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Abstract. The properties of the subduction interplate do- (20-Myr-old) and soft lithosphere under a thick upper plate.
main are likely to affect not only the seismogenic potential Finally, both the BDT depth and the decoupling depth are a
of the subduction area but also the overall subduction profunction of the subducting plate age, but are not influenced
cess, as it influences its viability. Numerical simulations arein the same fashion: cool and old subducting plates deepen
performed to model the long-term equilibrium state of the the BDT but shallow the interplate decoupling depth. Even
subduction interplate when the diving lithosphere interactsif BDT and kinematic decoupling are intrinsically related to
with both the overriding plate and the surrounding convec-different mechanisms of deformation, this work shows that
tive mantle. The thermomechanical model combines a nonthey are able to interact closely. Comparison between mod-
Newtonian viscous rheology and a pseudo-brittle rheology.elling results and observations suggests a minimum friction
Rock strength here depends on depth, temperature and stregsefficient of 0.045 for the interplate plane, even 0.069 in
for both oceanic crust and mantle rocks. | study the evolu-some cases, to model realistic BDT depths. The modelled
tion through time of, on one hand, the brittle-ductile tran- zgec is a bit deeper than suggested by geophysical observa-
sition (BDT) depth,zgpT, and, on the other hand, of the tions. Eventually, the better way to improve the adjustment to
kinematic decoupling depthgec, Simulated along the sub- observations may rely on a moderate to strong asthenosphere
duction interplate. The results show that both a high frictionviscosity reduction in the metasomatised mantle wedge.

and a low ductile strength at the asthenospheric wedge tip
shallowzgpt. The influence of the weak material activation
energy is of second order but not negligitgpt becomes
dependent on the ductile strength increase with depth (actival ~ Introduction

tion volume) if the BDT occurs at the interplate decoupling

depth. Regarding the interplate decoupling depth, it is shal-The subduction interplate domain (considered either as a
lowed (1) significantly if mantle viscosity at asthenospheric Plane or a channel, depending on the setting) is an inter-
wedge tip is low, (2) if the difference in mantle and interplate face of seismogenic coupling at the time scale of one seis-
activation energy is weak, and (3) if the activation volume Mic cycle, and also of kinematic decoupling on long-term
is increased. Very low friction coefficients and/or low as- 9eological time scales. The properties of this very partic-
thenospheric viscosities promaigot = zqec | then present ular interface are likely to affect not only the seismogenic
how the subducting lithosphere age affects the brittle-ductilePotential of the subduction area but also the overall subduc-
transition depth and the kinematic decoupling depth in thistion process, as it influences its viability. However, the differ-
model. Simulations show that a rheological model in which €t mechanisms governing the subduction interplate dynam-
the respective activation energies of mantle and interplatdcS remain poorly known. For instance, a great variability of
material are too close hinders the mechanical decoupling e down-dip limit of the seismogenic zone is observed, en-
the down-dip extent of the interplate, and eventually jams thecompassed between 30 and 70 km (Pacheco et 811993

subduction process during incipient subduction of a youngHeuret et al. 2011). This depth might be (at least partly)
controlled by the brittle-ductile transition occurring along
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468 D. Arcay: Modelling of subduction interplate dynamics
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Fig. 1. (a) Definition of the interplate decoupling depttyec An outline of high strain rate is schematically represented by the green line.

The light-dotted domain depicts the motionless upper lithosphere. The subduction interplate plane, here envisioned as a tangential kinematic
discontinuity, is coloured in black. The interplate weak layer, located at the subducting lithosphere surface as an oceanic subducting crust
layer, is depicted in grey. The “viscous blanket” refers to the thermal boundary layer formed by asthenospheric cooling at the subducting
lithosphere surfaceK(ncaid and Sacksl997). (b) Definition of the brittle-ductile transition depthgpT. The brittle-ductile boundary (red

line) connects rock elements where the pseudo-brittle strengtaguals the non-Newtonian viscosity, The medium is modelled as brittle

above and ductile below, as sketch in the stress-depth diagram along the interplate plane on the right. The shallowinggifeci @m

energy activation decrease, keeping constant the reference viscosity, is sketched in blue.

the subduction channel, and could thus depend on man¥eken et al.2002, or a progressive kinematic coupling be-
variables such as temperature, pressure, compositional variween the upper lithosphere sublayer and the subducting slab
ations, strain rate, etc. This implies a self-consistent equilib{Kneller et al, 2005 2007 Syracuse et 312010. Another
rium state of the subduction interplate, whose characteristicepproach aims at simulating low strength/low shear along
would depend on the subduction setting. Numerical simu-the interplate boundary, by either assigning low viscosities
lations of subduction dynamics appear as one of the moréo the interface nodesB{llen and Gurnis 2001 Kelemen
powerful tools to try to unravel the physics of the interplate et al, 2003 Wada et al. 2008 Wada and Wang2009, or
dynamics. limiting shear stresszZhong and Gurnis1995 van Hunen
et al, 2002, or impeding fore-arc deformation if predicted

1.1 Modelling the subduction interplate in simulations  tg occur in the brittle domain, itself being delimited by a

of convergence predetermined temperatur€gnder 2005 Syracuse et gl.
, . ) . 2010. Thermo-kinematic models with prescribed interplate
Numenca_l modelling Of subdu.ct|on shows that the tecr‘r"quemechanics are useful to test specific assumptions suggested
used to 'S|mulate the kmematlc? decoupling between the tWOoy observations, such as partial melting domain extent and/or
converging plates has a huge influence on the produced fegs.; ety of the cold fore-arc nose, because subduction ge-
tures mterestmg the modeller, especially at the convectiv metry can easily be adjusted to fit the observed one. How-
mantle wedge tip where the contact between the two plateg, o, one part of the involved physics regulating the interplate

stops (FiQ-la)- There occur very high gradients in tempera- equilibrium cannot be resolved and demands a dynamic mod-
ture, strain rate, and strength that eventually govern the mo lling in which temperature, flow, and stress evolve freely

Chara(‘the”Et'C pe;tterrli of ']Elhe mantle W_edged dynf_;\mu;s d€3nd consistently as a function of their own interactions. This
tected at the surface: heat flow increase in a domain of overys e main burpose motivating this paper.

all cooling, p_artial melting, and high flux of expelled fluids. In the present study, numerical models are performed to
}Alslo, numzncal n:pdels d(re]mo_nshrat(ra] that thf lOWhStrengéhstudy the equilibrium state of the subduction interplate when
au t zone decoupling mechanica y the two p at-es as t.o Ghe diving lithosphere interacts with both the overriding plate

assigned t‘? mimic a reallst_lc convergence zone, otherwise, 4nd the surrounding convective mantle, after a 650—900 km
c?mpletedwzcolus mechanlcfalhco?pllng betweeln F_"ate; takg}I%ngth of subduction, i.e. when the subduction transient state
p'altt:f and the lower Eart of the ?]re”-arc dmanr':e IS a late (more or less) ends. The decoupling interface geometry is
yie l'ng an extremel eatlr?gdaths a %W ept I(eE%er € q not fixed and its properties are not assigned, as both evolve
et al, 0.02)' ngera methods have been explored 10 de-55 a function of advection of weak crustal material within

couple kinematically the two converging plates. A first set interplate layer. Rock strength here depends on depth,

is based on kinematic assumptions, such as imposing: freg, ., yerature and stress, for both the mantle and the weak
slip along the _boundaryF@rukawanga; rigid and motion- crust filling the interplate domain. The thermo-mechanical
less fore-arc lithospher&€acock and Hyndmah999 van

Solid Earth, 3, 467-488 2012 www.solid-earth.net/3/467/2012/



D. Arcay: Modelling of subduction interplate dynamics 469

model combines a non-Newtonian viscous rheology and &gpTt = zdec May be much more restricted than initially ex-
pseudo-brittle rheology. By combining these two mechanicalpected.
behaviours, one is then able to study how the bounds of the Note that the BDT may result from a complex phe-
brittle realm along the subduction plane, on the one handnomenon, possibly involving metamorphic reactions and
and the down-dip extent of kinematic decoupling betweenfluid migration, as suggested by non-volcanic tremors (e.g.
the two converging lithospheres, on the other hand, stabilis®©bara 2002 Audet et al, 2009 and/or specific deformation
through time and possibly interact, as a function of (1) rheo-mechanisms (e.@ranlund et al.2001), which will not be
logical parameters and (2) subduction parameters (e.g. cortested here. The interplate domain is here simply modelled by
vergence rate, subducting lithosphere and upper plate strua layer compositionally different from the surrounding man-
tures, asthenosphere flows). Regarding item 2, this paper faide, with specific rheological parameters. In nature this inter-
cuses on the influence of the subducting lithosphere age. face is probably made of pounded material mixing subducted
sediments and slices of over-riding crust torn during under-
thrusting (e.gLallemand et a].1992 Lallemand 1995 Col-
lot et al, 20117), therefore much weaker than the subducting
oceanic crust. Hence, its rheological properties are assumed
to be close to those of a continental crust to mimic the be-
Kinematically speaking, the tangential displacement be-haviour of a real subduction channel. From a technical point
tween the upper lithosphere and the subducting slab is desf view, it is nevertheless easier to assume that the layer lo-
coupled on both sides of the interplate plane. Below the in-calising deformation has the geometry of the oceanic sub-
terplate decoupling depth, mantle rocks overlying the sub-ducting crust. Its density must however be adjusted as if it
ducting slab are passively dragged down by the latter. Thavere oceanic crust to model correctly the slab pull and a re-
transition depth between decoupled motions above and coualistic force balance.
pled displacements below is labelled the “interplate decou- The paper starts with the description of the modelling
pling depth” Furukawa 1993. Advection of warm astheno- setup. Next, the dynamics of the subduction interplate is
spheric rocks occurs into the wedge to replace the mantlsimulated for two end-member ages of the subducting litho-
dragged down along the slab by viscous coupling across thephere, 100 Myr and- 20 Myr, representing the interval en-
slab top (labelled corner flow, Fi@ia). This rising return flow  countered on Earth in the vast majority of subduction zones
is mainly passive. As a result, a large temperature jump oc{Heuret and Lallemand005 (excluding three subduction
curs across the slab top in the vicinity of the interplate de-zones: Cascadia, Mexico, and the Chile triple junction where
coupling depth, resulting in a drastic mantle viscosity de-the subducting plate is younger than 15 Myr). | first study
crease if the rheology is non-Newtonian and temperaturehow zgpt and zgec equilibrate for a subducting plate
dependentAndrews and Sleed974 Hondg 1985, and en- 100 km thick, by varying brittle parameters and also the non-
tails a corner flow focussing at the decoupling interface baseNewtonian strength. | then lean on the derived conclusions
Moreover, focused high strain rates, confined in the decouto explain why the subduction of a young lithosphere may be
pling interface until its down-dip extent, jump away from the sustainable or not, depending on the modelled rheology. The
slab surface and reach the asthenospheric wedge over a rel@fluence of the convergence rate aayc has been already
tively narrow interval where thermal gradients are very high extensively studied elsewherAr€ay et al, 2007ha, 2008
(Fig. 1a). Therefore, the interplate decoupling depth resultsand is not investigated here.
from a thermomechanical equilibrium, probably depending
on the asthenosphere/interplate material strength contrast,
and also on subduction parameters, such as convergence rage, Model setup
that govern the interplate strain rates and flow velocities in
the mantle wedge. A thermochemical code of convectiorClfristensen and
From the surface to a given depth along the interplateYuen 1984 Christensen1992 is used to model subduc-
plane, stress along the subduction plane increases with deption. It solves the momentum, energy, and mass conservation
together with the brittle yield stress. Meanwhile, temperatureequations. Rocks are assumed to be incompressible, except
increases and reduces the ductile strength. As a consequender the thermal buoyancy term in the momentum equation,
the brittle stress increase finally crosses the ductile stress dend for the adiabatic heating term (Taldlgin the energy
crease at a depth where interplate stress is maximum, defirequation (extended Boussinesq approximation). Shear heat-
ing the brittle-ductile transition (BDT, Fid.b). The depth of  ing (i.e. viscous and frictional dissipations) and uniform heat
BDT, zgpT, cannot exceed the interplate decoupling depth,production are also included in the heat conservation equa-
Zdec DUt sSOmMe authors have assumed that the kinematic deion. Indeed, shear heating has been shown to help signifi-
coupling was occurring at the BDF@rukawa 1993 Con- cantly strain localisation and weak strength inside the sub-
der, 2005 Arcay et al, 2007ha, 2008. | test this hypothesis  duction interface by sustaining high temperature (Bgin
in this paper and show that conditions required to simulateand Henry 2001 Faccenda et gl.2008. The simulation

1.2 Depth of interplate kinematic decoupling vs. depth
of brittle-ductile transition
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Fig. 2. Boundary conditions for old and young subducting lithospheres and thermal conditions when subduction is initiated. The weak layer
geometry imposed at simulation start is depicted in blue. The subducting velggityis imposed on the lithosphere in a 832-km-wide and
16-km-deep domain, respectively, counted from the box left-hand side and from the box surface, respectively. Slip is free on the remaining
surface at the top, which allows the subduction geometry for evolving freely. One isotherm evé@.4U temperature field is constant

in the red dashed area, and mimics the lithosphere cooling from formation at the ridge (top left corner) to a chosen lithosphgre age,

400 km away(a) Boundary conditions and initial state for a converging lithosphere 100 Myr-old at the trapghis set to 90 Myr.(b)

Boundary conditions and initial state for a converging lithosphe28-Myr-old at the trenchA iy, is set to 10 Myr.

box is 2220 km wide and 555 km high (Fig). Composi-  boundary during convergence basically relies on the strength
tion (either mantle or weak crust) is tracked by two types contrast between the weak layer plane and the mantle, com-
of tracer that have different densities and rheological properposing the upper lithosphere and also the remaining part of
ties. Buoyancy depends on temperature, through the thermahe subducting plate. Deformation localisation along the con-
expansion coefficient, and composition (crust/mantle). Com-vergence boundary is then a function not only of the specific
positional tracers are advected with the velocity fieldn(  mechanical properties of the modelled mantle and crust, but

Keken et al.1997). also on the interplate geotherm or, more precisely, on the dif-
ference between interplate and upper plate geotherms. If the
2.1 Mechanical boundary conditions and subduction thermo-mechanical conditions are such that the weak crustal
modelling material is able to localise deformation, the subducting man-

o . tle lithosphere bends, and the weak material flows at the sub-
Subduction is simulated by applying a constant convergencey,qting plate surface to continuously fill the initial interplate

rate ofvsup= 6.5cmyr* on top of the incoming lithosphere, - ,annel. Subduction in this case is successfully initiated and
on a 832-km-wide and 16-km-deep segment (g.The g gystained by the constant convergence rate.

diving plate then e_volves freely within _the trench area. The The lower box boundary is open to prevent unrealistic slab
upper lithosphere is 100 km thick and is here assumed t0 b@eformation that would occur if the slab encountered the box
simply made.of mantle r?cks. ]’he Incoming plate is coveredyqe. However, a vertical resistance against flow is modelled
by a 7-km-thick layer of “crust” material much weaker than i, gome simulations to help the convective mantle, if not re-
the underlying mantle. At simulation start, an initiaP30p-  gjgiant enough, to compensate the subducting slab weight. If
ping interplate layer made of weak crust material is imposed; s the wavenumber of a harmonic vertical flow field, the
from the surface to 55 km depth, at the middle of the box. The,qgistance to vertical flows applied at box bottary, writes

trench is hence initially located 1110km away from the left- 5, & wherev is the viscosity of the virtual material
hand side of the box. Strain localisation along the interplate

Solid Earth, 3, 467-488 2012 www.solid-earth.net/3/467/2012/
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Table 1. Parameter names and values.

Parameter name

Symbol Value

471

Box height Hop 555 km

Bottom temperature Ty 1888 K

Surface temperature T 273K

Mantle density om 3300 kg m3
Mantle radiogenic heat production A 9.20x 10°8wm=3
Adiabatic gradient (z‘%)adiab 0.445K knt1
Thermal diffusivity K 0.8x 10 6m2s1
Thermal expansion coefficient a 35x109K™1
Heat capacity Cp 0.971x 103J (Kkg)~!
Thermal conductivity k 256 WmitK—1
Dissipation number Di = %fo 0.196

Gravity acceleration g 9.81ms?2

Weak layer thickness H, 7km

Cohesive strength 70 1 MPa

Stress exponent in the viscous rheology n 3

Stress exponent in the brittle rheology np 30

Reference strain rate éref 101451

Yield stress increase with depth (mantle)  y, 1.6

that should underlie the open lower boundary. The boundaryions as described above, but without convergence velocity.
condition along the box bottomés, —2R,v, = 0, wheres,, The lithosphere has finally a homogeneous 100 km thickness
is the non-hydrostatic vertical stress ands the vertical ve-  (Fig. 2a), with basal small perturbations resulting from small-
locity (Ribe and Christenseti994). By setting the reference scale convection. A pseudo-ridge is imposed at the incom-
strain rate in the modekyes, to 10 14s71, and the subduc- ing lithosphere extremity, and simulates the plate conductive
tion velocity, vsup, to 6.5cmyr?, the vertical scale length cooling from 0Ma to a chosen lithosphere aggn, on a
of deformation isL. = vgyp/éref, Which defines here the main 400 km width (Fig.2). The structure of this pseudo-ridge is
wavelength of deformatiort, 2. v is set to either the normal constantly sustained as a boundary condition, and is used to
viscosity at box bottomygg: vgz =1 inv =g X Vg5 (NO re-generate the incoming lithosphere while it is consumed by
viscosity jump across the lower boundary, simulations S10subduction. An overlying layer of 7-km, weak, crustal mate-
and S12 for instance in Tab®) or 10 times the viscosity at rial is also constantly maintained on the surface of the newly
555 km depthifg; = 10, e.g. simulations S12 and S13, Ta- formed lithosphere. As imposed by the assigned boundary
ble 2). Other mechanical boundary conditions are presentedonditions, a segment of lithosphere of agjg, is located
in Fig. 2. 710km away from the trench and undergoes an ageing of
~11 My during its route to the subduction trench at a speed
2.2 Thermal boundary conditions — modelling the of 6.5cmyrl. As a consequence, the valueAj is set to
subduction of a constant age-at-trench lithosphere 90 Myr to account for the newly formed lithosphere cooling

) ] ) ) . and thickening and to finally model a subducting lithosphere
The whole convective box is heated by a uniform radiogenicy¢ - onstant age.

source (Tabld). Along the surface, the temperature is sett0  Thea thermal thickness of a 20-Myr-old subducting litho-
0°C, whereas all other boundaries are insulating. At SUdeC'sphere defined by the 120G isotherm depth, should be
tion initiation, the upper lithosphere thermal structure is that|ose 10 52 km according to the half-space (;ooling model

of an old (=100 Myr) and cold lithosphere, at equilibrium 1, rcotte and Schubert982. However, this thickness re-

with the underlying convective mantle, thence stable. Theg s in a predicted surface heat flux of 69 mWarior the

same thermal state is applied for the incoming plate in Mod+nerma| conductivity | assume (Tablg, while surface heat
els of 100-Myr-old lithosphere subduction (sect@n This g, estimates of oceanic basin floor indicate a value of
thermal structure ensures constant equilibrium between co0lz5thar~112 mW n2 for a 20-Myr-old oceanic lithosphere
ing from above and heating from below by asthenosphergpgin and Fleitout 19963. This high heat flux would im-

convective flows, which prevent any plate thermal thicken-p|y a quite thin lithosphere only 31 km thick. A compromise
ing during subduction. The simulation box thermal struc- temperature gradient of 3426 km~! is imposed from the
ture is the result of a preliminary run in the same condi-
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Table 2. Simulation list.

Simu- Plate Rheo- Mantle Crust Acti- Acti- Viscosity Viscosity Visco- Crust Crust Brittle— Interplate  Interplate
lation age logy acti- acti- vation vation pre- at mantle sity density yield ductile decoupling dip
at label vation vation energy volume expo- wedge jump at stress transition depth angle
trench energy energy contrast nential tip box increase depth at12Myr  at 12 Myr
constant bottom with at 12 Myr
A EZ Eg AEq Va Ag Vasth vig Pc depth ZBDT Zdec 0
Myr kimol kImorl kImor! m3mol~l MPa3s? Pas kg/m Yo km km °
S6 100 C6 435 370 65 1610°° 19170.94 2.74% 1019 x 10 2920 0.045 64 64 30
S10 100 C10 490 335 155 151075  1467369.2 2.74% 1019 x 1 2920 0.069 47.8 92 30
S10LG 100 C10LG 490 335 155 151075  1467369.2 2.742 1019 x 1 2920 0.007 83.8 83.8 30
S12 100 C12 435 370 65 17107° 317624  2.74% 10'° x1 2920 0.045 58.1 58.1 30
S13 100 C13 465 360 105 17105 339428.7 2.74% 1019 x 10 2920 0.034 7.7 7.7 30
S13HG 100  C13HG 465 360 105 ®7107° 3394287 2.74% 109  x 10 2920 0.061 5287 76.9 30
S13f14 100  C13f14 465 360 105 7107° 3394287 523% 10  x10 2920 0.034 64 64 30
S14 100 Cl4b 465 360 105 bT10~° 339428.7 2.74% 1019 x 10 2920 0.069 50.4 77.9 30
S6b 18 c6 435 370 65 161075 1917094 2.74210'° x10 3110 0.045 - - -
S10b 18 C10 490 335 155 15107°  1467369.2 2.74% 10'° x 1 3300 0.069 44.8 95.5 23.1
S12b 18 Cl12 435 370 65 1,710°° 31762.4 2.74% 1019 x 1 3220 0.045 - - -
S12b2 18 c12 435 370 65 171075 317624  2.74%10°  x1 3300 0.045 - - -
S13b 18 C13 465 360 105 17105 339428.7 2.74% 1019 x 10 3300 0.034 52.9 87.5 23.1
S13b2 18 C13 465 360 105 BT10~° 339428.7 2.74% 1019 x 10 2920 0.034 61.4 90.5 20.9
S13c 30 c13 465 360 105 171075 3394287 2.74%10°%  x 10 2920 0.034 69 83.1 21.6
S13fl4c 30 C13f14 465 360 105 71075 339428.7 5.235 107 x 10 2920 0.034 68.5 67 20.1
S14b 20 Cl4b 465 360 105 bT107° 339428.7 2.74% 1019 x 10 3300 0.069 47.6 96.5 28.5

www.solid-earth.net/3/467/2012/
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surface to the lithosphere base (39 km depth) to mimic aof oceanic crust hydrous minerals and deserpentinisation of
20-Myr-old plate.Ajii, is then adjusted to 10 Myr to main- the underlying subducting cold mantle, (2) vertical migra-
tain a roughly constant lithospheric age of 20 Myr at trench.tion of expelled fluids and subsequent water-saturation of the
Note that the thermal structure of the interplate area is a bibverlying asthenospheric rocks in the hydrated mantle wedge
cooled at subduction onset for hot incoming plates to helparea, and (3) hydrous strength weakening for hydrated man-
strain localisation. The isotherms of the incoming lithospheretle rocks. The model of slab dehydration prediction-mantle
are curved to be parallel to the subduction plane, which enwedge hydration in the absence of slab melting based on ac-
hances the strength of the first subducting lithospheric segeurate P — T phase diagrams was extensively described in
ment and favours deformation localisation within the weak Arcay et al.(2005 2006. | do not want to go into the de-

plane (Fig.2b). tails of the modelling, since the purpose in this paper is to
use it as a way to simulate a viscosity decrease only in the

2.3 Rheology vicinity of the mantle wedge tip where the subduction inter-
] face ends. In a nutshell, the dehydration—hydration geome-

2.3.1 Rheological model try is basically a function of the diving lithosphere thermal

state. For a 6.5cm yt convergence rate and a 100-Myr-old
plate, the hydrated area width in the mantle wedge equals at
maximum 133 km, 6.5 Myr after subduction initiation, and
decreases to the steady value of 84 km at 15 Myr, as a conse-

. . . uence of the subduction dip angle increase while slab pull
variants of the stress and strain rate tensors, respectively. Th b ang P

T o . evelops. | choose to reduce for water-saturated rocks the
effective viscosity is given by the harmonic average between . . : .
: X ) ; .. pre-exponential constant in EZ|to Ag/14, which results in
a brittle-plastic termyp,, and the non-Newtonian viscosity

R A ) ' a hydrous strength reduction of ¥4~ 52 (Table2) if the
strepgth,vv. Vet =V + by -, assuming thaF the total defor effective non-Newtonian viscosity has to be expressed rather
mation is the sum of brittle and ductile strains.

; . . as a function of the energy dissipation rate), than strain
The psegdo—brlt.tle rheplogy is modelled through a yield rate, (Christensen1984 Dumoulin et al, 1999.
stress, ry, increasing with depthz: 7, =19+ ¥ (C)pgz,

wheret is the cohesive strength at the surface anis a
coefficient depending here on composition. This coefficient
is related to the friction coefficieny, through the relation-
ship (Turcotte and Schubet982 :y = 2f;(1—py/p)/(1+
Y2 — £,), wherep,, is the water density. The effective
plastic viscosityyy, is given by

The rheological model combines a pseudo-brittle rheology,
with a yield stress increasing with depth, to a non-Newtonian
creep rheology. An effective viscosityy, is defined through
the relationshipr = vefté, wheret andé are the second in-

2.3.2 Choice of rheological parameter sets

The goal is to investigate the interplay between brittle and
ductile rheologies along the subduction interface. As brittle
deformation is mainly controlled by the friction coefficient,

the only tested parameter is the weak layer frictional coeffi-

14 cient, y., keeping constant the cohesive strength at the sur-
by = Tyenpl @ faceCo, the exponent, in Eq. 1 and the reference strain
.7p rate,érer. To simplify, the mantle friction coefficien;,,, will
Eref also remain set to 1.6 (Tabid.

whereé et is a reference strain rate ang is a large stress 1" this paper, creep behaviour is a function of temper-

coefficient (Tablel). In the plastic domain, very large strain ature, pressure, strain rate, and composition (mantle/weak

rates are simulated as soon as stress exceeds the yield stre@yer)- The temperature- and pressure-dependence in vis-
The non-Newtonian rock viscosity,, writes as cosity are respectively controlled by the activation energy
v and the activation volume (E@®). The effects ofV,, weak

E.(C)+ Vapgz\ .14 crust and mantle activation energigs; and E', have to
T) en ) be tested. Activation volume and activation energy represent
only strength gradients in the logarithm of viscosity (associ-

where T is temperature in kelvindg the pre-exponential ated with thermal and pressure gradients, respectively), and
constant,E, the activation energy, depending on composi- a reference viscosity at a given depth and temperature has
tion, V, the activation volume; an exponent different from to be assigned. It has been shown that the effective viscos-
1, andR is the gas constant (Tablg. The choice of a non- ity at the lithosphere base, corresponding to a minimum if
Newtonian rheology in the creep deformation model favoursT - and P-dependences are both modelled, is crucial in trig-
the development of a self-sustaining localisation of deforma-gering of small-scale convective processes ([@ayaille and
tion within area of high strain-rate and low strength and fa- Jaupart 1993 Dumoulin et al, 2001, Morency et al. 2002
cilitates subduction initiationBillen and Hirth 20095. Dumoulin et al, 2009, as well as in subduction initiation, as

In two simulations (S13f14 and S13f14b, Tal2e a lo- it favours, if low enough, the corner flow activation necessary
cal viscosity decrease is modelled in the mantle wedge are#o stop the kinematic decoupling and mechanical coupling
by simulating (1) slab dehydration related to destabilisationbetween the two converging plates at high depths (2oin

vy = Ag exp<
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and Henry2001, Kukatka and Matyska2004 2008. There-  as well as the tracer density was validated in a former study
fore, | choose to scale ductile strengths with different activa-(Arcay et al, 2005.

tion energies and volumes by adjusting the pre-exponential

constantAp, in Eq. @), to keep the asthenosphere viscosity ] ] o

atthe lithosphere basessi(z =100 km depth7 = 1350°C, 3  Interplate dynamics for an old incoming lithosphere

éref = 1071%s71), equal to 2.72410'°Pas. Nevertheless, - ollow ions describe how the | |
the influence ofuasih is also tested by modelling in a few e two following sections describe how the interplate struc-

experiments a hydrous strength weakening associated witfire evolves as a function of rheological parameters when the
mantle wedge metasomatism (see S2&.1) subducting lithosphere is old and100 km thick, i.e. when

Hence, four different ductile rheologies are tested (la_the strength contrast between the weak interplate material

belled C6, C10, C12, and C13, Tat}, in order to inves- and the surrounding mantle is maximum. The weak “crust”

tigate the respective influence of weak crust activation en—denslty is set to 2920 kgni. The time window is encom-

ergy, E¢, mantle activation energys™, the difference be- passed between 10 and 14 Myr, i.e. close to the end of the
tween ftlhe latter tWOAE, = E™ — E;c and the activation subduction transient state, to capture both the main charac-
a — a ’

volume of both compositiond/,. Rheology C6 simulates a teristics of the subduction steady-state and of their evolution.

weak crust whose strength is close to the undried Adirondac :
; : . .1 Estim f n

granulite studied byvilks and Carte(1990 and a mantle 5 stimate ofzgpr and zdec
strength similar to the one of wet synthetic olivirafato | et ys first define the brittle-ductile transition deptlpr,
etal, 1986. Rheologles.CG apd Cl2are identical except _forand the interplate decoupling depthies in these simula-
a moderate difference in activation volume, and both sim-(ions. Figure3a illustrates the subduction zone in simula-
ulate the ductile behaviours of, respectively, the dry maficion 513, 16 Myr after simulation start. As the subduction
granulite Wilks and Carter199Q for the weak layer, and  jnerplate domain concentrates deformation, it corresponds
an intermediate strength between wet dur_nt_e at I_ow temperagy 5 maximum in energy dissipation rate, compared to neigh-
ture (Chopra and Patersp981) and wet olivine Hirthand - poyring areas (Fig3b). The coordinates of the subduction
Kohlstedt 199 at high temperature. Rheology C13 models jane are thus extracted by looking for maximum dissipation
aweak crust close to the dry diabase studiettbpy (1983 r5tes in a window encompassing the converging boundary,
and a mantle with a strength similar to wet Aheim dunite at 54 define the interplate sampling line depicted in Ba.
high temperatureWilks and Carter199Q and encompassed  ang b, Four mechanical fields are then interpolated along
at low temperature between wet olivineHirby (1983 and  hjs Jine: dissipation rates, deviatoric stress, strain rate, and
wet synthetic olivine irkarato et al(1989. » temperature (Fig3c). Since brittle strength increases lin-

Finally, since the depth of brittle-ductile transition may de- early from the surface to a maximum at the brittle-ductile
pend on interactions between ductile creep and brittle defory,ansition depthzgpr is defined by the depth of maximum
mation, two strategies are followed to study this possible in-g4egg (Fig.3c2). | verify that this depth is never deeper

terplay. On the one hand, the ductile thermo-mechanical pagap, the brittle-ductile boundary defined by the relationship
rameters are kept constant, whereas | vary the crust frictional, (. -y _,, (. 7) (red line in Fig.3b). Beyond thezgpr

coefficient (rheologies C10vs. C10LG; C13vs. C13HG; C13yenth, deformation is mainly ductile and stress decreases
vs. C14b, Table?). On the other hand, the friction parame- \ypile temperature keeps on rising. At the down-dip limit of

ter is kept constant in rheologies C6 and C12 (and in C13e sybduction plane, the slab surface is in contact with the
and C13ful4), whereas the combination of ductile rheologyasthenosphere and there occurs a strong increase in thermal

parameters is changed. gradient. Asthenospheric rocks become there mechanically
) _ coupled to the subducting platgiecis hence defined by the
2.4 Numerical resolution depth where the strongest temperature increase is recorded

) ] ) o along the interplate sampling line, which should correspond
The conservation equations are solved with a spline finite elyg the 1ocation where isotherms at the mantle wedge tip be-
ement method on a non-deforming grid (Eulerian approachome sub-vertical (Figla and3b). As deformation jumps

Christensen and YueA984 Christensenl992. The simu-  from the subduction interface to the asthenospheric tip at the
lation box, 2220 km wide and 555 km high, is discretised into depthz = zge, We Verify that strain rate, dissipation rate and

332x 90 nodes. The grid is refined to improve resolution in gress decrease to zero fof zgec (Fig. 3¢).

areas of high thermal and deformation gradients. Close to

the subduction plane and in the wedge tip area, the horizon3 2 Rheological parameters controlling the

tal and depth grid spacings are 2.8 and 2.3 km, respectively. brittle-ductile transition depth

Outside the mantle wedge, they are equal to 9.5 and 10.2 km,

respectively. The tracer density is uniform over the simula-Figure4a summarises the modellegpt for all tested rhe-
tion box (1 per kmd), with a minimum of seven tracers in ologies obtained between 10 and 14 Myr after subduction on-
the smallest meshes. The numerical discretisation used hewget. The brittle-ductile transition is usually not stabilised yet
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Fig. 3. (a) Simulation S13 (rheology C13, 100-Myr-old subducting lithosphere, T2hl&6 Myr after subduction initiation. The trench is

located at the abscissa= 0 km. One isotherm (black line) every 200. The interplate sampling line (orange line) joins the points where
dissipation energy rates are maximum (see the text for detéisClose-up on the subduction interface. Outlines of dissipation energy

rate (green lines) are depicted every 10 pWam(c) Profiles along the interplate sampling line of, from left to right, (1) dissipated energy

rate, (2) second invariant of the deviatoric stress tensor, (3) second invariant of the strain rate tensor, and (4) temperature. Note that, in this
particular case, the brittle-ductile transition deptBpT, is so close to the interplate decoupling deptiy that they are assumed to be

equal.

in most cases, and either deepens or shallows through timeluctile stress curve at deeper levels (Rigand Fig 5, com-
but the order from the shallowest to the deepest BDT is genpare modelled brittle strengths in simulations S13 and S14b),
erally constant. | focus opgpt obtained 12 Myr after sub- assuming that the interplate ductile strength is roughly con-
duction initiation to discuss the effects of rheological param-stant at a given depth from a simulation to the other. The
eters. only exception to this rule is obtained in simulation S14b,
First, as one may expect, for constant asthenosphere viswherezgpt is always deeper than in simulation S10 (at min-
cosity at the down-dip limit of the subduction plane (i.e. asideimum by 2.6 km at 12 Myr, up to 11 km at 10 Myr), despite
rheology C13f14), the BDT depth is mostly dependent on thethe same friction coefficientyf =0.069). The influence of
crustal friction coefficient, which defines the slope of yield the weak material activation energy appears here: if ductile
strength increase (Fidb). zgpT is minimum for the highest  strengths are scaled to keep the asthenosphere viscosity con-
friction coefficient ¢gpt =47.9-50.4km,y. = 0.069, rhe-  stant, a lower activation energy{(C10) = 335kJ mot 2,
ologies C10 and C14b) and progressively deepemsisse-  while ES(C14b) = 360 kJ mot 1) reduces the interplate vis-
duced inrheology C13HG§pt =51.8+ 7 km,y, = 0.061), cosity decrease for a given geotherm, and yieldssgr
C12 ggpt =58km, y. =0.045), C6 ¢gpT =64 km, y. = shallowing (Fig.1b). Note that determininggpt in sim-
0.045), C13 {gpT = 77 km,y. = 0.034), and C10LGy,. = ulation S14b is not straightforward (as in simulations S10
0.007,zgpt ~84 km but the measurement is quite inaccurateand S13HG), because stress does not strongly decrease after
for this extremely low friction coefficient). When friction co- the maximum stress and slowly lowers with depth, until the
efficient decreases, the brittle stress envelope intersects thebrupt reduction oncegyec is exceeded (Figha). The depth
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Fig. 4. (a)brittle-ductile transition depth simulated as a function of

time elapsed from subduction initiation, for an old subducting litho- Zapr < Zgec - ZBDT = Zdec -
sphere (simulations S6, S10, S10LG, S12, S13, S13HG, S13f14,

and S14 in Tabl®). The question mark underlines the assumed es- Interplate stress Gﬁ Interplate stress Oy
timate forzgpT at 12 Myr for rheology C10LG, with an extremely
low friction coefficient for the weak layer, which makes the mea-
surement impossible at that time. Minimum and maximum values Brittle

can nevertheless be measured, as illustrated by the uncertainty ba& weak channel
The assumedgpt value at 12 Myr is set to mid-depth in the un- 7T [7 ey Brittle
certainty interval, as it also corresponds to the interplate decoupling Ductile weak channel
depth at this timgb). It is indeed likely thatzgpT = zgec in this weak channel

case(b) Interplate decoupling depth evolution, for an old subduct- Zgee
ing lithosphere, simulated for the same models ggjn T 7.

Viscous

N

BDT]

Viscous asthenosphere

asthenosphere

< <

mterva-l bgtwee@BDT andzgec in which stress Qf?‘d“a”y '€ Fig. 5. Stress profiles computed along the subduction interface for

duces in simulations S10, S13HG, and S14b is interpreted agy, o|g incoming lithosphere, 12 Myr after subduction initiation, for

the crust ductile domain (Figc). simulations S10 and S14b {@), and S13 and S13f14 itb). (c)
Apart fromy,, the BDT depth is strongly influenced by the Interpretative interplate strength profile as a function of the rela-

asthenospheric viscosity. Simulations S13 and S13f14, diftionship betweergpt andzgec

fering by the mantle viscosity at the asthenospheric wedge

tip, clearly show azgpt shallowing (by~ 11 km) associ-

ated with the imposed mantle viscosity reduction. As de-

picted in Fig.4b, the BDT depth equals the interplate de- o : i .
coupling depth at all times in simulations S13 and 813f14.12 Myr in simulation S6 (Fig4a anq b). Therefore, the in-
The interpretation in that specific situation is that the BDT fluence ofV, onzgpr may be the direct consequence of the
is controlled by the kinematic decoupling depthec (see m_terplate decc_;uplmg d_epth dependencégr_(see SecB.3).
Sect.3.4). A softer asthenosphere is more easily entrained':'g'65ummar|ses the influence of rheo!oglc_al parameters on
by the slab surface, which shallows the kinematic coupling*BPT andzgec for a 100-Myr-old subducting lithosphere.
between wedge mantle and subducting plate and results in a
zdec decrease. As a result, the enhanced heating at the su$-3 Rheological parameters controlling the interplate
duction plate down-dip extent softens the weak layer ductile ~ decoupling depth
strength (Fig5, compare simulations S13 and S3f14), and
finally brings about the transition from brittle to ductile de- The simulated interplate decoupling depth is always encom-
formation closer to the trenct\(cay et al, 2007h 2008. passed in a depth interval narrower than obtained for the
At last, simulations show that an activation volume in- BDT (between 64 and 92 km depth, whereasdkgr inter-
crease shallowsgpt (compare simulations S8/, = 1.5 x val is 40—-92 km, Fig4b). Even though not completely sta-
10°m3mol~1, and S12V, = 1.7 x 10-°>m®mol~1). Note  ble at 12 Myr, | focus again on interplate decoupling depths

that we obtainigpt = zdec @s soon as 10 Myr, but only from
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modelled 12 Myr after subduction initiation, when it is close S0 T 1]

to steady state. g o ey Cldb ]
el ®C13HG ]

3.3.1 Parameter with weak (to very weak) influence on  ~" [ ce
Zdec: Crust friction coefficient % ‘60:* cua ]

. . . . . .S [ < mse ]
Considering models with constant asthenospheric viscosity.2 ola méf g @ B
simulations C13, C13HG, and C14b model very clogg: 28 viscosty 15 1
values (-87 km depth), despite very different friction coeffi- % | % 13 1
cients (Table2). Similarly, simulations C10 and C10LG with § 8o Mantle wedge viscosity -
identical ductile rheological parameters but distinct friction T [ c10S, — 1
coefficients converge towards the samgc depth for sub- = [ Z a ]
m -0 ° —

duction durations longer than 12 Myr, suggesting that the
friction coefficient influence vanishes. Likewise, simulations -100
S10 and S14b with the same crust friction coefficient but

dlfferent_ ductile parameters show very different k'”emat_'c Fig. 6. brittle-ductile transition depth versus interplate decoupling
decoupling depths. I conclude that the interplate deCour’l'n%epth modelled after 12 Myr of convergence, for an old subduct-

-90 -80 -70
Interplate decoupling depth, z, . (km)

depth is thus independent fropp. ing lithosphere (simulations S6, S10, S10LG, S12, S13, S13HG,
S13f14, and S14 in Tab®. Both depths are equal along the thick
3.3.2 Parameters governinggec: asthenospheric black line. The influence of rheological parameterszgpt and

strength, activation volume, and activation energy  zgecis highlighted in red and green, respectively.
discrepancy between weak crust and mantle

By definition, zgec is the maximum depth of strain local- ference between the latter twa\E,, if mantle strength,
isation along the interplate: far > zqgec, maximum strain  vas, at the mantle wedge tip, is unchanged (simulations
rates jump to the viscous blanket surface and the upper plat&86, S12, S13, and S10gec is minimum for the lowest
base, but are not located within the subducting crust anymorelifference in activation energy between mantle and weak
(Fig. 1a). This is further highlighted by the interplate sam- crust (AE, = 65kJmot?l, z4ec=58 and 64 km, rheologies
pling line, materialising maximum dissipation rates along theC12 and C6), deepens te 87 km when AE, increases
interplate, that jumps away from the weak layer precisely at(105 kJ mot?, for rheologies C13, C13HG and C14b), until
the depthy = zgec (Fig 3b). The fundamental role of the hot its deepest value modelled for the high&st, in rheology
corner flow in subduction sustainability is to stop the kine- C10 (155 kJ mot?, zgec=92 km). To understand this resuilt,
matic decoupling between the converging structui2sirg note that the kinematic transition from decoupling to cou-
and Henry2001): both the compressive setting and the ther- pling between the mantle wedge and the subducting plate
mal adherence between the cold subducting plate and this controlled by the strength contrast (1) between the in-
cooled fore-arc maintain the mechanical coupling betweerterplate domain and the upper lithosphere, and (2) between
the converging plates until high depth and act to prevent ahe subducting slab surface and the mantle wedge. Let us
dipping and self-sustained subduction. This is the reason whyonsider the interplate segment encompassed betygean
the viscosity at the lithosphere—asthenosphere boundary hasdzqec in the ductile realm. The weak crustal material lo-
a significant effect ongec The hydrous viscosity reduction calises deformation along the subduction interface, because
modelled in simulation S13f14 promotes the asthenospherd is weaker than the surrounding cooled mantle. However,
drag by the subducting slab, which in turn amplifies the heatthe interplate geotherm is much colder than a classical verti-
flux advected by the return flow towards the interplate down-cal geotherm across a 100-km-thick oceanic lithosphere (see
dip extent. Similarly, as mentioned above, a slight increase irFig. 3c4). At the depthr = zgec, the cold subducted crustal
activation volume results in a moderai@c shallowing (by  layer is suddenly strongly heated but never reaches the as-
~6 km) (Fig. 4b). As the viscosity at the upper plate base thenospheric temperature (the weak layer temperature being
is identical in rheology C6 and C12, tHé, increase em- always lower than 80%C, Fig.3b). As a consequence, at the
phasises the viscosity contrast with respect to shallower andepth of the lithosphere—asthenosphere boundary, the weak-
deeper strengths, which enhances the corner flow focussingst layer is the asthenosphere and not the subducted crust
at the mantle wedge tifK(lkatka and Matyska2008, and  anymore, implying there is a jump of strain localisation to-
shallows a bit the maximum depth of plate kinematic decou-wards the hot mantle (Fidlb). Of course, the contrast be-
pling. tween mantle and crust ductile strengths is givenAyy,,

The last parameter affecting the interplate decouplingmeaning that a highh E, promotes strain localisation within
depth is neither the activation energy of the weak crust mathe weak subducted crust until deep levels, which deepens
terial, ES, nor the mantle onefE”', alone, but is the dif- zg4ec Note that the corner flow is active if the asthenosphere
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Fig. 7. (a) Interplate profiles of dissipated energy rates simulated

12 Myr after subduction initiation in models S6, S10, S12, S13, andFig. 8. Simulation S6 (rheology C6, 100-Myr-old incoming litho-

S10LG.(b) Corresponding geotherms simulated at the same time. sphere, Tabl&), 12 Myr after subduction initiation: close-up on the
subduction interface. One isotherm (black line) every 200The
blue filled domain represents the weak subducting layer. Outlines of
dissipation energy rate (green lines) are depicted every 20 gV m

is successfully dragged downward by the slab, which occurs
only if the dragging layer at the slab—asthenosphere conta . .
is more viscous than the mantle wedge medium (as clearlinilllygor\]/ems the mte_rplatet dﬁﬁ?um:jng tc:1epth, and not the
evidenced byKukatka and Matyska2008. It is in fact the rittie behaviour oceurming at shaflow deptns.

subducting slab-induced cooling that is responsible for this3 4 Conditions favourin
dragging (“viscous blanket” formatiorincaid and Sacks ' gzeot

1997, see also Figl), or, in other words, the “lithospherisa- The BDT and the limit of kinematic decoupling between the
tion” of the asthenosphere at the crust surface that triggers itgyq converging plates occur at the same depth from 10 Myr
downwards flow. after subduction initiation in simulations S13 and S13f14,
One may wonder if the interplate geotherm finally governs and from 12 Myr in simulations S6, S12 and S10LG (Hip.
the location of maximum kinematic decoupling. From the | a|| cases the friction coefficient is low (at maximum equal
surface toz = zdec temperature within the interplate chan- tg 0.045 in simulations S6 and S12, TaBle A (relatively)
nel is strongly affected by the friction coefficient, ascon-  high friction coefficient entails high shear stresses that ex-
trols the shearing stress and thus the rate of dissipated energed ductile stress at shallow depths and minimizes brittle de-
(Fig. 7a), if strain rate remains roughly controlled by the con- formation. A very low friction is hence necessary to sustain
stant convergence rate. As a consequence, dissipation rafgittie behaviour at deep levels. In most cases, the transition
increases from simulation S13 (23.7 W50 km depth,  from brittle to creep deformation is forced by the sudden high
ve = 0.034) to simulations S6 and S12 (28.4pWy. =  temperature increase in the vicinity of the asthenosphere. The
0.045), to a maximum in simulation S10 (39 uWfy. =  BDT depth would thus be controlled by the decoupling depth
0.069). This results in a significant temperature differencejgcation, rather than vice versa. Simulation S6 shows that the
along the subduction interplate, as illustrated in FB,  weak material filling the interplate boundary is mainly brit-
12 Myr after simulation startl{ = 454°C in simulation S10  tje all along the converging boundary. Its upper part jumps to
at a depth of 50km and only 34€ in simulation S13).  the ductile domain exactly at the depth: zgec (Fig. 8). The
Hence the brittle behaviour indirectly affects the interplate pasic influence of corner flow observed wheyt = zgecis
decoupling depth by modifying the interplate geotherm. Theg|so suggested by the comparison of interplate stress between
dissipation energy associated with brittle deformation wouldsjmylations S13 and S13f14 (Fif), where a low astheno-
rather act as an accelerating factor than a decoupling Uigspheric strength shallowsgec and yields a BDT shallowing
ger, actually. In simulation S10LG, performed with an ex- of the same amount. To sum up, the situation where the BDT
tremely low friction coefficient, dissipation rate and temper- occurs at the down-dip extent of the interplate plane is condi-
ature along the subduction interface are very low (Bidflhe  tioned by a low interplate friction coefficient and/or by a low
interplate decoupling depth requires a longer subduction duasthenosphere viscosity at the mantle wedge tip. It is how-

ration to reach a stable |Ocati0n, but f|na”y stabilizes at theever far from being a genera| case, as |n|t|a||y assumed by
same depth as the one modelled in simulation S10 &Y.  Arcay et al.(2007ha, 20089.

| conclude that it is the thermomechanical equilibrium at the
down-dip extent of the interplate plane/mantle wedge tip that

= Zdec
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4 Interplate dynamics for a young incoming lithosphere a. Rheology C10
Subducting lithosphere age = 18 Myr

N T

0
km

In this section, the initiation of a young and hot lithosphere
subduction under a 100-km-thick upper plate is investigated
as a function of the rheological parameter set. The model i
setup is depicted in Figzh. The same rheologies as in the 111
previous section are tested. The influence of the weak layer
density is also tested. Before presenting the modelling re-
sults, a synthesis from old plate subduction modelling is
briefly summarised to discuss which factors are likely to be =
the most sensitive for the initiation of young lithosphere sub-
duction.

£ L L L E|
-111 0 km 111 km 222 333

4.1 Parameters favouring the interplate kinematic
. e . b. Rheology C6
decoupling: key parameters for the initiation of Subducting lithosphere age = 18 Myr
a hot lithosphere subduction km — ‘ ‘

Strain localisation allowing for kinematic decoupling be-
tween the two converging plates is carried out from the il
surface to the BDT depth thanks to the low crustal brittle il
yield strength. In the ductile part of the interplate plane (for
ZBDT < Z < Zded), the localisation of deformation is favoured
by a high difference in activation energy between the inter-
plate layer and the surrounding mantle. Localisation is also
helped by the non-Newtonian strength, decreasing in high i 11 4
strain rate areas, that focuses deformation within highly de- L ‘ ! ‘ ‘ ‘ /- B
forming and low strength layers. Note that the kinematic " o e ” ’m
decoupling at the interplate down-dip extent is promoted if Fig. 9. Simulation of a young and hot lithosphere subduction, using
ZBDT = Zdec because shear heating contributes to decreastheology C10 (a), simulation S10b, Tabl) and C6 (b), simula-
stress. In the vicinity of the asthenosphere, high strain rategon S6b), 6 Myr after convergence initiation. Close-up on the sub-
along the interplate plane separate in two main branche§uction zone. One isotherm (black line) every 2aD Thick black
(Fig. 1b): one at the viscous blanket surface where the asputll_nes are (_jeplcte_d every 20% increase in crust copcentratlon.
thenosphere is sheared by slab drag, and the second spreg -tl'\;‘ves of gssl'.pat'onf energy rate (red lines) are dep'CtZd '.sverg
ing out along the overlapping plate base where the upper wwm '_14Ut_'qes of constant strain rates in green are depicte
. . every 4x107-"s™ .

part of the corner flow takes place. The kinematic decou-
pling stops at = zgec, because strain localisation within the
weak crust layer is shifted towards the viscous blanket sur-
face where the hot asthenosphere is very soft. For a youngonal tests are performed with a decreased asthenospheric
subducting lithosphere, the kinematic decoupling in the in-viscosity. The subduction process initiates nicely in simula-
terplate ductile part may be hindered by the hot subductingions S10b, S13b, and S14b. The kinematic decoupling be-
thermal state: On one hand, the downward slab pull that vertween the two converging plates and the kinematic coupling
ticalises the convergent motion is reduced, and, on the othewith the mantle stir up the corner flow and make the subduc-
hand, the thermal gradient between subducting slab and hdton process sustainable (Figa). On the contrary, in sim-
asthenosphere (and thus the viscous drag efficiency) is lessHations S6b, S12b, and S12b2, the subduction process at
ened. To test the first point, different densities of the weakthe interplate down-dip extent slows down and eventually
crust layer are tested. The second one might be partly comgets jammed along the sublithospheric layer. In these three
pensated if a low viscosity is added at the mantle wedge tip.cases, the interplate plane is locked very soon (in less than

6 Myr after simulation start) while convergence at the down-
4.2 Results: convergence mode of a young subducting  dip extent, initially with a 30dipping angle, becomes hori-

lithosphere — influence of rheology zontal (Fig.9b). As a consequence, the downwards astheno-

sphere drag at the subducting slab surface stops, and the up-
The subduction of a 18Myr-old~ 50 km thick) lithosphere  per branch of the corner flow necessary to heat and decouple
under a 100-km-thick lithosphere is performed with the five mechanically the slab surface from the overlying plate base
rheological sets discussed in sect®(C6, C10, C12, C13, is not active. The subducted slab is thermally weakened and
and C14b) with different densities of the weak layer. Addi- finally drips.
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www.solid-earth.net/3/467/2012/ Solid Earth, 3, 4672488 2012



480 D. Arcay: Modelling of subduction interplate dynamics

(T s70L into the basal sublayer of the forearc lithosphere, suggesting

Q that above this depth the forearc mantle becomes the local-
ising layer (Fig.9b). The slab flattening is likely to further
enhance the interplate cooling and strengthening. However,
if a high A E, might promote the interplate kinematic decou-
pling in the vicinity of the hot upper sublithospheric layer,
s1320 \ } note that a too higm_Ea could result in a bupyant qrgsta_tl
18 My, S 100 Myr A layer too soft to remain attached to the slab, if eclogitization
p=-380ke/m™ N\ ya is not modelled.
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fg%{f07 4.3 Interplate geometry for a young incoming
T lithosphere — comparison to an old plate subduction

Figure 10 compares the BDT and the interplate decoupling
depths modelled 12 Myr after subduction initiation, for 18-
Myr-old and 100-Myr-old subducting lithospheres. Rheolo-
gies for which subduction of a hot lithosphere fails are not in-
90 80 70 cluded. Two additional simulations, S13c and S13fl4c, per-
Interplate decoupling depth, z, _(km) formed with an intermediate lithosphere age of 30 Myr at
the trench (Tabl@) are displayed. The situatiaR.. = zspT
Fig. 10. BDT versus interplate decoupling depths modelled for js modelled for a young incoming plate only if a hydrous
young and old incoming lithospheres. The subducting Iithospherestrength reduction is applied at the asthenospheric wedge tip
ageing at the trench yields simultaneously a BDT deepening and gsjmylation S13f14c). Generally, the subducting lithosphere
shallowing ofzgec (dashed arrows), except when a hydrous viscos- g aing deepens a bit the BDT depth for high friction coeffi-
ity reduction is modelled in the asthenosphere, resultingisr = h - L
Zgecat all ages. plents (.by'w3 km, rheologles C10and C14b) but S|gn|f|gantly
if low frictions are imposed (rheology C13gpT deepening
of 25 km). The deepening effect of the incoming lithosphere
ageing is the direct consequence of the interplate geotherm
In simulation S12b, subduction fails because the weakcooling. Note that the weak crust density modifies a bit the
crust is not able to dig efficiently its own way towards the as- interplate dip angle and a lot the deep slab dip, while buoyant
thenosphere and accumulates at shallow depths, which jamzust reduces dip angles (Tal#g The dip angle decrease
the interplate, but the crust buoyancy is set to zero in simulaassociated with crust buoyancy cools the interplate domain
tion S12b2 without improving the subduction interplate func- and, consequently, deepens begit (offset of only 3km
tioning. The interplate jamming is not observed in simula- between simulation S13b and S13b2, Hig). andzgec (deep-
tions S6b and S12b2, although performed with a crust densitgning by 8.5 km).
lower than the mantle density (—~190 and —80 kefnrespec- Contrary tozgpT, the decoupling depth shallows with the
tively, Table?2), but subduction stops as the kinematic cou- subducting lithosphere ageing (by10km and 17 km, re-
pling between slab and asthenosphere is still never triggeredpectively, for rheologies C13 and C14b, respectively). This
Interplate geotherms in simulations S6b, S12b, and S12b2nay result from the high viscosity of the viscous blanket
are close to those simulated in simulations S10b, S13b, and/hen the subducting plate is old: low temperatures at the slab
S14b. It is hence not the interplate geotherm that governsurface strengthen the viscous blanket that is then able to mo-
alone the efficiency of the interplate kinematic decouplingbilise a thicker layer of hot asthenosphere, and emphasises
but probably the corresponding strength contrast betweetthe corner flow effect on the shallow interplate weakening.
mantle and crust. The three simulations showing a jammed his effect is small for rheology C10, whetg.cis very deep
subduction are also the three ones with the lowes}. Sup-  for an old subducting lithosphere and already close to the
plementary simulations identical to S6b, S12b and S12b2 areipper plate thickness, and cannot be much more deepened
performed by including the hydrous strength decrease apfor a young lithosphere subduction (deepening~&km
plied in rheology C13f144 in Eq.2is replaced bydy/14) betweenA|i, =100 Myr and Ajiih=18 Myr). Note that the
without improving the interplate decoupling that cannot oc- hydrous strength decrease simulated in the asthenospheric
cur at the interplate down-dip extent. HeneeE, appears wedge shallowggec also for a young incoming lithosphere
as a basic parameter to model a successful initiation of subfcompare simulations S13c and S13fl4c). In that case, the
duction in this setup. A minimuni\ E, may be necessary significantzgec Shallowing riseggecup to the BDT depth. As
to compensate for the cold interplate thermal state to susa consequence, the lithosphere ageing effecigegpicancels
tain the crust weakness with respect to a normal and thencthe BDT deepening for this specific rheology and shallows
hotter mantle. Above- 67 km depth, high strain rates jump the BDT, in spite of interplate cooling.
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Fig. 11. Compressive force through time, applied on the young subducting plate, to sustain a constant convergence rate of'6 fcmyr
different rheological models, subducting lithosphere ages, and weak layer densities.

4.4 Consequences for subduction initiation and (rheology C13f14). Finally, note that the weak layer friction
perennity coefficient strongly increases the force resistant to subduc-

tion: close to steady-state subductidf),~ 2.8 x 1012 N/m
To test the viability of the subduction system, the compres-in simulation S13 % = 0.034, Ap,=0kgm3) increases

sive force exerted by the kinematic boundary condition toto F; ~ 7.3 x 10/2Nm~1 in simulation S14b . = 0.069,
sustain a constant convergence rate of 6.5 crhys com- Ape=0kgn3).

puted as the deviation of horizontal deviatoric stresses,

from hydrostatic stresses in an oceanic column of dempgity

(Christensen1992: 5 Discussion
Zc Zc

F, = —/Gxxdz +/Pref(Z)ngZ (3) 5.1 Friction coefficient along the interplate shear zone
0 0

The coefficient of friction along the subduction fault plane
wherez, is the compensation depth (259 km depth)> 0 is still a matter of debate, and the low to very low val-
indicates a compressive stress state. Subduction is realistites chosen here may be questionable. Numerous studies of
cally modelled if F; approximates that of natural tectonic convergence argue for friction coefficients higher than 0.2,
force, that is, not higher than 3Nm~1. This force be- such as in northern Childglouis et al. 1998, Himalayas
comes rapidly excessive when the mechanical decoupling bgCattin and Avouac2000, Andaman—-Sumatraattin et al,
tween the two converging plate does not occur, as simulate@009, as also indicated by accretionary/non-accretionary
in simulations S6b and S12b (Fifl). Setting to zero the wedge dynamicsl@llemand et al.1994. On the contrary,
weak layer buoyancy has no effect on the extremely highvery low frictional coefficients (D5 < y. < 0.09 and even
exerted compression (simulation S12b2). However, a zerg, = 0.03) have been invoked to explain low stress state in
density contrast between weak crust and mamtje,, is re- Cascadia, Kermadec, NE and SW Japan subduction zones
quired to maintain the applied force to subduct to an accept{Wang et al. 1995 Wang and Suyehir01999 Wang and

able level with rheology C13, even if (1) the subduction in- He, 1999 von Herzen et al.200]) or low shear stress es-
terplate decoupling properly works and (2) the weak crusttimates from subduction megathrustsanb, 2006. Simi-
friction coefficient is low. The alternative to model a realistic larly, Tichelaar and Ruf{1993 assume low friction coef-
compressive force (but still high, by 6.7 x 1012 N/m)isto  ficients (0047 < y, < 0.13) to predict shear stresses along
decrease the asthenosphere strength in the mantle wedge tipe subduction plane from heat flow data inversion. Such low
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Fig. 12. brittle-ductile transition deptfa) and interplate decoupling depth) modelled in this study (crosses) as a function of the subduc-
tion thermal parameteg,. For all subduction zones, the thermal parametes, Ajitn x vsyp X SinG, is computed using the Submap database
(Heuret and Lalleman@005 Heuret et al.2011, http://submap.gm.univ-montp2 ¥reompiling world-wide subduction rates,, subduct-

ing plate agesAjitn, and interplate dip angl®,. (a) The range of maximum depth of seismogenic rupture along the subduction interplate,
D,, encountered in world-wide subduction zones compiledHeyret et al(2011), is depicted by the blue dotted domain. Green boxes
represent depth intervals of tectonic tremors observed in the vicinity of the subduction interplate, possibly located:glogeatiter (1)
Brown et al.(2009, (2) Brown et al.(2010, (3) Ide (2012, (4) Peterson and Christensé2009, (5) Kao et al.(2009, (6) Boyarko and
Brudzinski(2010, and (7)Gomberg et al(2010. (b) Interplate decoupling depth inferred from seismic tomography (purple dots, depth of
high lateral contrast in seismic wave propagation velocity and/or in attenuation in the subduction wedge tigdc @stimates from heat

flow profiles from trench to back-arc (red boxes and diamonds). For Cascadia, Mexico, N Chile, Central Andes, Sunda and Kermadec, the
uncertainty in depth mainly comes from the poorly resolved subduction geometry in the vicinity of the interplate down-dip extent.

coefficients of effective friction could result from high pore thermal state. One possible way to reconcile high and low
pressure and porosity down to a few tens of kilometer depthfriction coefficient estimates might be to test a friction coef-
as suggested in NE Japadidgee and Zobagk 993 and in ficient significantly varying with depth, as a function of tem-
the Cascadia subduction zorfeeacock et a/2011). More- perature, fluid pressure, and metamorphic reactions.

over, numerical models of dynamic subduction simulating re-

alistic viscoplastic rheology (including sometimes elasticity) 5.2 BDT and subduction decoupling depth in nature

reveal that a low strength interplate plane & 0.1) is re-

quired to model realistic convergence of strong lithospheresx minimum boundary forzspt can be inferred from the
(Hassani et al.1997 Hall and Gurnis 2003 Sobolev and  ayimum seismogenic depth along the subduction inter-
Babeykq 2005 Tagawa et &).2007 Gorczyk et al. 2007).  ta0e The maximum depth of seismic coupling was initially
Gerya et al(2008 show that a very high strength contrast be- thought to be restricted to 40 km dep®Ruff and Kanamori
tween converging plates and the sheared interplate material,%s’ but more recent studies suggest a broad interval, be-
favoured by an interplate friction coefficient close to zero, istween 20-55kmTichelaar and Ruff1993 and up to 35—
necessary to model one-sided subduction over a wide rangeq km (Pacheco et 311993 based a 19 subduction zones),
of subducting lithosphere age. Finally, this suggests strong,nich was very recently confirmed by a worldwide subduc-
variations of friction properties from a subduction plane to 4gn catalogue analysidHeuret et al. 2013, showing that
another, depending on the local lithology, stratigraphy andine gown-dip extent of seismic coupling is well beyond the
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upper plate Moho depth in 70% of subduction zones. Redateral transition between hot asthenosphere at the mantle
cent mega-earthquakes at subduction zones also suggest thigt and the cooled fore-arc nose on top of the cold sub-
seismogenic slip occurs up to 55 km defdthy et al, 2012). ducting slab surface is probably imaged by an abrupt lat-
Figurel2a compares BDT depths modelled in this paper anderal increase in seismic wave velocities and/or in seismic
maximum interplate seismogenic depths in nature, labelledvave quality factor,Q, as observed in NE Japan, Casca-
D,. The comparison is based on the subduction thermal padia, and Alaska£hao et al. 1992 2001, Stachnik et al.
rameter,¢, defined by the product of the lithosphere age 2004). zgec would then be inferred at a depth of 45km
at trench, Ajiin, and of the vertical descending slab veloc- at minimum in Cascadia;-65km in Alaska, and possibly
ity, vsup x Sin6, wherevgyp is the down-dip subduction rate around 65 km in NE Japan (Fig2b). It is however difficult
normal to the trench and is the interplate dip angle. The to interpret definitely the transition from high to low seis-
simulated interplate dip after 12 Myr of subduction is listed mic wave velocity in the vicinity of the slab surface in terms
in Table2. The depth of tectonic tremors, whose hypocen- of temperature increase close to the asthenospheric mantle
ters are found to be close to the interplate fault, can also bevedge, as low seismic velocity anomalies may be related to
used as a bound fagpT, Since tectonic tremors are often either partial melting, possibly compatible with high temper-
argued to occur in the transition realm between seismic slipatures, or on the contrary to serpentinisation in the fore-arc
and aseismic creep (elge, 2012 Lay et al, 2012 Fig.12a). lithospheric mantleBostock and van Decat995 Bostock
One might expect that hypocenters of tectonic tremors wouldet al, 2002 Brocher et al. 2003, implying low tempera-
be located directly beyonf,, but this is not systematically tures (antigorite being stable below650°C, Schmidt and
observed, as for instance, in Alaska, where tectonic tremor®oli, 1998. Profiles of surface heat flux perpendicular to
could be much deeper thdh, or in Mexico and Costa Rica, the trench display in the area located just after the trench
where tectonic tremors are shallower thyn (Fig. 12a). the upper plate surface cooling induced by subduction and
Being aware that the relationship between tectonic tremordore-arc cooling and, moving far away from the trench, the
and the maximum down-dip extent of the seismogenic in-progressive fore-arc re-heating towards the volcanic front
terplate may not be straightforward and is well beyond thewith a significant increase on top of the decoupling depth.
scope of this study, both types of data are here simply usedhe location of the maximum heat flux detected just ahead
to constrain the interplate modelling. Considering the rangethe volcanic arc, combined with the subducting slab geom-
of seismogenic constraints as an upper bound for the BDTetry imaged by seismic data and/or Wadati—Benioff zone,
depth in the present modelling, rheologies C10 and Cl4kcan then be used to evaluatg. Furukawa(1993 shows
are the best candidates to fit observations for very differ-that the heat flux increase from the trench toward the vol-
ent subducting plate ages, meaning that the modelled friceanic arc can be simulated only Ffiec is set to 70km in
tion coefficient should be close to 0.069. At low subduction thermo-kinematic models of the NE Japan subduction zone
thermal parameterg (< 1000 km), the BDT depth modelled (Fig. 12b), in agreement with thegec value inferred from
with rheology C13 (and even C13f14) is in agreement with seismic wave tomography. Two additional cold subduction
tectonic tremor depths in eastern Alaska, but only rheologyzones (highg) with a sufficient resolution in surface heat
C13f14 is in agreement witlb, values observed at high flow can be discussed: Hikurangidwnend 1997, and the
(> 3000 km). Low friction coefficients and lows E,, (rhe- Global Heat Flow Database from the International Heat Flow
ology C12, even possibly C6) also fit, estimates for cold commission,http://www.heatflow.und.edu/index2.htmip-
subductions, but are inadequate to simulate subductions adated 12 January 2011) and Kermadean( Herzen et al.
a young and hot lithosphere. Very low friction coefficients 2001). In Hikurangi, the maximum heat flow (110 mW)
are excluded y. < 0.034, rheologies C13 and C10LG) to is located~ 130km in front of the volcanic front, while in
model the interplate BDT for cold subduction zones. This Kermadec it is very close to the volcanic arc (20-35km,
finally suggests a minimum friction coefficient of 0.045 to ~130 mW n12). Using for both the subduction geometry in-
simulatezgpT < 65 km if hydrated asthenosphere viscosity ferred from the EHB catalogehgdahl et al.1998 subduc-
decrease is not simulated (rheology C6, Hb). The oc- tion profiles being extracted through the Submap extraction
currence ofzgpTt = zgec is then unlikely, unless the mantle tool, http://submap.gm.univ-montp2_fideuret et al., 2011),
wedge presents a low viscosity, possibly sustained by thehe correspondinggec should be around 35-40 km in Hiku-
diving slab dehydration and mantle wedge metasomatismrangi, and encompassed between 50 and 75 km in Kermadec.
which questions the necessary amount of strength reductiom the Cascadia subduction zone, the heat flow increase at
associated with fluid permeation. the volcanic front £ 90 mW nt 2, Davies and Lewis1984

How can the interplate decoupling depth in this model beLewis et al, 1988 1992 Hyndman and Lewis1999, ob-
constrained? Two main types of geophysical data may beserved~200km away from the trench, would suggest an
looked at: seismic wave (attenuation) tomography and heainterplate decoupling depth of 75km based on the sub-
flows profiles. Once again, the comparison between modduction geometry inferred froriliick et al.(1997. Never-
elling results and observations is based on the subductiotheless, thermo-kinematic modelling the mantle wedge flow
thermal parameteAbers et al.(2006 show that the sharp performed byCurrie et al(2004) fits heat flow profiles when
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Zdec IS set to 60 km depth. This is deeper than inferred fromduce alone the whole range of obsergggr andzgec On the
seismic wave tomography study, showing a low velocity whole, heat flow data indicate shallowgi: than modelled
anomaly at the slab surface startingl5 km depth, and deep- in this paper, especially regarding minimum estimates in N
ening by following the descending slab surface up to 60 km.Chile, Central Andes, Hikurangi, and Sunda, which might
In the Sunda—Borneo subduction zone, the heat flow increasargue once again for a shallowing factor that could be at-
occurs~ 50 km in front of the volcanic front (70 mW ¥, tributed to asthenospheric weakening in presence of fluids.
Hall and Morley 2004 and the Global Heat Flow Database, One must remember that the subduction rate is identical in
see above), around 330 km away from the trench. Assumingll the presented simulations. Previous studies showed that
the subduction geometry extracted from the EHB catalogueconvergence rates higher than 6.5 cmiywould lead to de-

the interplate decoupling depth would be encompassed bezoupling depths shallower than simulated here, whereas low
tween~ 50 and 75 km. In Central Andes, the maximum sur- convergence rates (1 cnyy) would deepen g to more

face heat flow in the fore-arc region (60 mW ) is located  than 120 km for a 100-Myr-old subducting lithosphefa-(
between 200 and 250 km away from the tren8pringer cay et al, 2007h 2008. | therefore conclude that thgec

and Forster1998, and was modelled by a contact between modelling proposed here simulates realistic down-dip extents
subducting slab/fore-arc mantle/hot asthenosphere at arouraf the subduction interplate plane, and has the basic advan-
60-80 km depth%pringer 1999. However, other very high tage to model a self-consistent interplate dynamics.

heat flux measured closer to the trench (50 mWniHamza

and Munoz 1996, 120-150 km away from the trench, would

rather suggest a shallowgy., encompassed between40and 6 Conclusions

50 km depth. Finally, the maximum heat flow in the fore-

arc area is detected270km away from the trench in the By combining a non-Newtonian viscous rheology and a
Mexico subduction zone (110 mWTA, Ziagos et al.1985), pseudo-brittle rheology, thermomechanical models are per-
and would correspond to a slab—upper plate decoupling beformed to model the long-term equilibrium state of a subduc-
tween 50 and 60 km depth following the subduction geom-tion interplate. The subduction interplate dynamics is shown
etry proposed byCurrie et al.(2002. The final depth range to be strongly dependent on both ductile and brittle strength
for zgecestimates is very broad (35—80 km) and does not varyparameters. For an old subducting lithosphere, the brittle-
monotonically withy. Finally, subductions with high thermal ductile transition depth mainly depends on the friction co-
parameter ¢ > 2000 km) are better reproduced by rheolo- efficient and the activation energy of the interplate material;
gies shallowinggeq, that is, including moderate to lIowE, i.e. high friction and low activation energy shallow the BDT.
and/or low asthenospheric viscosities (rheologies C12, C6If the BDT occurs at the kinematic decoupling depth, it is
C13, C13f14, and C14b). Note that none of them is able tothen affected by the depth dependence of the ductile strength
model the very shallowgec Observed in New Zealand. This and the asthenosphere strength at the mantle wedge tip. The
specific case would advocate for a strong viscosity reductiorkinematic decoupling depth along the subduction plane is
in the hydrated asthenosphere to simulatgj&a shallower  strongly shallowed if the viscosity in the mantle wedge is
than 50 km, i.e. for a strength decreasing factor much highetow, and moderately to sightly shallowed by an increase in
than 14 (maybe even higher than B0cay et al, 2008. For ~ activation volume of the ductile strength, and/or a decrease
hot subduction zones, the above rough estimates of decouin AE,, the difference in activation energy between man-
pling depth also argue for shallowgfecthan modelled. This tle and interplate material. Deep BDT can be simulated at
could be obtained either (1) by increasing the activation vol-the depth of interplate kinematics only if very low inter-
ume (Fig.6), but the choserV, are already rather high; or plate friction coefficients are modelled, and/or if a decrease
(2) by loweringA E,;, but young plate subduction under thick in asthenosphere strength, possibly associated with metaso-
upper lithosphere is then hindered; or (3) by decreasing thenatism, is included. Regarding young lithosphere subduc-
asthenospheric wedge viscosity, which eventually appears, dton, a high activation energy contrast between mantle rocks
least in this modelling as the most safety tool to model both aand the interplate medium is necessary to simulate a realis-
sustainable subduction at any subducting plate age and a sube subduction of a 20-Myr old plate. Finally, both the BDT
duction interplate with realistic characteristics, for both BDT depth and the decoupling depth depend on the subducting
and kinematic decoupling depths. Moreover, the interplateplate age, but are not influenced in the same fashion: cool
decoupling depth modelled with rheology C13f14 including and old subducting plates deepen the BDT but shallow the
a hydrous ductile strength reduction is the closest to what isnterplate decoupling depth. Even if BDT and kinematic de-
observed in Alaska. Very hot subduction zongs{400km)  coupling are intrinsically related to different mechanisms of
are not modelled in this study, but the deepening effect ordeformation, this work shows that they are able to interact
zdec Of young incoming lithosphere would predict a decou- closely. Comparison between modelling results and observa-
pling depth deeper than modelled for=460km and, as a tions suggests a minimum friction coefficient of 0.045 for the
consequence, much deeper than observed {P. None of  interplate plane, even 0.069 in some cases, to model realistic
the rheological models tested in this paper is able to reproBDT depths. The modellegyecis a bit deeper than suggested
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by geophysical observations. | ultimately conclude that theBostock, M., Hyndman, R., Rondenay, S., and Peacock, S.: An in-
better way to improve the adjustment to observations may verted continental Moho and serpentinization of the forearc man-
rely on a moderate to strong asthenosphere viscosity reduc- tle, Nature, 417, 536-538, 2002.
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