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SU M MA RY
This study reports the results of a 2-D numerical mantle convection model, featuring
plate kinematics and non-vertical subduction. The main question we address is the
combined effects of plate velocities, convection intensity, and subduction dip angle on
the Earth’s upper-mantle dynamics in the vicinity of a subduction zone. Through a
systematic investigation using Rayleigh numbers in the range 1.2×104–6×105, a
motionless overriding plate, subduction dip angles of 70°, 45° and 30°, and subduction
velocities in the range 0.3–10 cm yr−1, we aim to study the interactions of the subducting
and overriding plates with the underlying mantle. We focus on the possible transitions
of flow structures, from a multicellular to a monocellular circulation, and from an
unsteady to a steady global structure. Unsteady states can be either periodical or nonperiodical. The model predicts that unsteady structures are characterized by instabilities
that affect both horizontal thermal boundary layers under the moving plate, but only
the upper thermal boundary layer under the motionless overriding plate. The movement
of the subducting plate may be sufficient to drive the lower part of the circulation
under the motionless overriding plate, characterized by an elongation of cells. This
latter influence is favoured by a decreasing subduction dip angle. Thus different
transition relations for the flow structure are obtained according to whether we consider
the moving plate or the motionless overriding one, and whether we consider a shallowor a steep-dipping subduction. By focusing first on the dynamics under the moving plate,
we are better able to quantify the relationship between the buoyancy and boundary
forces associated with the subducting lithosphere. For steep to intermediate subduction
angles, we find, as in previous studies with no down-going slab boundary, that the
greater the convection intensity, the greater the plate velocity that is required to achieve
the dynamical mantle–plate coupling. This is not, however, characteristic of a shallowdipping subduction, since we show that the down-going plate has a stabilizing influence,
suggesting the existence of a critical subduction dip angle for the mantle–plate coupling.
Thus the investigation of internal dynamics under the motionless overriding plate
reveals a surprising single-cell circulation under this plate for a sufficiently high
convection intensity. This single-cell circulation is obtained for smaller subducting plate
velocities since the value of the subduction dip angle decreases. The different lateral
convection styles under this plate at moderate subduction velocities, namely multicellular and monocellular for dip angles of 70° and 30°, respectively, are consistent
with stress states in the overriding lithosphere. Indeed, steep- and shallow-dipping
subductions are likely to be associated with back-arc extension and compression,
respectively. For a dip angle of 70° under the overriding plate, the model predicts an
upwelling next to the trench, the location of which is consistent with observed
back-arc basins.
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I NT R O DU C TI O N

The real nature of the interactions between plate tectonics and
mantle dynamics has been a major area of interest since the
end of 1970s. Surface observables such as the irregular shapes
and movements of lithospheric plates and the existence of
plates (e.g. Pacific plate) larger than the mantle thickness were
inconsistent with a classical Rayleigh–Benard scheme (small
regular convection cells) (Lux et al. 1979), so a possible convective circulation organized on a horizontal scale related to the
size of the surface plates was suggested. Then, the controversy
concerning the driving mechanism of plate tectonics raised.
Two possible schemes were proposed: an ‘active mantle’ model,
assuming that the convective circulation drives the plates; and
a ‘passive mantle’ model, where the negative buoyancy of the
subducting plate drives mantle convection. Numerical investigations (e.g. Turcotte & Oxburgh 1967; Parmentier & Turcotte
1978; Lux et al. 1979) have shown that a moving upper
boundary drives the underlying circulation for intense enough
plate movements. At small surface velocities, the convection is
organized in several stationary small cells that become more
elongated with increasing velocity. For instance, Lux et al.
(1979) found a critical velocity above which the convection is
organized in a single cell as large as the surface boundary.
This velocity, hereafter called the ‘coupling velocity’, corresponds to the dynamic balance between forces exerted on the
plates (so-called ‘boundary forces’) and on the fluid mantle
(buoyancy forces).
To model surface plate displacement, numerical researchers
may use dynamical models (convection with a free boundary),
kinematic models (convection with a rigid surface boundary)
or intermediate models with imposed plate conditions. In
dynamical models, a variable Newtonian or non-Newtonian
rheology (e.g. Schmeling & Jacoby 1981; Cserepes 1982;
Christensen 1984) is considered to compute the surface velocity
from the acting forces. In kinematic models, plate velocities
are a priori imposed on the surface boundary (e.g. Lux et al.
1979; Houseman 1983; Davies 1986; Davies & Stevenson 1992;
Lowman & Jarvis 1995; Insergueix et al. 1997). In the model
with imposed plate conditions, superficial viscosity gradients
are imposed; the surface velocity is still computed from forces
balance, but is constant under specified areas (e.g. Ricard &
Vigny 1989; King & Hager 1990; Gable et al. 1991; King et al.
1992; Zhong & Gurnis 1995).
When using a dynamical model, the coupling velocity is
inferred from the calculation of the mean horizontal surface
velocity component, and a relation between the Peclet and
Rayleigh numbers has been established,
Pe=a∞Rab∞ ,

(1)

so that the boundary and buoyancy forces are similar. In the
case of convection coupled to an upper rigid boundary, the
Peclet number quantifies the boundary’s movement, since it is
related to the surface velocity V as follows:
Pe=V L /x ,
(2)
z
where L is the thickness of the convective layer, and x is the
z
thermal diffusivity. In a kinematic model, this coupling velocity
has to be imposed on the surface boundary. A numerical
calculation constrained by heat flow, topography, gravity and
geoid calculations reveals a high level of consistency between
the dynamical and the kinematic approaches, and shows the

lower numerical investment associated with the kinematic
model (Davies 1989).
For the Earth, plate movements occur not only at the surface
but also in the planetary interior, because cold and rigid plates
subduct in the mantle. Despite the great progress that has recently
been made (e.g. Moresi & Solomatov 1995) in increasing the
tolerated numerical viscosity gradient, most dynamical models
prescribe gradients lower than 105 (e.g. Christensen 1984; King
& Ita 1995). Such contrasts remain inadequate to account for
the lithosphere’s rigidity, and in particular for a realistic nonvertical subduction geometry, since subduction dip angles
ranging from 10° to 85° are observed on the Earth (Jarrard
1986). It has been proved that a kinematic condition prescribed
on a down-going slab boundary successfully accounts for a
subducting plate (geometry and movement) (e.g. Davies &
Stevenson 1992; Insergueix et al. 1997). In a similar procedure
to that applied to the upper boundary, we can prescribe the
coupling velocity on the down-going slab boundary.
The remaining issue is the choice of vertical scale for our
study. Seismic tomography favours either a single-layer model
(e.g. Creager & Jordan 1984), a two-layer model (e.g. Ricard
et al. 1989) or a hybrid convection model (e.g. Van der Hilst
1995). A two-layer convection is also argued by geochemistry
considerations (e.g. Olson et al. 1990). Concerning laboratory
experiments, some high-pressure–temperature experiments favour
a two-layer convection (e.g. Jeanloz 1991), whereas some
analogue models predicts a hybrid convection (e.g. Griffiths
et al. 1995; Guillou-Frottier et al. 1995). Numerical studies
(e.g. Davies 1995; Christensen 1996) predict the occurrence of
the three convective patterns, depending strongly on the choice
of the Clapeyron slope and also on the subduction dip angle.
Other numerical researchers (e.g. Machetel & Weber 1991;
Zhong & Gurnis 1994; King & Ita 1995) account for an
intermittent layered convection. Since the mantle convection
scale issue is still debated, we can consider convection in the
upper mantle.
The present study aims to improve our quantitative knowledge
of mantle–plate coupling by investigating the influence of the
subduction geometry coupled to plate kinematics and convection intensity. We aim first to confirm, or not, previous
Peclet–Rayleigh relations by focusing on the coupling between
the mantle and the moving plate which is going to subduct.
In addition, contrary to most previous studies which consider
a symmetrical descending flow, we also focus on the dynamics
below a motionless overriding plate.
2

NU M ER I CA L M OD EL LI NG

Fluid mechanics equations for isoviscous thermal convection
are solved numerically with a 2-D multigrid finite-difference
code, assuming the Boussinesq approximation and an infinite
Prandtl number. Both the equations and the numerical method
are described in Insergueix et al. (1997). In a rectangular
670 km depth box of aspect ratio 8 which is heated from
below, representing the Earth’s upper mantle, the vorticity,
stream function, and heat equations are solved in order to
obtain the thermal and velocity fields. The exothermic 410 km
olivine–spinel phase transition is taken into account thanks
to a hyperbolic tangent phase function in the density state
equation. To enable a comparison with previous studies
(e.g. Lux et al. 1979, who worked in a 4-aspect ratio domain),
we have chosen an aspect ratio such that both surface plate
© 1999 RAS, GJI 138, 275–284
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Figure 1. Velocity boundary conditions.

lengths are four times the mantle thickness. Olson & Corcos
(1980) suggested a dependence of previous Peclet–Rayleigh
relations on the aspect ratio; nevertheless, these authors have
also shown that an increase of the aspect ratio has no more
significant effects for high aspect ratios. The influence of the
aspect ratio is maximum when considering a box twice as long
as the height, and stabilizes when the aspect ratio becomes
greater than four.
Plate displacement and rigidity are taken into account by
imposing convergent velocities on the upper boundary (Fig. 1).
The left-hand-side plate subducts at a velocity V under the
right-hand-side plate, which remains motionless. The movement and the geometry of the subducting plate are accounted
for by prescribing a kinematic boundary condition inside the
box down to 650 km depth with a given subduction dip angle
b. In order to optimize calculations in the vicinity of the
boundary conditions, we have imposed a ‘mask’ on the downgoing slab boundary. On knots defining this boundary, the
stream function remains constant, at a value arbitrarily taken
to be zero, and the vorticity v, constrained by the kinematic
boundary condition, is preserved during the solution of
Dv=−g∂r/∂x. The application of this mask and the particular
numerical resolution of variables in the vicinity of the subduction
boundary are discussed in Insergueix et al. (1997).
In addition to the mechanical boundary conditions, a
temperature contrast across the whole convective layer of
1900 K and other typical input parameters values are assumed
for the Earth’s upper-mantle dynamics. The three free parameters in this study are thus the plate velocity V (of the lefthand-side plate which subducts), the subduction dip angle b,
and the Rayleigh number Ra, modified by varying the value
of the viscosity. For typical subduction geometries ( b=30°,
45° and 70°), the numerical experiments to be presented were
carried out with Rayleigh numbers varying between 1.2×104
and 6×105, which includes the assumed range for the Earth’s
upper mantle of 6×104 to 2.5×105 (Jarvis & Peltier 1989),
and for plate velocities varying between 0.3 and 10 cm yr−1.
The initial state for a case with a given Rayleigh number
corresponds to convection with motionless surface plates and
no down-going slab boundary.
3

First of all, making use of free convection experiments
at different Rayleigh numbers, we determined the coupling
velocities from the calculations of the mean horizontal surface
velocity component. We found that the convection intensities
under investigation involve a coupling velocity ranging from
0.6 to 8.3 cm yr−1 and deduced the following Peclet–Rayleigh
relation:
Pe=0.206Ra0.676 ,

(4)

in good agreement with results in the literature (Fig. 2).

3.1

Time-dependent flow structures

Following the usual procedure, we examined the temporal
convergence of the code by first considering the average
temperature and velocity in the whole domain. Our systematic

R ES U LTS

Our results are considered to converge, since the maximum of
the stream function converges as follows:

C

Y (t+dt)−Y (t)
max
max
Y (t+dt)
max

D

1
≤10−18 s−1$p×10−5 Myr−1 ,
dt
(3)

where dt is the characteristic time step (about 1012 s).
© 1999 RAS, GJI 138, 275–284

Figure 2. Peclet–Rayleigh relations for the mantle–plate coupling.
Our results obtained from free convection experiments are given
together with predictions from the literature.
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investigation revealed two kinds of evolution for the temporal
convergence of the code: the flow structure reaches a steady
state as illustrated in Fig. 3(a), or we obtain unsteady states
that may be periodical (Fig. 3b) or non-periodical (Fig. 3c) for
which the fluctuation amplitude of the mean temperature
remains lower than 30 K or 60 K, respectively. We then
examined the convergence of the variables by considering
separately the circulation under the moving plate and that under
the motionless overriding plate. Surprisingly, the temporal
convergence may be different according to whether we consider
the dynamics on the left or right side for a given Rayleigh
number, subducting plate velocity, and subduction dip angle.
For instance, in the case of Ra=1.2×105, V =0.5 cm yr−1,
and b=70°, the state is non-periodical in the left part of
the box and steady in the right part. From now on, we will
consider steady and unsteady structures by distinguishing
dynamics under the moving plate and dynamics under the
overriding plate.
As also observed by Lux et al. (1979) in a mantle convection
model (aspect ratio of four) with a rigid upper boundary
layer, we have noticed that unsteady states are systematically

associated with the occurrence of thermal instabilities, called
‘thermal blobs’, that separate from the horizontal boundary
layers.
In the particular case of a 30°-dipping subduction, considering the thermal field under both plates, no thermal instabilities
have been found for any plate velocity and Rayleigh number in
the ranges from V =0.3 to 10 cm yr−1 and from Ra=1.2×104
to 6×105. For steeper subductions, under particular kinematic
and dynamical conditions (quantified by the Peclet and
Rayleigh numbers), we observe thermal blobs (Fig. 4). A
comparison between two Rayleigh numbers (Figs 4a and b)
suggests that an increasing convection intensity favours
narrower and more numerous thermal blobs.
Under the moving plate, Figs 4(a) and ( b) show that thermal
blobs affect both horizontal thermal boundary layers. These
results, obtained for dip angles greater than 45°, are consistent
with those obtained by Lux et al. (1979) for a moving plate
that subducts vertically (free lateral boundary). On the other
hand, for more horizontal subductions (for example the case
of b=30°), we obtain a steady thermal pattern under the
moving plate.
Under the motionless overriding plate, blobs affect only the
lithosphere in all cases in Fig. 4, except in the case of a dip
angle of 70° in Fig. 4( b). In this case, the thermal pattern is
steady under the motionless overriding plate, illustrating the
coexistence of steady and unsteady structures separated by the
downgoing slab boundary.
An increasing subduction dip angle favours the development
of cold blobs, which transform to downwellings. We can argue
that the movement of the subducting plate is sufficient to drive
the circulation at the base of the mantle under the motionless
overriding plate and to stabilize the lower boundary under
this plate by inhibiting the upwellings. The transition from
cold blobs to downwellings is characterized by the detachment
of cold blobs inside downwellings (Fig. 4b). A comparison
between the cases with b=45° and b=70° suggests that an
increasing subduction dip angle involves first the formation of
cold blobs, then downwellings, and finally a multicellular
convective pattern.
3.2 Flow structures as a function of plate kinematics,
subduction geometry and convection intensity

Figure 3. Historical plots of the mean temperature along the downgoing slab boundary for a Rayleigh number of 1.2×105: (a) for a plate
velocity V =0.5 cm yr−1 and a subduction dip angle of 30°; (b) for a
plate velocity V =2 cm yr−1 and a subduction dip angle of 45°; (c) for
a plate velocity V =1 cm yr−1 and a subduction dip angle of 45°.

First, we briefly review the reference case of motionless surface
plates without a down-going slab boundary. Fig. 5(a) presents
both the stream function and thermal fields that correspond
to a stationary state for Ra=1.2×105. We verify that the
convection is regularly multicelled (aspect ratio of about unity),
as expected for a motionless upper boundary.
Fig. 5( b) differs from Fig. 5(a) in that the left plate moves
at V =3 cm yr−1 towards the motionless right one. A vertical
down-going slab boundary is taken into account with a
prescribed velocity equal to V . Such a velocity is of the order
of the coupling velocity (2.5 cm yr−1) deduced from eq. (4) for
this convection intensity (Fig. 2). We obtain an elongated
single cell under the moving plate, but under the motionless
overriding plate we still observe, as expected, a multicellular
circulation. Note, however, an elongation of the cell adjacent
to the subducting plate.
The preliminary study of Insergueix et al. (1997) aimed
to investigate the combined effects of plate kinematics and
subduction geometry on the Earth’s upper-mantle dynamics
© 1999 RAS, GJI 138, 275–284
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Figure 4. Temperature for subduction dip angles of 45° ( left column) and 70° (right column) and a motionless overriding plate for (a) a plate
velocity V =0.5 cm yr−1 and a Rayleigh number of 1.2×105; ( b) a plate velocity V =2 cm yr−1 and a Rayleigh number of 6×105. This figure
shows the evolution with time (in Myr) of the thermal field affected by instabilities. In order to achieve a comparison with the calculations of Lux
et al. (1979), we have considered the magnitude orders for plate kinematics and convection intensity that these authors used to obtain such
instabilities. These velocity values are lower than the coupling velocity values deduced from eq. (4), which are around 2.5 cm yr−1 and 8 cm yr−1
for Ra=1.2×105 and Ra=6×105, respectively. [The maximum absolute value of the dimensionless stream function is 10 for (a) and 25 for ( b),
and the maximum and minimum temperatures are 2200 K and 300 K, respectively. The convergent point is fixed at the middle of the upper
boundary.]

in the vicinity of a subduction zone for a realistic Rayleigh
number of 1.2×105. The model predicted that an increasing
velocity favours cell elongation under both the moving and
the overriding plates. Furthermore, subduction dip angles of
70° and 30° favour multicellular and single-cell circulations,
respectively. The present study confirms these results for other
convection intensities and plate velocities.
© 1999 RAS, GJI 138, 275–284

3.2.1 Flow structures under the left moving plate
For a Rayleigh number Ra=1.2×105, Fig. 6 presents the
evolution of the stream function field with the plate velocity
V . The three kinds of subduction geometry (dip angles of 70°,
45°, and 30°) are investigated for velocities V ranging from 0.3
to 10 cm yr−1.
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Figure 5. Dimensionless stream function in absolute value (Y ) and temperature (T ) for a Rayleigh number of 1.2×105: (a) in the case of
motionless surface plates; ( b) with the left plate moving at V =3 cm yr−1 towards the motionless right plate. (The maximum absolute value of the
dimensionless stream function is 6.5, and the maximum and minimum temperatures are 2200 K and 300 K, respectively. The convergent point is
fixed at the middle of the upper boundary.)

Figure 6. Dimensionless stream function in absolute value (Y ) for several plate velocities between 0.3 cm yr−1 and 10 cm yr−1, a Rayleigh number
of 1.2×105, a motionless overriding plate, and a subduction dip angle of (a) 70°; (b) 45°; (c) 30°. (The maximum absolute value of the dimensionless
stream function is 43. The convergent point is fixed at the middle of the upper boundary.)

As expected (Lux et al. 1979), the greater the value of V ,
the more elongated the convection cells. For instance, in the
30° dip angle case (Fig. 6c), a multicellular circulation tends
to become an unsteady single-cell one as V increases from 0.5
to 1 cm yr−1. We verify that the balance between the moving
plate and the underlying mantle is well achieved for plate
velocities higher than a value of 2 cm yr−1, which is close to
the coupling velocity value of 2.5 cm yr−1 deduced from eq. (4)
for this convection intensity. Indeed, for any subduction
geometry and for V higher than 2 cm yr−1, we observe a steady
single-cell circulation below the moving plate.
By now considering the evolution with the subduction
geometry, we notice that the elongation of cells under the
moving plate is favoured by an increasing subduction dip
angle. For instance, for V =0.5 cm yr−1 the circulation is
monocellular for a dip angle of 70° (Fig. 6a) and multicellular
for a dip angle of 30° (Fig. 6c).
These combined effects of the plate movement and the subduction geometry are confirmed at other convection intensities
(Fig. 7). First, for any considered convection intensity, we verify
that the cell elongation under the moving plate is favoured by
increasing plate velocity. Next, we note two different tendencies
for the evolution of flow structures according to whether we

consider steep- and intermediate-dipping subductions ( b=70°
and b=45°) or shallow-dipping subductions (b=30°).
Note that the mantle–plate coupling undergoes a transition
from a steady to an unsteady monocellular convection as the
Rayleigh number increases and the Peclet number decreases
(solid line in Fig. 7). To characterize the flow structure
evolution, we realized linear regressions from the mean log(Pe)
corresponding to a transition in function of log(Ra). For dip
angles of 70° and 45°, the mantle–plate coupling transition
verifies the following Peclet–Rayleigh relations, respectively:
Pe=0.049 Ra0.704 , for b=70°

(5)

and
Pe=0.016 Ra0.831 , for b=45° .

(6)

We observe a fairly good correlation of the relations (5)
and (6) predicted by our model for b=70° and b=45° with
those obtained for a moving plate that subducts vertically
(eq. 4 and Fig. 2).
A second transition isolates the latter unsteady monocellular
circulation from a steady multicellular one for the highest
Rayleigh numbers and smallest Peclet numbers (dashed line in
Fig. 7). For a dip angle of 70°, as well as a dip angle of 45°,
© 1999 RAS, GJI 138, 275–284
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Figure 7. Evolution of the flow structure under the moving plate as a function of the Peclet and the Rayleigh numbers, and depending on the
subduction dip angle: (a) 70°; ( b) 45°; (c) 30°. The dashed and solid lines illustrate on one hand the transition from a multicellular to a monocellular
circulation, and on the other hand the transition from an unsteady to a steady monocellular convection. The solid rectangle outlines the assumed
ranges for the Earth’s upper mantle.

the second transition verifies the following relation:
Pe=0.020 Ra0.694 .

(7)

We obtain the same tendency as Lux et al. (1979) (Pe=0.04 Ra2/3).
The resulting transition zone corresponds to unsteady
convective patterns, characterized by thermal blobs.
These evolutions are not observed in the case of a subduction
dip angle of 30°, suggesting a critical dip angle of between 45°
and 30° for the dynamics evolution under the moving plate.
First, we point out that only steady flow structures exist,
whatever the plate movement and the convection intensities
(Fig. 7c). This suggests a rapid transition from a monocellular
circulation to a multicellular one. Thus a small velocity
change involves a significant modification of the flow structure.
Moreover, for realistic Rayleigh numbers, the coupling velocity
is smaller for a gently dipping subduction than for an
intermediate- to a steep-dipping one. This suggests that a more
horizontal subduction significantly favours cell elongation.
Furthermore, it is surprising to observe an elongation of cells
as the Rayleigh number increases. Indeed, an increasing convection intensity is assumed to favour a Rayleigh–Benard
circulation. This important difference from steep-dipping subductions may be due to the greater slab length, caused by the
more horizontal geometry because we impose the condition
that the subducting plate should reach nearly the bottom of
the upper mantle. We may argue that this longer moving plate
generates a sufficient driving effect to prevail over viscous
forces. This raises the necessity of further investigations, since
observations suggest that small subduction dips are probably
associated with short slabs (Jarrard 1986).
© 1999 RAS, GJI 138, 275–284

Finally, we obtain a completely different coupling relation
from eqs (5) and (6) (solid line in Fig. 7c):
Pe=168.091×103 Ra−0.645 .

(8)

3.2.2 Flow structures under the motionless overriding plate
As previously observed for vertical subduction (Fig. 5b), for
any subduction dip angle, we observe that the cell aspect ratios
are larger than one, as expected in the case of Rayleigh–Benard
circulation under a motionless surface boundary (Fig. 6). This
elongation of cells is favoured by an increasing subducting
plate velocity (increasing Peclet number) (Figs 6 and 8). Fig. 8
suggests that both increasing Peclet and Rayleigh numbers
favour cell elongation. For any subduction dip angle, a critical
Rayleigh number (between 6×104 and 1.2×105) and a critical
Peclet number can be inferred. Above these critical numbers,
we obtain a monocellular structure under the motionless plate.
Moreover, cell elongation is favoured by a decrease in the
subduction dip angle. For instance, for V =0.5 cm yr−1, the
circulation is multicellular for a dip angle of 70° (Fig. 6a), and
monocellular for dip angles of 45° and 30° (Figs 6b and c).
Indeed, the smaller the subduction dip angle, the smaller the
critical Peclet number (Fig. 8). To obtain a monocellular
circulation, a subducting plate velocity of 0.3 cm yr−1 is
sufficient for b=45° and 30° (Figs 8b and c), whereas a
subducting plate velocity of 3 cm yr−1 is required for b=70°.
This suggests that a shallow-dipping plate has a driving
influence on the circulation under the motionless overriding
plate. The influence of the movement of a shallow-dipping
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Figure 8. Evolution of the flow structure under the motionless overriding plate as a function of the Peclet and the Rayleigh numbers and
depending on the subduction dip angle: (a) 70°; ( b) 45°; (c) 30°. The dashed and solid lines illustrate on one hand the transition from a multicellular
to a monocellular circulation, and on the other hand the transition from an unsteady to a steady monocellular convection. The solid rectangle
outlines the assumed ranges for the Earth’s upper mantle.

plate is confirmed by Fig. 9, which differs from Fig. 6 in that
buoyancy forces are not taken into account. We can argue
that, the smaller the subduction dip angle, the greater the
subducting horizontal component, so that the driving influence
of the subducting plate is enhanced under the motionless
overriding plate.

By focusing on realistic Peclet and Rayleigh numbers (solid
rectangle in Fig. 8), we notice that all styles of circulation are
obtained for b=70°, whereas convective structures are mainly
monocellular for b=45° and 30°. Furthermore, under the
moving plate in the 30° dip angle case, Fig. 8(c) shows that
there are no time-dependent structures, suggesting that a small

Figure 9. Dimensionless stream function in absolute value (Y ) for the case with no buoyancy forces for several plate velocities between 0.3 cm yr−1
and 10 cm yr−1, a Rayleigh number of 1.2×105, a motionless overriding plate, and a subduction dip angle of (a) 70°; ( b) 45°; (c) 30°. (The maximum
absolute value of the dimensionless stream function is 43. The convergent point is fixed at the middle of the upper boundary.)
© 1999 RAS, GJI 138, 275–284

Upper-mantle dynamics in the vicinity of a subduction zone
kinematic change is sufficient to modify significantly the mantle
circulation under the motionless overriding plate.

4

CO N CLU S IO N S A N D D IS CU S SI O N

Previous studies on the evolution of the Earth’s upper-mantle
dynamics focused on convective structures under a moving
surface boundary that subducted freely on a lateral boundary.
In this study, we consider in addition dynamics under the
overriding plate and examine the effects of realistic subduction
geometries. Results clearly show that it is necessary to consider
separately the mantle circulation under the moving plate and
that under the overriding plate. It is also necessary to take
into account the subduction geometry and its combined effects
with plate kinematics and convection intensity. In the following
discussion, we consider ranges of realistic Peclet and Rayleigh
numbers (solid rectangle in Figs 7 and 8).
Under the moving plate and for a subduction geometry
close to the vertical direction (b≥45°), results are similar to
those predicted by models considering a single moving plate
subducting freely on a lateral boundary. Our model predicts
that the circulation under the moving plate remains dependent
on plate kinematics and convection intensity, and nonsignificantly dependent on the subduction dip provided that
the subduction is quite steep-dipping ( b≥45°). For dip angles
ranging from 45° to 70°, we propose a mean Peclet–Rayleigh
relation (obtained from eqs 5 and 6) which is in agreement
with those previously published (eq. 4 and Fig. 2):
Pe=0.026Ra0.774 .

(9)

Under this plate, the circulation may be steady or unsteady
and monocellular or multicellular. The transition from a steady
multicellular to a steady monocellular circulation requires an
increase of the plate velocity by about 1 or 2 cm yr−1. Unsteady
structures are characterized by thermal instabilities. As previously observed (Lux et al. 1979), thermal blobs separate
from both thermal boundary layers, a phenomenon that is
favoured by an increasing convection intensity.
On the other hand, this evolution is not characteristic of
shallower-dipping subductions, suggesting a critical subduction
dip angle for the dynamics evolution under the moving plate.
A more horizontal subduction is not associated with such
thermal instabilities. For a shallow-dipping subduction, the
coupling velocity is smaller than for an intermediate- to a steepdipping one, and a new Peclet–Rayleigh relation characterizing
the coupling has been obtained (eq. 8).
Under the motionless overriding plate and for dip angles
greater than 45°, thermal instabilities may affect the upper
thermal boundary layer. Therefore, for steep-dipping plates,
modifications in magmatism and stress states may result from
unsteady underlying dynamics, characterized by the setting of
thermal blobs above all in the overriding lithosphere. In the
particular case of a dip angle of 70°, subducting plate velocity
smaller than 2 cm yr−1 and Rayleigh numbers greater than
2.5×105, some of these thermal instabilities develop sufficiently
to generate downwellings. This particular configuration suggests
the coexistence of stationary and unstationary magmatism and
stress states in the overriding lithosphere.
Because it is associated with steady thermal patterns, a
gently dipping plate ( b=30°) at a uniform velocity should
© 1999 RAS, GJI 138, 275–284
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involve stationary magmatism and stress states. So any modification of these surface observables should result only from a
change in the plate kinematics.
All styles of convection are predicted under the motionless
overriding plate. Once the convection exceeds a critical intensity
(6×104<Ra<1.2×105), the subduction movement becomes
important enough to involve a monocellular circulation, modifying the classical Rayleigh–Benard scheme under a motionless
surface. The effects of subduction on mantle dynamics below
the overriding plate have been investigated both numerically
and experimentally (Rabinowicz et al. 1980; Nataf et al. 1981).
Authors studied the effect of lateral cooling (suggesting a
downgoing plate) on the convective pattern under a continental
lithosphere and pointed out the growth of convective cell size.
Our study has confirmed that subduction kinematics favours
larger cells and also demonstrates the effects of the subuction
geometry.
A major consequence is that, for moderate subduction
movements, the circulation is monocellular for a small subduction dip angle, whereas it is still multicellular for a large
subduction dip angle. This difference of flow structures with
subduction dip angle may be correlated with back-arc extension. An extensional stress field is observed in the overriding
plate in the vicinity of a steeply dipping subduction, contrary
to what is observed in the case of a gently dipping subduction
(Uyeda & Kanamori 1979). Extension zones are likely to be
localized between 350 and 700 km behind the trench. Our model
predicts a spreading zone under the motionless overriding
plate around 1000 km from the trench for a 70° subduction
dip angle and for low plate velocities for a Rayleigh number
of 1.2×105. On the other hand, in the case of a dip angle of
30°, a large cell is obtained under the motionless overriding
plate which would favour the development of a compressive
instead of an extensive state.
We have therefore shown that a complex evolution exists
for the flow structure under a motionless overriding plate in
the vicinity of a subduction zone. The driving influence of the
geometry of the subducting plate is implied. In the future,
we aim to integrate a variable rheology for the upper mantle
coupled to our kinematic downgoing slab boundary to make
more precise the presented investigation. In particular, we can
ask to what extent a more realistic rheology for the upper mantle
would modify these results, as it may involve a stabilizing
influence. The use of 3-D models should allow us to take into
account the oblique convergence at subduction zones.
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