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a b s t r a c t

Double subduction is a geodynamic process in which two plates following each other are synchronously
subducted. Double subductions are known for both modern (Izu-Bonin-Marianas and Ryukyu arcs) and
ancient (West Himalaya collision zone) plate tectonics. However, our knowledge about this process is
limited to conceptual schemes and some restricted analogue experiments. In order to fill this gap we
performed 2D numerical experiments using a coupled petrological–thermomechanical approach based on
finite differences and marker-in-cell techniques combined with thermodynamic database for the mantle.
We investigated the influence of convergence rate, intermediate plate length, activation volume of the
mantle dislocation creep and age of the lithosphere. Based on these experiments we conclude that: (A)
Subduction rates at two zones running in parallel differ and vary in time even when the total convergence
rate remains constant. Supremacy of either subduction zone depends on physical parameters such as (i)
relative rates of the plates, (ii) slab ages and (iii) length of the middle plate. (B) Subduction dynamics of
the double subduction system involves several processes unknown in simple subduction systems, such as
(i) eduction (i.e. “un-subduction”), (ii) subduction re-initiation, (iii) subduction flip triggered by shallow

slab breakoff and (iv) turn-over of detached slabs to up-side-down attitudes. (C) Simulated tomographic
structures related to slab propagation account for both penetration and non-penetration of the 660 km
discontinuity. Non-penetration is favored by (i) low convergence rate, (ii) faster relative movement of the
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overriding plate, (iii) youn

. Introduction

Terrestrial plate tectonics is a complex dynamic system in
hich several plates are interacting with each other and with

he global mantle convection pattern (e.g. Turcotte and Schubert,
002; Tackley, 2000). Subduction is one of most important fea-
ures of such interactions and occurs at various types of convergent
late boundaries including intraoceanic settings, active continen-
al margins and continental collision zones. Despite the fact plate
ynamics should strongly influence the behaviour of individual
ubduction zones, subduction processes are predominantly stud-
ed using relatively simple two plates (subducting plate + overriding
late) models (e.g. King, 2001). One obvious system that deviates
rom this simplicity is double subduction—an intriguing process
n which two plates following each other are synchronously sub-

ucted. Double subduction episodes are characteristic for both
odern and ancient plate tectonics and are, in particular, involved

nto the history of the Himalayan collision zone (e.g. Burg, 2006;
urg et al., 2006), and that of SE Asia leading to the formation of

∗ Corresponding author. Tel.: +41 44 633 3248; fax: +41 44 633 1065.
E-mail address: yury.mishin@erdw.ethz.ch (Y.A. Mishin).
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of the subducting slab and (iv) up-side-down turn-over of detached slab.
© 2008 Elsevier B.V. All rights reserved.

he active Izu-Bonin-Marianas and Ryukyu arcs (e.g. Hall, 1997).
ur knowledge of this process is limited to conceptual schemes (e.g.
urg, 2006) and some restricted analogue experiments (Boutelier
t al., 2003) so that double subduction remains enigmatic in terms
f physical factors controlling its initiation, duration and dynamics.

In this paper we study the dynamics and stability of dou-
le subduction systems. For this purpose, we employ a coupled
etrological–thermomechanical numerical model based on finite
ifferences and marker-in-cell techniques combined with ther-
odynamic database valid for both shallow and deep mantle

onditions. These models reveal processes unknown for single sub-
uction, thus offering interpretations to enigmatic geodynamic
eatures that might be characteristic of paleo double subductions.

. Model setup and governing equations

.1. Initial configuration
We developed a 2D, coupled petrological–thermomechanical
umerical model of double subduction (Fig. 1) using capabilities
f the I2VIS code (Gerya and Yuen, 2003a). The spatial coordinate
rame of the model is 4000 km × 1500 km. The oceanic crust con-
ists of a 3-km layer of basalts and a 5-km layer of gabbroic rocks.

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:yury.mishin@erdw.ethz.ch
dx.doi.org/10.1016/j.pepi.2008.06.012
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chemical model to the CaO–FeO–MgO–Al2O3–SiO2 with the phases
summarized in Table 1. The mantle is assumed to have a pyrolitic
composition, for which the thermodynamic parameterization is
adequate to reproduce the expected lower mantle phase relations

Table 1
Phase notation and formulae for the CaO–FeO–MgO–Al2O3–SiO2 pyrolite and basalt
models (Fig. 2)

Symbol Phase Formula

aki Akimotoite MgxFe1−x−yAl2ySi1−yO3, x + y ≤ 1
an Plagioclase CaAl2Si2O8

c2/c Pyroxene [MgxFe1−x]4Si4O12

cpv Ca-perovskite CaSiO3

cpx Clinopyroxene Ca2yMg4−2x−2yFe2xSi4O12

gt Garnet Fe3xCa3yMg3(1−x+y+z/3)Al2−2zSi3+zO12, x + y ≤ 1
o Olivine [MgxFe1−x]2SiO4

opx Orthopyroxene [MgxFe1−x]4−2yAl4(1−y)Si4O12

ppv Post-perovskite MgxFe1−x−yAl2ySi1−yO3, x + y ≤ 1
pv Perovskite MgxFe1−x−yAl2ySi1−yO3, x + y ≤ 1
ring Ringwoodite [MgxFe1−x]2SiO4

sp Spinel MgxFe1−xAl2O3

stv Stishovite SiO2
Fig. 1. Nume

he top surface of the oceanic crust is calculated dynamically as
free surface by using 12-km thick top layer with low viscosity

1018 Pa s) and density (1 kg/m3 for the atmosphere, 1000 kg/m3

or the hydrosphere). The interface between this weak layer and
he top of the oceanic crust deforms spontaneously and is treated
s an erosion/sedimentation surface which evolves according to
he transport equation solved at each time step (Gerya and Yuen,
003b):

∂zes

∂t
= vz − vx

∂zes

∂x
− vs + ve

here zes is a vertical position of the surface as a function of the
orizontal distance x; vz and vx are the vertical and horizontal com-
onents of material velocity vector at the surface; vs and ve are,
espectively, gross-scale sedimentation and erosion rates, which
orrespond to the relation:

s = 0.0 mm/yr, ve = 0.1 mm/yr when z < 9 km

s = 0.1 mm/yr, ve = 0.0 mm/yr when z > 11 km

The velocity boundary conditions are free slip at all boundaries.
ubduction is prescribed by the total convergence rate RT = RR + RL,
here RR and RL are locally imposed constant velocities for the right

nd the left plates, respectively. Thus the total convergence rate
s controlled and not the rates of individual slabs driven by slab-
ull. The nucleation of the subduction areas, which are parallel at
oth sides of the intermediate plate, is imposed by 5–50-km wide
eak zones of hydrated mantle cutting across the mantle litho-

phere from the bottom of the crust down to 170 km depth with
nclination angle 30◦. Taking into account the critical role of water
or subduction initiation (Regenauer-Lieb et al., 2001) these zones
re characterized by wet olivine rheology (Ranalli, 1995) and a low
lastic strength limit of 1 MPa. With progressing subduction, these
ones are spontaneously substituted by weak upper oceanic crust,
hich is also characterized by low plastic strength. This device

mplies high pressure fluids to be present along the slab interface
uring subduction (e.g. Sobolev and Babeyko, 2005; Gerya et al.,
008).

The initial geotherm for the lithosphere is defined via half-space

ooling model (e.g. Turcotte and Schubert, 2002; Fowler, 2005) for
he prescribed lithospheric age A. Different values of the age of the
ithosphere were used to study the influence of this parameter on
he dynamics of double subduction. The geotherm for the mantle
elow the lithosphere is defined by prescribing nearly adiabatic
emperature gradient of 0.5 K/km.

w
w

T
f
t
d
(

odel setup.

.2. Petrological model

The stable mineralogy and physical properties for the various
ithologies were computed by free energy minimization (Connolly,
005) as a function of pressure and temperature. The properties
f sediments and hydrated mantle are required only at depths
f less than 200 km where the properties of hydrated crustal
nd mantle rocks strongly affect plate interaction and subduction
ynamics (e.g. Gerya et al., 2008). This is an argument that the
roperties are required at less than 200 km, but not that they are
ot required at greater depth. Accordingly, we employ for these
wo lithologies the results of previous thermodynamic models
Gerya et al., 2006). However, expanding models to lower man-
le depths requires a robust equation of state for the calculation of
he properties of the subducted oceanic crust and mantle. For this
urpose, we adopted the Mie-Grueneisen formulation of Stixrude
nd Bukowinski (1990) with the parameterization of Stixrude and
ithgow-Bertelloni (2005) augmented for lower mantle phases as
escribed by Khan et al. (2006). This parameterization limits the
ad Waddsleyite [MgxFe1−x]2SiO4

us Magnesiowuestite MgxFe1−xO

hermodynamic data is from Stixrude and Lithgow-Bertelloni (2005) augmented
or lower mantle phases as described by Khan et al. (2006). Unless otherwise noted,
he compositional variables w, x, y, and z may vary between zero and unity and are
etermined as a function of pressure and temperature by free-energy minimization
Connolly, 2005).
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ig. 2. Phase relations for the CaO–FeO–MgO–Al2O3–SiO2 pyrolite and basalt mode
o exclude the large depth interval between the transition zone and core–mantle bo
yrolite and basalt models are, respectively 3.87 wt% CaO, 8.11 wt% FeO, 3.61 wt% A
l2O3, 8.64 wt% MgO and 54.54 wt% SiO2.

Fig. 2). Application of the thermodynamic model to the basaltic
omposition of the oceanic crust is more problematic because
hase equilibrium experiments (Hirose and Fei, 2002; Irifune and
ingwood, 1993; Irifune et al., 1994; Ono et al., 2005) suggest the
xistence of several high pressure phases that are not characterized
ell enough to be included in our parameterization. Additionally,

he CaO–FeO–MgO–Al2O3–SiO2 model excludes volatile oxides,

otably K2O and Na2O, that are more significant in the subducted
ceanic crust, as a consequence our model is likely to overesti-
ate the basalt–pyrolite density contrast (�basalt/�pyrolite, Fig. 3).

o calibrate this effect, we find that experimentally derived den-
ity estimates for K2O–Na2O–CaO–FeO–MgO–Al2O3–SiO2 (Irifune

ig. 3. Density contrast (�basalt/�pyrolite, color scale indicated by the color bar to the
ight) between pyrolite and basalt computed from the thermodynamic model (Fig. 2,
able 1). Except for a pressure interval corresponding to the base of the transition
one, basalt is predicted to be denser than pyrolite, with a typical density contrast
f 1–3% in the lower mantle.
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Table 1 for notation). To permit resolution of phase relations the diagrams are split
y in which the models do not predict phase transformations. Compositions for the
38.59 wt% MgO and 45.82 wt% SiO2; and 11.86 wt% CaO, 11.25 wt% FeO, 13.72 wt%

nd Ringwood, 1993; Ono et al., 2005) are 1.7–2.3% below those
alculated here. Accordingly, neutral buoyancy in the earth’s
nterior most probably corresponds to conditions at which our
asalt–pyrolite density contrast is 1.02 ± 0.03.

.3. Thermomechanical model

The momentum, continuity, and temperature equations for
he two-dimensional creeping flow, accounting for both thermal
nd chemical buoyancy, are solved using the I2VIS code based
n conservative finite differences and non-diffusive marker-in-cell
echniques (Gerya and Yuen, 2003a).

The conservation of mass is prescribed by the incompressible
ontinuity equation:

∂vx

∂x
+ ∂vz

∂z
= 0

The 2D Stokes equations for creeping flow take the form:

∂�xx

∂x
+ ∂�xz

∂z
= ∂P

∂x

∂�zz

∂z
+ ∂�xz

∂x
= ∂P

∂z
− g�(T, P, C)

he density � (T, P, C) depends explicitly on the temperature (T),
he pressure (P), and the rock composition (C).

The Lagrangian temperature equation includes latent heat
ffects of phase transformations in the crust and mantle and is
ormulated as (Gerya and Yuen, 2003a)

�Cp

(
DT

Dt

)
= −∂qx

∂x
− ∂qz

∂z
+ Hr + Ha + Hs + HL
qx = −k(T, C)
∂T

∂x
, qz = −k(T, C)

∂T

∂z

Ha = T˛
DP

Dt
Hs = �xxε̇xx + �zzε̇zz + �xzε̇xz
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here D/Dt is the substantive time derivative; x and z denote the
orizontal and vertical coordinates, respectively; �xx, �zz, �xz are
he components of the deviatoric stress tensor; ε̇xx, ε̇zz , ε̇xz are
he components of the strain rate tensor; P is the pressure; T is
he temperature; qx and qz are the heat fluxes; � is the density;
(T, C) is the thermal conductivity; Cp is the isobaric heat capac-

ty; Hr, Ha, Hs and HL denote the radiogenic, adiabatic, shear, and
atent heat production, respectively. In order to account for physical
ffects of phase transitions on the dynamics of double subduction
e used coupled petrological–thermomechanical numerical mod-

ling approach described in detail by Gerya et al. (2004a, 2006).
ccording to this approach all local rock properties, including effec-

ive density, isobaric heat capacity, thermal expansion, adiabatic
nd latent heating are calculated at every time step based on Gibbs
nergy minimization.

Viscosity dependent on strain rate, pressure and temperature is
efined in terms of deformation invariants (Ranalli, 1995) as

creep = (ε̇II)
(1−n)/2nF(AD)−1/n exp

(
Ea + VaP

nRT

)

here ε̇II = 1/2ε̇ijε̇ij is the second invariant of the strain rate tensor
nd AD, Ea and n are experimentally determined flow law param-
ters (Table 2). We use different values of the effective activation
olume Va to study the influence of this parameter on the dynamics
f double subduction. F is a dimensionless coefficient depending
n the type of experiments on which the flow law is based. For
xample:

F = 2(1−n)/n

3(1+n)/2n
, for triaxial compression and

F = 2(1−2n)/n, for simple shear

The ductile rheology is combined with a brittle rheology to
ield an effective viscoplastic rheology. For this purpose the
ohr–Coulomb yield criterion (e.g. Ranalli, 1995) is implemented

y limiting creep viscosity, �creep, as follows:

creep ≤ c + P sin(ϕ)

(4ε̇II)
1/2

here P is dynamic (non-lithostatic) pressure, c is the cohesion
residual strength at P = 0) and ϕ is internal friction angle (Table 2).
ssuming high pore fluid pressure in hydrated rocks (e.g. Gerya et
l., 2008) brittle-plastic strength of upper oceanic crust (basalts,
ediments) was taken low (1 MPa) allowing efficient decoupling
long the interface of subducting slabs.

. Results

Sixteen experiments (Table 3) were performed to study the
nfluence of (1) the convergence rate RT, (2) the intermediate plate
ength L, (3) the mantle dislocation creep activation volume Va and
4) the age A of the lithosphere on the dynamics of double subduc-
ion.

.1. Reference model

The reference model was chosen to have the following
arameters: total convergence rate RT = 7.0 cm/yr (RL = 3.5 cm/yr,
R = −3.5 cm/yr), intermediate plate length L = 700 km, mantle dis-

ocation creep activation volume Va = 0.8 J/bar and age of the

ithosphere A = 30 Myr (Fig. 4 – initial temperature and viscosity
rofiles, Figs. 5–7 – results of numerical experiments).

Subduction in the reference model starts almost synchronously
t both extremities of the intermediate plate, but the left zone
ecomes rapidly dominant while the right subduction zone ceases. Ta
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Table 3
Description of the numerical experiments used in this work

Run Prescribed plate velocities
RL/RR (cm/yr)

Length of the middle
plate L (km)

Dislocation creep activation
volume Va (J/bar)

Lithospheric age A
(Myr)

Model 1 (Reference) 3.5/−3.5 700 0.8 30
Model 2 1.0/−1.0 700 0.8 30
Model 3 7.0/0.0 700 0.8 30
Model 4 0.0/−7.0 700 0.8 30
Model 5 7.0/−7.0 700 0.8 30
Model 6 3.5/−3.5 500 0.8 30
Model 7 3.5/−3.5 900 0.8 30
Model 8 3.5/−3.5 1100 0.8 30
Model 9 3.5/−3.5 1300 0.8 30
Model 10 3.5/−3.5 700 0.6 30
Model 11 3.5/−3.5 700 1.0 30
Model 12 3.5/−3.5 700 1.2 30
Model 13 3.5/−3.5 700 0.8 10
M
M
M

A
s
i
a
d
t
s
e
(
i
d
m
p
i
c
i

a
(

3

d
a
w
F
s

odel 14 3.5/−3.5 700
odel 15 3.5/−3.5 700
odel 16 3.5/−3.5 700

ccelerated subduction of the left plate leads the corresponding
lab to deflect downward and pierce the 660 km discontinuity (as
s the case for the Tonga slab Roth and Wiens, 1999) and the Mari-
na slab (Tibi et al., 2006) and, later, the slab to breakoff at shallow
epth. Breakoff results in opening a new spreading centre behind
he floundering slab that sinks into the deep mantle. In our model
lab detachment occurs during ongoing subduction which is differ-
nt from the previous thermomechanical studies of slab breakoff
Gerya et al., 2004b; Andrews and Billen, in press) modeled dynam-
cs of this process after ceasing of active subduction and obtained
epths of detachment varying from 100 to 300 km. Shallow detach-

ent of the slab in our models is caused by viscoplastic necking

rocess triggered by strong extensional forces imposed on the hor-
zontal segment of the plate by rapidly subducting and retreating
old and dense slab. The gap formed by shallow slab detachment
s filled by hot asthenospheric mantle rapidly rising to the surface

a
(
o
T
b

Fig. 4. Initial temperature and viscosity profi
0.8 50
0.8 70
0.8 100

nd building new young (1–1.5 Myr) and thin oceanic lithosphere
Fig. 5, 23.2–24.6 Myr).

.2. Influence of convergence rate

Subduction rate and length along both zones are strongly
ependent on the ratio between imposed plate velocities RL
nd RR (Fig. 8). Keeping the same total convergence rate RT but
ith different plate velocities, either the left zone (when RL > RR,

ig. 8b) or the right one (when RL < RR, Fig. 8c) dominates the
ystem. In the latter case, the middle plate is wholly subducted

nd comes to rest up-side-down on the 660 km discontinuity
Fig. 8c, 6.6 Myr), a geometry that provides an interpretation
f “stagnant” slabs as imaged below the Northwest Pacific (e.g.
ajima and Grand, 1998). When RL = RR, subduction starts at
oth zones simultaneously, but the left zone becomes dominant

les for the reference Model 1 (Table 3).
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Fig. 5. Evolution of lithological fi

s convergence proceeds and even notable eduction (i.e. “un-
ubduction”—return to the surface of deeply buried slab, in the
ense of Andersen et al., 1991) of the previously subducted right

lab can take place, especially at relatively low total convergence
ate (Fig. 8a).

Decrease of the total convergence rate causes slow subduction
nd the left plate can interact with, but does not penetrate into the

r
m
m

Fig. 6. Evolution of temperature field in
the reference Model 1 (Table 3).

60 km discontinuity, something reminiscent of the slab beneath
he central Izu-Bonin arc (Takenaka et al., 1999). This situation also
ccurs when R is larger than R .
L R

The dynamics does not change significantly for convergence
ates larger than in the reference case, but the process develops
ore rapidly and subduction entrains coupled slabs (Fig. 8d), as it
ay be the case in Japan, beneath Tokyo (Wu et al., 2007).

the reference Model 1 (Table 3).



286 Y.A. Mishin et al. / Physics of the Earth and Planetary Interiors 171 (2008) 280–295

ity fie

3

s
(

(

(

i
p
t

3

m

o
i
t
f
t
A
a
(

t
i
W
t
(
l
V
d

3

s
n
o
i
z
p
(
t

i

Fig. 7. Evolution of viscosity and veloc

.3. Influence of the intermediate plate length

Depending on the length L of the intermediate plate (i.e. inter-
ubduction space) two fundamental regimes have been obtained
Fig. 9):

1) Models with a relatively short (500–900 km) middle plate are
characterized by evident dominance of the left subduction
zone (Figs. 5 and 9a and b) with high probability of eduction
at the right plate boundary (e.g. Fig. 9a). Normally shallow
breakoff (viscoplastic necking) of the left slab at depths less
than 100 km causes the formation of a new spreading centre
(Fig. 5, 23.2–23.9 Myr, Fig. 9a and b). The sinking slab can initiate
subduction of the middle plate in the direction opposite to the
original one (subduction flip, and the plate can be even turned
over because of slab coupling (Fig. 9b, 24.8–25.7 Myr)). Such a
relationship between breakoff and flip has been envisioned for
Taiwan (Teng et al., 2000).

2) As the length of the plate is increased to 1100–1300 km, a
notable change in the system dynamics occurs (Fig. 9c and d). At
these conditions the right zone becomes active and subduction
intensity along both zones becomes almost balanced. The right
zone may even predominate at some time intervals (Fig. 9c,
17 Myr). In such a system, the middle plate is wholly subducted
and rotates to an up-side-down position in the lower mantle
(Fig. 9c, 18.1–18.7 Myr, Fig. 9d, 17.1–18.4 Myr).

Interaction of the subducting slabs with the 660 km discontinu-
ty does not apparently depend on the length of the intermediate
late since in all models designed to test this geometrical configura-
ion all slabs break through the 660 km discontinuity (Figs. 5 and 9).
.4. Influence of mantle rheology

All numerical experiments performed to study the influence of
antle dislocation creep activation volume Va show supremacy

n
w
W
a
c

lds in the reference Model 1 (Table 3).

f the left subduction, but this predominance decreases with
ncreasing activation volume and thus with growing viscous resis-
ance of the asthenospheric mantle at large depth (Fig. 10). Even
or relatively small activation volume of 0.6 J/bar, rapid educ-
ion of the right zone may take place (Fig. 10a, 9.4–10.3 Myr).
t noticeably higher Va = 1.0–1.2 J/bar, eduction does not occur
nd subduction rates in the two zones become almost balanced
Fig. 10b and c).

At smaller activation volume the left plate rapidly sinks into
he mantle and penetrates the 660 km discontinuity before break-
ng off at shallow depths of 0–100 km (Fig. 10a, 10.3–10.5 Myr).

ith increase of the activation volume, the right subduc-
ion zone becomes active and the two slabs become coupled
Fig. 10b and c). The coupled slabs can either sink into the
ower mantle (Va = 1.0 J/bar, Fig. 10b) or (at largest tested value
a = 1.2 J/bar, Fig. 10c) can be flattened and deferred at the 660 km
iscontinuity.

.5. Influence of age of the lithosphere

Numerical experiments show that for a wide range of litho-
pheric age (A = 10–70 Myr) the left zone dominates with almost
o activity on the right one (Figs. 5 and 11a–c). However, with an
ld and strong lithosphere (A = 100 Myr) the left zone may become
nactive and (at least at the beginning of convergence) the right
one dominates (Fig. 11d). In that case the middle plate is com-
letely subducted and may rotate to an up-side-down position
Fig. 11d, 10.2–19.4 Myr). And because of inactivity of the left plate
wo weak zones can even merge.

With a younger plate (A = 10–70 Myr), the left slab quickly sinks
nto the mantle, but its interaction with the 660 km disconti-

uity varies depending on the slab age. Young (A < 30 Myr) and
eak slabs are deferred by the discontinuity and flatten (Fig. 11a).
ith increased A, subducting slabs become stronger and denser

nd penetrate the 660 km discontinuity (Figs. 5 and 11b and
). Shallow breakoff of these slabs occurs for intermediate slab



Y.A. Mishin et al. / Physics of the Earth and Planetary Interiors 171 (2008) 280–295 287

) Mod

a
P
t
2
o
(

4

4

n
b

1
2
R
p
a
(
e
Y
m

Fig. 8. Influence of convergence rate on the dynamics of double subduction. (a

ges of 30–50 Myr (Fig. 5, 23.2–23.9 Myr, Fig. 11b, 20.7–21.1 Myr).
enetration of the 660 km discontinuity normally results in educ-
ion process at the right zone (Fig. 11b, 18.4–20.7 Myr, Fig. 11c,
2.3–24.4 Myr), and if the educted middle plate is sufficiently
ld and dense, subduction of this plate can spontaneously restart
Fig. 11c, 25.3 Myr).

. Discussion and implications
.1. Paired subduction dynamics

Paired subduction systems on the active earth offer a limited
umber of patterns: i.e. divergent subduction as the Molucca Sea
etween the Halmahera and Sangihe island arcs (e.g. Hall et al.,

p
d
O
3
1

el 2, (b) Model 3, (c) Model 4 and (d) Model 5 (model descriptions in Table 3).

995) and on both sides of the Adriatic sea (e.g. Doglioni et al.,
007), confronting subduction like the Manilla and Philippine-
yukyu trenches on both sides of the Philippine Islands and
arallel subduction like the Pacific Plate and the Philippine Sea
long the Izu-Bonin and Nankai-Ryukyu trenches, respectively
Hall et al., 1995). Such patterns locally lead to complex interfer-
nce between overlapping slabs (Ishida, 1992; Wu et al., 2007).
et, these examples determine the relevance of the presented
odels. Numerical experiments show that subduction along two
arallel and synchronous zones is typically unbalanced: sub-
uction rates at both zones are irregular over time (Fig. 12).
ne may expect that such irregular motions are associated in
D with plate rotations, as the Philippine Plate did (Hall et al.,
995). Though in most cases the left subduction zone dominates
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able 3).

e.g. Figs. 5, 8a, b and d, 9a and b 10a, 11a–c, and 12a and b),
range of physical conditions (e.g. longer middle plate,

igs. 9c and d and 12c and d, dominating convergence from
he right plate, Fig. 8c, old age of the lithosphere, Fig. 11d)
ead subduction at the right zone to dominate. Strong sub-
uction rate variations at constant total convergence rate
Fig. 12) imply large variations in magmatic production on
ither coeval arc. Such variations may explain the clustered age

istribution of calc-alkaline magmatism on both sides of the
arakoram-Kohistan Suture Zone in Pakistan (e.g. Treloar et al.,
996).

Plots Fig. 12c and d illustrate almost balanced subduction rates
long the two zones at the beginning, with later alternation of their

r
M
t
p
s

ion. (a) Model 6, (b) Model 7, (c) Model 8 and (d) Model 9 (model descriptions in

ctivities, the right zone becoming more active than the left one.
his behaviour is characteristic for relatively long (1100–1300 km)
iddle plates (Fig. 9c and d).
Explanation for subduction velocity behaviour is related to the

ariable degree of coupling along two parallel and synchronous
ubduction zones. When RL = RR, subduction starts at both zones
imultaneously, but the left zone is dominated by movement of the
ubducting plate while the right one by movement of the over-

iding plate. As demonstrated by van Hunen et al. (2000) and
anea and Gurnis (2007) the movement of an overriding plate

ends to produce shallower subduction and stronger plate cou-
ling than the movement of a subducting plate. Therefore the
ubduction in the right zone causes more resistance to the plate
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Fig. 10. Influence of mantle rheology on the dynamics of double subductio

ovement then the subduction in the left zone and tends to decel-
rate (Fig. 12a and b). Also bending of the middle plate in the right
one exerts tendency of lifting up its opposite edge above the left
one which additionally decreases resistance to subduction in the
eft zone. This lifting tendency is maximal for short plates and
herefore these plates show stronger dominance of the left zone
cf. Fig. 12a, b and c, d).

Models of the double subduction systems involve processes yet
nrecognized for simple subduction systems. Those are in par-
icular eduction and subduction alternance, with cessation and
eactivation of subduction zones and subduction flip. Several mod-
ls involve eduction, almost always associated with subduction rate
ariations (Fig. 12a). As it can be seen from the plot, the dynamics
f such a system is characterized by rapid acceleration of the left
late until shallow breakoff, and rapid deceleration and ultimate
duction of the middle plate (negative subduction rate at the sec-
nd zone on the plot). Yet rate variations do not necessarily lead
o eduction (Fig. 12b). As in the previous case (Fig. 12a), the left
one clearly dominates and finally the slab can breakoff at shal-

ow depth (e.g. Model 1 in Table 3, Fig. 5), but eduction does not
ccur in such a system. Though subduction rate at the second zone
ecreases with time and can be even zero (as subduction at the
econd zone can cease, e.g. Model 1 in Table 3, Fig. 5), it is never
egative.

i
t
f
i
c

Model 10, (b) Model 11 and (c) Model 12 (model descriptions in Table 3).

.2. Specific cases

Rapid sinking of the left plate results in subduction hinge
etreat and back-arc extension in the overriding plate. In double
ubduction systems, slab rollback causes eduction of the middle
late, and a new spreading centre can form between the mid-
le and right plates. Eduction can be relevant to the origin of
ome blueschist complexes. As discussed by Maresch and Gerya
2005) blueschist complexes in several places in the world (e.g. in
aribbean) are formed in evolving, nascent intraoceanic subduc-
ion zones without obvious coeval volcanism, raising the question
f the minimum subduction duration, amount of convergence, and
xhumation mechanisms necessary to produce them. Eduction is a
echanism for the rapid formation and exhumation of such com-

lexes.
When the intermediate plate is old and dense, the second sub-

uction can restart (Fig. 13, 25.7 Myr). This is due to the gravitational
nstability driven by a strong density contrast between the cold
etreating middle plate and the hot asthenospheric mantle rising

nto the forming spreading center. Similar mechanism of subduc-
ion initiation by gravitational instability across a zone (transform
ault) separating two plates with contrasting thermal structures
s suggested by Hall et al. (2003). We suggest that this mechanism
an have broader significance in case of eduction and multiple plate
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ynamics creating further possibilities for forming of gravitation-
lly unstable plate boundaries.

Subduction flip of the middle plate is another specific phe-
omenon in numerical experiments of double subduction (Fig. 14).
he role of a second subduction seems important in triggering
his process, which is worth discussing as it can shed light on the
pen question of subduction initiation mechanisms (e.g. Bercovici,
003). Subduction flip occurs in experiments where subduction
essation or eduction of the second zone is associated with shal-

ow breakoff of the left plate. The detached sinking slab hence
nitiates subduction of the middle plate in the direction oppo-
ite to the original one (Models 6 and 7 in Table 3; Fig. 9a and
; Fig. 14 is zoom to Fig. 9b), and in some conditions the middle
late can be even flipped because of slabs coupling (Fig. 14, 25 Myr).

n
o
s
s
p

el 13, (b) Model 14, (c) Model 15 and (d) Model 16 (model descriptions in Table 3).

lab breakoff (e.g. Gerya et al., 2004b; Wortel and Spakman,
000) may be a precursor to subduction initiation of the middle
late.

.3. Slab interaction with the 660 km discontinuity

The petrological model we employed includes deep mantle
hase transitions and thus allows studying possible interac-
ions between slabs and mantle discontinuities and to compare

umerical results with seismic tomography of deep structure
f the Earth. Seismic structures for two typical scenarios of
lab interaction with the discontinuity at 660 km in the studied
ystem are shown in Fig. 16. Seismic velocities were com-
uted on the basis of Gibbs energy minimization approach using
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ethods described by Connolly and Kerrick (2002) and Gerya
t al. (2006), and velocities anomalies were calculated com-
ared to the profile with no lithosphere at the top (A = 1 yr,
ig. 15).
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Fig. 13. Eduction of the middle plate (zoom to Fig. 11c; Model 15 in Table 3).
) Model 6, Fig. 9a, (b) Model 11, Fig. 10b, (c) Model 8, Fig. 9c and (d) Model 9, Fig. 9d
Examples of slabs not penetrating the 660 km discontinuity are
hown in Fig. 16a and b and correspond, respectively to Model 3 at
1.0 Myr (see also Fig. 8b) and Model 4 at 6.6 Myr (see also Fig. 8c).
hus, at some range of model conditions (e.g. young slabs, Fig. 11a,

Note that subduction of the middle plate is re-initiated at a late stage.
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Fig. 14. Triggering of inverse subduction of the middle plate by slab detac

low convergence, Fig. 8a, dominating overriding plate movement,
ig. 8b, middle plate up-side-down flip, Fig. 8c) subducted slabs can
e deferred by the discontinuity and flatten at it. Seismic tomogra-
hy data provide evidence that such a process can occur in many

laces, for example subducted slabs beneath Izu-Bonin (Fig. 17,
rom Widiyantoro et al., 1999).

On the other hand both attached and detached slabs can pen-
trate the 660 km discontinuity. Seismic structures fitting such

s
a
F
d

Fig. 15. Standard seismic velocities profile used fo
om the right plate at shallow depth (zoom to Fig. 9b; Model 7 in Table 3).

xamples are shown on Fig. 16c and d (correspond, respectively to
odel 14 in Table 3 at 20.7 and 21.1 Myr; see also Fig. 11b). In such a

cenario, slab sinks down rapidly with penetration of the disconti-
uity, normally breaking off at shallow depths. Seismic tomography

tudies of deep structure of the Earth show that such type of inter-
ction with 660 km discontinuity also can take place, for example
arallon slab beneath North and Central America (Fig. 18, from van
er Hilst et al., 1997).

r calculation of seismic anomalies in Fig. 16.
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Fig. 16. Seismic structures. (a) Model 3, Fig. 8b, 11.0 Myr, (b) Model 4, Fig. 8c, 6.6 Myr, (c) Model 14, Fig. 11b, 20.7 Myr and (d) Model 14, Fig. 11b, 21.1 Myr (model descriptions
in Table 3).
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Fig. 17. Vertical cross-section of tomographic image across Ryukyu and Izu-Bonin.
Top: recovered from P-wave data and bottom: recovered from S-wave data (from
Widiyantoro et al., 1999).
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. Conclusions

2D numerical modeling of double subduction leads to the fol-
owing conclusions:

1. Subduction rates at two parallel zones vary in time even when
the total convergence rate remains constant. Dominance of
either zone depends on (i) relative rates of the converging plates,
(ii) slab ages and (iii) length of the middle plate.

. Dynamics of double subductions involve specific processes such
as (i) eduction, (ii) subduction re-initiation, (iii) subduction flip
and (iv) turn-over of detached slabs.

. Simulated tomographic structures related to slab propagation

account for both penetration and non-penetration of the 660 km
discontinuity. Non-penetration is favored by (i) low convergence
rate, (ii) faster relative movement of the overriding plate, (iii)
young ages of subducting slab and (iv) turn-over of the detached
slab.
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