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Abstract

Both seismological observations and mineral physics experiments suggest that old and cold subducting slabs might
contain a wedge of metastable olivine (‘MO’). Dynamically consistent models of subducting slabs, in which the kinetics
of the olivine to spinel (wadsleyite or ringwoodite) transition is treated in a simplified way, are carried out to evaluate
the buoyancy effect of MO on the subduction velocity. Assuming slab thicknesses according to the cooling half-space
model, we find that MO forms in slabs with ages greater than approximately 70 Myr, and that a significant slowing
down of subduction velocity occurs for ages greater than 100 Myr. Because a decrease in the subduction velocity for old
lithospheric ages is not observed, our models suggest that the amount of MO in slabs is less than approximately 5000 km2

in cross section, and that for old lithosphere the cooling half-space model is not applicable.  1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction

It has long been recognized that the occurrence
of deep focus earthquakes shows a strong correla-
tion with the age of the lithosphere at subduction
zones and with the thermal parameter � (D prod-
uct of vertical subduction velocity and age of the
lithosphere) (e.g. [1,2]). Extrapolations of the results
of high pressure laboratory experiments suggest that
the transformation of olivine to spinel (wadsleyite or
ringwoodite) is kinetically retarded at temperatures
below 600–700ºC, and metastable olivine (‘MO’)
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might therefore exist on geological time scales (e.g.
[3,4]). Based on laboratory observations of fault-
ing associated with the phase transformation of
metastable phases (e.g. [5]) the distribution of deep
focus earthquakes may therefore indicate the exis-
tence of MO in the mantle. Direct observations of a
MO-wedge within cold slabs are not yet conclusive.
For example, Iidaka and Suetsugu [6] observed a
depressed ‘410’-seismic discontinuity in Izu-Bonin,
while Roecker [7] reported an elevated discontinuity.
For the Tonga trench Koper et al. [8] found a slightly
better fit of high resolution travel time data if they
account for a MO-wedge, but they also showed that
this improvement is statistically not significant. In-
direct evidence for a MO-wedge is based on deep
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double seismic zones (e.g. [9]) or seismic anisotropy,
which has been explained by en echelon arrays of
spinel-filled anti-cracks within the MO-wedge [10].

Because MO has a lower density in the tran-
sition zone than the surrounding high-pressure
spinel phases, wadsleyite (þ-phase) and ringwoodite
( -phase), buoyancy forces will occur which might
lead to observable effects. For example, based on
prescribed subduction velocities, Ito and Sato [11]
calculated buoyancy forces of slabs which contained
MO and concluded that steep slabs may not pene-
trate into the lower mantle. The buoyancy forces also
produce stress fields which may play an important
role in producing deep-focus earthquakes [12–14].
The purpose of this paper is to investigate the buoy-
ancy effect of MO on the dynamics and velocity of
subducting slabs. It will be shown that the strong
negative buoyancy forces associated with old, cold
slabs can be significantly reduced by the existence
MO. From our models we can impose constraints on
the volumes of MO-wedges in old subducting slabs.

2. The model

A dynamically self-consistent model of a sub-
ducting slab is calculated by solving the equations of
conservation of mass, momentum and energy in the
extended Boussinesq approximation (e.g. [15]). Here
‘self consistent’ means that subduction is driven
solely by buoyancy forces due to temperature vari-
ations and the density contrast between olivine and
the stable transition zone phases, wadsleyite and
ringwoodite. For simplicity, we do not distinguish
between wadsleyite and ringwoodite, which here-
after are referred to as ‘spinel’, because the density
difference between these phases is small. In the
mantle, the density above the olivine–spinel phase
boundary is taken as 3400 kg m�3 and the den-
sity below the transition is taken as 3680 kg m�3.
In regions of partial transformation, the density is
assumed to increase linearly with spinel fraction.
Densities within slabs are higher because of low
temperatures and are modelled using a coefficient of
thermal expansion of 3:7ð 10�5 K�1.

In two dimensions the momentum equation is
given in the stream function formulation (all quan-
tities are non-dimensional, see e.g. [16] for non-

dimensionalization):�
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where x; z are the horizontal and vertical coordi-
nates, � is the dynamic viscosity,  is the stream
function, which is defined by the horizontal and
vertical velocity components vx D @ =@z and
vz D �@ =@x , T is the temperature and þ is the
fraction of spinel. The thermal and compositional
Rayleigh numbers are defined as
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where Þ is the thermal expansivity, ²0 is the ref-
erence density, g is the gravitational acceleration,
∆T is a scaling temperature, h is the thickness of the
model, � is the thermal diffusivity, �0 is the reference
viscosity, and ∆² is the density difference between
the spinel and olivine phase. The heat equation is
given by�
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where L D c�1
p ∆T�1.aCbz/ is the non-dimensional,

depth-dependent latent heat of the olivine to spinel
transformation [4], a and b are constants, cp is the
specific heat, t is the time, Di D Þgh=cp is the dissi-
pation number, Tabs is the non-dimensional absolute
temperature, and ¦i j is the stress tensor. The terms on
the left hand side describe the rate of change of heat
due to temperature change and advection, the first
term on the right hand side represents heat conduc-
tion, the terms containing Di describe adiabatic and
dissipative heating, and those containing L account
for latent heat release. In this formulation the release
of latent heat during phase transformation can be
regarded as a reduction of the effective heat capac-
ity (second term within left parentheses on the left
hand side) and an increase of adiabatic gradient (sec-
ond term within parentheses on the right hand side).
For an exothermic phase transition (where L < 0)
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numerical stability is retained as long as the first
parenthesis in Eq. 3 remains positive.

The viscosity is assumed to be temperature, pres-
sure and stress dependent according to the disloca-
tion creep law of olivine single crystals [17,15]. This
law is given as a superposition of two strain rates,
Pe D Pe1 C Pe2. Each component is described by an
empirical exponential law,

Pei D Di∆¦
ni (4)

where ∆¦ is the difference between maximum and
minimum stress, ni is the power law exponent, and
Di is a diffusion term with

Di D Ai Pmi
O2

exp

�
� Ei C PVi

RT
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which depends on the oxygen fugacity PO2 , which is
given by

log10.PO2=atm/ D F1 C F2

T
C F3

P=atm� 1

T
(6)

Here Ai is a constant, mi is an exponent, Ei is
the activation energy, P is the pressure, Vi is the
activation volume, and R is the gas constant. The
values used are listed in Table 1.

Within the upper few tens of kilometres, a depth-
dependent plastic rheology is superimposed by a
rheology based on frictional sliding, described by
Byerlee’s law, in order to account for the weakening
effect of a cold brittle upper lithosphere. At the up-
per left corner of the model a localized weak zone
is assumed to decouple the lithosphere from the side
wall and allow it to move freely. This weak zone is
intended to mimic a mid-ocean ridge. The range of

Table 1
The parameters used for calculating the mantle viscosity after [15,17]

Symbol Value and unit Meaning

A1 2.1 ð 10�17 Pa�n1 atm�m1 s�1 Preexponential constant
A2 5.2 ð 10�16 Pa�n2 tm�m2 s�1 Preexponential constant
E1 D E2 540 kJ=mol Activation energy
V1 D V2 15 ð 10�6 m3=mol Activation volume
n1 D n2 3.5 Power law exponent
F1 9 Factor in oxygen fugacity
F2 2.5738 ð 104 K Factor in oxygen fugacity
F3 0.092 K factor in oxygen fugacity
m1 0.02 Exponent in oxygen fugacity
m2 0.23 Exponent in oxygen fugacity

viscosity variations within the model is restricted to
1021 Pa s < � < 1027 Pa s. This allows the forma-
tion of a highly viscous lid, which may bend and
deform during subduction in a self consistent way
due to dislocation creep. The lower value of 1021 Pa
s is usually reached within the asthenospheric mantle
and has been chosen to represent the average upper
mantle viscosity.

Rather than explicitly solving the kinetic equa-
tions of the phase transformation a simplified kinetic
phase diagram is used to model the transformation
of olivine to spinel (Fig. 1; cf. [4]). The 1% and 99%
lines separate the olivine and spinel regimes. The
vertical line segments separating metastable olivine
from spinel represent the disequilibrium phase trans-
formation at low temperatures. Although during the
disequilibrium transformation the fraction of spinel
is expected to increase exponentially or even over-
exponentially with temperature and time [4,18], for
simplicity we assume only a linear increase with
temperature. This simplification may give an in-
adequate picture of the detailed structure of the
boundary of the MO-wedge, particularly because the
feedback mechanism between the release of latent
heat and the kinetics of the phase transformation
[19,20] is neglected. However, we believe that the
general shape and volume of the MO-wedge will be
modelled correctly and the dynamics of the whole
subducting slab will not be affected by this sim-
plification. The depth and slope of the equilibrium
transitional region (i.e. the sub-horizontal part of the
transition curves at T >¾ 700ºC) is based on the
thermodynamic data for Mg1.8Fe0.2SiO4 of Akaogi et
al. [21]. The complete disequilibrium phase transi-
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Fig. 1. Simplified disequilibrium (kinetic) phase diagram of
the olivine–spinel transition as used in the models (cf. [4],
fig. 9). Lines of 1% and 99% spinel fraction are shown and
indicate the start and completion of the olivine–spinel phase
transformation along depth–temperature paths characteristic of
subduction zones [4]. The vertical segments of the lines show the
conditions required for transformation at low temperature and are
consistent with metastable olivine persisting at T < 600ºC. At
higher temperatures (>700ºC), transformation occurs relatively
close to the equilibrium phase boundary. The spinel fraction is
assumed to increase linearly between the 1% and 99% lines.

tion is implemented by determining þ.T; z/ accord-
ing to the diagram in Fig. 1 (þ D 0 in the olivine
and metastable olivine field, þ D 1 in the spinel field
and 0 < þ < 1 between the 1% and 99% lines).
These þ-values and their derivatives are used when
solving Eqs. 1 and 3. Note that the kinetic model
used here is based on a model of Rubie and Ross
[4] that has large uncertainties and is oversimplified
in terms of transformation mechanisms [22,23]. We
therefore consider below the effects of uncertainties
in the kinetic model on our conclusions.

To initiate subduction and keep it going we follow
the approach of Christensen [24]: As initial tempera-
ture distribution, a thermal boundary layer represent-
ing the oceanic lithosphere of pre-defined thickness
is assumed within the left part (0 � x � 2010 km)
of the model (Fig. 2, top). In the mantle below, an
adiabatic temperature distribution is assumed, which
intersects the olivine–spinel boundary at a depth of
410 km at 1600ºC in accordance with thermody-
namic data of Akaogi et al. [21]. Due to latent heat,
a temperature jump of 50ºC is assumed at that depth.
In the remaining 670 km of the model (2010 km
< x � 2680 km) no thermal boundary layer (i.e. no
lithosphere) is assumed and the adiabatic tempera-

ture distribution reaches to the surface. Although the
absence of an overriding plate may be unrealistic,
an overriding plate exerts forces on the slab that are
difficult to model in a fluid dynamical model such
as the one presented here and do not fall within the
scope of this paper. We assume that these forces are
small compared to slab pull forces. The assumed
temperature distribution can be regarded as a possi-
ble end member of a back arc basin with very thin
lithosphere. To initiate subduction, an initial ridge
push force is generated by locally elevating the ini-
tial temperatures of the mantle close to the left edge
of the lid (see Fig. 2, top).

Further boundary conditions are free slip at all
boundaries, thermally insulating sides and a bottom
heat flux of 20 mW=m2. Due to computational limi-
tations the depth of the model is restricted to 670 km
and the aspect ratio is 4. This model configuration
implies that slabs cannot penetrate into the lower
mantle.

The equations are solved on a 241 ð 61 grid for
the stream function, viscosity and spinel fraction
and a 481 ð 121 grid for the temperature using a
finite difference code FDCON developed by one of
us (H.S.). This resolution is sufficient to adequately
model the large scale dynamics of a subducting
slab including buoyancy effects of MO. However,
small scale features like the fine structure of the
MO-wedge resulting from the non-linear coupling
between metastability, temperature, stress, and rhe-
ology [25,14] cannot be resolved.

3. Results

First the behaviour of a typical subduction model
will be presented and then the dependence on age
will be investigated. Fig. 2 shows the evolution of
a subducting slab at different times, while Fig. 3
(solid curve) shows the absolute value of velocity of
a characteristic tracer within the slab as a function of
time. This tracer had an initial position at x D 1270
km (i.e. 740 km left of the slab edge) and represents
the subducting part of the slab at a later stage of evo-
lution. The initial thickness of the slab corresponds
to a 111-Myr old lithosphere. After a period of 24
Myr of slow acceleration with velocities below 1
cm=a the slab speeds up and subducts. After 27 Myr
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Fig. 2. Evolution of a subducting slab with time from top to bottom. Initial thickness of slab was chosen corresponding to a 111-Myr
old lithosphere. Colours and a few contour lines represent temperature. The dense set of contour lines between 400 and 500 km depth
represent the transition from olivine to spinel, and give the fraction of spinel.
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Fig. 3. Absolute value of velocity of a tracer situated within the
subducting slab. Initial position of the tracer is 740 km left of the
front of the slab. The full curve gives the velocity of the slab in
which MO is present, the dashed curve represents a slab of same
age and thickness, but without MO.

it reaches the olivine–spinel equilibrium boundary
which is strongly deflected upwards by then. Sinking
velocities at that stage are of the order of 10 cm=a.
Because the interior of the slab is still sufficiently
cold, the olivine–spinel transformation is retarded
and a MO-wedge develops. Upon encountering the
bottom of the box (which mimics an ‘imperme-
able spinel–perovskite boundary’), subduction slows
down at 30 Myr. If the slab were allowed to penetrate
the spinel–perovskite boundary, it would still slow
down, but to a lesser extent. The frontal part of the
slab is still stiff and needs time to bend again. During
a second phase of acceleration (Fig. 2, bottom, and
Fig. 3) the lower part of the slab moves towards the
right hand side of the box, while the trench migrates
towards the left. As the subducted slab reaches the
side of the model box, it cannot leave the box and
further subduction is slowed down.

For comparison, the same model has been cal-
culated assuming thermodynamic equilibrium be-
tween olivine and spinel even at low temperatures,
i.e. suppressing the formation of MO. As a result,
the olivine–spinel transition is elevated similarly as
in Fig. 2, however, without forming a MO-wedge.
Therefore, the negative buoyancy forces due to low
slab temperatures and the elevated olivine–spinel
phase boundary are larger and the subducting veloc-
ity is higher (dashed curve in Fig. 3). This increase in
velocity is not very strong during the first subduction
peak at 28 Myr, because the MO-wedge is not fully

Fig. 4. Close ups of subducting slabs of different initial ages during the second velocity peak (cf. Fig. 3). The initial ages and the model
times of the snap shots are 33 and 30.1 Myr (top), 70 and 30.3 Myr (middle), and 111 and 34.3 Myr (bottom), respectively.

developed during this transient stage. At the time 33
Myr, which represents ongoing subduction at a more
mature stage, the second peak is significantly higher
compared to subduction with MO. If the slab were
allowed to penetrate into the lower mantle, the sec-
ond peaks would be higher and last longer, however,
the difference between them is expected to remain
similar.

To investigate the effect of MO for slabs of differ-
ent thicknesses or ages, a series of models has been
calculated with varying initial thicknesses of the
lithosphere. Applying the cooling half-space model
the initial thicknesses correspond to ages of 5, 33,
49, 70, 90, 111, 131, and 165 Myr. The general
behaviour of these models is similar to that shown
in Fig. 2 and Fig. 3. In Fig. 4 we show close ups
of the subducting slab of three of these models at
comparable times (i.e. during the second peak of the
slab velocity, cf. Fig. 3). The initial ages of the slabs
are 33 Myr (top), 70 Myr (middle), and 111 Myr
(bottom). Clearly a transition from a slab without
MO to one containing a well developed MO-wedge
can be seen. It should be noted that the total ages of
the slabs have to be taken as the initial ages plus the
model time, which varies between 30 and 34 Myr.

To quantify the amount of MO, Fig. 5 shows the
increase in cross sectional area in km2 of MO for
these models. Again, the numbers near the curves
give the initial ages of the lithosphere. It can be seen
that, despite the larger negative thermal buoyancy,
subduction is delayed for old and thick lithospheres.
This is due to the increased stiffness of old litho-
sphere. Younger lithospheres are not able to produce
large amounts of MO. For example, the 33-Myr
lithosphere subducts after a model time of 25 Myr
and does not form any MO during this first stage.
Upon continued subduction that slab becomes older
and subsequently produces small amounts of MO at
42 Myr and a larger amount at 57 Myr of model
time. The oscillations seen in Fig. 5 indicate the
time-dependent nature of subduction inherent in our
models, while the gradual decrease in MO-volume
for greater times results from diffusive warming of
the subducted slab.
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Fig. 5. The amount of metastable olivine in km2 for the different models as a function of time. The ages beside the curves give the initial
age of the lithosphere before subduction.

The effect of MO on slab velocities during ongo-
ing subduction is shown in Fig. 6. The velocities rep-
resent the peak velocity of the second peak of each
model (cf. Fig. 3). Both model sets with and without
MO development are shown. For young lithospheres

Fig. 6. Slab velocity during subduction of slabs with differ-
ent ages at the trench. Squares represent models in which
metastable olivine may be formed, diamonds show models in
which metastable olivine is not allowed to form. The velocity
is given as the absolute value of velocity of a tracer within the
downgoing part of the slab. The numbers beside the symbols
give the thermal parameter of the slab (vertical velocity times
age at trench) in units of 1000 km. The age at trench is taken
as the initial slab age plus the model time of the second velocity
peak (cf. Fig. 3). The initial slab ages of the models are (corre-
sponding to the symbols from left to right): 5, 33, 49, 70, 111,
131 Myr.

(<90 Myr) slab velocities increase approximately
linearly with lithospheric thickness (which is propor-
tional to the square root of the age). Above 90 Myr
slabs without metastable olivine still show a slight
increase in velocity except for the oldest slab. The
decrease of the slope of the velocity curve is a conse-
quence of the increasing stiffness of the slab, which
counteracts the driving effect of negative buoyancy.
Clearly the effect of the buoyant MO-wedge is seen
for ages greater than 80 Myr because slab veloci-
ties decrease sharply with age. Thick and cold slabs
are slowed down by up to 30% compared to slabs
of the same age but without MO. A qualitatively
similar result has recently been found by Marton et
al. [26] who calculated slab velocities by balancing
buoyancy and drag forces in a simplified slab model.
Inspection of Fig. 5 shows that the slabs with ages at
the trench of 64 and 79 Myr (initial slab ages 33 and
49 Myr, respectively) contain already small amounts
of MO, however, the slab velocities are only slightly
affected. Only MO-amounts with a cross-sectional
area of more than 5000 km2 have a significant effect
on slab velocities.

The numbers beside the symbols in Fig. 6 give
the thermal parameter � of the slabs of the model
slabs in units of 1000 km. Although small amounts
of MO are formed already for �-values of 5200
and 7400 km, significant amounts of MO (>2000
km2) occur only for values of � above 7400 km.
For the models without MO, � increases up to
14,700 km, while in the models with MO � does not
rise significantly above 10,000 km. Obviously, MO
slows down the slabs in a self-regulating manner
keeping � close to 10,000 km. This effect, which has
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previously been discussed by Bassett [27] and Rubie
[28], was termed the “parachute effect” by Kirby
et al. [2]. It should, however, be noted, that due
to numerical restrictions (box size) our models are
strongly time dependent and we do not obtain steady
state subduction. As a consequence, the thermal
parameter decreases to very small values after each
peak in the rate of subduction, while significant
amounts of MO are still present. Thus, previous
subduction history and the formation of MO do not
always correspond with the actual thermal parameter
of a subduction zone.

In our models the disequilibrium phase transfor-
mation has been assumed to take place in a temper-
ature range between T1 D 600ºC and T2 D 700ºC.
Because the precise values of these temperatures are
poorly known, we have also tested different values.
Increasing T1 and T2 by 100ºC leads to significantly
higher amounts of MO, which reduce the slab veloc-
ities with increasing age already for ages greater than
80 Myr. For these ages the velocities shown in Fig. 6
decrease roughly by another 1.5 cm=a. Decreasing
T1 and T2 by 100ºC has the opposite effect. Negli-
gible amounts of MO are present for ages younger
than 110 Myr, and even the model with a slab age of
145 Myr is hardly affected.

4. Discussion

4.1. Inferences for subduction zones

Our models suggest that subduction of old and
cold lithosphere may produce significant amounts of
MO, which should have a considerable effect on the
subduction velocities of slabs. A decrease in subduc-
tion velocity with age as predicted by the models
for ages greater than 100 Myr (Fig. 6) has not been
reported so far. Although plate ages near the trench
of the western Pacific plate vary between 70 and
180 Myr, there is no trend by which subduction
velocities decrease with age. Although the plate be-
haves rigidly as a single unit allowing only for one
particular angular velocity, such a trend should still
be visible because different parts of the trench have
different and probably independent rates of trench
rollback. Thus we have to conclude that in the sub-
duction zones of the western Pacific MO may be

present, but not in large volumes (probably less than
5000 km2 in cross section). These inferred volumes,
which might be represented by MO-wedges of 25
km ð 200 km size for example, are still sufficiently
large to explain most deep focus earthquakes. For
slabs older than 100 Myr, volumes less than 5000
km2 are obtained if the disequilibrium phase trans-
formation takes place between kinetic temperatures
of T1 D 500ºC and T2 D 600ºC rather than 600 and
700ºC, respectively. However, these temperatures do
not allow for noticeable amounts of MO in slabs
younger than 100 Myr. In this case, the occurrence
of deep earthquakes would have to be explained by
mechanisms other than transformational faulting, at
least for some slabs. As an alternative to reducing
T1 and T2, the lithosphere may not cool any further
after reaching an age of about 100 Myr. In this case,
T1 and T2 might be even higher than the assumed
values by up to 100ºC. This second possibility will
be discussed further in the following section.

Our models suggest that MO will develop in
slabs with a thermal parameter greater than 5400
km, but the slab velocities are not strongly affected
by the buoyancy of MO until the thermal parame-
ter becomes as large as approximately 10,000 km.
This result is in general agreement, for example,
with Kirby et al. [2] who presented a compilation
of earthquake depths versus thermal parameter, in
which deep earthquakes occur generally only for
f > 5000 km. A few exceptions include South
America (Brazil, Peru, North Argentina, South Bo-
livia) with � D 3000 km. As mentioned above,
the �-value of a subducting slab may vary strongly
with time, and some of our models still have large
amounts of MO even though their �-values have de-
creased significantly. While in our models a decrease
of f was mainly due to slowing down of subduction
velocities, decreasing ages of subducting plates at
migrating trenches might also be important in nature.
Either of these effects might be responsible for the
small f -values of some South American subduction
zones. Our models show also that the thermal param-
eter will not increase significantly above 10,000 km
due to the slowing down effect of MO. These find-
ings are not in agreement with the thermal param-
eters of some subduction zones (Marianas, Tonga)
which are estimated to be significantly larger than
10,000 km (e.g. [2]). However, these estimates are



64 H. Schmeling et al. / Earth and Planetary Science Letters 165 (1999) 55–66

based on the assumption of steady state velocities
of the Pacific plate and of the trench roll back. Any
time dependence, e.g. a change of the subduction
angle by a few degrees per Myr, as observed also in
our models, may change thermal parameters signifi-
cantly. Therefore, the relation between the maximum
earthquake depth and the thermal parameter should
be used with caution, as long as the time-dependent
history of subduction zones is not known.

Another possibility for MO to be present at
smaller �-values than found in this study is to cool
the lithosphere more effectively. Thermal models of
the lithosphere including a temperature dependent
thermal diffusivity show that the central part of the
lithosphere (above the 800ºC isotherm) might be
colder by up to 100ºC compared to the case of
constant thermal diffusivity [29].

4.2. Cooling due to the plate model

Cooling and thickening of the lithosphere may not
take place for arbitrarily long times as would be the
case for a cooling half-space. For ages greater than
90 Myr a deviation of bathymetry from the cooling
half-space model is observed (see e.g. [30]) support-
ing the cooling plate model instead. According to
the cooling plate model the lithosphere does not cool
and thicken any further, once it has reached an age
of 80 to 100 Myr. It should be noted, however, that
the deviation from the cooling half space model is
not at all clear for the heat flow data presented, for
example, by Stein [31] or Sclater et al. [32]. They
can almost equally well be explained by the cooling
half-space model. As discussed above, our results do
not favour very cold and thick lithosphere, because
we do not see the slowing down effect of the MO.
Our models are in agreement with lithospheric plates
that have cooled and thickened during the first 100
Myr of their evolution, but have not changed their
thermal structures thereafter. Thus, our models pro-
vide indirect evidence in support of the cooling plate
model.

4.3. Model restrictions and robustness of the
conclusions

Our models are restricted to the upper mantle,
thus, as the subducted slab approaches the 670 km-

discontinuity its lower part is fully supported by the
bottom of the box. In case of penetration of the
lower mantle, the negative buoyancy of the cold slab
would be supported by an upward deflection of the
spinel–perovskite boundary and by viscous forces of
the lower mantle. If the lower mantle has a higher
viscosity than the upper mantle, these forces can be
expected to locally balance the negative buoyancy
forces. Thus to a first order, we expect that our ve-
locities are not biased too much by the restriction
of an impenetrable bottom. Even if the absolute val-
ues of the second peaks of our velocities would be
different in case of lower mantle penetration, we ex-
pect that the difference between the cases with and
without MO are not affected significantly. To resolve
this question, higher resolution models which also
include the spinel–perovskite transition, are needed.

The maximum depths of the MO-wedge do not
exceed 550 km in the models presented here. This
is mainly due to the influence of the bottom bound-
ary in combination with the high viscosity of the
cold slab. Flattening of the slab near the bottom
requires some time, allowing the MO to transform
into spinel. Rheological weakening of transformed
material surrounding the MO-wedge, as suggested
by Rubie [33] and Riedel and Karato [25], may aid
this bending process allowing the MO to reach some-
what greater depths than found here. Also if the slab
would be allowed to penetrate deeper through the
spinel–perovskite transition, greater depth extents of
the MO-wedge are to be expected.

We do not believe that our conclusion about max-
imum volume of 5000 km2 of MO in old slabs is
significantly affected by the particular choice of our
rheological model parameters. As discussed above,
more realistic slab rheologies would weaken the slab
even more. In such slabs buoyancy due to large
amounts of MO (>5000 km2) would lead to even
more pronounced effects on subduction velocity. As
an extreme case we have calculated a model of
constant viscosity convection with a disequilibrium
phase transformation (i.e. no rheological slab at all).
In this case MO accumulates directly below 410 km
depth and completely inhibits subduction after some
time. Another point of concern might be the trun-
cation of the mantle viscosity at 1021 Pa s. Models
with lower truncation values have been tested, but
lead to unrealistically high subduction rates. As long
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as our slabs without MO have reasonable subduction
velocities, we believe that our conclusions about the
dynamic effect of MO are quantitatively correct.

In the extended Boussinesq approximation den-
sity is assumed constant except in the buoyancy term
of the momentum equation. Assuming a density con-
trast of 8% between olivine and spinel, this implies
that we overestimate the flow velocities below the
olivine–spinel transition by approximately the same
relative amount. The geometry of the flow field is
only slightly affected by this approximation. This
can be seen by evaluating the deflection of stream-
lines at an univariant phase transition, which is given
by

tan e D ²spi

²ol
tan i (7)

where i and e are the angles between an incom-
ing or emerging streamline and the normal to the
phase boundary, and ²ol and ²spi are the densities
of olivine and spinel, respectively. For the ovine to
spinel transition the maximum possible deflection of
a streamline due to non-Boussinesq-effects is only
2.2º and is not expected to change our results signifi-
cantly.

5. Conclusion

For the first time dynamically consistent models
of subduction of lithospheric slabs have been calcu-
lated, in which buoyancy effects of the olivine–spinel
phase change and of metastable olivine (MO) have
been included. Assuming a cooling half-space model
for the lithosphere, we have tested the subduction
behaviour of slabs of different thicknesses or ages.
Old and thick slabs develop large amounts of buoy-
ant MO which retard subduction due to the so-called
parachute effect [2]. From our models we are able
to quantify this effect and observe a significant re-
duction of subduction velocities for lithospheric ages
greater than 90 Myr. This reduction is associated
with the development of relatively large amounts of
MO (>5000 km2 in cross section). A further effect
of this reduction is to restrict the maximum thermal
parameter of subducting plates to values of roughly
10,000 km. We note that if plates do not continue
to cool beyond ages greater than 90 Myr (i.e. if

the cooling plate model is applicable) no significant
buoyancy effect of MO is expected.

Because a significant reduction in subduction ve-
locity is not observed for increasing plate ages in
the western Pacific, we conclude from our models
that MO may not be present in large volumes and
the parachute effect is probably not very important.
Smaller amounts (<5000 km2 in cross section) may
well be present and may be responsible for deep
focus earthquakes but they do not lead to a first
order observable effect in subduction dynamics. To
fully resolve this question high resolution models are
necessary which also take into account the spinel–
perovskite transition and the penetration of slabs into
the lower mantle.
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