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Abstract
The aim of this study is to investigate the influences of plate kinematics and of the downgoing slab's geometry on
internal dynamics and thermal structure in the vicinity of a subduction zone. A systematic study depending on these
parameters has been carried out based on a two-dimensional finite differences code. In a convective domain representing the
upper mantle, plate displacements are prescribed by kinematic boundary conditions. In particular, the subducting plate
moves and dips at a constant velocity under the slower overriding one. Typical subduction dips (30 °, 45 ° and 70 °) have been
studied for a realistic Rayleigh number of about l05 and for plate velocities around a 'coupling' velocity of 2 - 3 cm year- 1.
This limit value was inferred from the balance between surface forces and buoyancy forces. For any subduction dip and plate
velocities lower than this coupling velocity, plate kinematics variations induce significant effects on thermal and
mineralogical patterns. At greater plate velocities, these patterns stabilize. For plate velocities of the order of the coupling
velocity, a subduction dip decrease of 40° involves a heating of the downgoing plate of 100degrees and a depth increase of
20 km of the olivine-spinel phase transition in this plate. In the particular case of a non-moving overriding plate, the balance
between this plate and underlying internal dynamics requires a moving plate velocity lower than 2-3 cm year- J for a lower
dip. Moreover, a shallow subduction enhances a lateral large-scale convection under the upper plate even if this plate is
motionless, in contrast to the case of a steep subduction. This is consistent with observed back-arc extension at the surface,
which is often associated with steep subductions. Our model suggests a spreading zone of between 500 and 1000km in the
upper plate for a subduction velocity lower than 2-3 cm year- i and a Rayleigh number of about l05.

1. Introduction
The Earth's mantle undergoes a R a y l e i g h - B e n a r d
thermal convection coupled to oceanic lithospheric
plate movements. Rigid and moving lithospheric

* Corresponding author.

plates form the thermal and mechanical limit boundaries of the Earth's mantle convection cells. One of
the concerns o f numerical modelling is to account
for a real dynamic convection model, coupled to
plate tectonics. To force the movement of rigid
plates, one m a y either model a dynamic plate by
prescribing a lower viscosity at plate margins, or
impose the horizontal surface velocity. Davies (1989)
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has proved that both approaches give similar results.
Many workers (e.g. Gurnis and Davies, 1986; Christensen and Hofmann, 1994) ) have imposed the horizontal surface velocity, inferred from free convection
predictions or plate velocity observations. In the
latter approach, one must then choose an appropriate
surface velocity value such that the shear stress at
the base of plates is equal to zero. Plate velocity is
determined by the resulting stresses acting on each
plate and corresponds to the coupling between buoyancy and plate forces. To characterize this limit plate
velocity in this paper, we will use the term 'coupling
velocity'.
Many workers have proposed different approaches to estimate the coupling velocity value for
the Earth's mantle conditions. Some have proposed
evaluating this velocity by first running convection
models with a surface free boundary (Hager and
O'Cormell, 1981; Davies, 1988; Schmeling, 1989;
Lowman and Jarvis, 1995). Hager and O'Connell
(1981), in an internal heating case, and Davies and
Richards (1992) have demonstrated respectively that
the surface imposed velocity is proportional to
~/r-~_I/2 and r/-2/3, where r/ is the mantle viscosity.
Schmeling (1989) has established typical plate velocities at around 3 cm year -~ , a value confirmed in the
literature (e.g. Turcotte and Schubert, 1982). One
may also apply dimensional approaches. The coupling velocity may be also expressed in terms of
Rayleigh and Peclet numbers. The Rayleigh number
Ra quantifies the thermal forces whereas the Peclet
number Pe quantifies the intensity of plate movement. The Peclet number is related to plate velocity
v as follows:
v "L z

Pe = - X

(1)

where L= is the thickness of the convective layer,
and X is the thermal diffusivity. Turcotte and
Oxburgh (1967), Jarvis and Peltier (1982), Davies
(1986) and Gurnis and Davies (1986) have proposed
a relation between these two dimensionless numbers,
which is verified provided that thermal and surface
force magnitudes are similar; in other words, for
plate velocity close to the coupling velocity:
Pe = a . Ra b

(2)

We recall that plates constitute the limit boundaries of the convective system. The Earth's mantle
convection is complex owing to the fact that plates
sink in the mantle at subduction zones, with dips
ranging from 10 to 85 ° (Jarrard, 1986). Therefore,
the coupling between buoyancy and boundary forces
may be more complex in the vicinity of the subduction zone.
The case of convergent plates has been addressed
for a decade. Concerning the position of the trench,
researchers are divided. Gurnis and Davies (1986)
and Christensen and Hofmann (1994) took into account a migrating trench by allowing the convergence point to oscillate. Davies (1989) considered a
non-migrating convergence point, thus avoiding the
descending flow being trapped sooner or later on a
lateral boundary. The modelling of the cold and rigid
subducting plate in the hot surrounding mantle is still
under discussion. Two kinds of models are proposed:
global models, involving a variable viscosity, or
models with particular kinematic boundary conditions. As the thermal gradient is high in the lithosphere, high viscosity gradients up to ten magnitude
orders are likely to be present. Recent numerical
models prescribe viscosity gradients lower than l0 s
(Christensen, 1984a,b; Christensen and Yuen, 1984;
Christensen and Hofmann, 1994). Such contrasts do
not take into account the lithosphere rigidity. With
this end in view, in an isoviscous convective code,
Davies and Stevenson (1992) prescribed also kinematic boundary conditions on this plate to account
for the characteristics of a downgoing plate.
Our numerical model is based on the latter approach. We used the convective code developed by
Dupeyrat et al. (1995) and applied it to the case of
the Earth's upper mantle with subducting slabs. The
geometry and the displacement of a downgoing plate
have been taken into account by imposing its velocity and dip. In this paper, we aim at investigating the
influence of a cold downgoing slab and its particular
geometry on the convective state, and to a larger
extent, on the coupling between buoyancy and
boundary forces. To elucidate the effects induced by
the slab's geometry, we present here a comparison of
results obtained for low, intermediate and high subduction dips of 30°, 45 ° and 70 °, respectively. For
each case, we made a systematic study of the influences of velocities of both subducting and overriding
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plates. All the geophysical objects were studied at
thermodynamic stability, that is to say at a steady
state.

2. Numerical model
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is time (s), X is thermal diffusivity (m 2 s- l), p is
pressure (Pa), p is density of the mantle rock
(kgm-3), g is the acceleration of gravity (ms -2)
and rl is viscosity (Pa s). Horizontal or vertical component (that is, x or z) is indicated by the subscript
i.
The following equation is satisfied by introducing
a stream function ff'(x, z) such that

2.1. Model equations

a~rt
--

Vx =

OZ

and v. =
"

-

(6)

-

Ox

To model the thermal convection in a two-dimensional cartesian finite differences code, the following
equations were solved in the Boussinesq approximation:the heat conduction-advection equation (using
an alternative direction implicit method):

Using this stream function Y and the vorticity w, Eq.
(4) leads to two coupled equations:

0T

Ato

g
0-~ = x A T -

v. VT

(4)

the equation for the conservation of mass:
V. v = 0

.

.

(3)

the equation for the conservation of momentum,
expressed for an extremely high Prandtl number:
U P i = *lAy, + Pgi

.

(5)

where T is temperature (K), v is velocity (m s-~), t

.

Op
(7)

.

7/ ax

Aq,= --,o

(8)

( a p / a x ) is the driving term for the convection. In
the thermal convection case, the density p depends
on temperature. Furthermore, under particular pressure-temperature conditions, variations in mantle
rock density may be induced. Owing to the dependence of the pressure at which phase changes occur
on temperature and composition, phase transitions

Table 1
Model parameters
Parameter

Unit

Value

Depth of the Earth's upper mantle (L z)
Lateral extension of the convective domain (L x)
Plate velocities (V 1, V 2)
Snbduction dip ( ~ )
Acceleration of gravity ( g )
Coefficient of thermal diffusivity ( X )
Coefficient of thermal expansion ( a )
Mean density of the Earth's upper mantle at 1400 K (Po)

km
km
cm year- ~

670
5360
0-60
30°, 45 °, 70 °
l0
10-6
31.4× 10 -6
3340
3OO
2200
5 X 1021
37.5
220
410
4.21
0.08

Surfacetemperature(To)
Temperature of the lower boundary (T,)
Viscosity of the Earth's upper mantle (7/)
410kin phase transition width (w)
Reference phase transition temperature (T.~r)
Reference phase transition depth (d,~ r)
Clapeyron slope ( y )
Density jump (A P/Po)

m s -2
m2 s-,
K -I
kgm -3
K
K
Pas
K
km
MPaK- i
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may be deflected up or down in the downgoing slab.
The up-deflection associated with the 410km
olivine-spinel phase change locally induces an additional negative buoyancy, which enhances the slab
penetration. The exothermic olivine-spinel phase
transition is taken into account using a method based
on the recent numerical study of Zhong and Gurnis
(1994). The progress function is defined as follows:
F=-~-

l+tanh

(9)

where w' is the dimensionless transition width and zr
was defined Zhong and Gurnis as a non-dimensional
excess pressure:
77" = 1 -- d're f - Z' -

')t'.

(T' - T;ef)

(10)

where 7', d'ref, T;ef a r e the dimensionless Clapeyron
slope, reference phase transition depth and reference
temperature, respectively. The characteristic scales
giving nondimensionalized variables for depth and
temperature are respectively
d=L.d'
T = ( r , - T o ) . r ' + 7"

(11)

where L is the thickness of the box, To and T~ are
the temperatures at the top and bottom boundaries,
and d' and T' are the nondimensional depth and
temperature. Dimensional values are given in Table
1. Density is then given by the following state
equation:

o=o0.

l

(12)

where the density jump across the phase change
boundary ( A o / o 0 ) is set equal to an average value
of 8% (Schubert and Turcotte, 1971; Richter, 1973;
Zhong and Gurnis, 1994).
In the vicinity of the modelled subduction zone,
the depth of the phase transition olivine-spinel is
calculated from the following Clapeyron curve:
z (km) =

I T ( K ) + 1892]
8

410km depth in the mantle far from the subduction
zone.
2.2. Parameters and boundary conditions
The Earth's upper mantle is modelled using a
670 km depth box, the aspect ratio of which is eight.
Fig. 1 illustrates the boundary conditions prescribed
to model purely thermal convection under convergent plates. The temperatures at the top and bottom
of the box are 300 K and 2200 K, respectively. To
model plate displacement, the velocity (which ranges
from 0 to 6 cm year -t ) is imposed at the top of the
box and at the boundary which models the downgoing slab up to the penultimate knot. No thermal
condition is imposed on the downgoing slab boundary.

The downgoing slab is prescribed as a nonmigrating slab dipping uniformly at 30 °, 45 ° or 70 °.
These cases fit well the Earth's values, which range
from 10 to 85 ° (Jarrard, 1986). V1 and V2 are
respectively the velocity of the plate which is going
to subduct and that of the overriding one, with V 2
smaller to V 1. V 2 may be equal to zero (motionless
plate) or not. A motionless overriding plate (V 2 = 0)
is consistent with an unmoving convergence point (T
in Fig. 1). A moving overriding plate is also consistent with an unmoving convergence point provided a
thickening of the crust balances the momentum, as is
actually observed on the Earth. In a first approximation, we may make the subduction velocity Vs equal
to V 1. This observation is generalized by imposing
Vs to V 1 in all cases.
According to geodynamic studies based on observables (Uyeda and Kanamori, 1979; Cross and
Pilger, 1982), the subduction geometry would mainly

v=vlmVl
v=O

~

v=vx=-V2
T

~

v=O

~"'- x T0 = 300 K
vx

I

=

vx = 0

v=O

TI = 2200 K

(13)

This equation has been obtained from Eq. (10) for
F = 1 / 2 such that the phase transition occurs around

Heating from below

Fig. 1. Temperature and velocity boundary conditions.
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result from the combinations of the convergence rate
between the subducting and the overriding plates, the
absolute motion of the upper plate, the age of the
descending plate and the duration of subduction. For
instance, the older the plate, the colder and therefore
the heavier it is, and thus the easier and the faster it
sinks in the mantle (e.g. the case of the Marianas).
We want to study systematically the effects of both
plate velocities and the subduction geometry. We
assume that the history of the subduction justifies a
given case of parameters (plate velocities and subduction dip).
Moreover, other geodynamic studies insist on the
influence of global plate motions. Uyeda (1982)
suggested that back-arc extension observed at the
surface would not result from the simple subduction
but also from additional forces induced by mantle
flow and associated with motions of major plates. In
particular, the role of the overriding plate would be
significant. As the trench migrates towards the upper
plate, we would obtain a steeper subduction (e.g.
Marianas), whereas as the upper plate advances towards the trench, we would obtain a shallower subduction (e.g. Chile) (Uyeda, 1982). This point is
confirmed by the recent study of Scholtz and Campos (1995), which suggested that back-arc spreading
would result from the rifting of the upper plate and
assimilating of forces responsible for this extension
to an anchor like force due to lateral motion of the
slab through the mantle.
Numerical researchers have included a migrating
convergent point. Gurnis and Hager (1988) left the
shape and dip of slab to be determined by flow and
showed that a shallow dip is associated with a

migrating trench. Zhong and Gurnis (1995) incorporated faults in a time-dependent mantle convection
model to elucidate the slab penetration through the
670kin transition. Their model suggests the strong
influence of the motion of the overriding plate and
the position of the trench on the shape and penetration of the slab. A steep subduction and a shallow
subduction are probably associated with a motionless
trench and with a migrating trench, respectively,
except for the case of the Solomons (a well-known
steep subduction, with a fast migrating trench). The
most important issue then remains the modelling of
the rigid slab and its dip. According to the quoted
studies (geodynamic as well as numerical), a migrating trench would account for the subduction geometry, and for transitional stages. We have preferred to
work out a systematic study of stationary states to
estimate more precisely the influence of each parameter (dip and velocities).
We use a viscosity value r / = 5 × 102j Pas. The
lower boundary temperature T1 was selected to obtain good estimations for the surface heat flow and
the partial melting at ridges. With a preliminary
model, including kinematic boundary conditions prescribed only at the top boundary, we have tested
several couples (~7; T1). The most appropriate couple
appeared to be (5 × 1021 Pas; 2200K). In such conditions, we obtain a realistic surface heat flow of
around 7 5 m W m -2 and acceptable melting zone
characteristics with melting depth of 40-80 km and
lateral extent of about 200km. Typical values for
other mantle parameters are given in Table 1; they
correspond to a Rayleigh number of about 1.2 × 10 s,
which is a realistic value (Jarvis and Peltier, 1989).

Table 2
Coupling velocity for a Rayleigh number of 1.2 × 105

Turcotte and Oxburgh (1967)
Jarvis and Pelfier (1982)
Ournis and Davies (1986)
Davies ( t 986)

P e c l e t - R a y l e i g h relation

Plate velocity (cm y e a r - l )
o = (Pc. x ) / L z

Pe
Pe
Pe
Pe

1.6
1.1
3.1
2.4

=
=
=
=

0 . 1 4 2 . Ra 2/3
0.12. Ra °'645
0.27 • Ra 2/3
c - Ra 2/3

( c = 0.21 + 0.11)
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Before studying the main results, we had to evaluate the coupling velocity value for our model conditions (convection intensity, thermal boundary conditions, mantle viscosity, etc.). We present in Table 2
the values of this limit velocity deduced from the
relations between the Rayleigh and the Peclet numbers, suggested in the Introduction. For a Rayleigh
number of 1.2 × 105, a viscosity of 5 X 10 21 Pas
and other mantle parameters as defined in Table 1,
we can consider that the coupling velocity is between 2 and 3 c m y e a r - | according to the more
recent studies (Davies, 1986; Gurnis and Davies,
1986).

2.3. N u m e r i c a l resolution

1 cm year- 1. In the second case, the overriding plate
is motionless and the subduction velocity and V 1 are
equal to 1 cmyear-~. In the last case, all plate
velocities are equal to 1 cmyear-1. After having
imposed the mask on the downgoing slab boundary,
we could verify that the descending zone is highly
forced by the imposed kinematics conditions.

2.4. The m o d e l ' s a c c u r a c y

The model without a downgoing slab has been
previously validated (Dupeyrat et al., 1995). Steady
state is achieved when the maximum of the stream
function converges as follows:
a/"rrna×( I "]- a t ) -- ~max(t)

Both Eq. (8) and Eq. (9) were solved by the
multigrid method (Stuben and Trottenberg, 1982).
This consists in using few points and in calculating
with larger and larger meshes, by considering only
every second point in both x and z directions. Using
a mask allowed us to optimize this method and to
obtain a vectorization rate about of 90% (Dupeyrat et
al., 1995). The mask is a logical variable: a knot
with a false value for the mask is not taken into
account for the calculations. Thus, we avoid index
jumps, which increase calculation time on vectorial
processors. For each grid (from the largest, 3 × 17,
to the smallest, 33 × 257), a mask is imposed on
knots constituting all the boundaries (including that
of the downgoing slab). On these knots, the stream
function is constant during all the calculations. It is
worth noting that introducing the downgoing slab
boundary imposes the calculation of the derivatives
in directions parallel and perpendicular to this plate
boundary. Moreover, we numerically account for the
existence of the slab boundary. Indeed, we calculate
at each step the vorticity and the velocity on knots
neighbouring the slab as a function of the values of
these variables on the slab.
The necessity of using of a mask can be illusgated with a simple geometrical configuration: a 90 °
subduction dip. Boundary conditions are the same as
those illustrated in Fig. 1 except that the downgoing
slab boundary is vertical. Three cases were examined. In the first case, surface plates are motionless
whereas the downgoing plate velocity is equal to

~Fmax(t + a t )
~-× 10 -5 m . y . -1

1

. ~---t< 10- 18 s - I
(14)

where 8t is the characteristic time step; it is inferred
from the maximum velocity in the box for a given
mesh size and thus varies from 13000 to 61 000 years
for a 20 km mesh size and for the models we consider. The convergence threshold (10-18S -1) has
been selected to achieve an absolute accuracy of
1 0 - 2 K on temperature for most of the studied kinematic boundary conditions. In the case where V2 is
equal to 0 c m y e a r - ~ and for the 45 ° and 70 ° dip
cases, the steadiness requires a too much too high
numerical time to achieve such a convergence
threshold. The calculations were stopped for a
threshold of 10-t5 s - i and absolute uncertainties on
temperature have been deduced. For both 45 ° and
70 ° dip cases and as V 1 ranges from 2 to 6 cm year- T,
the maximum absolute uncertainty is about 20 K. For
V 1 = 0.5 and 1 cm year- I, the uncertainties are about
30 K and 40 K for the 45 ° and 70 ° dip cases, respectively. We have also taken into account the uncertainty owing to the spatial resolution, which is lower
than 25 K for the 30 ° and 45 ° dip cases, and lower
than 5 0 K for the 70 ° dip case. The maximum total
uncertainties on temperature are for the 30 ° , 45 ° and
70 ° dip cases, and are 25 K, 65 K and 90 K, respectively. Finally, a 33 x 257 grid takes into account
both an acceptable numerical invest and a good
accuracy.
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3. Results
3.1. Constraints on the convective pattern: influence
of plate velocities and subduction geometry
3.1.1. General description
Fig. 2(a) illustrates the case of motionless surface
plates, that is to say, V 1 = V 2 = 0. It corresponds to
a preliminary motionless plates model, including no
downgoing slab boundary and directly based on the
original code (Dupeyrat et al., 1995). Both stream
function and the temperature fields in Fig. 2(a) correspond to a steady state, which may be used as a
starting state for the model presented in this study.
Fig. 2(a) suggests a great regularity in size and shape
of the convection cells. The mean size is about
640km, suggesting an aspect ratio of about unity.
Fig. 2(b) differs from Fig. 2(a) in that V1 =
0.5 cmyear -~. This case allow to verify the wellknown effect of a plate moving towards a motionless
one, and consists in controlling the cell size. Moreover, we notice that the resulting descending zone
leads to a more or less vertical dip towards the
left-hand side. This raises the issue of modelling a
non-vertically dipping slab.
The next stage consisted in imposing kinematic
boundary conditions on the downgoing slab so as to
constrain the slab geometry. Fig. 3(a)-(d) present the
results obtained in the presence of a subducting plate
for the three subduction dip cases 30 °, 45 ° and 70 °.
The three first figures illustrate the particular case of
a motionless overriding plate, whereas the last one
show the general case where both plates are moving.
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One notices the great influence of the downgoing
plate on the convective state in its vicinity. Indeed,
all these figures suggest that the stream function and
the mantle's thermal patterns are highly forced by
both the downgoing slab and surface plates, even at
low velocities. For a moving overriding plate, the
convection is monocellular under each surface plate,
even at low plate velocities (Fig. 3(d)). In contrast,
as the overriding plate is motionless (V2 = 0), the
convection may be monocellular or multicellular depending on the subduction geometry (Fig. 3(a)-(c)).
In the following sub-sections, we examine the evolution of the character of the convective state in the
particular case of a motionless overriding plate. Furthermore, we outline the main characteristics of the
thermal and mineralogical patterns depending on the
subduction dip.

3.1.2. The particular case of a motionless overriding
plate (V2 = O)
3.1.2.1. Constraints on the convective pattern under
the moving plate. We examined the stream function
pattern under the moving plate, the velocity of which
is V1 (see Fig. 1). First, for any subduction dip
(30-70°), we verify that the convective structure
stabilizes for a moving plate velocity of around
2 c m y e a r - I , which is assumed to be around the
coupling velocity as discussed previously. Indeed,
the more V 1 increases, the more the convection cells
widen. For V 1 = 0.5cmyear-~, we observe three
cells (30 ° dip case), or three sub-cells (45 ° and 70 °
dips cases) which lead to the formation of only one

(a)

T

~P

(b)

T

~P

Fig. 2. Temperature(the maximum and minimum values are 2200 K and 300 K, respectively) and dimensionless stream function in the case
of (a) motionless surface plates (V 1 = V 2 = 0 c m year- t ) and (b) plate displacement (V l = 0.5 cm year- i ), for Rayleigh number of about
1.2 X 105. In (a), no downgoing slab boundary is considered, which means that no boundary condition is prescribed except at the outer
boundaries. In (b), boundary conditions are again prescribed only at outer boundaries.
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cell as large as the surface plate as V 1 exceeds
2 c m y e a r -1. Concerning the particular influence of
the subduction geometry, the lower the slab dip is,
the smaller is the cell size under the moving plate, as
we can see in Fig. 3(a)-(c).

(a)

3.1.2.2. Constraints on the convective pattern under
the motionless plate. Fig. 3(a)-(c) suggest a kind of

paradox. Indeed, for the 30 ° dip case and for V 1 =
0.5 cm year-1 (Fig. 3(a)), the cell size is coupled to
the surface plate length under the motionless plate,

(b)

~I'

VI = 0.5 cm/yr

V1 = 0.5 em/yr

VI = 1 cm/yr

VI = 2 cm/yr

cm/yr

= 4 cm/yr

~

Vl=2c~yr

-- : ~ - ~ : i - = ~ l

~ -

~

~2__~-'Z:-~

.... ~_~_~

.........

~

Vl=3c~yr

--...... .....

:-~/

Vl=4c~yr

c.3'

VI = 6 cm/yr

V1 = 6 cm/yr

(c)

(d)

v
V1 = 0.5 cm/yr

Subduction

dip = 30 o

VI = 1 cm/yr

Subduction

dip = 45 °

Subduction

dip = 70 °

Vl=3c~yr

Vl=4c~yr

Vl=6c~yr
Fig. 3. Dimensionless stream function for several plate velocities V I, in the case of a motionless overriding plate and for a subduction dip of
(a) 30 °, (b) 45 ° and (c) 70 °. (d) Dimensionless stream function in the case of a moving overriding plate (VI = 3 c m y e a r -~,
V 2 = 2 cm year- i ), for several subduction dips. For (a)-(d), the Rayleigh number is about 1.2 X 103 and the boundary conditions are given
in Fig. 1.
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whereas the convection is multicellular under the
moving plate. Indeed, it is surprising to observe large
cells (Fig. 3(a)) under the motionless plate where we
expected multicellular convection. This scheme is
the opposite to the case illustrated by Fig. 2(b),
where the ascending zone was quasi-vertical. The
comparison with higher dips (Fig. 3(a) and (b))
suggests that at low dip, the downgoing slab movement constrains the internal dynamics under the
overriding plate more than this latter plate does. This
extension of the size of the cell adjacent to the slab
under the overriding plate results from an increase of
the convective flow. Indeed, the flow induced by the
slab under the left-hand side moving plate and under
the motionless overriding plate depends on the vertical component of the slab velocity (V 1.sin(/3 )) and
on the horizontal component of the slab velocity
(V 1.cos(/3 )) respectively.
Also, we notice that the more V 1 increases, the
more the cell size increases up to the surface plate
size. Nevertheless, the coupling of the cell size to the
plate length occurs for velocities higher than a limit
value, depending on the slab dip. The convective
pattern under the motionless plate stabilizes for a
critical velocity of about 0.5 cm year- l, 3 cm year- t
and 4cm year-1 for a slab dip of 30°, 45 ° and 70 °,
respectively (see Fig. 3(a)-(c)).
3.2. Thermal structure in the vicinity of the subduction zone
3.2.1. Global thermal patterns
In Fig. 4(a) and (b), we focus on the thermal
patterns for a moving plate velocity V 1 equal to
3 cm year- ~ (i.e. close to the coupling velocity value)
depending on the subduction geometry first for a
motionless then for a moving overriding plate. In the
case V2 = 0, we observe that the more the dip
increases, the more the descending flow returns far
under the moving plate as we expected, but in contrast goes less far under the motionless overriding
one. This is explained by the dependence of the flow
on the components of slab velocity as a function of
dip, as we have previously stated (see Section
3.1.2.2). In the general case, which means that both
plates are moving, the thermal distribution is more
symmetrical (Fig. 4(b)).

(a)
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T
Subduction dip = 30 °

Subduction dip = 45 °

Subduction dip

(b)

= 70°

T
Subduction dip = 30 °

S u b d u c t i o n d i p = 45 °

~ ' ~ - ~ _ ~

~~~------"

~

Subduction dip = 70 o

Fig. 4. Temperature (the maximum and minimum values are
2200K and 300K, respectively) in the case of (a) a motionless
overriding plate and for a moving plate velocity V 1 of 3 cm year- ~,
for several subduction dips, and (b) a moving overriding plate
(V 1 = 3cmyear- t, V2 = 2cmyear- J), for several subduction
dips. For (a) and (b), the Rayleigh number is about 1.2× 105 and
the boundary conditions are given in Fig. 1.

Furthermore, for any case, we notice that the
lower the subduction dip, the more thermally diffused the subduction zone. The thermal thickness of
the slab (defined by the 1200K isotherm for the
following relative comparison) increases by 60%
from a dip of 70 ° to 45 ° and by 50% from a dip of
45 ° to 30 °. This observation suggests the interaction
of two phenomena: the thermal buoyancy forces
enhance a vertically cold descending zone whereas
the subducting plate enhances another cold descending zone in the direction imposed by the subduction
dip. Consequently, we obtain a cold diffused zone
between the dip direction and the vertical. Fig. 4(a)
and (b) show that the lower the subduction dip is, the
larger is the cold diffused zone.
3.2.2. Temperature on the downgoing slab boundary
In the previous section (Section 3.1), we have
first verified that the coupling velocity for the convective structure under the subducting plate is around
the initial assumed value of 2-3 cm year-I for any
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velocity) and stabilizes not necessarily at the coupling velocity but for lower values (e.g. in the 30 °
dip case).

subduction geometry. We have also shown that the
convective pattern under the overriding plate is highly
constrained by the subduction process (dip and slab
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Let us investigate now in more detail the influence of geometry on the coupling velocity value by
studying variation of temperature on the downgoing
slab as a function of dip. For any subduction geometry, we have calculated an average temperature on
the slab for depths lower than 600 km. Fig. 5(a)-(c)
illustrate the systematic study of this average temperature, called Tm, depending on slab dip and both
plate velocities V 1 and V2. Maximum absolute uncertainties inferred from the numerical resolution
(see Section 2.4) have been overlaid.
For any dip, we verified that the more V 1 and V 2
increase, the more Tm decreases. We verified also
that for any given dip, the thermal profile on the slab
reaches a steady state for plate velocities around the
assumed coupling value. The convergence rate is
then not adequate to characterize the thermal pattern
in the vicinity of the slab. As both plate velocities
V 1 and V2 reach 3 cm year -l , Tm stabilizes around
800 K for 30° (Fig. 5(a)), 775 K for 45 ° (Fig. 5(b))
and 675 K for 70 ° (Fig. 5(c)). At lower velocities, the
temperature may be modified by tens of degrees. For
instance, as the subduction velocity increases from 1
to 2 cm year-i and for a 70 ° dip, Tm decreases by
almost 100degrees (Fig. 5(c)).
By comparing the three dip cases, we notice that,
as expected, the more vertically the slab dips, the
lower the temperature is. For plate velocities (V 1,
V2) around 2 - 3 c m y e a r - l , Fig. 5(a) and (c) suggest
that a decrease of the subduction dip of 40 ° involves
a heating of the subducting plate of up to 100degrees. Indeed, as the slab is quasi-vertical, it leads to
the cold natural descending zone and must be colder.

3.3. Depth of olivine-spinel phase transition in the
downgoing slab boundary
The olivine-spinel phase transition occurring at
about 410km depth involves a change of the upper
mantle's mineralogical composition with depth (McKenzie, 1983). The Clapeyron slope for this transition is positive: in the vicinity of the cold descending
zone, the phase changes at a lower pressure and then
at a lower depth than in the hotter surrounding
mantle (Turcotte and Schubert, 1982; Kornprobst,
1990).
Fig. 6(a)-(c) illustrate the olivine-spinel phase
change depth Zt as a function of the subduction dip.
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The maximum absolute uncertainties are inferred
from the uncertainties on temperature and always
remain smaller than 10km. Our model shows that
calculated values for the phase transition depth Zt
vary from 320 to 390km. According to the model's
results, the olivine-spinel phase transition occurs in
the vicinity of the downgoing slab boundary 2 0 90km less deep than in the surrounding mantle.
According to Schubert and Turcotte (1971), the
olivine-spinel transformation would occur at about
410km depth in the surrounding mantle and from
290km depth in the subducting slab. Based on the
temperature profiles proposed by Schubert et al.
(1975), Madon (1986) studied the phase transitions
in the subducting slab. The resulting model suggests
that the phase transition depth is at about 410km in
the surrounding mantle and about 320km in the
subducting lithosphere. On the basis of thermodynamical data, Bina and Wood (1987) have established that the transition would occur from 290km
depth in the downgoing slab. In a similar study,
Hellfrich et al. (1989) found a deflection of 100km
up in the downgoing slab.
Hellfrich et al. (1989) suggested that sharp seismic velocity contrasts observed in the mantle and in
particular in subduction zones would be mainly induced by phase transitions. Katsura and Ito (1989)
recalled that, owing to seismic studies (e.g. Walck,
1984; Grand and Helmberger, 1984), the phase
change would occur at 380-425km depth in the
mantle far from the slab. Akaogi et al. (1989) quoted
also seismic velocity data (e.g. Anderson and Hart,
1976; 1.even, 1985) for the mantle, which gave a
transition depth between 370 and 420km. Through
seismic studies, the elevation in the subducting plate
is more difficult to constrain. Although the quoted
elevation found by Hellfrich et al. (1989) is in good
agreement with the seismological study of Solomon
and U (1975), Vidale and Benz (1992) found an
elevation of only 15km, which is very small compared with the predictions. Our calculated olivinespinel phase transition depths in the downgoing slab
boundary are consistent with already published values.
Fig. 6(a)-(c) suggest that the depth Zt reaches the
maximum value when the overriding plate is motionless. On the downgoing slab, the more V 1 and V2
increase, the more Zt decreases, in the same way as
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serve variations of the phase transition depth. For
instance, as the subduction velocity increases from l
to 2 c m y e a r - l for a subduction dip of 70 °, the

the temperature Tm. As V I and V2 exceed
2 cmyear -I, the phase transition depth Zt reaches a
steady value. In contrast, at low velocities we ob-
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downgoing plate phase transition depth decreases by
almost 25 km.
The comparison with other dip cases (Fig. 6(b)
and (c)) suggests that the phase transition occurs at
shallower depth as the slab dips more vertically. For
plate velocities (V 1, V2) around 2-3 cmyear -1, a
decrease of the subduction dip by 40 ° involves a
depth increase by 20km for the phase transition
depth. This is consistent with the characteristics of
the thermal structure on the downgoing slab. In the
previous section (Section 3.2.2), the model suggested
that the subducting plate was colder as the subduction was steeper. Owing to its pressure-temperature
dependence, the olivine-spinel phase transition is
likely to occur at shallower depth in a colder plate.
Besides, we note that the velocity of the upper plate
(V2) does not have a significant influence at low
subduction dip (e.g. subduction dip of 30°; Fig. 6(a)).
In contrast, for steep subduction (e.g. subduction dip
of 70°; Fig. 6(c)), an increase of V2 from 0 to
1 cmyear l involves a decrease of the phase transition depth by almost 20km. This is consistent with
the study of the convective state under the upper
plate (see Section 3.1.2.2). Indeed, the model suggested that the internal dynamics under the motionless overriding plate was mainly constrained by the
movement of the subducting plate at low subduction
dip.

4. Discussion

4.1. Modelling of the lithosphere' s rigidity
The use of kinematic conditions allowed us to
account for the rigidity of the lithosphere. To take
into account the rigidity of the lithosphere on a
realistic thickness, one may make a repetition of
kinematic conditions (Davies and Stevenson, 1992).
Such a model allows the temperature profile to be
solved with merely an error function but, in this
case, the lithosphere's viscosity is considered infinite. To obtain a realistic lithosphere rheology, it is
more appropriate to take into account a temperaturedependent viscosity. However, as previously noted,
numerically tolerated gradients in viscosity are not
important enough to force a rigid behaviour.
Concerning the thermal structure in the vicinity of
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the subduction zone, we have noticed that the smaller
the subduction dip, the more thermally diffused is
the slab. The thermally large slab observed in Fig. 4
for a 30 ° dip results from the competition between
the natural preferred direction of the ascending flow
and the imposed slab direction. An isoviscous model
enhances this effect. A more realistic theology leads
to the thermal thickness becoming more confined, as
plate forces overcome buoyancy forces. Nevertheless, numerically tolerated gradients in viscosity
would not be sufficient to remove fully this competition. Provided that the phenomenon is located under
the subducting plate, we may consider that it does
not affect significantly the dynamics under the upper
plate.

4.2. Partial melting and subduction zones
To validate further this model, we have focused
on the arc volcanism in the vicinity of subduction
zones, allowed by dehydration reactions near the
slab. We did not aim to quantify and study precisely
such processes, as we have not taken into account
conditions of water existence. We just wanted to
obtain some orders of magnitude of the location of
melt zones. For this purpose, we have overlaid the
peridote wet solidus profile given by Ponko and
Peacock (1995) on our thermal structures. We have
then evaluated the a r c - trench distance. First, we
have verified that the lower the subduction dip, the
further the volcanic arc from the trench, which is
consistent with observable features (Jarrard, 1986).
Then, we have focused on the orders of magnitude
for the arc-trench distance. For 70 ° and 45 ° dips, we
obtain acceptable distances between 100 and 250km
and between 230 and 350 km, respectively. In reality, the arc of highly dipping subduction zones such
as the Kermadecs and the Solomons is about 100165km distant from the trench. For cases dipping
near 45 °, such as Tonga, the Kuriles, Kamchatka, the
Philippines and Izu-Bonin, this distance varies from
195 to 250km (Jarrard, 1986). Our results fit less
well with observations for the 30° dip case. In reality, most volcanic arcs (North Japan, North Chile,
Sumatra, Java, New Zealand) are 300km distant
from the trench. We find high values between 650
and 670km. This overestimation may be explained
by the excessively thermally diffused slab observed
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above (see Section 3.2.1). In this case, the asthenospheric wedge is abnormally cold and melting conditions are satisfied further from the trench. Finally,
we have obtained acceptable depths of partial melting (between 80 and 125 km), which are consistent
with the literature data, between 80 and 150km
(Gill, 1981).
4.3. Constraints on the convective pattern

In previous models, the coupling velocity was
deduced from the balance between forces related to
the convective circulation and forces related to surface plate displacement (e.g. Turcotte and Oxburgh,
1967; Hager and O'Connell, 1981; Jarvis and Peltier,
1982; Davies, 1986, 1988; Gurnis and Davies, 1986;
Schmeling, 1989; Davies and Richards, 1992; Zhong
and Gumis, 1994; Lowman and Jarvis, 1995). However, the possible influence of the particular geometry of a subduction zone on this coupling has not
been systematically investigated. For a Rayleigh
number of 1.2 × 105 and without taking into account
an imposed subduction geometry, the typical coupling velocity is around to 2-3 cm year -I .
We have proved that the coupling is affected by
the particular geometry of the slab in the case of a
motionless overriding plate. Indeed, in this case, the
coupling occurs under different conditions depending
on the subduction dip. We have then clarified the
influence of slab dip on this phenomenon, which is
enhanced at low dips. In particular, we obtain lateral
small-scale convection and large-scale convection
for a steep dip and a shallow dip, respectively. For a
70 ° dip, our model suggests a hot ascending zone,
under the overriding plate, at a distance of 5001000km from the trench, which is consistent with
previously quoted orders of magnitude of trenchback-arc gaps. For lower dips, we have a monocellulax pattern under the overriding plate. It would be
necessary to increase our lateral study domain to
evaluate better the influence of the subducting plate
on the overriding one. Also, a more realistic rheology, which would induce a stronger rigidity of the
slab, must minimize the driving force owing to the
slab, and consequently the tendency to cell extension.
The growth of convection cell size has previously
been observed by Nataf et al. (1981) by studying

subduction of oceanic under continental lithosphere.
Through numerical and laboratory experiments, they
proved the effect of lateral cooling (suggesting a
downgoing slab) on the convective pattern, and more
specifically on the growth of convective rolls under
the continental plate.
The difference in convection scales observed between a shallow (30 ° dip) and a steep (70 ° dip)
subduction is consistent with surface observable features such as back-arc spreading. Subduction plate
boundaries may be classified into two types through
their tectonic stress fields: compressional and extensional, characterized by back-arc spreading and high
heat flow (Uyeda and Kanamori, 1979). In the second case, Wdowinski et al. (1989) quoted the main
factors responsible for a given stress state: the convergence rate between the subducting and the overriding plates (Hyndman, 1972), the age of the subducting plate (Molnar and Atwater, 1978) and its
geometry (Uyeda and Kanamori, 1979). Indeed, most
back-arc spreading cases may be associated with
steep subductions (Cross and Pilger, 1982). As examples, we can quote the subduction zones of the
Marianas, the Kermadecs, Tonga, New Britain, the
New Hebrides and the South Sandwich Islands (Jarrard, 1986; Scholtz and Campos, 1995). In such
cases, the back-arc basin is at a distance of 350700kin from the trench. In contrast, we observe no
back-arc extension for most of the shallower subductions (e.g. the Kuriles, Kamchatka, Chile, Peru,
Alaska, Mexico, Colombia).

5. Conclusion
Through this systematic study, we have clarified
the constraints on the dynamic and thermal structures
in the Earth's upper mantle in the vicinity of a
subduction zone. Both the effects of plate velocities
(of the subducting plate as well as the overriding
one) and of slab geometry are illustrated.
We aimed first to elucidate the influence of the
downgoing plate's geometry on the balance between
thermal buoyancy and boundary forces. For a
Rayleigh number of 105, such a coupling velocity is
assumed to be reached for a plate velocity of 23 c m y e a r -~, not depending on slab geometry.
Through the study of our resulting convective pat-

D. lnsergueix et aL / Physics of the Earth and Planetary Interiors 99 (1997) 231-247

terns, we have established that under a motionless
overriding plate, such coupling requires different
conditions, depending on the slab dip. For a steeply
dipping slab, the coupling will be achieved for velocities higher than 3 cm year-~ for a Rayleigh number
of 10 5. Also, we have proved that the subduction
geometry significantly constrains the lateral circulation under a motionless upper plate. A steep or a
shallow subduction enhances lateral small-scale or
large-scale convection, respectively.
The quantitative study of the temperature at the
downgoing slab boundary clarifies the respective
effects of subduction geometry and plate velocities.
As expected, the steeper the subduction, the colder
the slab. For both subducting and upper plate velocities around 2 - 3 cmyear -~ , a steep subducting plate
appears to be more than 100degrees colder than a
shallow subducting one for a Rayleigh number of
105 . Concerning the role of plate velocities, this
study suggests that the convergence rate is insufficient to characterize dynamic and thermal structures
in the vicinity of a subduction zone. Both plate
velocities are required. Indeed, the thermal pattern
stabilizes as both plate velocities reach the assumed
coupling velocity around 3 cm year-~ for a Rayleigh
number of l0 5. At lower plate velocities, this pattern
is significantly modified, by up to tens of degrees,
for any given dip as velocity changes.
In the case of a motionless upper plate, the effects
of both plate velocities are important for plate velocities smaller than the assumed coupling value, whereas
the effects induced by the slab's geometry are significant at any velocity. The model predicts that the
acceleration of a slow slab as well as variation of its
geometry will have significant effects on its thermal
structure. For a fast slab, a variation of velocity will
have little effect whereas the influence of the slab
dip is always significant. As the overriding plate is
no longer motionless, the coupling is not dependent
of the subduction geometry.
From our thermal structures, we have inferred the
olivine-spinel phase transition depth in the mantle
and in the downgoing slab. Our results are in good
agreement with thermal and mineralogical models of
the slab. The systematic study of this depth as a
function of plate velocities and slab geometry suggests close consistency with the study on temperature, depending on plate velocities. For both subduct-
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ing and upper plate velocities around 2 - 3 cm yearand a Rayleigh number of 10 5, the phase transition
occurs 20 km less deep in a steeply dipping subducting plate than in one with a shallow dip. Also, the
movement of the upper plate has a less significant
influence on this elevation as the subduction is shallower. For any given dip and plate velocities smaller
than 2 - 3 cm year -~ , plate kinematics variations will
have significant effects on the mineralogical pattern.
For greater plate velocities, the phase transition depth
in the downgoing slab reaches a steady value, as
observed previously for the thermal structure.
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