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Abstract

We have investigated the effects of the latent-heat release on the kinetics of the olivine—spinel phase transition to
clarify the role of the thermo-kinetic coupling process for the structure of the metastable olivine-wedge in subducting
slabs. We have laid out the mathematical formulation of a two-dimensional time-dependent model consisting of the
kinetic equations, which are cast as a system of four nonlinear ordinary differential equations (ODE) at each spatial
grid point and the time-dependent partial differential equation (PDE) for the temperature, which is coupled to the
kinetics by virtue of latent-heat release. This set of ODE-PDE system has been solved by the differential-algebraic
method. The structure of the kinetic phase boundary is strongly determined by thermo-kinetic coupling effects
during the phase transition. For slow, warm slabs a very narrow phase boundary is obtained near the typical depth
for equilibrium phase transformations. From laboratory data we obtain a small latent-heat release (< 10 kJ mol 1),
which results in a small heating up of the slab (around 50°). Hence thermo-kinetic coupling effects will not
significantly influence the structure of the phase boundary in this regime. For fast, cold slabs narrow regions with
metastable olivine may be pushed down to a depth of about 600 km while the thermo-kinetic coupling due to the
latent-heat release drastically reduces the depth and the width of the region where olivine and spinel coexist in the
cold slab interior. Below the metastable wedge the latent-heat results in a significant and localized heating of the
cold slab interior (around 150°), because in this regime the heat release is three times higher. The depth of the
metastable wedge in the subducting slab is found to be very sensitive to certain thermodynamic parameters such as
the activation energy for growth and the internal slab heating caused by the phase transformation. We propose that
deep or intermediate earthquakes occur due to a thermal runaway-effect caused by shear instabilities while these
effects are enhanced by the latent-heat release associated with the olivine-spinel transformation. The correlation
between fast subducting velocity and the concentration of deep-focus earthquakes at around 600 km depth, as shown
for the Tonga-Kermadec trench, can be predicted by this 2-D thermo-kinetic model.

1. Introduction

The role played by phase transitions in mantle
* Corresponding author. dynamics has attracted an increasing amount of
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attention in the last several years (e.g. Machetel
and Weber, 1991; Honda et al., 1993; Peltier and
Solheim, 1992; Steinbach et al., 1993; Tackley et
al., 1993). All of these works, however, have only
looked at the phase transitions from an equilib-
rium point of view, in which the transition would
follow Clapeyron’s relationship between pressure
and temperature. The kinetic effects associated
with mantle phase transitions and their conse-
quences for mantle dynamics have already been
considered by Sung and Burns (1976), Bassett
(1979) and later by Goto et al. (1987). Recently
there have been experimental (Rubie et al. 1990;
Kirby et al., 1991; Brearley et al., 1992; Rubie
and Ross, 1994) and theoretical (Morris, 1992)
investigations which addressed the problem of
phase-transition kinetics in mantle materials, most
prominently associated with the olivine to spinel
transition. In spite of these advances, a self-con-
sistent model incorporating both the kinetics and
thermal fields simultaneously has not been devel-
oped, save for the recent numerical models by
DiaBler and Yuen (1993, 1994). Some studies on
thermo-kinetic coupling exists but are related to
magma crystallization (Kirkpatrick, 1976; Bran-
deis et al., 1984; Spohn et al., 1988). Recently an
analytical treatment of the thermo-kinetic prob-
lem, as applied to magmatic crystallization, has
been given in the asymptotic (long-time) limit by
Solomatov and Stevenson (1993, 1994).

One of the aims of this paper is to present the
thermal-kinetic equations in a formal mathemati-
cal manner in order to further future modelling
efforts. It is important to put the equations and
the boundary conditions within the context of
thermo-kinetic interactions at the phase bound-
ary in a mantle-like environment, e.g. with
depth-varying temperature and pressure condi-
tions. Another goal of this paper is to investigate
the various contributing factors of this highly
nonlinear system.

Phase-transition kinetics can have a major role
in the generation of deep-focus earthquakes
(Green and Burnley, 1989). This has been dis-
cussed previously as a possibility by Griggs and
Baker (1969) and more recently by Ogawa (1987)
but within the context of an equilibrium phase
transition. Arguments on the correlation between

slab seismicity and phase-change kinetics have
been made by Frohlich (1994) and Furukawa
(1994). Goto et al. (1987) and Rubie and Ross
(1994) have investigated the effects of kinetics
and the effects of latent-heat release but did not
consider the heat diffusion inside the slab. This
work is therefore concerned with the application
of a self-consistent two-dimensional thermo-
kinetic model to non-equilibrium phase transi-
tions and the consequences for deep-focus earth-
quakes. This dynamic model is a first approach to
describe the long time kinetic behaviour in down-
going slabs, because both the driving force for
subduction as well as the transformation faulting
process (Kirby et al., 1991) depend on the persis-
tance of metastable olivine inside the slab.

Two-dimensional modelling is needed because
in this particular model both the characteristic
length scale for temperature variation along the
slab and the natural diffusion length scale for
transverse variation become comparable. The
limitations of the 1-D approach (DaBler and
Yuen, 1993) could become significant due to a
large latent-heat release during the phase transi-
tion. Furthermore, some results from the 2-D
thermo-kinetic coupling cannot be obtained in
the 1-D modelling, especially in the prediction of
the maximum penetration depth of the phase
boundary. These intrinsically 2-D phenomenona
include the heating of the slab along the longitu-
dinal direction, which will determine for fast slabs
the depth at which the transformation occurs.

The plan of this paper is as follows. We will
discuss the phase-change kinetic model in Section
2. The thermo-kinetic model in a subducting slab
environment and the mathematical formulation
for the two-dimensional model will be given in
Section 3. We present in Section 4 the results for
the temperature fields and the phase boundaries
of the coupled system. Section 5 will discuss the
ramifications of the results for deep-focus earth-
quakes. The conclusions and the summary are
given in Section 6.

2. Kinetic model

The olivine to spinel phase transitions are
first-order transformations, which are usually de-
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scribed by a model of simultaneous nucleation
and growth processes in a mantle-like environ-
ment. Thus martensitic processes are not consid-
ered here. The classical homogeneous nucleation
and growth theory (Avrami, 1939, 1940, 1941;
JMA-theory, Johnson and Mehl, 1939) contains
some limitations. For geological purposes the
most questionable assumptions are those of a
randomly distributed nucleation mechanism and
constant rate functions. The kinetics of polymor-
phic phase transformations have been investi-
gated by previous workers (Hamaya and Aki-
moto, 1982; Rubie et al., 1990), using the Avrami-
equation (Christian, 1965)
£(t)y=1-exp(—kt"), 1
where £(¢) is the degree of transformation, n
is the Avrami coefficient which determines the
nucleation and growth process, k is the rate
constant which depends on thermal and mechani-
cal material properties and ¢ is time. For a homo-

geneous and time-independent nucleation the
transformation degree £(¢) is

g1)=1- exp(—%n/%“), (2)

where I is the nucleation rate and Y is the
crystal growth rate. Recent experiments show,
however, that the rate functions become time-de-

Table 1
Nomenclature of the physical parameters associated with the
phase transition kinetics

Symbol Meaning

AGom Free energy for homogeneous nucleation
AGp, Free energy for heterogeneous nucleation
AG, Free energy for growth

AGy Driving potential

Vv Activation volume

AH, Activation enthalpy

AQ Latent-heat release

AV Volume change

o Surface tension

€ Strain energy

AS Entropy change

5(8) Shape factor

AT Temperature difference

Ap Excess pressure

Iy Pre-exponential constant with nucleation rate
Y, Pre-exponential constant with growth rate

pendent during a phase transition (Carlson, 1983;
Rubie et al., 1990) and Eq. (1) cannot be used.

A more general expression for a phase trans-
formation with time-dependent nucleation rate
I[ p(t), T(¢)] and crystal growth rate Y[ p(¢), T(¢)]
was formulated by Kirkpatrick (1976):

4
€)= 1-exp = = [1[p(), T(1)]

X{ij[p(t”), T(t")] dt"}3 e (3)

assuming randomly distributed nucleation sites
in a spatially homogeneous magmatic melt phase.
Hence grain size effects as grain impingement
and nucleation site saturation are not explicitly
considered in this integral formulation of the
transition kinetics. The nucleation rate as a func-
tion of temperature 7 and pressure p is given by
(Dowty, 1980)

AG,
I(p, TY=1,T exp(— _)

X exp

(4)

and the crystal growth rate as a function of
temperature 7 and pressure p is given by

Y(p, T)=Y,T 299, 4%
(p, T)=Y, exp(—ﬁ) exp(—ﬁ),

(5)

where [; and Y, are constant pre-exponential
factors, AG . is the free energy for the forma-
tion of a stable nucleus, AG, is the free energy
for growth, AG, is the free energy difference per
unit volume between the different phases or the
driving potential, R is the molar gas constant and
k is the Boltzmann constant. The free energy for
growth AG, becomes depth dependent by includ-
ing the activation volume V * (see Sung, 1979)
and is given by

AG,=AH,+pV ", (6)

where AH, is the activation enthalpy for
growth.

Table 1 summarizes the terminologies used for
describing the phase transition kinetics. For ho-
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mismatch and V, is the molar volume of olivine.

We assume that this strain energy remains small

220
mogeneous nucleation of spherical nuclei the free
energy AG,,,, is given by (Christian, 1965)
enough to be neglected. The driving force AG,
(7) for a phase transformation with both temperature
and pressure variation is given by
(8)

16w oV}

AGpon = ,
T3 (AG+e)’
where o is the surface energy and e is the

AG,= —ASAT(p) + AVAp(T),

strain energy per unit volume due to the phase
1
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Fig. 1. Dimensionless nucleation and growth rates as a function of the excess pressure (a) at 7= 1073 K and undercooling (b) at
p = 20.0 GPa for shape factors of 1073 and 10~% Growth rates are normalized by their maximum values and nucleation rates by

the maximum value for a shape factor of 10™4.
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Table 2

Thermodynamic and kinetic parameters of olivine to spinel transition used in the numerical model

Slab thickness D
Penetration angle y
Slab length L

Entropy difference AS

Volume change AV

Clapeyron constant p,

Molar volume of spinel V,,
Specific heat of olivine ¢,
Isothermal bulk modulus &
Surface energy olivine~spinel o
Activation volume V' *

Thermal diffusivity
Adiabatic compressibility 8,
Mantle density py at y =0

Thermal expansion «

Lithospheric base temperature 77
Number of eigenmodes n
Pre-exponential constant 1,
Fixpoint growth (15.5 GPa, 1273 K)

Akaogi et al., 1989
Akaogi et al., 1989
Akaogi et al., 1989
Akaogi et al., 1989
Akaogi et al., 1989
Akaogi et al., 1989
Rubie et al., 1990
Rubie and Ross, 1994

Jeanloz and Thompson, 1983
Turcotte and Schubert, 1982
Turcotte and Schubert, 1982

Griggs, 1972

McKenzie, 1969
McKenzie, 1969

Sung and Burns, 1976
Fujino and Irifune, 1992

75-10°m
50°
1.0-10° m

77 mol"t K~}
3.16-107% m® mol !
10.8 GPa

4.05-1075 m® mol !
1.05-10°Jkg ' K!
1.28-10% GPa
06Tm~2

6.0-107° m> mol !

1.0-107 % m?s™!
43-107°GPa!
33-10° kgm >

35-10°K!

1073 K

1000

1.0-10¥ m=3s" 1 K7!
31-10 % ms™!

where AS is the entropy change, AV is the
decrease in volume associated with the phase
change, AT is the undercooling for a transition
with a positive Clapeyron slope and Ap is the
excess pressure. As a simplification, no deforma-
tion processes to result in stress relaxation are
taken into account. The equilibrium phase
boundary has been calculated from thermody-
namic data (Akaogi et al., 1989).

The activation free energy barrier for hetero-
geneous nucleation is reduced by a shape factor S
relative to that for homogeneous nucleation. For

Table 3

a nucleation on grain boundaries the shape factor
S(8) can be described as a geometrical factor by

S(6) = %(2+cos 8)(1 - cos 6)°, (9)

where 6 is the wetting angle caused by the
different surface tensions (Christian, 1965). The
free energy for heterogeneous nucleation AG,,
results with

AGI:ct = SAG!:om' (10)
Fig. 1 shows the nucleation and growth rates
for different shape factors as a function of over-

Estimates for the maximum nucleation rate, maximum growth rate and maximum grain size, calculated for a kinetic phase

boundary of 2-3 km width

Slab Shape Transition Activation Avrami Nucleation Growth Grain
velocity factor depth enthalpy number rate rate size
w N y AH, Av max Yax d
(cmyr™H (km) (kJ mol~1) (m3s™h (ms™bH (m)
3 1074 405 400 6.2 101 531077 11107 441072
3 1073 421 400 33109 871077 721071 301071
10 104 578 450 1.9 10" 2.010° 2110718 261076
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pressure (Fig. 1(a)) and undercooling (Fig. 1(b)).
The rate functions are calculated from Eq. (4)
and Eq. (5) using equilibrium data (Table 2) for
the olivine to spinel phase transition. The max-
ima of the rate functions result from the increase
of I and Y due to the increase of the driving
potential AG,, which reduces AG,,, while the
decrease of I and Y is due to the decrease of the
thermal energy with undercooling and the in-
crease of AG, due to the effect of activation
volume V' *. From Fig. 1 we can see that the
position and the absolute value of the maximum
nucleation rate strongly depend on the shape
factor, which has been already discussed else-
where (Sigsbee, 1969). The maxima in Fig. 1 can
be used to define the dimensionless rate-func-
tions (Spohn et al., 1988). However, for a kinetic
process with both temperature and pressure vari-
ation the rate functions were found not to have
an absolute maximum in the range of p and T
considered. Therefore, we have used for normal-
ization the values of the rate functions I, and Y
at a pre-set temperature 7, (1073 K) and a pre-set
pressure p, (20 GPa). Thus maximum rates I,
and Y, (see Table 3), which result from the
phase transition at lower pressures and tempera-
tures, are much smaller than I, and Y,. The
dimensionless rate functions are

I =1/1(ps, Ts) and Y " = Y/Y( ps, T)-
(11)

The dimensionless pressure p* and tempera-
ture 7° are normalized by ps and T respec-
tively. The kinetic time scale can be introduced to
the scaling of the model for constant rate func-
tions by the Avrami time 7,, (Ave and Yamada,
1986),

1
Tav= 5——— (12)
\/Imaxynzax

The Avrami number (Spohn et al., 1988) is
defined as a dimensionless parameter, which rep-
resents the ratio between the kinetic timescale
above and the thermal diffusion time 7, of the
slab width D given by

Ty =D?/x, (13)

where « is the thermal diffusivity. Hence it
follows that
4

™\ (D2 ,
Av = . = Lo Yorax s (14)
where [_,, and Y, are the maximum nucle-

ation rates for a typical transformation process
(see Table 3). The Avrami number Av character-
izes the relative dominance of the kinetics or heat
diffusion during the transformation process. Ef-
fects of thermo-kinetic coupling can be deter-
mined by the value of A4v. Furthermore, Eq. (14)
determines a critical length scale of instability for
Av around 1, e.g. instabilities along the phase
boundary are likely to result from thermo-kinetic
coupling effects for comparable kinetic and ther-
mal time scales.

3. Numerical model

We have previously constructed a one-dimen-
sional time-dependent model (DéBler and Yuen,
1993) and the system of thermo-kinetic coupling
is given there. We now consider a time-depen-
dent 2-D slab model in which the z-coordinate
represents the slab length L while the x-coordi-
nate is normal to z (slab width) both normalized
by the pre-set and constant slab thickness D. A
schematic diagram of the geophysical model used
in the numerical calculations is shown in Fig. 2.
The y-axis represents the depth which is associ-
ated with the z-coordinate by the penetration
angle y. Because of the intensive computational
time requirement for obtaining a sufficiently high
spatial resolution in the two-dimensional grid, we
have employed a slab segment with a length /
which is moving down with the slab velocity w.
The heat equation is therefore written in La-
grangian framework (coordinate-system x' —z')
with time-dependent boundary conditions. In this
coordinate system the kinetics for a temporal
variation of pressure and temperature are de-
scribed by a system of 4th order ordinary differ-
ential equations in time at each spatial grid point,
which portray the evolution of the average grain
size X ={(X;, X,, X;, X,}7. The components
(X;, X,, X,, X,) represent respectively the total
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grain volume, total grain area, total grain diame-
ter and number of grains in the extended volume
introduced by Avrami (1941). They are obtained
by averaging these values with the corresponding
crystal size distribution function in configura-
tional space (Riedel and Karato, 1995). The aver-
aging cannot be done in a simple way, because of
the time-dependent nucleation and growth pro-
cess. The resulting system of four coupled ordi-
nary differential equations includes the same
physical assumptions as Eq. (3) but is much easier
to handle for numerical calculations and allows
for the application of solvers for large-scale and
stiff problems, such as provided by the differen-
tial-algebraic method (Brenan et al., 1989). It is
given by

X:(7)
d | X,(7)
dr X, (1)
Xo(7)

Mantle

T+ Tas

0 47Y*™(7) 0 0
=4AU 0 0 2Y " (1) 0 |
0 0 Y* (1)
0 0 0 0
X3(7) 0
X,(7) 4 0
Xy(7) A I*O ’ (2
Xo(T) (r)

where T is the dimensionless time in terms of
the thermal diffusion time 7 =1¢/7,. The deriva-
tion of Eq. (15) is presented in the appendix. The
corresponding degree of volume transformation
can be determined by

£(r) =1-exp[ - X3(7)], (16)

taking into account the grain impingement in a
statistical homogeneous medium (Avrami 1939,
1940, 1941). Furthermore the components of X
can be used to describe the process kinetics in

D=75km

L =1000 km
T.=1073 K
Y = 50°

Fig. 2. The two-dimensional slab model used for numerical computation showing the geometry of the system, where z and x are
coordinates for the slab length L and the slab width D respectively while the y-axis represents the depth which is associated with
the z-axis by the penetration angle y. For the numerical calculations we consider a downgoing slab segment of the length [
(coordinate system x’ —z') which is moving with the slab velocity w. T, is the temperature of the surrounding lithospheric base

and T,4 is the adiabatic heating.
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high-pressure experiments under time varying
pressure conditions (DéBler, 1990; Riedel and
DiBler, 1990).

The pressure change with time is determined
by an ordinary differential equation (ODE) which
includes the slab velocity and the volume change
of the olivine to spinel phase transition. For sim-
plicity we consider an elastic material without any
rheological effects and we assume a constant slab
velocity during the subduction process. There are
two contributions in the total pressure change
with time given by

d * *+K*d§(7)
dTp ~Po dr

(17)

The rate of hydrostatic pressure change p,
represents the pressure change due to the slab
penetration in the normalized mantle pressure
profile py, with a velocity w and is given by

*dp&
Py =W dz*‘ (18)

The constant K * in Eq. (17) is given by the
ratio between the relative volume change of the
olivine to spinel transition AV/V and the volu-
metric change from the elastic deformation, with
kr as the isothermal bulk modulus

Wk )
4 I)S'

*

However, in this study we neglect this pressure
change due to the volumetric change, because the
stabilizing effect of the pressure decrease during
the transformation is found to be very small
(DéBler and Yuen, 1993). The mantle pressure
pm Vvaries with the depth y according to the
mantle adiabat (Turcotte and Schubert, 1982)

1
pu(7) = — B_ln[l _Pogoﬁa)’("')]s (20)

a

where B, is the adiabatic compressibility of the
mantle, p, is the mantle density at y =0, and g,
is the standard gravity. The Kkinetics are coupled
to a two-dimensional partial differential equation
(PDE) for the heat transfer, written in the La-

grangian frame of reference, moving with the slab
velocity

T*  FT* *T" dé(r)
o '’ 872 'dr
+T5w* cos v, (21)

where w* is the normalized slab velocity, y is
the penetration angle and 7,; is the adiabatic
heating. The heat Eq. (21) contains both terms of
the latent-heat release and adiabatic heating. The
Stefan number S, represents the ratio between
the latent-heat release AQ and the characteristic
internal energy c,Ts, where c,, is the specific heat
of olivine,
AQ

= . 22
Si= ()

The latent heat AQ released per mole of
olivine (Akaogi et al., 1989; Rubie and Ross,
1994) is given for non-equilibrium phase changes
by

p
AQ=AHy, +fp AV(p', T) dp/, (23)

where we assume AV(p', T) to be constant.
The pressure dependence of the latent-heat re-
lease results from the difference in the free en-
ergy AG of the olivine and spinel phase in the
non-equilibrium case. At about 600 km depth the
latent-heat release can be three times higher than
near the typical depth of the equilibrium phase
transition (see value for AV(p’, T) in Table 2).
The adiabatic heating T, is given (Griggs, 1972)
by

y a(T, p)gT ,

Ta= [ W (24)

where a(T, p) is thermal expansion coeffi-
cient. In the depth range beween 300 km and 700
km we use a linear approximation of pressure
dependence of the thermal expansion coefficient
a (Griggs, 1972).

a(y)[K™']=3.5-105[K ]
~y-0.25-10"°[m™'K"!]. (25)

The adiabatic heating influences the initial
temperature profile as well as the boundary con-
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ditions. However, the effects of adiabatic heating
as a heat source during the transition kinetics are
rather small compared to the latent-heat release.
The initial temperature inside a descending slab
in the Eulerian framework is given by (McKenzie,
1969)

(-1’

nmw

T(r=0)=T,+(T_- Tc){l +2)
Xexp[(Re - (Rz‘+n2772)0.5)x*]

Xsin(mrz*)}, (26)

where T, (273 K) is the constant surface tem-
perature, 7, (1073 K) is the constant tempera-
ture for the base of the lithosphere on the as-
sumption of no interaction between mantle and
descending slab, R, is the thermal Reynolds
number which depends on the slab velocity and n
is a positive integer.

The thermal boundary conditions along both
sides of the slab segment are implemented by

a
i 1
300 \ T
© ,00
% L)
x
350 4 EN S L
5 X
jo]
&

400 4 -
450 1 S -
£ %
= *
> 500 -

2 x
% S
= o

550 L

600 \/ L

650 ; .

0 25 50 75
x (km)

y (km)

including both the lithospheric basal temperature
T, and the adiabatic heating 7,; which varies
with depth

T(r,z', ¥ <0)=T(r, ', X' >D)
=T, +T,4(7). (27)

These side boundary conditions are employed
for both slow and fast subducting slabs. The
implementation of the boundary conditions along
the bottom and the top of the slab segment is
much more problematic because these boundary
conditions can strongly influence the temperature
field inside a small slab segment. Assuming much
faster kinetics as compared with the heat flux we
expect a small thermal interaction along the
boundary. Therefore we use adiabatic conditions
at the top and the bottom of the slab segment.
Hence the temperature field can be influenced by
earlier events of heat release during the subduc-
tion process. A more realistic simulation would
involve the calculation of the thermal evolution
inside the whole slab from the beginning of the
penetration into the mantle until the present

b
L 1
300 L»
5

v/

x
)
N

3501

400 4

450 4 -

500 + B

L
208

550 1

600 - B

650

T T
0 25 50 75
x (km)

Fig. 3. Two-dimensional initial temperature fields inside subducting slabs without any heat source for (a) slow (w =3 cm yr~!) and
(b) fast (w = 10 cm yr ~!) regimes both for a penetration angle of 50°. The temperature fields (Iabels in K) result from Eq. (26). The
depth scale here and in the following is given for the centre of the slab at x = 37.5 km.
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time. However, recent kinematic slab models
(Minear and Toks6z, 1970; Hsui and Toksoz,
1979; Goto et al., 1987) do not give a sufficiently
high spatial resolution to obtain these particular
thermo-kinetic coupling effects.

Two-dimensional temperature fields inside
downgoing slabs without any heat source are
shown in Fig. 3 both slow and fast slabs. The
characteristic temperature fields result from the
initial temperature Eq. (26). For slow velocities
(Fig. 3(a)) the slab is heated up while for fast slab
velocities (Fig. 3(b)) the slab interior remains cold
deep in the mantle. The velocity dependence of
the temperature is controlled by the thermal
Reynolds number. The effect of adiabatic heating
generally increases the temperature with increas-
ing depth, while the amount of adiabatic heating
sensitively depends on the thermal expansivity.
The asymmetric temperature fields result from
the initial temperature field inside the oceanic
lithosphere before the subduction process. From

13.0 1
135

14.0 1

p (GPa)

14.5

15.0 1

400 kJ/mol
15.5

Rl ) T T T -1

700 750 800 850 900 950 1000

T (K)

Fig. 3 we construct adiabats 7, for the coldest
region of the slab interior and different slab
velocities. These adiabats are used to show differ-
ent paths of the kinetic p—T-diagrams in Fig. 4.
Both the temperature equation (Eq. (21)) and
the ODE-system (Egs. (15) and (16)) are solved
numerically by the differential algebraic method
(DASPK), which was developed for large-scale
stiff systems in both space and time (Brenan et
al., 1989; Maier and Petzold, 1993). The solving
algorithm allows for the treatment of a coupled
PDE and ODE system and includes iterative
methods with variable stepsizes in time. Up to
100 gridpoints with a corresponding spatial reso-
lution of about 0.7 km have been employed in the
spatial discretization in both directions. This
problem is numerically very stiff and requires
small steps because of the different timescales
present in the coupled thermo-kinetic system. All
calculations were done with a constant slab width
D of 75 km and a constant penetration angle of
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Fig. 4. p—T-diagrams containing the kinetic phase boundaries of the olivine to spinel transition for different slab velocities without
any heat diffusion. The isolines mark the transformation regions between £ = 0.01 (dashed line) and ¢ = 0.99 (solid line). Adiabats

(T,) (see Fig. 3) for a slab velocity of 3 cm yr~! and 10 cm yr~

are crossing the kinetic phase boundaries. The Kinetic phase

boundaries are shown for different shape factors (10 u3 and 10~%) in the slow regime (a) and for the different activation
enthalpies A H, (400 kJ mol ! and 450 kJ mol~!) in the fast regime (b).
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50°, characteristic for subducting slabs, while the
dependence of the plate thickness on the subduc-
tion age is not considered here.

The thermodynamic parameters for the olivine
to spinel phase transition which are kept constant
in the numerical computation are given in Table
2. Most of the thermodynamical data are taken
from experiments with forsterite (Akaogi et al.,
1989). The pre-exponential factor for nucleation
I, in Eq. (4) is set to be 10 m™3s ' K™!
according to some theoretical estimates (Sung
and Burns, 1976) while the exponential prefactor
for growth Y, in Eq. (5) varies with AH, to be
consistent with growth rates obtained in recent
experiments. To reduce the number of free pa-
rameters, we used as a fixpoint for the growth
rate 3.1-107® ms™! at 155 GPa and 1273 K
(Fujino and Irifune, 1992). The calibration of the
pre-exponential factor Y, with A H, between 350
kJ mol~! and 450 kJ mol ! is given by

Yolms~ 1K)

=1.0[ms ' K™!]

(28)

( A H,[kJ mol ~*]—350[kJ mol "]
Xexp| 8+ )

25[kJ mol 1]

However, due to their importance in kinetic
models, nucleation and growth rates must be a
subject of further experimental verification with
different techniques and materials. In order to
obtain possible thermo-kinetic coupling effects
for slow slabs, we have changed the slope of the
kinetic phase boundary by varying the shape fac-
tor for nucleation between 1073 and 10~* due to
other estimates (Rubie et al., 1990; Rubie and
Ross, 1994; Solomatov and Stevenson, 1994). AH,
is varied for fast slabs to investigate the effects of
a shift of the kinetic phase boundary. According
to Sung and Burns (1976), the activation energy
for growth AG, is the most critical parameter,
which determines the shift of the kinetic phase
boundary in the p-T diagram (compare Fig. 4)
and in this way influences sensitively the depth of
the metastable wedge. For AH, we have used
values between 375 kJ mol~! and 450 kJ mol !
(Sung and Burns, 1976; Rube et al., 1990; Rubie
and Ross, 1994).

4. Results

Within the non-equilibrium framework the p-
T-diagram becomes different from the equilib-
rium phase diagram of the olivine to spinel phase
transition (Sung and Burns, 1976). First, we con-
sider only the kinetics at the phase boundary
including the time dependent p-T variation
without any effects from heat diffusion (Fig. 4).
Similar kinetic p-T-diagrams for the olivine to
spinel phase transition and different thermal slab
regimes are presented by Sung and Burns (1976),
Sung (1979), Kirby et al. (1991) and Rubie and
Ross (1994). The kinetic boundaries are shown as
isolines, which are defined by Eq. (16) for a
transformation degree of &=0.01 and £ =0.99.
They are obtained by integration of the ODE’s
Eq. (15) and Eq. (16) for slab velocities of 3
cmyr~! and 10 cm yr~! respectively. The struc-
ture of the kinetic isolines in Fig. 4 is determined
by the shape factor S characterizing the heteroge-
neous nucleation and the free energy of growth
AG,, which is determined by the activation vol-
ume V' * and the activation enthalpy A H, through
Eq. (6). The activation volume V * is responsible
for the slope of the isolines bending towards the
higher temperatures at very high pressures. In the
numerical computations a value of 6 cm? mol ™!
for the activation volume has been employed
(Rubie and Ross, 1994). From Fig. 4(b) we ob-
serve that a shift of the kinetic phase boundary by
a variation of the activation enthalpy changes the
critical temperature (Sung and Burns, 1976), be-
low which no transformation can occur. This shift
also dramatically influences the transition depth
inside fast slabs. For slow descending slabs (w =3
cm yr 1) the cold interior is heated up and the
phase transformation is expected to proceed near
the typical equilibrium depth at about 400 km.
Due to a strong gradient of the rate functions
near equilibrium, the phase transition occurs very
rapidly, resulting in a sharp kinetic phase bound-
ary. This regime is shown in Fig. 4(a), where T,
(from Fig. 3) marks the adiabat for the cold slab
interior. For increasing shape factors the phase
boundary shifts to greater depths and a larger
metastable region results consequentely. The ef-
fects of latent-heat release on the transformation
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kinetics are different between fast and slow slabs.
In slow slabs, transformation occurs at p~T con-
ditions close to the equilibrium boundary. There-
fore an increase in temperature due to the
latent-heat release reduces the driving force for
kinetics and hence slows down the transition ki-
netics. On the other hand, in fast slabs, transfor-
mation occurs at p-T conditions far from the
equilibrium boundary and hence an increase in
temperature will enhance the transformation
through the effects of thermal activation.

Taking into account the heat transfer inside
the downgoing slab, the behaviour of the phase
boundary now strongly depends on the slab veloc-
ity. A schematic summary of the results from the
thermo-kinetic coupling is presented in Fig. 5.
Within the equilibrium framework an instanta-
neous transformation at the equilibrium bound-
ary with a positive Clapeyron slope is expected.
Due to the temperature field, the phase transfor-

Upper
Mantle

600 km

Lower Mantle

Fig. 5. Schematic summary of the thermal-kinetic effects for
subducting slabs, where E marks the equilibrium boundary. A
and B show schematically the kinetic phase boundaries for
slow descending slabs (w <6 cm yr~!) without and with la-
tent-heat release respectively. C and D illustrate schematically
the kinetic phase boundaries for fast descending slabs (w > 8
cm yr~ ') with and without internal heating respectively.

mation occurs at first in the coldest part of the
subducting slab and is distorted to a shallower
depth (curve E in Fig. 5). From the coupling of
the transformation to the heat transfer we obtain
a different behaviour near the typical depth for
equilibrium (curves A and B) for slow slab veloci-
ties at about 400 km as well as for fast slabs
(curves C and D) at about 600 km depth. Without
latent-heat release we obtain a sharp Kkinetic
boundary (curve A) whereas the heat release
reduces the bending of the phase boundary (curve
B). For fast downgoing slabs metastable olivine is
shoved downward and the structure of the kinetic
boundaries (curves C and D) at great depths is
strongly determined by the temperature field. In
this regime the gradient of the kinetic rate func-
tion changes direction and the latent-heat release
intensifies the transformation process, thus push-
ing the metastable wedge upwards (curve C) and
reducing the coexistence region of both phases in
the cold slab interior.

In Fig. 6 the 2-D numerical results from the
thermo-kinetic coupling without any latent-heat
release are shown for two different slab velocities
(S-slow /3 cm yr ™!, F-fast /10 cm yr~'). The cor-
responding temperature fields are presented in
Fig. 3. For slow slabs we obtain a narrow phase
boundary with an upward distortion due to the
initial p—T-field inside the slab. The sharpness of
the kinetic phase boundary results from the strong
nonlinearity of the rate functions near the equi-
librium. For fast slabs without internal heating,
we obtain large regions (> 100 km) in the cold
slab interior where both phases coexist. For low
values of the activation enthalpy AH, =375
kI mol~! the transformation is completed within
the 660 km depth-range. While the transforma-
tion in the warmer outer parts of the slab is
similar to that in the slow regime, the thickness of
the metastable tongue inside the slab becomes
rather small at greater depths (< 10 km).

Snapshots of the temperature field and the
corresponding phase boundaries for slow sub-
ducting slabs with latent-heat release are pre-
sented in Figs. 7-8 for different shape factors.
Fig. 7 shows the thermal slab structure for a
velocity of 3 em yr~! and an activation enthalpy
of 400 kJ mol~! for shape factors of 10~* (Fig.
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depth scale
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1073 K

T T T T
370 430 490 550 610 670
Depth (km)
Fig. 6. Kinetic phase boundaries without latent-heat release for different slab velocity (S-slow /3 cm yr~! and F-fast/10 cm yr~ D).
The isolines mark the transformation regions between ¢ = 0.01 (dashed line) and £ = 0.99 (solid line) for an activation enthalpy of
375 kJ mol~ . The slab is shown for an penetration angle of 50°. The corresponding temperature fields are shown in Fig. 3. The

equilibrium line is calculated for a slab velocity of 10 cm yr~ ..
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Fig. 7. Snapshots of the thermal slab structure for slowly subducting slabs (3 cm yr 1) and shape factors of 10~* (a) and 10~ (b)
respectively, both presented for an activation enthalpy of 400 kJ mol~!. The corresponding temperature scale is given in K.
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7(a)) and 103 (Fig. 7(b)) respectively. The corre-
sponding phase boundaries are presented in Fig.
8, where the kinetic phase boundaries are given
by the isolines of ¢=0.01 and ¢£=0.99. The
coordinate system for the following Figs. 7-10 is
schematically shown in Fig. 2 as the moving sys-
tem x' —z'. The y-axis corresponds to the depth
of the centre of the slab at x = 37.5 km.

The latent-heat causes a heat anomaly to de-
velop near the underneath side of the slab below
the metastable wedge, which is 50~100° warmer
than the surrounding lithospheric base. This de-
velopment takes place because of the slow ther-
mal diffusion compared with the kinetics. Fur-
thermore, we obtain a significant heating of the
whole slab below the sharp phase boundaries,
which will modify the initial temperature field
below 400 km depth. Perturbations along the
corresponding phase boundaries for a lower shape
factor (Fig. 8(a)) are caused by the nonlinear
coupling of the kinetics and the heat transfer.
However, these effects are rather small because
of the small amount of latent-heat release near
the equilibrium. They disappear for a higher space

375

385 +

€
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>
405 B
415
0 25 50 75

x (km)
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factor of 103 in Fig. 8(b). This can be explained
by the strength of the thermal-kinetic feedback
caused by a bigger kinetic slope dT /dp (see Fig.
4(a)). Because for slow slabs the transformation
occurs near the typical depth for the equilibrium,
one obtains a narrow boundary with only a few
km thickness.

Fast subducting slabs display a completely dif-
ferent behaviour. The numerical results from the
thermal-kinetic coupling and the effects of the
latent-heat release for fast descending slabs are
shown in Figs. 9-10. Fig. 9 shows the evolution of
the temperature field inside a fast downgoing
slab (w =10 cm yr~!) for an activation enthalpy
of AH,=450 kJ mol™'. In general, there are
three stages of slab penetration in the fast regime.
In the outer parts of the slab the phase transition
occurs near the typical depth for equilibrium
(Figs. 9(a) and 10(a)), while the cold interior
remains metastable. Due to the latent-heat re-
lease we obtain a small heating of both sides of
the slab between 400 km and 450 km. Small
amounts of heating are obtained over a long
depth range (470 km and 570 km) where the

b
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Fig. 8. Corresponding (see Fig. 7) kinetic phase boundaries for slow slabs (3 cm yr~!) and shape factors of 10™* (a) and 1073 (b)
respectively, both presented for an activation enthalpy of 400 kJ mol~!. The isolines mark the transformation regions between

£ =0.01 (dashed line) and & = 0.99 (solid line).
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transition wedge occurs nearly parailel to the
isotherms (Figs. 9(b) and 10(b)), because the gra-
dient of the kinetic rate functions does not change
much in this depth range. A small region of
metastable olivine of about 10 km width (Figs.
9(c) and 10(c)) remains in the cold slab interior

y (km
385 ¢

410

435
450

475

500
560

595

610
0 25

up to a depth of around 600 km. Latent-heat
release heats up significantly the cold slab inte-
rior by the heat flow along the slab and acceler-
ates the transition kinetics. The transformation in
the cold slab interior results for a strong tempera-
ture gradient anomaly (> 150°) below the
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Fig. 9. Evolution of the thermal structure for a fast slab (10 cm yr~!) and for an activation enthalpy of 450 kJ mol ~L. The evolution
of the temperature field is shown at three different depths (a, b and c¢).
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Fig. 10. Evolution of the corresponding (see Fig. 9) kinetic
phase boundary for a fast slab (10 cmyr™!) and for an
activation enthalpy of 450 kJ mol~!. The evolution of the
kinetic phase boundary is shown at three different depths (a,
b and ¢). The isolines mark the transformation regions be-
tween ¢ = 0.01 (dashed line) and ¢ = 0.99 (solid line).

metastable wedge (Fig. 9(c)). Additionally the
thermo-kinetic coupling results in a very narrow
phase boundary (Fig. 10(c)).

Table 3 summarizes parameters for the
olivine—spinel phase transformation in the cold
slab interior such as the maximum nucleation and
growth rates, the maximum grain size and the
Avrami number which characterize the transition
kinetics in different slab regimes. They are ob-
tained for a fixed grid point in the slab interior
which undergoes the phase transformation during
the subduction process of the slab segment by
assuming a phase boundary of about 2-3 km
width. For slow and warm slabs very low nucle-
ation rates and relative high growth rates result
in large grains (Table 3) and hence the transfor-
mation process is assumed to be nucleation-con-
trolled. In this particular slab regime the esti-
mated time for nucleation site saturation (Cahn,
1956) and the transformation time are in the
same order of about 10° yr and hence the effect
of nucleation site saturation can be neglected. In
contrast, for fast and cold slabs the nucleation
rates are sufficiently high but the growth rate is
significantly reduced (Table 3). The estimated
time for site saturation is more than one order
less than the transition time. However, because
the transformation process is assumed to be
growth-controlled (see Rubie and Ross, 1994) the
transformation process might not be significantly
influenced by the nucleation regime. Further-
more in the fast slab regime we obtain in the cold
interior a significant grain size reduction (about
five orders of magnitude), which is in agreement
with recent microstructural investigations (Riedel
and Karato, 1995). The Avrami number A4, in
Table 3 indicates for the different slab regimes
the stability of the phase transformation due to
the heat diffusion. For slow subducting slabs we
obtain Avrami numbers around 10'° with the
total slab width D. However, for a critical length
of about 1 km, the thermo-kinetic interaction
becomes important. Thus instabilities at the phase
boundary will be caused by the thermo-kinetic
coupling for a sufficiently large amount of latent-
heat release. For fast descending slabs, we obtain
in the cold slab interior higher Avrami numbers
around 10'°. Therefore, in this case the critical
length for instability is much smaller (1072 km)
than the spatial resolution and instabilities along
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the metastable phase boundary are not likely to
happen.

We noted that in deep portions of the slab
shown in Fig. 9 (in particular (a) and (c)) there
are numerical oscillations on the temperature
field due to the extremes stiffness of the kinetic
equations in extreme small spatial domains. In
order to overcome these numerical difficulties, a
higher spatial resolution is necessary. For verify-
ing the numerical accuracy we have increased the
spatial resolution by a factor of 2, which improves
the accuracy of the solution. It can be shown that

this will reduce the numerical oscillations of the
temperature field. However, for further investiga-
tions of this particular problem the application of
adaptive numerical methods (Adjerid et al., 1992)
is necessary to improve the spatial resolution in
the surrounding of the phase boundary.

5. Implications for deep-focus earthquakes

The present results have some potential impli-
cations for deep earthquakes. One of the possible

...

Fig. 11. A schematic diagram of the olivine—spinel phase transformation. Both equilibrium boundary (E) and kinetic boundaries for
an initiation of transformation and for the completion are shown. The temperature and pressure domains are divided into five
regions according to thermodynamically stable phases and to the stability of the thermal feedback associated with on-going
transformations in subducting slabs (ol-stable olivine, sp-stable spinel, mol-metastable olivine, A-positive feedback, B-negative
feedback). Deep earthquakes due to a thermal runaway associated with the olivine—spinel transformation could occur only for
limited conditions for the thermal structure of subducting slabs. T, T and Ty are the critical adiabat and adiabats for slow and

fast slabs respectively.



234 R. Dafler et al. / Physics of the Earth and Planetary Interiors 94 (1996) 217-239

mechanisms of deep earthquakes is the mechani-
cal instability associated with the olivine—spinel
transformation (Kirby, 1987; Green and Burnley,
1989; Kirby et al., 1991; Green, 1994). The exact
nature of instability is unknown but the recent
experimental results suggest that thermal feed-
back due to latent-heat release plays an impor-
tant role (Kirby et al., 1991; Green, 1994). The
olivine-spinel transformation is exothermic and
is associated with a positive latent-heat release.
However, the effects of latent-heat release on the
transformation kinetics depend on the tempera-
ture of a slab. In slow (warm) slabs, transforma-
tion occurs near the equilibrium boundary and
therefore the change in driving force for nucle-
ation due to latent-heat release dominates and
hence the latent-heat release will retard the
transforms kinetics. Thus, the latent-heat release
will not lead to thermal instability in this case. In
contrast, thermal instabilities due to the thermo-
kinetic coupling can occur in the case where the
ongoing phase transition will be enhanced by the
latent-heat release causing more heat to be gen-
erated. This is obtained in relatively cold slabs
where driving force term remains more or less
unchanged and the effect of latent-heat is mainly
through the thermal activation term. The critical
condition for this stable vs. unstable transforma-
tion (with respect to the thermal instability) is the
condition at which the gradient 3¢/07 of the
kinetics curves (i.e. the contour lines for a con-
stant degree of transformation) changes its sign in
p~T diagram (7 ; see Fig. 11): when the gradient
is negative, an increase in temperature will de-
crease the degree of transformation and the
transformation will be stable; when the gradient
is positive, in contrast, the latent-heat release will
increase the degree of transformation and poten-
tially lead to thermal instability, which has a
finite bound, dictated by the amount of the tran-
sition degree. In very cold slabs, no transforma-
tion will occur. Thus, we can classify the p-T
domain into five regions (Fig. 11): (1) the low
pressure and temperature region where olivine is
thermodynamically stable, (2) the relatively low
temperature region and/or regions close to the
equilibrium boundary where spinel is thermody-
namically stable but the formation of spinel is

kinetically inhibited for a time scale of subduc-
tion, (3) the intermediate temperature domain
where kinetics are fast enough to form apprecia-
ble spinel in a geological time scale and the
latent-heat release causes a thermal instability,
(4) the relatively high temperature and high pres-
sure region, where transformation occurs stably
and (5) the high temperature and pressure region
where transformation is completed. This provides
a physically reasonable explanation for Green
and Burnley’s (1989) observation. However, we
note that the above consideration provides only
the necessary conditions for instability. Another
condition for instabilities is that the characteristic
time for thermal diffusion is much larger than the
characteristic time (Avrami time) of the phase
transformation, otherwise the heat released by
transformation will diffuse away and would not
contribute much to a thermal instability. The
time scale of thermal diffusion depends very much
on the spatial scale under consideration. There-
fore the nature of thermal instabilities can be
very different between laboratory experiments
and in the Earth. Thermal instabilities are prone
to occur in the Earth more than in laboratory
experiments because of the much larger spatial
scale in the Earth.

6. Discussion and conclusions

In summarizing the results we much consider
the two end-member cases involving both slow
and fast subduction, which result in distinct dif-
ferences of the structure of the kinetic phase
boundary. Each of the regimes causes a different
heating response in the slab. Hence, this differ-
ence results in a completely different behaviour
at the point where p-T paths cross the kinetic
phase boundary (see Fig. 4). Because of the op-
posite gradients of the kinetic curves in both
regimes, the latent-heat release drives the kinet-
ics in fast slabs or conversely hinders the kinetics
in slow slabs (Kirby et al., 1991). The structure of
the kinetic phase boundary can therefore be
strongly determined by thermo-kinetic coupling
effects during the transition.
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For slow, warm slabs near 400 km a large
spatial temperature anomaly is obtained, result-
ing from the heat release during the transforma-
tion. Because of the small latent-heat release
near the equilibrium (<10 kJ mol~!), the in-
crease in temperature is rather small (50-100°).
In different slow regimes the kinetic phase
boundary is found to be very narrow. Thermo-
kinetic coupling effects which significantly influ-
ence the structure of the kinetic phase boundary
by a negative thermo-kinetic feedback are not
likely for the a—B transition but may play an
important role during the S~y transition associ-
ated by a much larger latent-heat release
(Chopelas et al., 1994)

For fast, cold slabs regions with metastable
olivine may be pushed down to a depth of about
600 km within the considered parameter space.
We have found a high sensitivity of the depth of
the metastable wedge on transition parameters,
such as activation energy. The latent-heat release
associated with the phase transformation results
in two different effects: a heating along both
sides of the slab near 400 km and a much stronger
heating (100-150°) of the cold slab interior at
greater depths. The verification of such tempera-
ture anomalies inside slabs at this time is very
difficult and requires a high-resolution seismic
tomography (Zhou, 1990). Thermo-kinetic cou-
pling effects drastically reduce the coexistence
region of the olivine and spinel phase and they
decrease the depth of the metastable wedge. Al-
though, for certain thermodynamic parameters
the olivine—spinel transition is obtained at great
depths, the metastable region becomes very nar-
row (see Fig. 10(c)) and hence the retarding ef-
fect to the slab motion is reduced. The predicted
depths of the metastable wedge might drastically
change by using different thermal slab models
because of the high sensitivity to the thermal
structure.

Deep-focus earthquakes may occur because of
the sharp tapering of the metastable phase
boundary near 600 km depth accompanied with a
rapid and localized heating of the cold slab inte-
rior. If metastable olivine does not deeply pene-
trate, because of the slab heating, other
metastable transitions such as enstatite to il-

menite (Hofgrefe et al.,, 1994) might be investi-
gated for the origin of deep-focus earthquakes at
greater depths.

Our results agree with previous speculations
concerning the structure of subducting slabs due
to the presence of metastable olivine (Kirby et al.,
1991), with new seismic investigations of the se-
duction zone (Vidale and Benz, 1992; Houston,
1993) and recent thermo-kinetic models (Daf3ler
and Yuen, 1993; Rubie and Ross, 1994; Soloma-
tov and Stevenson, 1994). The internal heating
due to metastable phase changes, the viscous
heating along both sides of the slab (Larsen et al.,
1995) as well as effects of grain size reduction
(Riedel and Karato, 1995) all help to reduce
dramatically the strength of subducting slabs
which in turn would influence their fate.

This model has some limitations. An isochemi-
cal subsystem is considered where the strain en-
ergy € due to the phase mismatch (Eq. (7)) is
neglected and the effects of deformation are not
considered. The thermal interaction between
mantle and descending slab is simplified by Eq.
(27). The temperature field inside the downgoing
slab segment may be influenced by the adiabatic
boundary conditions especially along the bottom
of the slab segment. Our model may therefore
overestimate the heating inside the slab. On the
contrary, we have neglected any external heating
of the slab. From our modeling we obtain very
narrow phase boundaries for both slow and fast
subduction processes. This sharpness of the
metastable region in the fast slab regime may
result from overestimated magnitudes of the rates
of nucleation caused by neglecting the effects of
site saturation during the heterogeneous nucle-
ation process. While this 2-D approach shows for
the first time the potentially important effects of
the thermo-kinetic coupling associated with
downgoing slabs, longer integration times up to
100 Ma for the thermal evolution of the entire
slab would give a better understanding of the
dynamics in older slabs.

In this work we have shown that kinetic effects
in phase transitions can exert significant influ-
ences in descending slabs. It has been shown that
phase transition kinetics can play an important
role in mantle dynamics in two ways: as a mecha-
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nism generating deep focus earthquakes and as a
driving mechanism for sinking lithospheric slabs
in plate tectonics. The phase boundaries inside a
slab are influenced by many factors. Important
factors found in this study are the magnitude of
the surface energy and the magnitude of activa-
tion energy. These parameters should be deter-
mined more precisely in future experimental
work. Another important contributor is the de-
scending velocity of the slab. For fast descending
slabs, the metastable region can be maintained
down to great depths, very close to the spinel to
perovskite phase change. This region of metasta-
bility gets thinner with depth with a tongue-like
structure. There seems to be for some slabs a
correlation between the distribution of earth-
quakes and the subducting plate velocity (Table
4). In the Tonga—Kermadec region, there is a
strong cluster of earthquakes at 600 km depth
and the descending velocity of the Tonga trench
is close to 10 cm yr~!. On the other hand, for
slower descending slabs such as the Izu~Bonin
trench there is a clustering of the earthquake
distribution at around 400 km depth (Wicks and
Richards, 1993) and the local plate velocity is
relatively slow there.

What are some implications for the driving
force fo subduction? Metastable olivine phase
boundaries will give rise to a significant reduction
of the driving force for descending slabs and also
a hot and weaker slab interior. A hot and weak
slab would have greater difficulty in penetrating
the 660 km discontinuity. These theoretical calcu-
lations suggest that the depth to which metastable
olivine will persist depends very much on the slab
temperature and assumed thermodynamic pa-

Table 4

rameters, which are still highly uncertain. How-
ever, some general trends appear to be robust by
including the deeper depth of transformation for
a faster slab. The dependence of the depth of
phase transition on the slab velocity has impor-
tant implications for the driving force for subduc-
tion. Slowly subducting slabs will tend to have
shallower depth of transformation, and hence the
effect of metastable olivine to reduce the driving
force is small. In contrast, in a fast subducting
slab where the metastable olivine might be
dragged deeply into the mantle, there would be a
strong resistance to subduction from the
metastable olivine. Therefore, there will be a
stabilizing effect. The same effect also would
hold for the metastable spinel to perovskite tran-
sition.
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Appendix

The system of coupled ordinary differental
equations (Eq. (15)) can be derived by the differ-

Examples for subductions zones, where the model is applicable (taken from Burbach and Frohlich, 1986)

Subduction zone Approx. subduction rate

Approx. dip angle Approx. depth of

incm yr~! in degrees deep earthquakes in km
Kamchatka 6 40 400
Izu-Bonin 5-6 60 400
Tonga-Kermandec 8-12 60 670
Solomon-New Hebrides 7-10 70 670
Java 7 70 670
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entiation of Kirkpatricks formula (Eq. (3)), given
in the extended volume formulation:

4 ' ’
Xi(1) = TLI(tl)[/; Y(1,) dtz] dr,. (29)

The derivative of X,(¢) in time is given by

d 47T t 0 t 3
EX3(t)=—3_j;I(‘1)a‘t j;LY(tz) de, | dt,

497 t 3
+?I(t)[j; Y(t,) dtz] . (30)
We introduce now the new variable X,(¢) with
2
i i
X(=[ I(rl)[ [¥(r) dtz] dt,. (31)
From Eq. (30) one can write

d
S X(1) = 4mY(1) Xo(0). (32)

The derivative of X,(¢) in time is given by

d " 9 ¢ g
5 %a(0) =[01(t1)5;[th(t2) dtg] dr,

2
+1(t)[j‘Y(t2) dz2] . (33)
t

We introduce now the new variable X,(¢) with
t t

X = I(tl)[ [¥(1) drz] dr,. (34)
0 f

From Eq. (33) it follows that

d

TX(0) = 2Y(1) X,(1). (35)

The derivative of X (¢) in time is given by

d . [ ~
X =/ f(fl)gt‘[ J Y(1) drz] dt,

+1(1) ['Y(1) do,. (36)
t
We introduce now the new variable X,(¢) with
t
Xo(t) = [1(1)) dr,. (37)
0

The derivative of X (¢) leads to

d
X =Y() Xy(1). (38)

and the derivative of X,(¢) is given by the nucle-
ation rate

d
= Xo(1) = 1(1). (39)
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