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Abstract. Continental collision is an intrinsic feature of plate 1 Introduction

tectonics. The closure of an oceanic basin leads to the onset

of subduction of buoyant continental material, which slows Slab pull caused by the negative buoyancy of subducting
down and eventually stops the subduction process. In natoceanic lithosphere represents a main driving contribution
ural cases, evidence of advancing margins has been recoder plate motion (e.g. Elsasser, 1969; Forsyth and Uyeda,
nized in continental collision zones such as India-Eurasial975). When continental lithosphere enters the subduction
and Arabia-Eurasia. We perform a parametric study of thezone, its positive buoyancy acts as a resisting force to sink-
geometrical and rheological influence on subduction dynaming and, therefore, leads to a slowdown, and eventually to the
ics during the subduction of continental lithosphere. In ourend of subduction (e.g. McKenzie, 1969; Cloos, 1993). After
2-D numerical models of a free subduction system with tem-continental collision, different scenarios may occur: (1) con-
perature and stress-dependent rheology, the trench and tfi@ental crustal material arrives at the trench and subducts
overriding plate move self-consistently as a function of thetogether with the lithospheric mantle (e.g. Ranalli et al.,
dynamics of the system (i.e. no external forces are imposed2000; Regard et al., 2003; Toussaint et al., 2004); (2) part
This setup enables to study how continental subduction influof the continental buoyant crust is delaminated from the
ences the trench migration. We found that in all models thelithospheric mantle and accreted onto the overriding plate,
slab starts to advance once the continent enters the subdugllowing continuation of plate convergence (delamination)
tion zone and continues to migrate until few million years (€.9. Cloos, 1993; Chemenda et al., 1996; Kerr and Tarney,
after the ultimate slab detachment. Our results support th€005; Vos et al., 2007) or (3) the slab breaks off as a conse-
idea that the advancing mode is favoured and, in part, produence of tensile stress from the pull of the sinking oceanic
vided by the intrinsic force balance of continental collision. lithosphere in the mantle connected to the continental part
We suggest that the advance is first induced by the lockingf the plate (e.g. Wortel and Spakman, 1992; Davies and
of the subduction zone and the subsequent steepening of th&®n Blanckenburg 1995; Wong-A-Ton and Wortel, 1997;
slab, and next by the sinking of the deepest oceanic part oPuretz etal., 2011; van Hunen and Allen, 2011). Which sce-
the slab, during stretching and break-off of the slab. Theseario takes place depends on several factors including con-
processes are responsible for the migration of the subductioMergence rate, thickness, rheological and physical composi-
zone by triggering small-scale convection cells in the mantletion and thermal structure of the continental lithosphere (van
that, in turn, drag the plates. The amount of advance rangedlen Beukel and Wortel, 1987). De Franco et al. (2008) sug-

from 40 to 220 km and depends on the dip angle of the slatgested that the geometry of the incoming continental plate,
before the onset of collision. the tectonic setting, the rheology and the length of the sinking

oceanic plate control whether the incoming crust subducts
entirely, separates partially or entirely from the lithospheric
mantle or blocks the trench, likely leading to slab break-off.
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In many areas where continental collision occurs, seis-advance has been observed also in the Melanesian arc sys-
mic tomography has revealed the presence of gaps in theem where the Ontong Java Plateau (Hall, 2002), the largest
subducting lithosphere, interpreted as evidence of detacheineous province on Earth, collided with the arc between
lithosphere within the slab (e.g. Mediterranean, Carpathians25 Ma (Knesel et al., 2008) and 10 Ma (Mann and Taira,
eastern Anatolia) (Carminati et al., 1998; Wortel and Spak-2004). The overturned morphology of the subducted litho-
man, 2000; Faccenna et al., 2004; Piromallo and Faccennaphere inferred from tomographic images in continental col-
2004; Faccenna et al., 2006; Hafkenscheid et al., 2006; Lelision zones like the India-Eurasia (Replumaz et al., 2004;
and Zhao, 2007). Other suggestions of slab detachment hayeplumaz et al., 2010) and the Arabia-Eurasia (Faccenna et
been provided by geochemical studies of magmatism in colal., 2006; Hafkenscheid et al., 2006) systems suggests the
lision zones (Keskin, 2003; Ferrari, 2004; Qin et al., 2008). occurrence of an advancing migration of the plate margin.
Buoyancy analyses (Cloos, 1993) show that oceanic plateauSor the advancing case, the driving forces are debated. The
with abnormally thick basaltic crust resist subduction and canadvancing motion is often explained with far field stresses
cause collisional orogenesis. Many authors proposed that, afelated to global plate motion that push the plates and force
ter the collision, the anomalously thick lithosphere of the On- the slab to migrate towards the overriding plate. For example,
tong Java Plateau jammed the trench that led to the break-otb explain Indian indentation rates, the ridge push of Indian
of the Pacific Plate (Hall and Spakman, 2002) and ultimatelyOcean (Chemenda et al., 2000), the presence of &usign
to a reversal of subduction polarity (Petterson et al., 1997 plume (van Hinsbergen at al., 2011; Becker and Faccenna,
Knesel et al., 2008). 2011) or the pull of adjacent slabs (Li et al., 2008) has been

Once the continental collision occurs, the position of theinvoked. Capitanio et al. (2010a) suggested that the dense
trench becomes a zone that marks a suture between the twadian continental slab provides a significant driving force
plates. The mechanisms that drive the motion of this zonéor the current India-Asia motion. To explain the advance of
during the evolution of collision are still poorly understood. India into the Arabia-Eurasia system, Becker and Faccenna
The combination of geological observations, such as struc{2011) proposed that mantle drag exerted on the base of the
tural and volcanological data, with interpretation of tomo- lithosphere by a large-scale mantle flow component with an
graphic images may provide insights to infer the tectonicactive upwelling component is likely the main cause for the
evolution of the collisional system. ongoing indentation.

The trench migration has been largely studied only for In this study, we investigate the dynamic behaviour of the
purely oceanic subducting plates. Many authors suggestedlab and the margin between the plates during continental
that in these scenarios trenches can both advance and retreatllision without any external forces, i.e. driven entirely by
(e.g. Carlson and Melia, 1984; Jarrard, 1986; Garfunkel ethe changes in the force balance due to the collision process.
al., 1986; Heuret and Lallemand, 2005). Laboratory (Funi-We explore the robustness of these results with a parametric
ciello et al., 2003a; Bellahsen et al., 2005) and numericalstudy where geometrical and rheological constraints of the
(Funiciello et al., 2003b; Stegman et al., 2006; Di Giuseppesystem are systematically changed in order to define their
etal., 2008; Di Giuseppe et al., 2009; Capitanio et al., 2010bkffect on the kinematics of continental collision.
models of oceanic subduction showed that trench migra-
tion is controlled by geometrical (thickness and width of
the plate) and rheological (density contrast, viscosity ratio)
parameters of the subducting lithosphere. In the continen-

: . 21 N ical h i i
tal subduction scenario, Royden (1993) proposed the same umerical methods and governing equations

two end-member classes: the advancing style (e.g. AlpSye yse CitCom, a finite element code that solves thermal
and Himalayas) and the retreating style (e.g. Apennines angonyection problems in a Cartesian geometry (Moresi and
Carpathians). In the retreating subduction system, the ”thOGurnis, 1996; Zhong et al., 2000). The non-dimensional gov-
spheric mantle detaches from the buoyant continental Cruskrning equations for conservation of mass, momentum, en-

and it keeps subducting into the mantle (Cloos, 1993; Kerrgrqy and composition assume incompressible flow and adopt
and Tarney, 2005; Brun and Faccenna, 2008; Bialas et alyq Boussinesq approximations:

2010). This crustal delamination process is possible if there

is a layer of weak material within the continental crust, for Vou =0 @)

example, the lower crust (Ranalli et al., 2000; Toussaint et T

al., 2004: Gogus et al., 2011). In contrast, in advancing sub— Y P T V- (1(Vu + Viu)) @

duction systems, hundreds of kilometres of continental litho- +(RaT + RbC)e; = 0

sphere can subduct without significant crustal deIaminationaT

(Royden, 1993). — 4+ u-VT = V?T (3)
Evidence of advancing margins has been recognized ind?

continental collision zones (e.g. Replumaz et al., 2010; ¢

Hatzfeld and Molnar, 2010 and reference therein). Trenchy +u-VC =0 (4)

2 Model description
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Figure 1

retreating advancing

X v<0 v>0 free slip; T=0
Zﬁ p O
£
£
= h
|— =
o %
@
8 g
660 km
0 no slip; T=Tm 3300 km

|:| Continental lithosphere |:| Oceanic lithosphere
- Continental crust - Weak zone (Viscosity = Nm)

Fig. 1. Initial model setup with dimensions and mechanical and thermal boundary conditions. The model domain is 660 km deep, and it has
an aspect ratio of 1:5. The continental parts are modelled with a thick lithosphere (yellow) and a 40 km buoyant crust (blue). Areas with an
imposed low viscosity (i.e. the reference mantle viscosity) are outlined in red.

with symbols defined in Table 1. The equations are solved The closure of an ocean basin and subsequent continental
with an iterative conjugate gradient solver. The thermal andcollision is modelled. In the initial setup, the incoming plate
compositional Rayleigh numbers in Eq. (2) are defined, re-consists of a subducting oceanic lithosphere with a continen-

spectively, as tal block initially about 500 km from the trench (Fig. 1). The
3 overriding plate is entirely continental. To initiate subduc-
Ra — apog ATh (5) tion without imposing any external forces, the initial oceanic
kno slab extends t6~300 km depth and has an initial curvature
radius of 500 km. The initial thermal structure of the oceanic
Apegh’ lithosphere is determined by a half-space cooling model for a
Rb = k1o (6)  50-Myr-old plate (Turcotte and Schubert, 2002). For the con-

tinental lithosphere, temperature extends linearly fron® 0
where Ap.= 600kg n2 is the density difference between at the surface to the mantle reference temperature at 150 km
the continental crust (with compositi@h= 1) and the man-  depth. A 40-km-deep continental crust is characterized by
tle (with C =0) and AT is the temperature drop over positive buoyancy, which creates a resisting force to subduc-
model domain. The composition functiofi is advected tion when the continental block inside the subducting plate
through a particle tracking technique (Ballmer et al., 2007;arrives at the trench. The oceanic lithosphere is modelled
Di Giuseppe et al., 2008), in which tracers move with the Without oceanic crust, since it does not affect the subduction
flow velocity and give the compositional information to dis- dynamics significantly (Cloos, 1993).
criminate the buoyant continental crust from the lithospheric To decouple the converging plates, we impose a narrow
and mantle material. The initial tracer distribution is random low viscosity zone (Fig. 1) (about 20 km wide with a vis-
with a minimum density of 40 tracers per element. cosity of 1°Pa s) between the incoming and the overriding
The mesh elements are quadrilateral with a linear veloclate for the top 50km and a 200-km-wide mantle wedge
ity and constant pressure, and their size varies from 5 km tdvith same viscosity up to 150 km depth that simulates the
15 km in each dimension, where the better resolution is usedveakening of the area above the slab due to the slab dehydra-

in the trench region. tion and the mantle hydration (Billen and Gurnis, 2001; van
Hunen and Allen, 2011). In our models, we refer to the trench
2.2 Model setup position as the location of the shallow weak zone. In oceanic

subduction, this refers to the area where the subducting slab
To Study the effect of continental collision on the dynamiCS of begins to descend beneath the Overriding p|ate’ whereas, in
trench migration, we model subduction in a 2-D rectangularcontinental collision systems, this is a rather wide deforma-
domain. The bottom of the domain corresponds to the uppertion zone between the pro- and the retro-wedge (Willet et al.,

lower mantle discontinuity at 660 km, and all models have a1993; Beaumont et al., 1996). For the aim of this study, it is
1:5 aspect ratio (Fig. 1).
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Table 1. Symbols, units and default model parameters

Parameters Symbols Value Unit
Rheological pre-exponent A 6.52x 10° (Pa sl
Activation energy E 360 (kJ mat 1y
Vertical unit vector ez - =)
Gravitational acceleration g 9.8 (m 52
Rheological power law exponent n 1(diff. c.), 3.5(disl.¢c.) (-)
Deviatoric pressure p - (Pa)
Lithostatic pressure Po - (Pa)
Gas constant R 8.3 (Imot1)
Thermal Rayleigh number Ra 4.4x 10° -
Compositional Rayleigh number Rb 1.7x 107 )
Temperature T - (°C)
Absolute temperature Tabs - (K)
Reference temperature Tm 1350 eC)
Time t - (s)
Velocity u - (ms1
Thermal expansion coefficient  « 35x107° (K1
Strain rate é - (shH
Viscosity n - (Pas)
Reference viscosity 10 1020 (Pas)
Maximum lithosphere viscosity nmax 1078-10%4 (Pas)
Friction coefficient " 0-0.1 -)
Thermal diffusivity k 10-6 (m?2s™1
Density contrast Ape 600 (kgni3)
Reference density o 3300 (kg n3)
Stress o (Pa)
Yield stress Ty (MPa)
Surface yield stress 70 40-200 (MPa)
Maximum yield stress Tmax 200-400 (MPa)

Model Geometry

Box height h 660 (km)
Box length l 3300 (km)
Mesh resolution - from % 5 to 15x 15 (kmz)
Continental crust: height Hc 40 (km)
Continental crust: length Lc 660 (km)

essential that the trench is allowed to freely migrate. In ourthe effect of the high viscosity lower mantle acting as a rigid
models, the weak zone moves horizontally with the velocityboundary (Fig. 1). The plates may be allowed to move freely
of the overriding plate: at each time step, the horizontal ve-using 30-km-wide low viscosity areas at both the left and
locity of a point within the overriding plate and close (about right top corners of the model domain. The subducting plate
30km) to the trench is taken from the global model veloc- is free to move in all models, whereas the overriding plate is
ity field. This velocity is used to calculate the new position either free or fixed on the right-hand side (Fig. 1).

of the trench. The shallow weak zone between the plates has

a fixed shape, whereas the shape of the weak mantle wedgs3 Rheology

changes to follow the variations of the dip of the slab during

the model evolution. The position of a set of a hundred trac-The Viscosity of the system is temperature and stress depen-
ers within the slab at a depth interval of 50—150 km is used todent. The strain rate is accommodated by both diffusion and
re-shape the mantle Wedge according to the slab d|p The togiSIO(:ation creep (leth and KOhlStedt, 2003, Karato and Wu,
boundary has a fixed temperature 6f@) whereas the other 1993; Korenaga and Karato, 2008). The effective viscogity
boundaries have a fixed mantle temperatfife= 1350°C.  for each mechanism is defined as
Velocity boundary conditions are free-slip on all but the bot- . E*

tom boundary, where a no-slip condition is applied to modeln = AéTeXp(nRTabs)

@)
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Fig. 2. Results of the reference model Giax = 10?3 Pa s ande = 0): (a) viscosity plots of the model evolution; arrows show the velocity

field. Thick arrows indicate the trench position at each time step; the dotted line shows the trench position at the beginning of the model.
(b) Trench position angc) trench velocity during model evolution. Dashed lines correspond to panels of the viscosity ijtdNegative

velocity indicates trench retreating. Different colours and symbols indicate the four different subduction phases: black triangles (phase 1),
magenta squares (phase 2), grey diamonds (phase 3) and blue dots (phase 4).

with symbols as defined in Table 1. For diffusion creep, wherermaxis the maximum yield stress ang + upo is
n=1, whereas we assume= 3.5 for dry dislocation the Byerlee’s law (Byerlee, 1978} is the yield stress at the
creep (Karato and Wu, 1993). The activation eneljy— surfaceu is the friction coefficient, angy is the lithostatic
360kJ mot? is an average of published values, which vary pressure. At any point, the effective viscosity is the minimum
from 250 to 540 kJmol! (Karato and Wu, 1993). In addi- of viscosity values derived from each mechanism described
tion, the viscosity for the yielding mechanisms is calculatedabove. To account for other weakening mechanisms at low

to reduce the strength of the lithosphere: temperatures, we impose a maximum viscosity value, which
7y is varied between #8 and 16*Pas. The same rheology is
=5 (8) assumed for mantle and crustal material without any internal

v, is the yield stress described as rheological layering in the lithosphere.

Ty = min(to + ©1po, Tmax) (9)

www.solid-earth.net/3/293/2012/ Solid Earth, 3, 29306, 2012
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Table 2. Summary of the models used in this parametric study.

Model Maxn (Pas) u t19(MPa) tmax(MPa) Subducting plate Overriding plate

c1 1673 0 200 200 continental free
c2 1673 0.1 40 400 continental free
C3 1674 0 200 200 continental free
c4 104 0,1 40 400 continental free
c5 1673 0 200 200 continental fixed
c6 1073 0.1 40 400 continental fixed
c7 1674 0 200 200 continental fixed
cs 1074 0.1 40 400 continental fixed
o1 163 0 200 200 oceanic free
02 163 0.1 40 400 oceanic free
03 1074 0 200 200 oceanic free
04 1074 0.1 40 400 oceanic free
3 Numerical results plate reaches the zone where the slab needs to bend to enter

the trench (phase 3; Fig. 2a). At this stage, the trench veloc-

_ ity decreases until, at about 5 Myr, the continent arrives at the
We performed two sets of model calculations (Table 2). In thesubduction zone, and the trench starts to advance (Fig. 2b—c).

first _set, we |.nvest|gate the effect of th? presence of buoyanj g point, the buoyancy of the continental crust chokes the
continental lithosphere on trench motion. All models have g, y,ction process, which dramatically slows it down. After
the same initial geometry setup. Given the sensitivity of re-op .+ 7 \yr since the arrival of the continent at the trench
sults to plate strength, differences among the models conigee Fig. 2a panel 12.6 Myr), the slab starts showing the first
centrate on two rheological parameters: the maximum Visy,yications of necking and eventually it breaks because of the
cosity of the lithospherentna and4 the friction coefficient  jieraction of the two opposite forces: the pull of the oceanic
1. nmax varies between #§ and 16 _Pas, whereag Vares  gjap at the depth and the buoyancy of the shallow continen-
between 0 and 0.1. In models with = 0, the maximum 5 ¢,st (phase 4). During this last phase, the trench motion
yield stressrmax and the surface yield stresg are both 200 )5y increases its velocity for a short period and then it
MPa, whereas, in models with = 0.1, 7o = 40MPa and ., hjetely stops (Fig. 2c). The break-off occurs after about
Tmax = 400 MPa. Al O,f these pargmeters have a strong |nflu-l3 Myr from the collision and the continent reaches its max-
ence on the subduction dynamics, because they control thﬁnum depth of~160 km. The amount of advance is about
strength of the lithosphere and, therefore, its capability to de—100 km from 5 to 22 Myr (Fig. 2b).

form and bend. We compare these models with a similar set pogits from the continental model (C4) with an increased

of models with a purely oceanic subducting plate, i.e. by re-maximum viscosity value of 8Pas ang. = 0.1 are shown
placing the continental block with oceanic lithosphere, which;, Fig. 3. Although, in comparison to model C1, the cold
affects the average de_nS|ty and thermal thl_ckness. parts of the slabs become stronger, and material near the
_ The reference contment%L model C1 (Fig. 2) has @ max- face has a reduced strength due to the depth-dependent
imum Vviscosity Vall"e of 1¥Pas and depth-independent yjq|q sirength. Compared to C1, the amount of retreat in the
y!eld s_trength (i.ee=0). The r_no_del dynamics can be subdi- £ phases of subduction is larger. This is mostly due to the
vided into 4 phases: (1) the sinking of the slab into the uppelj, e yield strength at the surface, which reduces the effec-
mantle, (2) the unbending of the slab due to its interactiongye \iscosity of the plate in the bending zone where stresses
with the 660 km discontinuity, (3) the arrival of the continent are higher. The collision occurs after about 7 Myr since sub-

at the subduction zone and (4) the necking and break-off ofy,ction started and the trench begins to advance (Fig. 3).

the slab a_t depth. ) ) The slab starts necking at about 16 Myr, and it breaks af-
In the first phase, the trench retreats and its velocity proye, o5 \yr The trench advance is clearly accelerated dur-
gressively decreases while the slab approaches the 660 kmg this phase (Fig. 3b—c). The continental crust arrives at a

Qisgontinuity (Fig. 2). The decrease of the retreating Ve'°c'depth of almost 200 km (Fig. 3a). Compared to CL, it takes
ity is linked to the fact that the slab steepens. Aft.erwards,|Onger for the slab to break because the higher maximum
during the second phase, because of the unbending of thgq iy makes the slab stronger. Moreover, the continental
slab at depth, the retreating velocity increases in order 9 rust arrives about 40 km deeper compared to C1, mostly be-

accommodate the deep deformation (Fig. 2c). After abouly,,qe the lower yield strength at the surface allows for easier
3.5Myr from the beginning of the process, the continental
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Fig. 3. Results of the model C4ihax=10?4Pas andu = 0.1): (a) viscosity plots of the model evolution; arrows show the velocity field.

Thick arrows indicate the trench position at each time step; the dotted line shows the trench position at the beginning of it firedeh

position and(c) trench velocity during model evolution. Dashed lines correspond to panels of the viscosity flmtsNiegative velocity

indicates trench retreating. Different colours and symbols indicate the four different subduction phases: black triangles (phase 1), magenta

squares (phase 2), grey diamonds (phase 3) and blue dots (phase 4).

bending and, therefore, favours the subduction. In this modelmigration in the two models is opposite: the trench starts to
the amount of advance is about 220 km in 20 Myr (Fig. 3b). advance in models C1, whereas, in model O1, it keeps re-
When the reference model C1 is compared to model Olfreating. Comparing O1 with all the other oceanic subducting
with a purely oceanic lithosphere but otherwise the same rheplate models (Fig. 5), we observe that the amount of retreat
ological parameters of C1, significant differences are evidenaind trench velocity slightly change because of the difference
(Fig. 4). In the first two phases of subduction (sinking of the in the slab strength due to the variations of the rheological
slab and unbending), the dynamics of the system is the sam@arameters, but the overall subduction dynamics remains un-
Figure 4d—e shows that trench positions and velocities are alehanged.
most identical until about 4 Myr. In model C1, 4 Myr corre-  Continental models with a fixed overriding plate and
sponds to the arrival of the continental plateau to the bendingimax = 10?°3Pas (C5 and C6) show qualitatively the same
zone close to the trench. At this stage, the direction of trenchadvancing behaviour when collision occurs (Fig. 5a). The

www.solid-earth.net/3/293/2012/ Solid Earth, 3, 29306, 2012
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(negative velocity indicates trench retreating) during model evolution.

far end of the overriding plate is not free to move, but still triggers a return flow below the slab creating a small-scale
the trench is able to retreat and advance over about 40 kneell that drives the subducting plate towards the overriding
in response to the dynamics of the system. This is due tglate and results in an advancing margin (Fig. 7). This pro-
internal deformation of the overriding plate. This scenario cess pursues until the slab reaches a vertical position. The
does not occur in the models with a stronger lithosphere withHower the slab angle is before the continental plateau arrives
nmax = 10?4 Pas (C7 and C8), because the overriding plate isat the trench, the more advance is obtained for the slab to
too strong to deform. In that case, the trench is thus almosteach its vertical position. The total amount of advance de-
stationary during every phase of subduction (Fig. 5b). pends on the dip of the slab before the collision. For example,
in model C4 the slab is flatter than in C1, and therefore the
post-collisional advance is larger (Figs. 2 and 3).

4 Discussion After the vertical position is reached, the advance velocity
decreases. Later, we observe a new peak in the trench ve-
4.1 Dynamics of continental slab migration locity plots due to slab detachment (Figs. 2c and 3c). Over

time, the slab weakens thermally, starts stretching, and even-
Despite different rheological parameters, all model calcula-tually leads to slab necking and break-off (see van Hunen and
tions of continental subduction show the same kinematic beAllen, 2011, for a more detailed discussion of slab break-off
haviour (Fig. 6b), in which the trench starts to advance onceconditions). After slab detachment, the trench motion stops
the continent arrives at the subduction zone. The advanca few million years later. During stretching of the slab and,
ing mode in continental collision scenarios is at least partlyeventually, the break-off, the deepest part of the slab is al-
driven by an intrinsic feature of the system (Fig. 7). The lock- lowed to sink and this activates again the small-scale flow
ing of the subduction zone on arrival of the continent at thecircuit. In particular, one vigorous convection cell forms be-

trench induces the deepest part of the slab to move backow the slab and a weaker one above the slab (Fig. 7c).
wards, and the slab to progressively steepen. This, in turnfhe induced mantle circulation can exert shear tractions at
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Fig. 5. Trench migration for all models of the parametric study wigh maximum viscosityymax = 1023 Pas,(b) nmax = 10%4Pa s,(c)

friction coefficientu = 0 and(d) ©=0.1. Grey and black lines indicate the purely oceanic subduction, whereas the coloured lines are for
continental models: redifnax = 1073 Pas) and orangeifiax = 1074 Pas) are free overriding plate models; purpjgdx = 10?3 Pas) and
magenta fmax = 10?4Pa s) are models with a fixed overriding plate. Dashed lines show modelswwitB, whereas solid lines are for
models withy = 0.1.

the base of nearby plates (Conrad and Lithgow-Bertelloni, Although our numerical models are not intended to re-
2002). This leads to a new “pulse” of advance (Figs. 2c andproduce the detailed behaviour of any particular subduction
3c) and an overturning of the slab (Fig. 7). The resulting ge-zone, obtained results are able to highlight some key fea-
ometry of our models during slab detachment resembles thatres of continental collision. Tomographic images beneath
of the experimental results in Regard et al. (2008) where thecontinental collisions show that slabs are steep and often
return flow during the break-off leads to slab overturning.  detached (e.g. India, Replumaz et al 2004; Northern Apen-
Furthermore, during the stretching and subsequent slalnines, Lucente et al., 1999; Faccenna et al., 2001; Piromallo
break-off, the buoyant, previously subducted, continentaland Morelli, 2003; Carpathians, Wortel and Spakman, 2000;
material starts rising to the surface (Fig. 7). This exhumedAlps, Piromallo and Faccenna, 2004; Spakman et al., 2004).
continental material between the plates pushes them aparurthermore, the values of advance we obtained in our model
thereby promoting trench migration (Brun and Faccenna,(50-220 km; Fig. 6a) are consistent with the amount of mi-
2008). The weaker the lithosphere is, the more the ex-gration of the deformed belt recorded in the Arabia-Eurasia
humation is accommodated by internal plate deformationsystem (50-150 km; Hatzfeld and Molnar, 2010). On the
whereas, for stronger lithosphere, the exhumation leads tother hand, our kinematic results cannot explain all of the
a larger divergence of the overriding plates. Indeed, the in-advancing motion in the India-Eurasia collision (more than
crease of velocity in the trench motion is more evident in 1000 km in 50 Ma) (Matte et al, 1997; Replumaz et al., 2004;
model C4 than in the other continental models (Fig. 6). Guillot et al., 2003). Hence, it is likely that external forces
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play a role, such as the pull of neighbouring slabs (Li et al.,viscosity of 16*Pas as too high to model the effective vis-
2008), or the drag exerted on the base of the lithosphere bgosity of Earth’s lithosphere.

a large-scale, convective “conveyor mantle belt” (Becker and The mantle flow patterns that lead to the trench advance
Faccenna, 2011; Cande and Stegman, 2011). in our models are two-dimensional. To test the effect of the
toroidal flow around the slab edges, we run some prelimi-
nary 3-D models of continental subduction and we found the
same advancing behaviour. Furthermore, in our models we
do not change the length of the oceanic slab, whereas in nat-
Models with the friction coefficienix = 0.1, i.e. a depth- ural cases continental collision might occur after a long-lived
dependent yield strength, show a larger amount of both reoceanic subduction. However, we expect that the dynamics
treating and advance (Fig. 6a) than the ones with a conof the system would not change with a longer oceanic slab.
stant (high) yield strength. This is because the lithospherelhough, this might have an effect on the amount of trench
can more easily deform near the weak surface. In our modMmigration, since the dip of the slab once the continent arrives
els, the lithosphere is not free to move vertically since weat the trench might be different. Finally, in our models we as-
use a free slip boundary condition for the surface. Thereforesume that the discontinuity between upper and lower mantle
a weaker lithosphere (with = 0.1) is probably more appro- IS an impermeable barrier, whereas in nature slabs can pen-
priate to overcome this simplification (see Enns et al., 2005gtrate and might become anchored in the lower mantle. This
Di Giuseppe et al., 2008 for more details). We observe thais likely to have an effect on the dynamics of subduction and,
in all models the amount of retreat during the oceanic subtherefore, on trench migration. However, even taking into ac-
duction and the advance during continental subduction argount the presence of the lower mantle, the advancing mode
approximately the same. This is because, when the slab afs still expected since the mechanisms described above would
rives at the bottom boundary, it is almost vertical and its dip still occur.

decreases (slightly in model C1 and dramatically in model

C4) (Figs. 2 and 3) during the retreating phase. Then, the ad-

vancing phase continues until the vertical position is reached Conclusions

again (and a little after that, especially in model C4) and,

therefore, approximately at the position of the trench in theWe performed a parametric numerical study to investigate
early stage of the model. Moreover, models with a fixed over-the intrinsic effects of continental subducting lithosphere on
riding plate andjmax = 1074 Pa's show no trench motion, be- trench migration. Our model results show how trenches can
cause the strength of the lithosphere is too high to defornstart advancing when continental collision occurs. These re-
it. However, internal lithospheric deformation is common in sults are consistent with natural collisional zones such as
collisional settings (as expressed in e.g. back-arc basins anfirabia-Eurasia and India-Eurasia, where the advancing style
orogeny). Modelling results are difficult to directly export to is recorded in geological features. We propose that the ad-
a natural system, given the several assumptions made in theancing mode is induced by return flow triggered by the
models (such as absence of possible external forces). Keepoeck of the subduction zone and the following steepening of
ing in mind these assumptions, however, we propose that ¢he slab generating a small-scale convection cell. The same

4.2 Model limitations
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process activates again when the deepest oceanic part of theknowledgementsie thank reviewers C. Conrad and R. Pyskly-
slab sinks, thanks to the stretching and, then, the detachmemtec and the editor S. Buiter for their helpful and constructive
of the slab, resulting in a last pulse of advance. Moreover, weaeviews that significantly improve the manuscript. This research
found that the total amount of advance depends on the dif’as supported by the European Young Investigators (EURYI)
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the trench advances. Advancing behaviour is observed with-
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to those observed for the Arabia-Eurasia collision. These reggjteq by: S. Buiter, F. Funiciello, and J. van Hunen

sults show that there is not necessarily a need to invoke exter-

nal plate-driving forces to explain the migration of the sub-

duction zone towards the overriding plate during continental

collision.
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