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Abstract: Subduction processes have great
importance as are related to volcanism and
earthquake occurrence. Old and cold plates
should subduct steeper than younger ones, but
the subduction angle is highly variable and does
not always correlate with the age of the plates.
Some researchers propose a global or net
westward drift of the lithosphere relative to the
mantle and this assessment is still a matter of
debate. Geophysical evidence suggests that
polarity of the subduction could affect the angle
of subduction.

The relative motion between lithosphere and
underlying mantle would affect the geometry of
subduction. We have run several simulations in
which a horizontal flux has been imposed on the
sublithospheric mantle to test its effect. In the
shallower part of the slab the angular difference
is small but it has greater effect on the deeper
region and in some cases it inhibits the
penetration of the slab into the lower mantle.
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1. Introduction

Slab dips vary significantly both in different and
along single subduction zones (lsacks and
Barazangi, 1977; Jarrard, 1986; Cruciani et al.,
2005; Lallemand et al., 2007). Such variations
have been investigated and explained to be either
1) the result of a balance between the downward
torque on the slab due to the weight of the slab
and the upward torque exerted by hydrodynamic
forces from the induced corner flow in the
viscous mantle wedge (Stevenson and Turner,
1977; Tovish et al., 1978) or 2) the effect of the
return flow of the mantle produced by the plate
motion rather than by slab density contrasts
(Hager and O’Connell, 1978). A long lasting and
popular idea is that slab pull controls slab
dynamics, i.e., cooler subducting lithosphere is

heavier than the surrounding mantle and sinks
passively. A corollary is that, since buoyancy of
the slab is proportional to its age, the dip of slabs
composed of younger seafloor would be smaller
(Wortel and Vlaar, 1978; Barazangi and lIsacks,
1979; Jordan et al., 1983).

However, this simple scenario is sometimes at
odds with observations that provide noticeable
exceptions, such as the steep subduction of a
young slab along the Sandwich subduction zone
or the more flatten subduction of an old slab in
the Indonesian subduction zone.

Assuming that hotspots can be taken as a fixed
reference frame (e.g., Norton, 2000), hotspot
tracks clearly indicate a relative motion between
lithosphere and the underlying mantle, the
asthenosphere acting as a detachment layer due
to its low viscosity. Several researchers proposed
a global or net westward drift of the lithosphere
relative to the mantle (e.g., Bostrom, 1971;
Gripp and Gordon, 2002; Cuffaro and Jurdy,
2006), with average rates between 4.9 cm/yr
(Gripp and Gordon, 2002) and 13.4 cm/yr
(Crespi et al., 2007). This westward drift has
been considered to be an average motion of the
lithosphere, due to the larger weight of the
Pacific plate in the global plate-motion
computation (e.g., Ricard et al., 1991). As an
alternative, it has been proposed that all the
plates display a westward drift with respect to
the mantle (e.g., Doglioni et al., 1999). These
alternative models derive from plate velocity
reconstructions based on different hotspots
reference frames. A debate recently arose
regarding whether hotspots are deep or shallow
features (Foulger et al., 2005). If hotspots are
assumed to be of deep origin, some plates do
move eastward with respect to the mantle (e.g.,
Gripp and Gordon 2002). If they are shallow
sourced, then all the plates move westward (e.g.,
Cuffaro and Doglioni 2007). The definition of a
proper reference frame and the consequent
calculation of plate motions are beyond the scope



of this work. However, it is clear that, owing to
the dip direction of the slab with respect to the
absolute plate motion, slabs may either oppose or
accompany the relative mantle flow.

Geological and geophysical observations suggest
that the polarity of subduction zones and the
relative motion of the subducting plate with
respect to the mantle strongly control the
characters of subduction-related orogens and slab
dips (e.g., Doglioni et al., 1999). However, no
consensus has been reached on this issue (e.g.,
Cruciani et al., 2005 vs. Lallemand et al., 2005).
The controversy is due to some major problems:
1) the data sets used to measure actual dips of
slabs are not uniform; 2) the effects of absolute
plates motions on slab dips are summed to those
of the other factors described above and are not
easily extractable from data; 3) no agreement has
been reached on the reference frame (and
therefore on the resulting velocities).

The influence of the relative motion of the
lithosphere with respect to the mantle has not
been tested quantitatively. In this work we
address this subject simulating with 2D
numerical models the dynamic evolution of
subduction zones. Rather than addressing a
specific region, we investigate the physics of the
process varying calculation parameters (such as
the plate age, the plate convergence and the
relative mantle velocity) and show that indeed
the mantle flow influences the slab geometry.

2. Model setup and numerical method
2.1 Governing equations

The model domain represents a vertical section
running parallel to the subduction direction, in
which equations of conservation of mass,
momentum and energy are solved for an
incompressible 2-D fluid:
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Where u is the fluid velocity, P the pressure, C,
the specific heat, x the thermal conductivity, 7
the viscosity, the term it multiplies is the stress
tensor, and p the density. The term on the right
side of (2) includes all the body forces acting on
the fluid, and in this model we only include the

gravity force. The term Q on the right side of (3)
contains heat sources.

The incompressibility  hypothesis, strictly
applied, implies the assumption of a uniform
density and this would cancel all the buoyancy
forces. Instead, we use the extended Boussinesq
approximation and assume that density
variations are considered only when related to
buoyancy forces and take into account thermal
effects due to pressure changes (e.g. Tritton,
1988). Therefore we calculate heat release
(absorbed)  through  adiabatic  upwelling
(downwelling) as the only source of heat, using
the expression Qug=-pagv,T, where o is the
thermal expansion coefficient, v, is the vertical
component of the velocity. Here we have
considered only density variations due to
temperature  following the simplified state
equation: p=po(1-aT), where, py is the density at
0°C.

2.2 Rheology

We use a viscosity law given by Hirth and
Kohlstedt (2003):
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Where d is the grain size, p the grain size
exponent, A the pre-exponential factor, Cony OH
concentration, E and V activation energy and
volume, Py, the lithostatic pressure, R the gas
constant, n the stress exponent and &; =
(&;€;)"/* the effective strain rate. Therefore, if
n=1, there is no dependence on the strain rate
and a Newtonian rheology is reproduced.

2.3 Model setup

The modeled section is 1200 km deep and its
width varies between 2500 and 5500 km (Fig. 1).
It is a stratified model in which three different
layers are established through three different
initial temperature distributions: lithosphere,
upper mantle and lower mantle.

Lithosphere extends from the surface to a depth
of 95 km, and its thermal distribution follows the
GDH1 plate model by Stein and Stein (1992).
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Figure 1: Schematic representation of the modeled vertical cross section showing mesh and boundary conditions

of the reference model (without horizontal asthenospheric flow).

Where T =1450 °C is the temperature at the base
of the lithosphere and t' is the age of the plate.
For the upper plate a uniform age is used, but the
age of the lower plate increases with the distance
to the right boundary, which represents an
oceanic ridge. The age is then computed as
t'=D/us, where D is the distance to the ridge and
us=5 cm/yr is the subduction velocity. Provided
that the rightmost edge of the model represents
the oceanic ridge, we can vary the maximum age
for the lower plate by varying the width of the
modeled domain.

Both in the upper and lower mantle we impose
an adiabatic distribution for the temperature:

ga
Tm(z) = T exp [C_ (z— L)]
P

The upper boundary has a constant temperature
of 0°C. The top of the subducting plate has a
constant velocity us=5 cm/yr to reproduce
subduction and the upper boundary of the upper
plate is fixed. The rest of the boundaries have a
free slip condition and are thermally insulated in
the reference model. To reproduce horizontal
mantle flow, an inlet velocity is applied at one of
the lateral boundaries, from 95 to 670 km depth,
while the same outlet flux is imposed on the
opposite boundary.

Finally, in order to reproduce subduction, we
have imposed a narrow low viscosity region at
the plate boundary. This low viscosity channel is
intended to simulate a fault that decouples
subducting and upper plates without producing
singularities on the stress distribution (Billen and
Hirth, 2007; Kukaeka and Matyska, 2004).
Viscosity, shape, depth and width of the fault
have great influence on the geometry of
subduction (Jischke, 1975; Kinkaid and Sacks,
1997; Manea and Gurnis 2007). Therefore, we
have chosen the parameters that best reproduce
subduction: the low viscosity channel is 15 km

wide and 95 km deep and has a dip of 30° and a
maximum viscosity of 10” Pa s. This model
setup and the way to simulate the plate boundary
and to reproduce subduction are very similar to
modeling by Billen and Hirth (2005, 2007).

2.4. Numerical modeling

In these models the Navier-Stokes and the
thermal equations are coupled due to the
temperature dependence of p, n and to the
advection term on the heat equations.

Therefore this is a multiphysics problem where
we make use of two COMSOL modes:
Incompressible Navier-Stokes (n.s.) and Heat
Transfer (convection and conduction, c.c.). We
use the velocity distribution obtained by the first
mode in the second one and the temperature
distribution obtained by c.c. mode on the n.s.
one.

To achieve convergence during the transient
analysis we first calculate the convergent
solution to the n.s. mode using UMFPAK solver.
We use this velocity field as initial velocity to
obtain the initial viscosity of the transient state,
performed with PARDISO solver.

We have used between 15000 and 30000
triangular mesh elements. The density of the
mesh used along the model varies from one node
every 2 km in the plate boundary area to one
every 150 km on the lower mantle. This
variability of element density allows us to deal
with high viscosity contrasts, avoiding great
computational requirements

3. Results and concluding remarks
We have tested the influence of an imposed flux

on the sublithospheric mantle’ for plates of
different ages. We have run several simulations

! For simplicity, from now on we will refer to it as
Horizontal Asthenospheric Flux or HAF.



in which we vary the sense of the flux (favoring
or opposing subduction) and its velocity and
compare them with a reference model without
HAF.

3.1. Reference model

In the reference model the upper plate is 20 Myr
old and the lower plate's maximum age is 40
Myr (Fig. 2). At the first stage of the evolution
only one convective cell appears beneath the
lower plate. While the simulation evolves, the
lower plate bends downward and subduction
begins (Fig 2.A). While the colder lower plate
penetrates in the warmer mantle, the flux pattern
changes and the material from the asthenosphere
starts to flow in the wedge formed between the
upper and the lower plate (asthenospheric
wedge). At first the slab becomes increasingly
steep due to the negative buoyancy force
generated as a consequence of the temperature
difference between the subducting plate and the
asthenosphere.  While the flux on the
asthenospheric wedge becomes stronger, suction
forces increase and the shallowest part of the
slab flattens. Therefore, the angle of subduction
decreases for the shallowest part (due to suction
forces) and it increases at the deeper part (due to
negative buoyancy).
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Figure 2: Evolution of the reference model after 5,
15 and 25 Myr. Reference model is characterized
by a 20 Myr old upper plate and a 40 My old lower
plate, by subduction velocity of 5 cmlyr, by
Newtonian viscosity and by no HAF. Viscosity in
logarithmic scale (colormap) and contours of equal
temperature every 280 degrees are shown.

3.2. Influence of the horizontal flux

We show here the results of other four different
simulations including the HAF: two in which the
HAF is directed to the right and other two in
which it is directed to the left>. We have tested
two HAF velocities: 4 cm/yr and 8 cm /yr.
During the first stage of the evolution, there is no
significant difference among all simulations (Fig.
3). Nevertheless, while the slab penetrates into
the asthenosphere, the material of the
sublithospheric mantle is channeled between the
colder slab and the lower mantle (ten times more
viscous than the overlaying material) and its
velocity increases. The higher velocity and the
increase in length of the slab tend to increase the
effect of the flux as the model evolves (Fig. 3.A).
Therefore, if the HAF is directed to the right the
subduction the angle of subduction is higher,
whreas the angle decreases when the HAF is
directed to the left. The angular difference
increases when the velocity imposed at the
lateral boundaries is higher.

The angular difference also increases in the
deeper parts of the slab (Fig. 3.B). Apart from
the higher velocity found in this region, this part
of the slab is distant from the trench, and the
torque generated by the HAF is consequently
higher.

One of the most important results is found when
the slab is about to penetrate into the lower
mantle. Whereas the slab penetrates into the
lower mantle if there is no HAF (Fig. 4.B), this
result is not reproduced in some simulations with
HAF (Figs. 4.A and 4.C). When the channel is
about to close, the velocity of the material
channeled between the slab and the lower mantle
is so high that the penetration into the lower
mantle is inhibited. If the flux directed to the
right, the slab bends backward and rests between
the upper and the lower mantle. If the flux is
directed to the left, in some cases, the dip of the
slab is so low that it does not reach the lower
mantle.

The simulations in which the plates have
different ages reproduced similar results: the
effect of the HAF is negligible during the first
millions years and in the shallower parts of the
slab while its effect is stronger for the deeper
parts and in some cases it inhibits penetration
into the lower mantle.

% The velocity of the HAF is positive when it faces
subduction (HAF directed to the right) and negative
when it has the opposite sense.
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Figure 3: Results for five different simulations in which the sense and velocity of the AHF is varied (negative
velocities indicate that flow is directed to the right). In the initial state the upper plate is 20 Myr old and the
lower plate 40 Myr old for all models. A) Evolution of the angle of subduction (measured between 95 km and
195 km depths). B) Upper boundary of the slab after 18 Myr of evolution.

x (km)

0 8

= log,.

=

=1

A 19
20

B) o

=, 21

&2

5

£4 22

a

6 -

24

E»
=
%4
=]

2

Figure 4: Three different simulations in which the
upper plate is 20 Myr old and the lower plate 40
Myr old after 29 Myr of evolution. Viscosity in
logarithmic scale (colormap) and contours of equal
temperature every 280 K are shown. A) The HAF
is directed to le right and has a velocity of 8 cm/yr.
B) No HAF is imposed. A) The HAF is directed to
the left and has a velocity of 8 cm/yr.
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