it triggers the exhumation
of the buoyant serpentinitic mélange along the channel (Fig. 8).
Blocks of the downgoing oceanic lithosphere reach peak pressure
>20 kbar and they record a broad clockwise exhumation path
including an almost isothermal retrograde trajectory (Fig. 8). The over-
all P–T trajectory of the considered lenses includes minor burial-
subduction cycles that anticipate the final exhumation stage.

If the subduction zone is closer to the continental margin, exhu-
mation occurs with the vertical displacement of the buoyant serpen-
tinitic mélange, triggered by the asthenosphere upwelling, and it is
instead inhibited along the slab. Portions of the serpentinitic mélange
can be accreted at the base of continental crust or they can stagnate
under the overriding plate.

3.2.4. The fate of sediments
Sediments of both oceanic and continental origin are pushed by the

subducting plate towards the trench and piled in an accretionary prism
that progressively underthrusts the top of the serpentinite channel. If
serpentinite deforms according to a strong power-law, only a small
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Fig. 8. Subduction and exhumation of twometagabbro lenses (red and green squares), a metasediment block (blue square) and serpentinite body (pink square). On the left their paths in
2D dimensions are represented; the boxes on the right depict their trajectories in the P–T space. Themodel has the same characteristics of model crck, except for the distance of the sub-
duction zone from the right continental margin (250 km).
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amount of sediments (~10–20 km2) is usually subducted before colli-
sion: the majority of sediments is pushed to depth by the downgoing
continental crust but is never exhumed. Low-angle slab dip and young
oceanic lithosphere favor mixing between sediments and serpentinite:
oceanic sediments form kilometer-size isolated bodies inside the chan-
nel that reach shallow depth and are not exhumed. Sediments belong-
ing to the areas closest to the continental margins are first accreted
at the base of the accretionary prism and later exhumed inside it, fol-
lowing a clockwise P–T trajectory. A similar behavior occurs considering
a weak power-law serpentinite rheology (Hilairet et al., 2007).
The Newtonian creep of serpentine allows transport towards high
pressures of a greater amount of sediments dragged by the down-
going slab. The blocks have kilometer- to pluri-kilometer-size; they
reach the “barrier” depth defined by the 400 °C isotherm and are
mixed together with serpentinite. Such behavior is valid only for shal-
low slabs; in steeper or fast subduction settings only a small amount
of sediments can reach high depths. Fast slabs produce a bigger and
well developed accretionary prism compared to slow subduction
(Fig. 6C). Moreover considering young slabs, subduction of sediments
starts about 10 My later compared to old slabs.
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Fig. 9. Volcanic activity age (after beginning of subduction) as function of convergence
rate and slab dip (strong power-law rheology of serpentinite).
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During progressive convergence the accretionary sedimentary
prism can incorporate blocks of the top of the serpentinite wedge;
in case of strong power-law serpentinite rheology this behavior is
shown only by relatively old oceanic lithosphere.

3.3. Volcanic activity

The volcanic activity related to melt migration frommantle depths
is strongly controlled by the geometry of the slab, the convergence
rate and the age of the oceanic lithosphere considering either a strong
power-law or a Newtonian serpentinite rheology. In particular, steep
and fast slabs are characterized by earlier eruption of volcanic prod-
ucts (Fig. 9); furthermore if the slab inclination is high, the volcanic
front is closer to the trench and the volcanic activity is more wide-
spread and abundant compared to shallow and slow subduction
(Fig. 10). The arc-trench gap is always >110–120 km as reported by
Marshak and Karig (1977, and references therein) for present-day
systems (Table 2a–b). In models with Newtonian serpentinite rheol-
ogy the linear extension of volcanics is generally minor compared to
models with a strong power-law serpentinite rheology.

In our models volcanic fronts are usually localized on continental
crust, since most models count for an intraoceanic subduction zone
close to the continental margin. Subduction zones far from the conti-
nental margin are characterized by formation of volcanic fronts inside
the oceanic basin.

The volcanic products mainly derive from melting of mantle peri-
dotite and gabbro; a minor amount is related to melting of subducted
continental crust and basalts. Great part of the produced melt is
Fig. 10. The diagram depicts the distance between volcanics spreading area and trench as
function of convergence rate and slab dip (strong power-law rheology of serpentinite).
probably due to the input in the deep mantle of water released
from the complete subduction of OS and MWS.

The volcanic activity is also controlled by the age of the oceanic
lithosphere since the melting process is triggered a few million
years earlier in young slabs compared to older ones. In the first case
the volcanic front is also closer to the trench and its extension at a
fixed time is minor.

The subduction of dense oceanic lithosphere (with 2 km of abyssal
serpentinite, model crba) induces an early and widespread upward
migration of melts; the structure of oceanic lithosphere does not
affect the arc-trench distance.

3.4. Alternative weak-zone geometries

The beginning of subduction at a trapezium-shape shallow weak-
zone at the base of the serpentinized mantle peridotites (as described
in Section 2) is preceded by formation of a kilometric scale open fold
in the shallow part of the oceanic lithosphere. The direction of subduc-
tion is a function of the friction coefficient of the weak zone. Low values
(0.1) imply a “rightward” dipping slab (Fig. 11A–B; Table 2; craq
model); a wide serpentinitic prism with a funnel morphology forms
and gabbro and basalts reach maximum depths of about 50 km inside
it. Sediments are partly accumulated in the trench and in the frontal
part of the serpentiniticwedge but they do not contribute to form an ac-
cretionary prism. The first magmatic activity appears about 38 My after
the beginning of subduction, 160 km far from the trench. After 40 My,
the volcanic arc is only 10 km wide (Table 2a). Greater friction coeffi-
cients of theweak zone (0.2–0.3) produce the passive downward bend-
ing of the oceanic lithosphere close to the continental right-margin and
the beginning of a “left-ward” dipping subduction. The volcanic activity
begins 28 My later on the “left-side” plate and after 40 My it is extended
about 30 km. A shallow weak zone that reaches the continental right
margin and a weak zone with high-friction coefficient involve subduc-
tion processes with similar characteristics.

Experiments with a uniform age of the oceanic lithosphere
results in a vertical serpentinitic prism with a flower-like structure
(Fig. 11C–D; base model: craq); the subduction is symmetric, double-
sided and gabbros and basalts stagnate at shallow depths. Sediments
subduct only in the final stages before continental crust obduction. In
the same setting, higher values of the friction coefficient (0.2–0.3) in-
volve exhumation of the subducted continental crust in the serpentini-
tic prism till superficial depths and an active circulation in the shallower
parts of the serpentinitic prism. Volcanic activity is absent.

3.5. Comparison with a “layered” oceanic crust

We compared subduction of oceanic lithosphere with “heteroge-
neous” structure with that of layered oceanic lithosphere. In the latter
case the crust is made of a continuous gabbro layer 3.5 km-thick,
overlain by a 2.5 km-thick basalt layer. At the top a 500 m-thick sed-
imentary cover is present. Convergence rate is 1 cm/y and the initial
slab dip is 15° (Table 2a–b).

3.5.1. Strong power-law serpentinite rheology (wet olivine)
A serpentinite layer develops between the subducting plate and

the mantle wedge; it is almost parallel to the slab and it inhibits the
effective exhumation of subducted slab blocks as the correspondent
models with a non-layered lithosphere (model crbo). Compared to a
“heterogeneous” lithosphere, the layered lithosphere models show a
younger volcanic activity with larger extension on the surface and
comparable distances from the trench.

3.5.2. Weak Newtonian serpentinite rheology (constant viscosity of
1018 Pa s)

These models show that a planar serpentinite channel forms
above the subducting slab; the thickness of the channel is greater in
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Fig. 11. Trapezium-shape weak zone. The age of the oceanic lithosphere influences the style of subduction. A–B) the oceanic lithosphere becomes younger towards the inner parts of
the basin (10 My) and a rightward subduction starts; C–D) a homogeneous age of the oceanic lithosphere (10 My) produces a double-side subduction.
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the first 40 km and decreases deeper. Sediments are only partially
buried inside the channel and reach shallow depth (about 30 km).
The great part of slab slices is exhumed from depth of about
50–60 km inside mantle wedge serpentinites that completely wrap
them. Exhumation is related to coupled slab retreat and astheno-
spheric mantle upwelling along the subducting plate. Differently
from the reference case with “heterogeneous” lithosphere (model
crck), exhumation is contemporaneous to subduction of the oceanic
plate, the serpentinite channel is wider and develops a slightly differ-
ent geometry; moreover a minor amount of sediments is subducted.
Compared to the reference case, the volcanic activity develops on a
wider surface of the continental margin and derives from melting of
the subducted oceanic gabbro and in minor part of basalt. Moreover,
decompression melting of the asthenospheric mantle induces the
extension of the fore-arc oceanic crust and the formation of new
oceanic floor in a supra-subduction environment.

4. Discussion

The numerical models presented here clarify the main processes
allied with intra-oceanic subduction within a narrow, slow-
spreading basin. Past in the Earth history closure of comparably
small basins has played a key role in formation of orogens like the
Alps: in some branches of these immature oceans the oceanic
lithosphere was subducted below a thinned continental crust, in
other branches, like for instance the Piemontese-Ligurian Tethys, sub-
duction was intraoceanic. Our study thus better applies to the latter
settings, whose evolution gave rise to vast exposures of high-
pressure metamorphic ophiolites. All models presented here show
that dehydration fluids arising from the subducting oceanic plate de-
termine widespread mantle serpentinization in the overriding plate
to form a channel where accretion and upward flow of slab materials
are established. This serpentinite channel is the major feature of all
models. Its shape is controlled by initial dip angle of subduction, age
of incoming oceanic lithosphere and extent of pre-subduction serpen-
tinization. The dynamics of the channel vary with initial slab dip,
convergence rate and distance of subduction from the continental
margins. Serpentinite rheology controls both the geometry and exhu-
mation dynamics. Moreover, tests on different weak zone geometries
suggest that an effective subduction process occurs only if the weak
zone is a down-dipping plane that initially drives the subducting
slab into depth.

4.1. Effects of different rheology and deformation mechanisms

Due to the extreme abundance of antigorite serpentine in the slab
and in the overlying mantle, serpentine rheology has revealed to be
the most important physical parameter that affects geometry of the
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channel and the whole architecture of the plate interface. We ob-
served three main geometries of the channel: planar, wedge-like
and “hourglass”. As shown in Fig. 4, strong power-law serpentine
rheology (wet olivine) promotes development of planar and wedge
channels; differently, weak Newtonian serpentine deformation
involves formation of planar and “hourglass” channels.

In case of strong power-law rheology, the main structure of the
plate interface is layered and shows a subducting serpentinized
plate and a serpentinized mantle wedge layer that are separated
from each other. Slices of slab are in fact continuously accreted at
the base of mantle-wedge. Very limited mixing thus occurs in the
channel between elements of the subducting plate and overlying
mantle. Considering strong power-law creep, steep slabs or high
convergence rate, a wedge-type geometry of the channel prevails;
planar channels are associated with low velocities or shallow slabs.
Old slabs or minor thickness of the serpentinized horizon in the
oceanic lithosphere, considering a constant proportion of gabbro
pockets, produce planar channels. We have observed that in models
adopting strong power-law rheology, sediments are not involved in
deep subduction: at least during the early evolutionary stages, they
do not mix in the channel and stay at shallow levels in the subduc-
tion system. Only with late-stage collision and subduction of the
continental plate, they become subducted to slightly deeper levels.
In practice, adopting this rheological behavior, sediment subduction
and mixing of sedimentary slices into the channel is not very
effective.

The models running a weak Newtonian serpentine creep show the
formation of serpentinitic channels in which the rocks offscraped
from the slab and its sedimentary cover are subducted and stored at
great depths. In the deep levels of the subduction zone a serpentinite
bulge forms as the result of accumulation of a tectonic mélange made
of slab materials mixed with hydrated mantle wedge (Fig. 8). The ge-
ometry of the channel however varies during time from initial wedge
shape to planar and hourglass in the intermediate stages; a final fun-
nel shape characterizes the pre-collisional stages during which the
channel is almost completely closed at the top under the sedimentary
accretionary prism. In the last stages the channel has reduced thick-
ness at shallow depths and progressively widens to increasing
depth where the mixing mechanism develops.

The two serpentine rheologies also determine different burial and
exhumation behaviors inside the channel:

– shallow circulation inside the serpentinite wedge, enhanced by
high convergence rate, prevails using a strong power-law rheolo-
gy. Bodies scraped off the oceanic slab and its sedimentary cover
are mixed in the superficial serpentinitic wedge and are exhumed
even after few cycles of burial;

– the Newtonian deformation of serpentinite involves stronger mix-
ing of the oceanic slab with sediments inside the serpentinitic
channel. An important feature emerging from models adopting
Newtonian behavior concerns the mode of exhumation of the
deep mélange zone forming the bulge shown in Fig. 8. This mél-
ange is exhumed at the onset of collision and in the late stages
of continental subduction; the combination of slight slab roll-
back, collision of the continental crust and presence of weak ser-
pentinized mantle allows upwelling of the asthenospheric mantle.
Such mechanism, linked with the density contrast between the
channel and the surrounding mantle triggers the exhumation of
the serpentinitic mélange. Several authors (Agard et al., 2009;
Chemenda et al., 1995; Gorczyk et al., 2007; Guillot et al., 2009;
Platt, 1993; Schwartz et al., 2001) have discussed the efficient
role of buoyancy for the exhumation of high- and ultrahigh-
pressure rocks. Moreover Hermann et al. (2000) pointed out that
serpentinite is a good carrier for the exhumation of dense eclogite
since the low-density of serpentine lowers the bulk density of
the high-pressure terrain below mantle values. Sediments are
exhumed in the channel together with slab slices and serpenti-
nites deriving from the hydration of mantle wedge.

The comparison of models adopting different serpentinite rheolo-
gy suggests that dynamics within the serpentinite channel is best de-
scribed by a weak Newtonian rheology. Differently from strong
power law-controlled serpentinite, Newtonian creep enhances deep
burial and exhumation of slab slices and sediments, as observed
in several HP metaophiolitic massifs worldwide. Importantly, this
type of rheology enables deep burial of sediments, as observed in
high-pressure terrains, and points to buoyancy-driven exhumation,
roughly concomitant with continental subduction and slab roll-back.

Our results partly contrast with those of Hilairet and Reynard
(2009), who studied a 1-D model serpentinized channel. Hilairet
and Reynard (2009) obtained an active exhumation assuming that
serpentine rheology was described by a relatively weak power-law
creep (Hilairet et al., 2007). Same as our models running either strong
or weak power-law rheology, Hilairet and Reynard (2009) predicted
a narrowing of the channel with increasing depths; the channel is in
fact 8–10 km-thick at shallow levels and reaches maximum thickness
of 2–3 km at great depths. Hilairet and Reynard (2009) propose
that exhumation from great depths (more than ~60 km) is driven
by serpentinite acting as low density carrier; at intermediate depths
(between 15 and 50 km) upward flow of HP rocks is caused by the
pressure gradient linked with narrowing of the channel. This behav-
ior is not observed in our simulations running either strong or weak
power-law rheology. Hilairet and Reynard (2009) however consid-
ered that exhumation of HP rocks in the interval 15–50 km can hap-
pen even if a vast low density serpentinized region is located at
high depths, as happens in our models running a Newtonian serpen-
tinite rheology; in our models the channel has in fact a minimum
thickness at intermediate depths and widens at increasing pressure
developing a “bulge” at its bottom. Indeed we should mention that
our models with weak power law rheology of serpentine show to
some degree transitional behavior between the strong power-law
and weak Newtonian models: more mechanical mixing is observed
inside the subduction channel and sediments become subducted to
moderate depths during transition from subduction to collision.

The rheology of serpentinite does not affect noticeably the volca-
nic activity even if a Newtonian creep of serpentine is responsible
for a minor superficial extension of the volcanic layer. Steep and fast
slab are characterized by an early production of volcanics; the spread-
ing center is generally closer to the trench in steep subduction. Young
oceanic lithosphere produces a younger volcanic activity located close
to the trench compared to old slabs as proposed by Cross and Pilger
(1982).

4.2. Provenance of high-pressure rocks within the channel

Our models running Newtonian serpentinite creep highlight that
materials of different provenance are tectonically sliced in the chan-
nel. Besides oceanic lithosphere and oceanic sediments, the sub-
duction channel mélange also contains continental sediments and
slices of serpentinized mantle from the upper plate. This is shown in
Fig. 8, tracing the physical pathways within the model of particles be-
longing to the above mentioned settings. Importantly, sediments of
continental affinity are pushed to depth by the subducting continen-
tal crust, are accreted to the subduction mélange and are exhumed to
the surface. The age of oceanic lithophere can influence the size of
both sedimentary and slab-derived bodies inside the mantle wedge
serpentinites: a young oceanic lithosphere allows the presence of
kilometer-size coherent bodies (Fig. 6B) whereas old slabs promote
mingling of sediments and slab bodies (Fig. 6C). Fig. 8 also empha-
sizes that two types of high-pressure serpentinite (deriving from
the altered slab mantle or from the hydrated mantle wedge) become
closely associated and are mixed with sediments of different origin
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within the channel. Slab bodies are in fact closely associated and
wrapped by mantle wedge serpentinite.

This observation seems to be partially validated by natural evi-
dence. Serpentinites exposed in HP-LT terrains are in fact usually
attributed to two geological environments: mantle wedge (e.g. Hima-
layan serpentinites) (Guillot et al., 2001, 2004; Hattori and Guillot,
2007) or lithospheric serpentinites of the oceanic slab (e.g. Alpine
serpentinites) (Guillot et al., 2004; Scambelluri et al., 1995). Both
types of serpentinite were however observed in Northern Dominican
Republic, Eastern and Central Cuba (Blanco-Quintero et al., 2011b;
Hattori and Guillot, 2007; Saumur et al., 2007, 2010). Saumur et al.
(2010) however propose that mantle wedge serpentinite occurs
along late major strike-slip fault zones and the serpentinite hosting
the tectonic mélanges could derive from abyssal serpentinites.
Hattori and Guillot (2007) and Lewis et al. (2006) suggested a preva-
lence of hydrothermalized serpentinites.

4.3. Comparison with Alpine high-pressure ophiolites

The rock slices (Fig. 8) that in our model are tectonically mixed
in the subduction zone display different provenance, pressure–
temperature metamorphic paths and are expected to couple at differ-
ent times in the mélange. These features could be taken as guidelines
to assess a correspondence of processes depicted in the models with
processes that likely operated in nature during emplacement of
high-pressure terrains in Alpine-type orogens. The South-Western
Alps derive from a former intraoceanic subduction system
(Hoogerduijn Strating, 1991; Malavieille et al., 1998; Marroni and
Pandolfi, 2007 and references therein; Marroni and Treves, 1998;
Molli and Tribuzio, 2004; Schwartz et al., 2007; Van Wamel, 1987)
and include several HP–LT ophiolitic massifs like Voltri and Monviso.
Other high- and ultrahigh-pressure ophiolite like Zermatt-Saas corre-
spond to oceanic lithosphere subducted below a continental plate.
The above massifs may disclose some evolutionary features fitting
with the model evolutions we propose here.

In particular, our models better fit with the Voltri high-pressure
ophiolites. The Voltri Massif (south-eastern sector of the Western
Alps) comprises different tectono-metamorphic units recording vari-
able P–T peak metamorphic conditions ranging from the blueschist to
Fig. 12. Representative P–T paths of Voltri (A) and Monviso (B) massifs. (A) — 1=Scambe
2011. Colored areas show different peak conditions for the Voltri Massif after Malatesta et a
2010 and Schwartz et al., 2000; 8=Angiboust et al., 2011; 9=Schwartz et al., 2000, Agard e
et al., 2000.
the eclogitic facies. Highly sheared serpentinite and subordinate
metasediments of both oceanic and continental origin wrap bodies
of metagabbro and metabasite which are tens of meters to hundred
meter-sized (Capponi and Crispini, 2002; Cortesogno et al., 1975;
Federico et al., 2005 and references therein; Malatesta et al., 2011).
A serpentinitic mélange including metric to decametric lenses of
metagabbro, metabasite and metasediment was recognized within
the large coherent units of Voltri Massif by Federico et al. (2007a).
These authors related its exhumation to the contribution of a serpen-
tinite subduction channel. Malatesta et al. (2011) propose that the
same mechanism acted at kilometer-scale exhuming at least the east-
ern sector of the Voltri Massif. Several mafic and ultramafic bodies of
this ophiolitic massif record scattered peak P–T conditions and similar
exhumation trajectories (Fig. 12A). Our model (Fig. 8) highlights that
gabbro and serpentinite bodies included in the serpentinite channel
record different peak P–T values. These values are comparable to
those recorded by the Voltri high-pressure rocks; in particular, a
good agreement exists with high-pressure metamorphic peaks; the
low pressure metamorphic peaks in the model show lower tempera-
ture compared to the natural case. Moreover, both the simulated and
natural P–T paths are clockwise, thus recording higher temperature
during exhumation compared to burial, suggesting that a steady
state thermal structure was already achieved in the subduction zone
(Gerya et al., 2002). The exhumation trajectories are almost isother-
mal and slightly cooling (Figs. 8 and 12a); according to what is
depicted in the model, the lack of a strong cooling of Voltri Massif
rocks during decompression could be related to the fact that exhuma-
tion is coeval with relaxation of isotherms occurred during the stop of
subduction. The channel incorporated both oceanic and continental
sediments (e.g. blue square, Fig. 8) that, as in the Voltri Massif, are
wrapped by serpentinite. These features suggest that the exhumation
of the Voltri Massif was driven by coupling/decoupling mechanisms
acting inside a low viscosity buoyant serpentinite channel.

The case of the HP–LT Monviso Massif (South-Western Alps) is
debated. According to some authors (Groppo and Castelli, 2010;
Guillot et al., 2004, 2009; Lombardo et al., 1978; Schwartz et al.,
2000) it is composed of several metaophiolitic tectono-metamorphic
units recording different P–T paths; in this massif eclogite lenses of
several km long are surrounded by serpentinite. Several authors
lluri et al., 1995; 2=Federico et al., 2004; 3=Liou et al., 1998; 4,5,6=Malatesta et al.,
l., 2011. (B) — 7=Angiboust et al., 2011 — partially derived from Groppo and Castelli,
t al., 2010. Gray areas depict different peak conditions of Monviso Massif after Schwartz
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attribute its exhumation to the presence of a serpentinized subduction
channel (Guillot et al., 2004; Schwartz et al., 2001, 2007). These
authors report various P–T peaks shown in Fig. 12B: this points to
variable burial depths reached by the various slices composing the
Monviso “mélange”, that can be grouped together is a subduction
channel following the models proposed here. A different interpreta-
tion has been recently proposed by Angiboust et al. (2011), who
propose that the Monviso ophiolites can be grouped in two coherent
tectonic subunits (Monviso and Lago Superiore units) with a peak
pressure gap of about 3–4 kbar; as a consequence, the Lago Super-
iore Unit should not be considered as a chaotic serpentinite mélange.
According to Angiboust et al. (2011), these units were detached
from the slab at different depths and later juxtaposed at epidote–
blueschist facies conditions during exhumation along the subduction
interface. In both cases either relatively small slices, or larger coher-
ent slabs of subducted oceanic materials can be accreted and tecton-
ically coupled in domains at the plate interface where mantle atop of
the slab is serpentinized and softened, so to enhance detachment
and tectonic coupling of slab materials. In the case of Monviso inter-
pretations, what importantly changes is the size of bodies involved
in the channel. P–T paths can be considered as a first evidence of
the possible exhumation of the Monviso Massif through a serpenti-
nite matrix as shown in our model: the Monviso P–T trajectories
(Fig. 12B) show in fact, similarly to the model and to the Voltri
Massif, clockwise path and slightly cooling retrograde paths with al-
most comparable high-pressure peaks.

The general validity of the exhumation process proposed for the
two above mentioned natural cases is besides testified by the follow-
ing evidences:

– P–T gradient represented in Fig. 8 follows a general cool subduc-
tion trend (about 8 °C/km) comparable to that highlighted by
Agard et al. (2009) for the case of Western Alps;

– the P–T path traced by a serpentinite body in the model (pink
square, Fig. 8) contains a “hair-pin” type segment; this peculiar
trajectory retraces the burial path at low T and it thus indicates a
first cold exhumation stage active during subduction (Blanco-
Quintero et al., 2011a; Krebs et al., 2008). According to what is
predicted by the model, multiple burial-exhumation cycles have
been highlighted in the Western Alps by Beltrando et al. (2007)
and Rubatto et al. (2011);

– the main exhumation stage in the model occurs during subduction
of the continental crust and the beginning of collision as suggested
for the Western Alps by Agard et al. (2009);

– the exhumation velocities of metagabbro lenses and serpentinite
inside the channel are in the range of mm/y; these values fit the
estimates proposed by Agard et al. (2009) for worldwide oceanic
rocks and in particular for those of the Monviso and Voltri massifs
(Agard et al., 2009; Federico et al., 2005; Hoogerduijn Strating,
1991; Vignaroli et al., 2010).

Moreover, the model shows that slices of the overriding oceanic
plate are progressively eroded and dragged into deep mantle inside
the serpentinite channel (pink square, Fig. 8) (ablative subduction)
and stored inside the serpentinite mélange. This particular feature,
together with previous simulations by Faccenda et al. (2009), Roda
et al. (2010), Stöckhert and Gerya (2005), Tao and O'Connell (1992)
supports the theory of several authors (e.g. Clift and Vannucchi,
2004; Platt, 1986) who proposed that, besides the slab, slices of the
overriding plate are torn away and buried together with the subduct-
ing slab. Polino et al. (1990) and Spalla et al. (1996) applied this con-
cept to the Austroalpine domain (Western Alps) which includes slices
of the Adria overriding continental margin. Finally, Tonarini and
Scambelluri (2010), based on isotopic rock compositions, suggested
that a portion of Voltri Massif serpentinite could possibly represent
a slice of the overriding oceanic mantle.
5. Conclusions

Numerical models presented here show that intraoceanic subduc-
tion within a narrow slow-spreading oceanic basin produces a low-
viscosity serpentinite channel characterized by different geometries
and internal dynamics. The geometry of the channel is controlled by
major parameters as slab dip, age and structure of the subducting
oceanic lithosphere. The variation in slab dip, convergence rate and
distance of subduction from the continental margins drives on the
other hand different subduction and exhumation dynamics inside
the channel. Serpentinite rheology is however the key parameter con-
trolling both the geometry and exhumation mechanisms. Our simula-
tions show that a weak Newtonian serpentinite creep best describes
subduction and exhumation mechanisms of oceanic lithosphere, sed-
iments and mantle-wedge serpentinite that mix together at high-
pressure conditions. During convergence slices of the overriding
oceanic plate can be scraped off and dragged till great depth into
the channel. In particular, our models highlight that abyssal and
mantle-wedge serpentinites can be incorporated together in the
channel. The serpentinite mélange is exhumed from great depth
after subduction of the continental crust and at onset of collision
and buoyancy is the driving force. Continental crust thus plays an
important role in stopping subduction and triggering exhumation of
high-pressure rocks. We moreover propose that the formation of a
serpentinite channel, acting as a low-viscosity carrier for high density
subducted rocks, could be considered responsible for the exhumation
of Alpine ophiolitic massifs as the HP Voltri and Monviso massifs.

Finally, our numerical experiments suggest that the subduction of
even very narrow inter-continental oceanic basins may lead to devel-
opment of a magmatic arc. We found that for such relatively small
and short-lived arcs, steeper, faster and younger slabs produce earlier
onset of volcanism after subduction initiation.
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