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Abstract. Mineral physics observations suggest that
distinct density and rheological differences exist be-
tween the crustal component of oceanic lithosphere and
the underlying mantle. We have conducted numerical
experiments to investigate the influence of both density
and viscosity on the effectiveness of recycling of oceanic
crust into the lower mantle. Confirming previous re-
sults, the density inversion at 670 km depth alone is
not sufficient to prevent crustal recycling. However, a
soft layer may exist between the strong garnet crust
and cold slab interior. Models employing a simplified
Newtonian sandwich model show that this thin, weak
layer can effectively decouple the crust and slab. Once
entrained into the lower mantle, the then lighter crust
can rise sufficiently fast as a Rayleigh-Taylor instabil-
ity to avoid further entrainment. These results suggest
that the crustal component of slabs may be trapped at
670 km depth, leading to a garnet enriched transition
zone.

Introduction

Recycling of oceanic crust has large consequences on
both the chemical evolution of the Earth’s upper man-
tle and transition zone and the dynamical interpreta-
tion of geochemical data. Subducted oceanic crust is
transformed into a garnet-rich assembly (garnetite) in
the depth range of approximately 400 to at least 800
km [Irifune and Ringwood, 1993; O’Neill and Jeanloz,
1994]. Garnetite is denser than peridotite in the transi-
tion zone, but is less dense than perovskite in the lower
mantle. A proposed recycling mechanism includes the
separation of oceanic crust near the 670-km disconti-
nuity, as a consequence of the neutral buoyancy of the
crust in the garnet phase at that depth [Ringwood, 1967,
1994; Anderson, 1979; Ringwood and Irifune, 1988].

In addition to density differences, laboratory defor-
mation experiments give evidence for a strong rheology
of garnet compared to that of peridotite [Karato, 1989;
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Karato et al., 1995; Ingrin and Madon, 1995]. This cre-
ates a slab rheology with two distinct strong zones of the
garnet crust and cold slab interior, separated by a weak
and hot peridotite layer. We have studied the influence
of both density and rheology variations on the possible
crustal separation in the transition zone, using high-
resolution 2-D finite element models of thermochemical
convection.

Model description

We investigate the possible processes of separation of
crustal component from the main component of slabs
that are sinking due to the negative buoyancy caused
by the higher density of the cool slab interior and -
to a lesser degree- the higher compositional density of
the garnetitic crust. At the bottom of the transition
zone only the mantle component of the slab is com-
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Figure 1. Initial condition and boundary conditions
employed in the modeling. A cold slab is placed at
400 km depth in the upper mantle. The temperature
profile (left) is based on an 100 Myr old oceanic litho-
sphere that has been subducted 10 Myr ago. The com-
putational domain is 1000 by 1000 km (right) and is
modeled with an outflow boundary at the bottom, re-
flecting boundaries at the sides and a rigid, constant
temperature boundary condition at the top. The black
solid line indicates the 7 km thick garnetitic crust.
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Figure 2. Simplified viscosity profile in the slab. The
sandwich type rheology is composed of a composition-
ally stiff crustal layer and a thermally cold and high
viscous slab core, separated by a warm and weaker peri-
dotitic layer.

pressed into the denser perovskite. Below the 670 km
discontinuity the crust will become lighter than the sur-
rounding mantle and will attempt to separate from the
sinking slab. The success of crust separation depends
on the relative buoyancy forces associated with thermal
and compositional variations, the rheological coupling
of crust and mantle and the speed of the sinking slab.
Because we only wish to study the trade-off between
chemical and buoyancy forces in the slab itself, we ig-
nore the effects of the topography of the 670 km discon-
tinuity, latent heat release, and viscous dissipation.

To model this process of crust separation, we initially
insert a layered heavy slab horizontally in the middle
upper mantle (Figure 1). The initial temperature profile
in the slab is one for an oceanic lithosphere of 100 Myr
old that was subducted 10 Myr ago. The top part of
the slab (modeled now at 400 km depth) has warmed up
and is now a few hundred degrees warmer than the slab
interior. A slab with this temperature profile is inserted
horizontally in a box of 1000 by 1000 km (shown on the
right). The grey colors indicate temperature, the black
line indicates the 7 km thick garnetitic crust at the top
of the slab.

The rheology of the slab is approximated by a sim-
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plified sandwich model shown in Figure 2. The man-
tle surrounding the slab is assumed to be isoviscous
at viscosity 7,.s. In the following, all viscosities are
non-dimensionalized using this reference viscosity. The
crustal layer (viscosity 7, ) is composed mostly of garnet
and is relatively strong although it is warm. The peri-
dotitic slab interior (viscosity 7.) is cold and therefore
strong. These two high viscosity layers are separated
by a warmer and weaker peridotite layer with viscosity
nw. These parameters are treated as free parameters,
under the assumption 7y < 7y < 7¢. The thicknesses of
the weak layer and the slab core are assumed to be 20
and 40 km respectively.

Other physical parameters describing the model are
thermal expansivity (3 x 10~° K1), reference viscosity
(res = 107! Pa-s) and density contrast between crust
and mantle in the upper (0.1 x 103 kg - m~3) and lower
mantle (—0.2 x 103 kg - m™3) [Irifune and Ringwood,
1993].

The mathematical equations describing thermochem-

ical convection under the Boussinesq assumption are

well known and are outlined in e.g. Hansen and Yuen
[1994]. The equations are solved numerically using
the finite element package Sepran [Segel and Praag-
man, 1995] that has been well tested and applied to
a variety of geodynamical problems [e.g., Van Keken et
al., 1993; Van den Berg et al, 1993]. A markerchain
method is employed to accurately track the composi-
tional and rheological variation in the slab [Christensen
and Yuen, 1984; Van Keken et al., 1993]. The positions
of the markers are advected using a fourth order Runge-
Kutta scheme to guarantee sufficient accuracy. During
the model calculations, markers were inserted to main-
tain a maximum dimensional marker spacing of 2 km.
Local grid refinement is used; in the region where the
slab penetrates the average spacing between integration
points (where the viscosity is specified) is 2 km.

Results

The evolution of compositionally stratified slabs sink-
ing through the transition zone has been studied previ-
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Figure 3. Snapshots of the model evolution for a constant viscosity slab. Dimensional times and maximum
vertical velocity are indicated in each frame. Although the garnet becomes compositionally buoyant below 670
km (indicated by the dashed line), the coupling with the much thicker, colder slab is strong enough to entrain

the garnet into the lower mantle.
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Figure 4. As figure 3, but now for the sandwich rheology (Figure 2) with 5,, = 0.017.. The garnet layer is now
effectively decoupled and can rise as a Rayleigh-Taylor type instability from the subducting slab, once it is in the

lower mantle.

ously by e.g., Gurnis [1986], Richards and Davies [1989]
and Gaherty and Hager [1994] under the assumption
that the viscosity is constant or only dependent on tem-
perature. The evolution of a similar model is shown in
Figure 3, where 7, = 9y, = 7. = 10. Dimensional time
and maximum vertical velocity of the slab are indicated
in the frames. In this case, the coupling between crust
and mantle is sufficiently strong to entrain the crust into
the lower mantle. The positive compositional buoyancy
force of the crust is not sufficient to overcome the drag of
thicker, cold slab. Note that the maximum vertical ve-
locity is more than 5 cm/yr, which is near the high end
of vertical slab velocities than can be expected based
on present-day plate velocities.

The evolution is distinctly different if the rheological
stratification due to the combined thermal and compo-
sitional effect is taken into account. Figure 4 shows the
slab at the same times as in Figure 3, but now with
Ny = 7, Mw = 0.01n,. The crust that becomes buoy-
ant in the lower mantle is now less strongly coupled to
the underlying sinking slab and the garnet can separate
from the colder parts of the slab.

We have conducted a variety of experiments to test
the sensitivity of this conclusion to values of the vis-
cosity parameters 7., 7w, and n,. Figure 5 presents

some results obtained by varying 1, but keeping the
other parameters constant. As can be expected, crustal
delamination becomes more efficient with decreasing
strength of the decoupling zone. Although some crust
may be entrained in the lower mantle, a large part of the
crust rises back into the transition zone if 5, < 0.17,.
This viscosity contrast is not too unreasonable, taking
into account that the top of the slab is a few hundred de-
grees hotter than the core of the slab (Figure 1). In ad-
dition, the effects of superplasticity [Sammis and Dein,
1974], that are expected to take place at 670 in the
peridotite but not in the garnetite, will effectively lower
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Discussion

The results confirm previous modeling resuits that
crust-mantle separation cannot take place if the crust
is strongly coupled to the subducting slab. If a thin vis-
cous decoupling zone is modeled between crust and cold
slab interior, the crust can separate through a Rayleigh-
Taylor type instability in the lower mantle. However,
under the assumption of this sandwich type rheology,
the crustal component of a subducting slab can sepa-
rate from the down-going slab. This conclusion is simi-

Figure 5. Comparison of model results for different values of the viscosity of the weak layer 7,,. Frame b) is the
last frame of Figure 4. Even at relatively low viscosity contrasts, a large part of the crust can separate from the

sinking slab.



1824

lar to that obtained by Karato [1995] although he used
different assumptions about the geometry of the slab
separation.

The results presented in this study warrant a more
elaborate study that would take into account i) a more
realistic viscosity description that incorporates tempe-
rature- and stress-dependence explicitly; ii) the influ-
ence of the phase change at 670 km as expressed in
phase boundary topography and latent heat exchange;
iii) the effects of shear heating, in particular in com-
bination with the feedback influence for temperature-
dependent rheology [Steinbach and Yuen, 1995]. The
viscosity contrasts that are used in this paper are at
the lower end of a range that would be appropriate
for upper mantle silicates with high activation energy
(of around 500 kJ/mole). It can be expected that the
warming of the slab during descent will strongly de-
crease the viscosity of both the slab interior and the
garnetitic crust. However, the layered viscosity struc-
ture will not be modified strongly, but the separation
process may take place faster than modeled here.

The evidence for crustal separation at the top of the
lower mantle as found in this study indicates that lower
parts of the transition zone may be predominantly com-
posed of garnet, which has both a high intrinsic viscos-
ity and a strong temperature dependence. This combi-
nation can provide a tentative explanation for the fixity
of the source of hot spot volcanism originating from the
transition zone [e.g., Allegre and Turcotte, 1985].
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