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Abstract

Results of high resolution seismic tomography showing subducting slabs deflected in the transition zone and
thickened in the lower mantle seem to call for slab material weaker than inferred from mineral physics deformation
mechanisms. A possible mechanism suggested by several authors could be the weakening due to grain size reduction,
which should occur in the cold portion of fast slabs after an exothermic phase transition at a depth of 400 km. Since
the amount of weakening as well as the rate of subsequent strengthening due to the grain growth are not precisely
known, we present here a parametric study of slab behavior in the transition zone and upper part of the lower mantle.
We simulate a subducting slab in a two-dimensional (2-D) Cartesian box in the numerical model with composite
rheology including diffusion creep, dislocation creep and a general stress limiting rheology approximating Peierl’s
creep. We concentrate on two rheologic effects: the dynamic effect of slab weakening due to grain size reduction at
the phase boundary and the effect of yield stress of stress limiting rheology. The effect of trench migration on slab
deformation is also included in our study. Results show that the slab ability to penetrate into the lower mantle is not
significantly affected by a trench retreat in the absence of grain size weakening. However, in case of a 4 cm/yr trench
retreat, grain size weakening provides a viable mechanism to deflect the slab in the transition zone, provided that
stress limiting deformation mechanism would limit the effective viscosity outside the areas of grain size weakening to
about 10** Pa's. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction (e.g. [1-5]) suggest various scenarios of slab be-
havior in the transition zone. While in some sub-
High resolution seismic tomographic models duction zones slabs are observed to penetrate

through the upper-lower mantle boundary at a

depth of 670 km without any significant deforma-
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The effects of several factors influencing the in-
teraction of the slab with the 670 km discontinu-
ity have been studied; among those, the trench
migration rate [6-11] or chemically distinct crust
layer (e.g. [12-16]) were found to play an impor-
tant role. Christensen [8] showed that slabs expe-
riencing high trench migration rates (larger than 5
cm/yr) are strongly deformed in the transition
zone and do not penetrate the phase transition
boundary, while slabs not affected by trench mi-
gration can penetrate the endothermic phase
boundary and sink into the lower mantle. In his
numerical experiments, a rather low slab viscosity
contrast of two to three orders of magnitude be-
tween the slab and the ambient mantle in the
transition zone facilitated the deformation of the
slabs. However, the Tonga, Izu-Bonin or Kurile
slabs, which all seem to be deflected by the 670
km interface, are old, rapidly subducting, and
cold, and thus potentially highly viscous through
the temperature dependence of their rheology.
The strength of such cold fast slabs may be too
high to allow for any significant deformation due
to the trench migration effect as was first pointed
out by Karato [17]. Moreover, also other geo-
physical observations related to slab rheology
like geoid or deep earthquakes focal mechanisms
seem to require relatively weak slabs (e.g. [18-
20]). Thus some mechanism suppressing the vis-
cosity of fast and old slabs above the depth of 670
km has to be found. Karato et al. [17] suggest the
rheological weakening of the diffusion creep
strength due to the grain size reduction at the ol-
ivine-spinel phase transition at 400 km depth as a
possible explanation of this discrepancy.

The mechanism of grain size reduction and its
possible effect on slab dynamics has been dis-
cussed by several authors (e.g. [21-23]). According
to them, the grain size of the new phase formed
after an exothermic phase transition at a depth of
400 km could be significantly reduced. And
through the grain size dependence of viscosity
[24] also the strength of the subducting slab may
be suppressed. The important feature of this phe-
nomenon is its temperature dependence. The size
of new grains after a transformation and the rate
of subsequent grain growth are sensitive to the
temperature at which the transformation occurs

[23]. While in cold (old) slabs the grain size reduc-
tion is significant and subsequent grain growth
relatively slow, in warmer young slabs the effect
might be negligible [17]. Thus the effect of grain
size reduction should only apply to old, fast (rap-
idly subducting) slabs — the viscosity of their cold
core can be reduced by several orders of magni-
tude [25].

Here we present the results of a parametric
study of the effects of grain size reduction and
the yield stress on the dynamics of the slab. We
perform numerical simulations of subduction of
an old, fast slab in a 2-D Cartesian model, and
concentrate on the interaction of the slab with the
670 km endothermic phase transition boundary.
The effect of grain size reduction is included in
the Newtonian part of our composite rheology
model and the deformation of the slab is studied
for different trench migration rates. According to
the classification of observed slab deformation by
Karato et al. [17], there are roughly two groups of
fast, old slabs (subduction speed ~9 cm/yr, age
> 110 Myr): the ones experiencing a low trench
migration rate of about 1 cm/yr and the ones with
a high trench migration rate of about 4 cm/yr. We
investigate both cases in our numerical modelling
experiments.

2. Model

Our numerical model is based on a finite ele-
ment solution of the set of equations describing
the incompressible fluid in the extended Boussi-
nesq approximation [26,27]. The governing equa-
tions in dimensionless form are:

du; =0 (1)
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Table 1

Symbols and values used

Symbol Meaning Value used Dimension

Auige Pre-exponential parameter of diffusion creep 6.07x 10718 Pa" s!

Adisi Pre-exponential parameter of dislocation creep 242x1070 Pa™" s7!

cp specific heat 1250 JTkg ' K!

dy grain size before phase transition at 400 km 1073 m

Di dissipation number = aghl/c, 0.47 -

Ejy activation energy of diffusion creep 3%x10° J mol™!

Eyy activation energy of dislocation creep 5.4x10° J mol™!
non-dimensional radiogenic heat production — -

m grain size exponent 2.5 -

n viscosity stress exponent 3.5 -

ny yield stress exponent 5 -

R gas constant 8.3143 JK!'m™3

Ra thermal Rayleigh number poATh/nx 1.8x107 -

Rb phase Rayleigh number Spgh’/nx 2.4%107 -

T temperature - K

T non-dimensional temperature - -

To non-dimensional surface temperature 273/AT -

P hydrostatic pressure - Pa

AP non-dimensional hydrodynamic pressure - -

AT temperature contrast across model domain 2300 K

t non-dimensional time - -

u non-dimensional velocity u = (v,w)" - -

Vi activation volume of diffusion creep 4.5x107¢ m® mol™!

Vig activation volume of dislocation creep 14x107° m? mol~!

a thermal expansion coefficient 3%x107° K™!

I phase functions for all £ mantle phase transitions - -

Ya00 Clapeyron slope 400 km phase transition 3 MPa K™!

Y70 Clapeyron slope 670 km phase transition =25 MPa K~!

Sp400 density difference across the 400 km phase transition 273 kg m™3

P60 density difference across the 670 km phase transition 342 kg m™3

ejj e;; = dju;+0;u; = strain rate tensor - s7!

e second invariant of the strain rate - 57!

ey reference strain rate in yield strength determination 10x1071 57!

n non-dimensional viscosity - -

o reference viscosity 102! Pas

D non-dimensional viscous dissipation - -

P mantle density 3416 kg m~3

7 yield stress 5% 1081010 Pa

T deviatoric stress tensor - Pa

T second invariant of the stress tensor 7; - Pa

They describe the conservation of mass (Eq. 1),
momentum (Eq. 2) and energy (Eq. 3). Symbols
are explained in Table 1. The model includes the
major mantle phase transitions at 400 km and 670
km depths, for which k=1 and 2, respectively in
Eq. 3. The phase parameter function I"is param-
eterized by a 20 km wide harmonic function.
Density contrasts and Clapeyron slopes associated
with the phase changes are listed in Table 1. Both

buoyancy and the effect of latent heat of the
phase transformations are included in the model.

We use a composite rheology combining dif-
fusion creep, dislocation creep and a general
stress limiting creep mechanism [28]. Assuming a
unique stress and adding the individual strain
rates of the different creep mechanisms results in
the following expression for the effective viscosity
[29]:
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where nger is the viscosity of the diffusion creep,
Tdisi viscosity of the dislocation creep and 7y the
‘yield viscosity’ of the stress limiting rheology.
The viscosity of diffusion and dislocation creep
is defined through Arrhenius laws:

1o E + PV,

N diff = Adi}fd exp (dlffRleff> (5)
_ _ Eq g+ PV

Ndis = Adisll/”e(l n)/nexp< d‘lnRT dsl) (6)

Symbols and values used are listed in Table 1. A
stress limiting yield viscosity is defined as:

ny = ,L.yegl/nyel/nyfl (7)

where 7y is the yield stress and ny is powerlaw
index defining the ‘brittleness’ of the material.
We use the values ny =5 and e, =107 s71, and
stress limiter values 7y of 5x10% Pa, 10° Pa and
10'" Pa are used in different model cases.

Grain size is modelled in a simple way: we ne-
glect kinetics of the olivine-spinel phase transition
and apply an equilibrium grain size model where
the grain size is fully described by temperature
and pressure alone. A more complete model in-
cluding phase kinetics is given in [23]. In the cold
portions of the slab (T'< T, =1100 K) below the
exothermic phase transition at a depth of 400 km,
the grain size d is defined to decrease by several
orders of magnitude. The temperature dependence
of the grain size according to [25] is described by
an Arrhenius law with the enthalpy H,:

d~exp (—%) (8)

To circumvent problems with uncertainties in pa-
rameter Hy, we use a simple linear approximation
of Eq. 8 in this study:

d dmin T— Tmin
log (dmin> B log( dO > Tmin_Tb’ (9)

where d; is the grain size of the material before
the exothermic phase transition at 400 km and
dmin 18 @ minimum grain size reached at a mini-
mum temperature 7p,;,,. We note that this formu-
lation of P, T dependent grain size also implies a
parameterization of subsequent grain growth con-
trolled by the ambient temperature following the
initial grain size reduction due to the phase tran-
sition. Since the amount of the grain size reduc-
tion is not precisely known, we test three values of
grain size drop here: two, four or six orders of
magnitude (i.e. dpin/dg is 1072, 107 or 107°). The
minimum temperature Ty, is set to 850 K which
is approximately the minimum temperature
reached in the model slabs in the transition
zone. Only the diffusion creep is grain size depen-
dent and thus only ngyr is affected by its reduc-
tion.

Our model domain is a 2-D Cartesian box of
2000 km deep and 12200 km wide. A subducting
plate extends from the mid-ocean ridge (MOR) in
the upperleft corner of the box to the trench lo-
cated at 10000 km distance from the MOR. To
the right of the trench a 2200 km wide continent
is positioned. Decoupling of the subducting and
continental plate is facilitated by a fault extending
up to a depth of 100 km. It has been shown by
[30] that a very low friction along the fault is
required to fit the observed topography and geoid
data. Here we use a free-slip (zero friction)
boundary condition along the fault [27]. At the
top of the subducting oceanic plate, a 7 km thick
basaltic layer is located. Its low viscosity provides
a mechanism to decouple the subducting plate
from the sub-continental mantle beneath the
depth of 100 km, where the free-slip fault ends.
The basalt to eclogite phase transformation is not
included in our model. Possible effects of this
transition include an increase in density and a
change of the rheology of which the latter is not
well constrained since both increased and de-
creased viscosities — compared to basalt — have
been reported for eclogite. The effect of an in-
creased eclogite density is approximately compen-
sated in our model because we replace the proper-
ties of crustal material by those of mantle
peridotite at depths greater than 200 km. This
approximation should not affect the results signif-
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Fig. 1. The logarithm of the effective viscosity is plotted here
for a model with a yield stress value of 10° Pa and no grain
size weakening. A 1000 km deep and 2000 km wide part of
a model domain located around the subduction zone is
shown. Time snapshots are taken after 16 Myr evolution
from the subduction initiation. The blue color depicts high
viscosity areas, the red one is for low viscosity. White lines
indicate the positions of the major phase transition bound-
aries at the depths of 400 km and 670 km. (a) is for a trench
migration velocity of 1 cm/yr, (b) for 4 cm/yr and (c) for
6 cm/yr.

icantly: the crustal layer is very thin and thus
should not influence the bending of the slab in
the transition zone. A constant subduction veloc-
ity of 10 cm/yr is prescribed at the surface of the
subducting plate in direction of plate convergence.
Trench rollback with a prescribed constant veloc-
ity (1, 4 or 6 cm/yr) can be included in the model.
The model setup and initial conditions are de-
scribed in more detail in [27].

3. Results

In the first set of experiments we studied the
effect of trench migration rate without additional
rheological weakening. This is similar to the work
done by Christensen [8], but the viscosity contrast
between the slabs and the ambient mantle in the
transition zone is higher in our model (four orders
of magnitude). The yield stress value is set to 10°
Pa. The results are summarized in Fig. 1, where
viscosity plots are given for different trench mi-
gration rates. Fig. 1a shows the model for a rather
low applied value of trench migration rate (1 cm/
yr). In this case the slab is penetrating into the
lower mantle without much deflection at the en-
dothermic phase transition boundary at 670 km
depth. However, if the trench migration rate is
increased to 4 cm/yr (Fig. 1b), the slab is sub-
ducted under a much lower dip angle, but even
then the resistance of the 670 km phase boundary
is not strong enough to prevent its penetration
into the lower mantle. Increasing the trench mi-
gration rate to 6 cm/yr (Fig. 1c) finally results in
slab deflection at the 670 km boundary and the
slab is trapped in the upper mantle. Such a high
trench retreat, however, is not observed on Earth
and most of the old slabs apparently deformed at
the 670 km interface experience much lower
trench migration rates (2-4 cm/yr).

In the second group of experiments, we include
the effect of a grain size reduction of four orders
of magnitude on the slab deformation. Again, a
yield stress value of 10° Pa is applied. Results are
depicted in Fig. 2. Fig. 2a shows the model with
a low trench migration rate of 1 cm/yr. Even
though the slab is now weaker than in Fig. la,
the resistance of the 670 km phase transition is
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Fig. 2. The same as in Fig. 1, but for the model with a grain
size reduction by four orders of magnitude. (a) is for a
trench migration rate of 1 cm/yr and (b) for 4 cm/yr.

still not strong enough to prevent its penetration
into the lower mantle. However, if a trench retreat
velocity of 4 cm/yr is applied (Fig. 2b), the com-
bined effects of trench retreat and weakened
rheology lead to a significant deformation in the
transition zone and the slab does not enter the
lower mantle.

The strength of the slab and thus its ability to
deform depends on several parameters. At least
two of those, which can play an important role
in controlling slab viscosity, are not very well con-
strained — grain size drop and the yield strength in
a stress limiting rheology. In order to test the
robustness of the above results, we vary these
two parameters and compare the resulting slab
deflection. First, we concentrate on the effect of
grain size drop. Fig. 3 shows the results for a
higher amount of weakening — a drop by six or-

ders of magnitude (instead of four orders as in
Fig. 2a,b), while the other model parameters are
the same as for the model run in Fig. 2. The
viscosity of diffusion creep in the cold core of
the slab drops by 15 orders of magnitude here.
Two values of trench migration rate are consid-
ered — 1 cm/yr (Fig. 3a) and 4 cm/yr (Fig. 3b).
Apparently, the cold core of the slabs is now sub-
stantially weaker than in case of grain size drop
by four orders of magnitude (Fig. 2), but the ef-
fect on the dynamics of the slab is negligible. A
trench migration rate of 1 cm/yr does not prevent
slab penetration into the lower mantle, while the
rate of 4 cm/yr causes the slab to flatten above
670 km interface. In yet another set of experi-
ments, the grain size drop of only two orders of
magnitude was applied. In these calculations the
slab penetrates through the 670 km boundary
without any deflection for both trench migration

Vim=1cm/yr GW=6

a) —vk

A T 6

Fig. 3. The same as in Fig. 2, but for the grain size reduc-
tion by six orders of magnitude.
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Fig. 4. The logarithm of the effective viscosity for a model
with a trench migration rate of 4 cm/yr. (a) shows the results
for a yield stress of 0.5 GPa and no grain size weakening
and (b) is for a yield stress of 10 GPa and grain size reduc-
tion by six orders of magnitude. Both snapshots are again
taken 16 Myr after the initiation of the subduction.

rates. No difference is observed in slab viscosity
(and thus also in dynamics) with respect to Fig. 1
(no grain size reduction). This means that the dif-
fusion creep deformation is not significant even
though the grain size weakening is included. The
grain size drop of two orders of magnitude pro-
duces the reduction of the diffusion creep viscosity
by five orders of magnitude. This is apparently
not enough — the dislocation creep and/or stress
limiting rheology produce lower viscosities and
thus the relative contribution of viscosity reduc-
tion due to diffusion creep is negligible compared
to the other two deformation mechanisms.
Finally, the effect of the stress limiting part of
the rheology on the slab deformation is tested. We
used both a lower (5% 10% Pa) and a higher (10'°

Pa) value of the yield stress and we varied the
amplitude of the grain size drop (zero, four and
six orders of magnitude). The slabs experience a
trench migration rate of 4 cm/yr. Results are sum-
marized in Fig. 4. Fig. 4a is for the model with a
low value of the yield stress (5X 10® Pa). Despite
the fact that there is no grain size weakening act-
ing in the cold portions of the plate, the slab is
deflected by the 670 km interface and remains in
the upper mantle. Applying a higher stress limit of
10'° Pa has a substantial effect to the slab dynam-
ics. The slab is now strong enough to overcome
the resistance of the 670 km boundary and sink
into the lower mantle, even though a high value
of grain size drop (six orders of magnitude) is
considered (Fig. 4b).

The relative importance of the three compo-
nents of the applied composite rheology within
the slab is demonstrated in Fig. 5. The horizontal
cross-sections of diffusion creep viscosity, disloca-
tion creep viscosity, viscosity of stress limiting
rheology and an effective viscosity are plotted
there for two rheological models — with and with-
out a grain size weakening effect. Cross-sections
are taken slightly below the 400 km depth phase
transition in a narrow spatial window of 400 km
centered at the core of the slab. Fig. 5a shows the
viscosity decomposition for the model with the
yield stress of 10° Pa and no grain size weakening.
The dashed line is for diffusion creep, the dotted
line shows the viscosity of dislocation creep, the
dash-dotted one is for stress limiting rheology and
the solid line plots the effective viscosity. Appar-
ently the rheology of the coldest portion of the
slab is controlled by the stress limiter. The max-
imum effective viscosity reached lies between 10%*
and 10%° Pa s. However, if the grain size weaken-
ing effect is included (Fig. 5b), the situation
changes substantially. The viscosity of diffusion
creep, suppressed due to the grain size reduction,
is by about two orders of magnitude lower than
the stress limiter viscosity. Thus the diffusion
creep is operating in the coldest portions of the
slab with minimum viscosity of 10*> Pa s, while
the viscosity of the slab edges is controlled by the
stress limiting rheology. The maximum effective
viscosity reached in this case is about half the
value of the previous case and the average effec-



454

a)

H. Cizkova et al. | Earth and Planetary Science Letters 199 (2002) 447-457

le+28 —

le+27 —

le+26 —

effective —
diffusion creep
dislocation creep b
- — stress limiter

|
10800

10600 10700 10900 11000 11100
x (km)
b
) le+28 ¢ ‘
lev27E S [ effective i
E Do — - diffusion creep §
L 1© &y |-+ dislocation creep f{
1C+26§ : '-:l + = stress limiter
i 1y gt
le25 T
£ 1 1 l'_l
He+24 : Ji
< E I -1
& -
a L i~ =
Sle+23

le+22

le+21

ol vl vvd vl vl

ol

10600

10700

10800 10900 11000

x (km)

Fig. 5. Horizontal cross-sections of diffusion creep viscosity (dashed line), dislocation creep viscosity (dotted line), viscosity of
stress limiting rheology (dash-dotted line) and the effective viscosity (solid line) for a model with the yield stress of 1 GPa.
Cross-sections are taken slightly below the 400 km depth phase transition in a 400 km wide box centered to the core of the slab.
(a) is for the model with no grain size weakening and (b) shows the results in case that the grain size is reduced by four orders

of magnitude.

tive viscosity of the slab is significantly reduced
compared to the case in Fig. 5a.

4. Discussion
These results show that the deformation of an

old, fast slab in the transition zone is strongly
influenced by two parameters controlling the

strength of the slab — grain size reduction and
yield stress of the stress limiting rheology. If a
yield stress value of 0.5 GPa (or lower) is applied,
the slab is weak enough to deflect at the 670 km
interface for a trench migration of 4 cm/yr, even if
no grain size weakening is considered. However, a
slightly higher stress limit (factor of two) allows
for slab deflection above 670 km boundary only
if an unrealistically high trench migration rate of
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6 cm/yr is considered. In order to obtain a slab
deflection at a lower, more realistic, trench migra-
tion rate of 4 cm/yr, weakening of the cold slab
core is necessary. Further increase of the yield
stress to 10'° Pa results in no significant deflection
of the slab in the transition zone, even in case of a
high amount of grain size weakening.

The deformation of the slab seems to be most
sensitive to the value of the stress limiter, while
increasing the amplitude of grain size weakening
to relatively high values has a limited effect on the
slab dynamics. The results for a grain size drop of
four and six orders of magnitude (for which cor-
responding reduction of diffusion creep viscosity
is 10 and 15 orders of magnitude, respectively)
show hardly any difference. The influence of the
yield stress on the slab dynamics is probably so
strong, because the ability of the slab to deform is
mainly controlled by its strong edges and to a
lesser extent by the actual viscosity minimum of
the inner part of the slab — in case the slab core is
weaker than the edges.

The grain size weakening of the cold core of the
slab plays an important role in slab deformation,
in case the yield stress is ~10° Pa. For lower
stress limit an additional weakening is not neces-
sary to allow for the slab deflection above 670
km. Higher stress limit, on the other hand, pro-
duces slabs which are too strong to be deflected
even if the grain size weakening of high amplitude
(six orders of magnitude) is considered. The key
question now is, what is a reasonable yield stress
limit? One of the possible mechanisms limiting the
stress in cold slabs is Peierl’s creep. At the temper-
ature reached in the slab in the transition zone
(~1000 K) Peierl’s creep becomes dominant at
stresses ~8X 108-10° Pa [25,31]. Thus these re-
ported values of the yield stress lie near the yield
stress value for which slab deflection is possible
only if an additional weakening mechanism is ap-
plied. This is consistent with the results by Karato
et al. [17], who studied slab deformation in a kine-
matic model with complex rheology. They con-
cluded that the rigidity of a fast cold slab is sub-
stantially suppressed if both Peierl’s creep and
grain size weakening mechanisms are included.

In the rheological model used in our calcula-
tions viscosity increases gradually with depth.

However, the viscosity stratification in the transi-
tion zone and the upper part of the lower mantle
may be more complex. Stepwise viscosity increase,
presence of low viscosity channel or high viscosity
lid were reported in this region by several authors.
Such abrupt viscosity changes can influence the
dynamics of descending slab significantly. For ex-
ample possible stepwise increase of viscosity at a
depth of 670 km acts as an additional barrier to
downgoing slab. Its effect combined with an effect
of endothermic phase transition can prevent the
penetration of the slab into the lower mantle even
in the model with no grain size weakening. De-
tailed study of the effect of viscosity stratification
around 670 km is, however, beyond the scope of
the present paper and will be subject to further
research.

Another feature not included in our study is a
metastable olivine wedge, which is likely to be
present in the cold portions of the old slabs. Its
depth depends on several parameters and could
extend from about 500 km to 800 km depths
(e.g. [32,33]). This limitation is in line with our
neglecting the kinetics of the olivine—spinel phase
transition, in an equilibrium model of P, T depen-
dent grain size. Thus our present approach should
be considered only as a first step towards a more
consistent model where the equations describing
the phase change kinetics will be solved simulta-
neously with the dynamic equations.

5. Concluding remarks

The results of our parametric study show that
the deformation of old and cold slabs in the tran-
sition zone is strongly dependent on the yield
stress of a stress limiting mechanism approximat-
ing Peierl’s creep. If this yield stress is 0.5 GPa,
the slab is deflected by the 670 km phase bound-
ary and stays in the upper mantle. A higher yield
stress value (1 GPa) prevents any significant de-
formation at 670 km and slab penetrates to the
lower mantle, unless some additional weakening is
considered. The weakening due to grain size re-
duction by four to six orders of magnitude in the
central portions of old and fast subducting slabs
makes the slabs deformable. Then the combined
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effect of an endothermic phase change at 670 km
depth and of the trench migration with the rate of
4 cm/yr causes the slab to be deflected in the tran-
sition zone and to be trapped in the upper mantle.
If a lower trench migration velocity is considered
(1 cm/yr), the slab penetrates into the lower man-
tle. This is in good agreement with the results of
seismic tomography (e.g. [4,5]) in several subduc-
tion zones (North Kurile, Tonga, Kermadec, Ma-
riana, Izu-Bonin, Java) where fast subduction of
old lithosphere takes place. If yet higher value of
stress limit (10 GPa) is considered slabs are too
strong to be deflected at 670 km depth regardless
of possible substantial weakening due to the grain
size reduction mechanism.
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