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Abstract

Rheological structure of subducted slabs of oceanic lithosphere in the mantle transition zone is investigated based on mineral
physics observations incorporating grain-size, stress, temperature and pressure dependence of rheology. It is shown that the
rheological structure of slabs depends strongly on subduction parameters through temperature that controls the grain-size of
spinel (ringwoodite) and the magnitude of forces acting on a slab. We use a theoretical model of grain-size evolution associated
with the olivine—spinel transformation, plastic flow laws of olivine and spinel combined with a thermal model of subducting
slab in which the effect of latent heat release is incorporated. Three deformation mechanisms for olivine and spinel (diffusional
creep, power-law (dislocation) creep and the Peierls mechanism) are considered. Due to the large variation in temperature,
stress and grain-size, a subducting slab is shown to have a complicated rheological structure which varies both laterally and
with depth. A cold slab in the deep transition zone is characterized by a weak, fine-grained spinel region surrounded by narrow
but strong regions. The flexural rigidity and the curvature of a slab are calculated using a new formulation in which the effects
of stress-dependent rheology is incorporated in a self-consistent fashion. Although uncertainties in both the transformation
kinetics and the rheology of high pressure phases are still large, the general trend of dependence of slab flexural rigidity and
the curvature on the subduction parameters is well constrained. Slabs with very low thermal parameters (warm slabs) are
weak, but slabs with large thermal parameters (cold slabs) are also weak due to small spinel grain-size and large external
force (bending moment). Slabs with intermediate thermal parameters will have a relatively large flexural rigidity and could
penetrate into the lower mantle without much deformation. Thus the 660 km discontinuity may work as a rheological filter for
mantle convection. This prediction provides a natural explanation for a paradoxical observation that significant deformation
of slabs is observed exclusively in the western Pacific where temperatures of the slabs are considered to be low.

Our slab rheology models also have important implications for deep earthquakes. Overall rheological weakening of slabs in
the deep transition zone results in high rates of deformation under relatively low temperatures providing a favorable environ-
ment for thermal runaway instability (adiabatic shear instability). Our model predicts heterogeneous energy dissipation as a
result of heterogeneous rheology: energy dissipation in deep, cold slabs is concentrated in high strength regions surrounding a
weak, fine-grained spinel core. The regions of high energy dissipation are prone to thermal runaway instability and are likely
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to be seismogenic. The width of this seismogenic region is well constrained by our model and is predicted Ge-&@km

which is in excellent agreement with seismological observations. Other features of deep earthquakes including low seismic
efficiency and low aftershock activities can also be explained by the thermal instability model. © 2001 Elsevier Science B.V.
All rights reserved.

Keywords:Rheology; Bending moment; 660 km discontinuity; Olivine—spinel transformation; Grain-size; Deep earthquakes; Shear instability;
Mantle convection

1. Introduction Fukao et al., 1992; Ding and Grand, 1994; Bijwaard
et al., 1998). In contrast, in most of the eastern Pacific
Deformation of subducted slabs consumes a large (and in the Tethys), slabs appear to penetrate into the
amount of energy and therefore subduction is con- |ower mantle without much deformation (Grand, 1994;
sidered to be the most important and violent of the van der Hilst et al., 1997). This is a rather paradoxical
processes that control the dynamics of the solid Earth gpservation, because slabs in the eastern Pacific are
(e.g. Forsyth and Uyeda, 1975; Chapple and Tullis, expected to be warm and hence should deform more
1977). Presently, a number of problems related to easily than the relatively cold ones in the western
subduction remain unsolved particularly those con- pgcific.
cerning deep processes. They include the cause of Another puzzling observation is the occur-
regional variation in the nature of interaction between rence of deep earthquakes which occur under
slabs and the transition zone that has an important temperature—pressure conditions where brittle fail-
influence on the style of mantle convection and the ure is unlikely to occur. Various models of deep
origin of deep earthquakes. A better understanding of earthquakes have been proposed including a ther-
these problems requires the detailed understanding ofmal runaway instability (adiabatic instability) model
rheological properties of minerals under deep mantle (Griggs and Baker, 1969; Ogawa, 1987; Hobbs and
conditions. However, in most previous models of slab Ord, 1988), a transformational faulting model (Kirby,
deformation, highly simplified rheological properties 1987; Green and Burnley, 1989; Kirby et al., 1991,
such as homogenous rheology across a slab and/or1996; Green, 1994; Green and Houston, 1995) and
Newtonian rheology sometimes with a weak temper- instability caused by amorphization of hydrous miner-
ature dependence were assumed (Zhong and Gurnisals (Meade and Jeanloz, 1991). However, none of the
1995; Christensen, 1996; Houseman and Gubbins, existing models provide satisfactory explanations for
1997; Schmeling et al., 1999). important seismological observations such as the ge-
Complications of mantle convection caused by ometry of faults, seismic efficiency and the frequency
the slab-transition zone interactions have been of aftershocks. Thus, the paradox of deep earthquakes
emphasized by numerical modeling studies that has not been solved despite the recent claim by Green
demonstrated the important effects of the 660 km dis- (1994).
continuity on the style of mantle convection (Chris- The main purpose of this study is to provide a better
tensen and Yuen, 1984; Honda et al., 1993; Tackley rheological model of deep slabs in the transition zone
et al., 1993; Davies, 1995). These studies also showedto answer the above questions using mineral physics
that the nature of slab-transition zone interaction data in comparison to geodynamic observations. A
is highly sensitive to subtle differences in material simpler model has been published (Riedel and Karato,
properties and/or the Rayleigh number (Christensen 1997) in which only the role of grain-size reduction
and Yuen, 1984, 1985; King and Ita, 1995; Davies, was considered. However, this earlier treatment con-
1995), and therefore one might expect a variety of tained several limitations including the formulation
slab-transition zone interactions in the present Earth. of slab deformation assuming a constant strain-rate
In fact, in some portions of the western Pacific, slabs and the large uncertainties in rheological parameters
appear to be deflected horizontally above the 660 km available at that time. In addition, comparisons with
discontinuity and there is no clear image of slabs in geodynamic observations were not made in detail.
most of the lower mantle (van der Hilst et al., 1991; In this paper, we have extended this earlier work by
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including the use of a new self-consistent formu- Fig. 1 shows two-dimensional morphologies of a
lation of slab deformation and the use of new section of some subducted slabs. Although, in real-
better-constrained rheological data that have recently ity, slabs deform in three-dimensions (Yamaoka et al.,
become available. We first summarize geophysical 1986), we choose several portions of slabs that show
observations on slab deformation and seek some cor-approximately two-dimensional deformation to facili-
relation between slab deformation and slab thermal tate comparison with our two-dimensional model. Be-
parameters. We then present a new method of calculat-cause we focus on slab deformation in the transition
ing the “flexural rigidity” of a slab in a self-consistent zone, only the geometry of Wadati—Benioff zones be-
fashion. We consider both the effects of phase trans- low 200 km depth is considered. Several points can be

formations to modify the grain-size of newly formed

spinel and of the stress-dependent deformation mech-

noted. (1) Most of the slabs abowel00 km depth are
nearly straight (or planar) implying a high rigidity. (2)

anisms in silicates. We then compare the calculated In several slabs (Izu-Bonin, Banda and Tonga, etc.),

variation of flexural rigidity with subduction param-

significant deformation occurs near the bottom of the

eters and geodynamic observations related to slabtransition zone. (3) However, slabs in South Amer-

deformation. Some implications of the present model
for deep earthquakes will also be discussed includ-
ing the geometry of faults, seismic efficiency and the
frequency of aftershocks.

2. Geophysical observations of dlab defor mation

We use the geometry of Wadati—Benioff zones
based on the zones of high seismic activity (Isacks
and Barazangi, 1977; Jarrard, 1986; Giardini and
Woodhouse, 1984; Giardini, 1992; Lundgren and
Giardini, 1992; Sugi et al., 1989; Engdahl et al.,
1998) and the results of seismic tomography (van
der Hilst et al., 1991; Fukao et al., 1992; Ding and
Grand, 1994; Grand, 1994; van der Hilst, 1995; Eng-
dahl et al., 1995; Sakurai, 1996; van der Hilst et al.,
1997; Bijwaard et al., 1998) to define the deformation

ica and Honshu (not shown here) are planar close to
the 660 km discontinuity, suggesting relatively high
strength. (4) The Tonga slab shows significant defor-
mation not only toward the bottom of the transition
zone, but also arounét400 km depth. Deformation
at this depth is concentrated a21°S-178E and is
highly three-dimensional.

The deformation that occurs at around 400 km depth
in the Tonga slab is anomalous for several reasons: (i)
the focal mechanisms of deep earthquakes in that re-
gion are significantly different from those of surround-
ing regions (Giardini, 1992; Giardini and Woodhouse,
1984); (ii) this region corresponds to the extension
of the Louiville ridge which has thicker than normal
oceanic crust (Vogt et al., 1976); and (iii) the defor-
mation of this region may be related to the opening of
the Lau basin to its north-west (Isacks and Barazangi,
1977). Therefore we focus on the first three of the

of slabs. These two methods are complementary. Theabove points in this paper. We also observe signifi-
Wadati—Benioff zones represent zones of high seis- cant regional variations in slab deformation. For ex-
micity and can be correlated with cold descending ample, pronounced deformation near the bottom of the
lithospheric slabs. Errors in focal positions after relo- transition zone is well documented in the 1zu—Bonin
cation are~10km or less and therefore maps of focal and Banda subduction zones but not in the Mariana
positions provide high resolution three-dimensional slab. Although the data are limited, the deep seismic
images of seismogenic regions (slabs) (Engdahl et al., zones under South America show much less deforma-
1998). However, these data are limited to the por- tion (Lundgren and Giardini, 1992). Therefore there is
tions of slabs that have high seismicity and hence significant variation in slab deformation behavior. We
no constraints can be placed from the morphology will return to this point in the next section where ob-
of Wadati—Benioff zones where deformation is aseis- servations from seismic tomography are summarized.
mic, such as below the 660 km discontinuity. Seismic ~ One of the most remarkable observations from high
tomography can provide insights into slab morphol- resolution tomography (van der Hilst et al., 1991;
ogy, including aseismic regions, although its resolu- Fukao et al., 1992; Ding and Grand, 1994; Grand,
tion is much worse than that of the Wadati—Benioff 1994; van der Hilst et al., 1997; Bijwaard et al., 1998)
zones. is that there is a variety of styles of slab deformation:
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Fig. 1. Morphology of slabs (below 200 km) as inferred from distribution of earthquakes and from seismic tomography. Refined source
locations by Engdahl et al. (1998) and tomographic results (van der Hilst et al., 1991; Fukao et al., 1992; van der Hilst, 1995; Sakurai, 1996;
Bijwaard et al., 1998) are used. Each dot indicates a hypocenter (with a precision better than 10 km). Morphology of slabs in seismogenic
regions is well constrained by hypocenter distribution. In general, slabs show little evidence for deformatier26rto ~400 km depth.
Morphology in aseismic regions can only be inferred from tomographic images. Hatched regions show high velocity regions corresponding
to subducted slabs inferred from seismic tomography. The shape and thickness of these regions are only poorly constrained. However,
horizontal deflection of high velocity anomalies at around 600 km depth in the Izu—Bonin, Banda and Tonga is a robust feature of all
high resolution tomographic studies. In contrast, no evidence for significant deformation is found in slabs in Americas and Mariana. Note
a sharp change in slab morphology with a small change in latitude (i.e. three-dimensional morphology) in Tonga, which is presumably
caused by the subduction of a buoyant ridge (Vogt et al., 1976) or by the opening of the Lau basin (Isacks and Barazangi, 1977).
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in some regions such as Izu—Bonin, Banda and south-A wider variety of deformation behavior has been
ern Kurile, the slabs show significant deflection at the observed from laboratory experiments (Griffths et al.,
660 km discontinuity where they lie nearly horizon- 1996; Guillou-Frottier et al., 1996), numerical mod-
tally. The best example is the Izu—Bonin slab which eling (Christensen, 1996) and Wadati—Benioff zone
lies horizontally over a distance of more than 2000 km. morphology (Giardini and Woodhouse, 1984; Jarrard,
In these areas, images of slabs in the lower mantle are1986; Giardini, 1992; Lundgren and Giardini, 1992).
poorly resolved although fast regions near the bottom However, we adopt this simple classification, because
of the mantle suggest that slabs do reach the bottomthe main issue in this paper is the deformation of
eventually. The lack of clear images of slabs in the slabs at around the 660 km discontinuity; in addition
lower mantle may indicate that the sinking velocity the limited resolution of current seismic tomography
in the lower mantle is fast presumably because sub- does not justify further sophistication.

duction into this region occurs only after the accu-  Styles of slab deformation may be related to the
mulation of a large amount of material on top of the various parameters of subduction. First, the age and
660 km discontinuity (“flushing events”; Honda et al., velocity of subducting lithosphere will control defor-
1993; Tackley et al., 1993). In other regions, includ- mation behavior through their effects on temperature
ing beneath Americas and Tethys, continuous imageswhich affects both slab strength and the buoyancy
of slabs can be observed more or less following the forces. Wortel and Vlaar (1988) suggested a slab
trend in the upper mantle, suggesting much less de-thermal parameter defined by = tvgy (t: age of

formation of slabs in the transition zone. lithosphere at the time of subductiany velocity of
subduction) to characterize the minimum temperature
2.1. Classification of slab deformation of slabs. Second, trench migration velocity (Olbertz

et al., 1997),vm, may influence the deformation be-

The high resolution images of the Wadati—Benioff havior of slabs as suggested by laboratory studies
zones and the relatively low resolution images from (Griffths et al., 1996; Guillou-Frottier et al., 1996)
seismic tomography both strongly suggest that there and by numerical modeling (Christensen, 1996). We
are two classes of slabs: (1) (type A) slabs that pen- estimated the slab thermal parameters and trench
etrate directly into the lower mantle without much migration velocities, using a compilation of current
deflection in the transition zone. Slabs under the subduction parameters (Olbertz, 1997) and subduc-
Americas, north Kurile, Java and Kermadec belong to tion history (Lithgow-Bertelloni and Richards, 1998).
this category. The slab in the Mariana (and perhaps Values ofvy, and vgyp and morphology of slabs ac-
in the Kermadec) subduction zone appears to pene-cording to the above classification are summarized in
trate deep into the lower mantle, but the slab image Table 1.
becomes broad in the lower mantle suggesting sig- Fig. 2 summarizes the correlation among slab de-
nificant deformation in this region; and (2) (type B) formation and subduction parameters. Note that in es-
slabs that are significantly deflected above the 660 km timating the trench migration velocity and the slab
discontinuity. The slab in the Izu—Bonin subduction thermal parameter, we choose the data correspond-
zone is the best example. The Tonga slab is anothering to the slab properties from the surface to around
example, although the horizontal extent of the slab 660km depth. This is done because the geometry of
deflection is not as large as that in Izu—Bonin. The slabs near the 660 km discontinuity in the transition
New Guinea, south Kurile and Japan slabs are also zone is considered to be determined by the properties
examples of this type. The degree of deformation of slabs in that region of the mantle and the kinematic
of slabs in the Americas is difficult to estimate be- boundary condition, such as the trench migration ve-
cause of poor resolution. Regional tomography by locity, during the period when a slab interacts with the
Engdahl et al. (1995) suggests some deformation but 660 km discontinuity. For example, for a slab in the
the geometry is poorly constrained. It is obvious, Izu—Bonin subduction zone, the latter corresponds to
however, that the degree of slab deformation near a period from~210 million years ago to the present.
the 660 km discontinuity in these subduction zones Several points can be noted from Fig. 2. First, de-
is significantly less than under the western Pacific. spite an earlier claim (van der Hilst and Seno, 1993),
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Table 1

Classification of slabs and subduction paraméters

Name Type vm (cm per yea vsub (CM per year) Age (million years) @ (km)d
North Kurile A 1 7.3 120 8760
South Kurile B 1 8.7 130 11300
Northeast Japan B 0.7 9.6 130 12480
Izu-Bonin B 3.7 8.7 146 12700
Mariana A 1.2 9.5 155 14725
Java A 0.5 7.7 96-134 7400-10300
Banda B - 8.1 150 12150
New Guinea B 1.0 7.0 - -
Tonga B 4.2 9.9 113 11200
Kermadec A 1 8.9 98 8720
South Chile A 2.8 4.4 26 1140
Central Chile A 3.1 4.4 48 2110
North Chile A 34 45 82 3690
Peru A 3.1 3.7 45 1670
Central America A 14 5.7 23 1311
North America A 1.3 - 0-5 -

aData ofvm, vsyp are from the compile by Olbertz (1997) and Lithgow-Bertelloni and Richards (1998). Classification of slab deformation
is based on the shape of the Wadati—Benioff zone from deep seismicity (Engdahl et al., 1998) and the results of seismic tomography (van
der Hilst et al., 1991; Fukao et al., 1992; van der Hilst, 1995; Sakurai, 1996; Bijwaard et al., 1998).

b ym: trench migration velocity.

Cvsup Velocity of subduction.

d¢: slab thermal parameter (agevsup).

the local variation in slab deformation behavior does slab deformation is less than that in the western Pa-
not show a clear relation with the trench migration ve- cific. Thus, the correlation between trench migration
locity. Sharp changes in slab geometry observed in the and slab deflection appears rather indirect and weak.
Izu—-Bonin—Mariana, northern to southern Kurile and Second, there is a broad correlation between the slab
in the Tonga—Kermadec subduction zones do not cor- thermal parameters and slab deformation: all the slabs
relate with the variation in the trench migration veloc- with significant deformation around the 660 km dis-
ity. In the Izu—Bonin—Mariana subduction zone where continuity are in the western Pacific and have high slab
the most dramatic change in the style of slab defor- thermal parameters, which indicate low temperatures
mation occurs, the trench migration velocities have re- and/or high subduction velocities.

mained similar in each region from10 million years The rather dramatic local variations observed in
ago to the present, although there was a significant slab geometry suggest that deformation of a slab is
variation between 30 and 17 million years ago due to controlled to a large extent by the local force balance
the opening of the Shikoku basin (van der Hilst and and/or local tectonic history (kinematic boundary
Seno, 1993). Similarly, the change in the style of sub- conditions). Thus, factors controlling slab deforma-
duction from the northern to southern Kurile (Fukao et tion may be sought in some local parameters rather
al., 1992; Ding and Grand, 1994) does not have an ob- than global circulation, although global circulation
vious relation to trench migration. Note also that inthe certainly has an important effect on slab geometry
Tonga—Kermadec trench, very significant trench mi- (e.g. Hager and O’Connell, 1978). Based on the weak
gration is observed fromy50 million years ago to the  correlation between the observed trench migration
present (Lithgow-Bertelloni and Richards, 1998). Yet, and slab deformation, we consider that the role of
no significant slab deflection is observed in the Ker- trench migration in slab deformation is secondary. In
madec subduction zone. Furthermore, in the Americas contrast, the difference in the style of deformation be-
where trench migration, similar to that of some of the tween slabs with large and small thermal parameters
western Pacific subduction zones occurs, evidence for seems more fundamental.
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8§ upen In additi_on, stress drops assogiated with dee_p earth-
quakes in the Tonga subduction zone (Sugi et al.,

Q:wes M 1989) are~80MPa, which are higher than those
associated with the shallow earthquakes (Kanamori
and Anderson, 1975), but not as high as would be
expected if the slab stress is determined by viscos-
ity that depends only on temperature and pressure.
Note also, however, the stress drop associated with

the Bolivia deep earthquake of 1994 is significantly

higher (~110 MPa) than those of Tonga (Kikuchi and
Kanamori, 1994). All of these observations, taken to-
gether, strongly suggest that deep slabs, particularly
those in the western Pacific, are rather weak. Similarly,
the results of numerical modeling of slab deformation
are consistent with the observations of slab mor-
thermal parameter (®, km) phology and focal mechanisms of deep earthquakes
warm =« ——————— —— cold only when a rather weak temperature-dependence of

(slow) (fast) rheology is assumed (e.g. Zhong and Gurnis, 1995).

, _ o These observations indicate that: (i) a slab with a
Fig. 2. Correlation of style of _slab_deformat_lon with the slab ther- large thermal parameter (low temperature and/or high
mal paramete® and trench migration velocityn,. Slab geometry ; : . ;
is classified into two categories (types A and B). The data are Subduction rate) is easier to deform than those with
summarized in Table 1. Ages and kinematic data are the average Smaller thermal parameters; and (ii) a high rate of
values from the surface to the 660 km discontinuity. Portions of trench migration favors slab deformation (or flatten-
slabs th_at are connected are i_ndica_ted by a tie Iirje. Note a ggneraling above the 660 km discontinuity) but its effect is
correlation that type_ A behavior (direct p(_enetranon of slabs into rather indirect. Therefore we suggest that variation in
the lower mantle without much deformation) occurs mostly for II =
slabs with small thermal parameters and type B behavior (signif- th€ slab rheology through the variation in the slab ther-
icant deformation above the 660 km discontinuity) occurs mostly mal parameters may play an important role in control-
for slabs with large thermal parameters. Correlation of deforma- |ing the style of slab deformation. However, the above
tion behgvior with trench migration velocity suggested by previ-  ghservations imply a seemingly strange temperature
ous studies (van der Hilst and Seno, 1993) appears Secondary'dependence of slab strength: a cold slab appears to be
An exception is the slab at the Mariana trench, which has the .
largest thermal parameter, yet penetrates into the lower mantle WEaker than a warm slab. To solve this paradox, we
without much deformation above the 660km discontinuity. The need to investigate the relation between slab rheology
reason for this exception may be its very steep dip angle0() and its deformation and the dependence of slab rheol-

which results in a small bending moment ((a) Tonga—Kermadec; ogy on temperature under conditions characteristic of
(b) Izu—Mariana; (c) Java—Banda; (d) Kurile—Japan). "
the deep transition zone.
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Other sets of observations on slab deformation 3. Slab deformation and rheology
or rheology include: (i) the geoid anomalies around
the subduction zones of western Pacific (Moresi and 3.1. Deformation of subducted slabs
Gurnis, 1996; Zhong and Davies, 1999); (ii) the mag-
nitude of stress drops of deep earthquakes (Kanamori Deformation of subducted slabs in the transition
and Anderson, 1975; Sugi et al., 1989; Kikuchi and zone may occur for a number of reasons. First, when
Kanamori, 1994); and (iii) a sudden steeping of slab the trench migration velocity is significantly higher
dip angle at the seismicity cutoff (Castle and Creager, than the terminal velocity of a slab in the lower man-
1998). The analysis of geoid anomalies in the west- tle (due to a high viscosity there), then slabs will be
ern Pacific suggests that slabs there are weak anddeformed above the 660 km discontinuity to lie hori-
only little stress is transmitted along the slabs. zontally above itf they are weaKGriffths et al., 1996;
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Christensen, 1996; Olbertz et al., 1997). Second, slab For simplicity we assume thadt = ¢qy/h, where
deformation may occur due to the resistance forces &g is twice the strain-rate at the slab surface. Thus
exerted by the 660km discontinuity, for example, . )

the buoyancy forces caused by the phase transforma-;; — £0D(é0) 2)
tion(s) that occurs at around the 660 km discontinuity h

(Tackley, 1997) or by an increase in viscosity (Gurnis \here we defineD (flexural rigidity which has the
and Hager, 1988). The presence of resistance forcesgimensions of Nms) as

deep in the transition zone has been documented

by the focal mechanisms of deep earthquakes (e.g. 3 2 P

Isacks and Molner, 1969). In both cases, the balance P = 4" /_ 217(8)y dy (3)

of the moment caused by the external forces acting

at/or around the 660 km discontinuity and the bend-  For a case of uniform linear rheolody,is indepen-
ing moment due to the strength of the deforming slab dent ofég and D = h35/3. However, for a more gen-
materials determines the extent of slab deformation. eral case of non-linear and inhomogeneous rheology,
For slabs in the deep transition zone, contribution Eq. (2) is an implicit equation that can be used to de-
from elastic stress is relatively small and therefore the terminesg and hencd. Thus, Eq. (2) must be solved
moment balance equation is (Turcotte and Schubert, numerically by iteration using appropriate constitutive

1982) relations for slab materials. Note that the assumption
hy2 h/2 of ¢ = égy/h leads to an upper bound for a realistic

M= / oydy = _4/ néydy (1) value of D. More heterogeneous deformation would
—h/2 —h/2 yield a smalleD. To solve Eqg. (2) we need to know

whereh is slab thicknessg and é the longitudinal both the relevant rheological constitutive relation and

stress and strain-rate in a slapbthe distance from  M(X). However, since the depth variation of rheologi-
the center of the slab (Fig. 3)) the bending moment ~ cal properties is significantly larger than thati{x)
caused by the external forces andhe effective vis-  (for discussions on the depth variation k(x), see
cosity defined by) = —o/4¢ which generally depends ~ Bina, 1996, 1997; Yoshioka et al., 1997; Schmeling

on strain-rate (or stress), grain-size, temperature and®t al-, 1999), we make a simplifying approximation
pressure. thatM(x) is independent ok. Using this assumption,

we can solve Eq. (2) to determimxx).

The forces acting on a slab at/or around the 660 km
discontinuity include the forces due to the density
anomalies caused by the deflection of the 660 km dis-
continuity (Tackley, 1997; Schmeling et al., 1999),
olivine-spinel phase boundary forces due to the density anomalies caused by the

buoyancy forces associated with subduction of a gar-
netite layer (Ringwood and Irifune, 1988; O’Neill and
Jeanloz, 1994) and the resistance forces due to a high
h discontinuity viscosity of the lower mantle. All of these forces in-
——————————————————————— crease with the velocity of subduction (and with the
age of the lithosphere). For simplicity, we assume a
linear relation between the momevitand the velocity
of subduction. We choose bending momentsvbt=
Fig. 3. Definition of the coordinate system. A slab encounters a 4 x 1018 and 9x 108N for velocities of 4 and 10 cm
barrier at the 660 km discontinuity which exerts a force in the per year, respectively, which corresponds to a force
vertical direction. The forpe due to this barrier provides a bending of F ~ 1083Nm-! (Davies, 1980). It must also be
moment to the slab which tends to bend the slab. The degree .
of slab deformation depends on its rheological properties which noted that the be”@"”g moment due to ex_temal forces
depend on temperature, the magnitude of fofgeahd subduction depends on the dip angle: for a large dip angle the
geometry such as the dip ang).( bending moment is small.




S.-i. Karato et al./Physics of the Earth and Planetary Interiors 127 (2001) 83-108 91

The curvature of a slab may also be calculated as (Mg, Fe)Si@ (e.g. Karato, 1989a, 1997h). A thin
from the slab strain-rate calculated above. From the strong garnetite layer may play an important role in

definition of curvature AR = d?w/dx? (where R the chemical evolution of slabs (Karato, 1997a), but
is the radius of curvaturew displacement normal its effects on the overall strength of slabs are not very
to the surface of the slab), and the relatibn= large and will therefore be neglected in this paper. (2)
—y(d3w)/(d?x dr) (Turcotte and Schubert, 1982), Major phase transformations that may occur in (Mg,
one can write Fe)»SiO;y in the transition zone include olivine to wad-
& d(1/R) d(1/R) sleyite, wadsleyite to ringwoodite (spinel) and olivine
i e (4) to ringwoodite. However, to simplify the analysis, we

: . . assume that only one transformation occurs in (Mg,
wherevsyp is the velocity of subduction. Note that we FepSiOy in subducting slabs. We assume an equilib-
assume a stea_ldy-state shape of the ;Iab. Thus_, IVE€ium boundary corresponding to that of the olivine to
£0(x) one can integrate Eq. (4) to obtain the radius of wadsleyite transformation (e.g. Akaogi et al., 1989)
cu;_\/r]atulfle of tr:e S I%EIR(X)[.) . itive o the rh and use the kinetic parameters for the olivine to spinel
he fiexural ngidity, L, 1S Sensilive 10 e Theo- - 4, nsformation from the experimental work by Rubie
Ioglcal properties of slab mate_rl_als, which change etal. (1990) on NiSiO4 to calculate the depth of trans-
W'T both q{epth atnd lateral position ddue _to ghan%elsbformation and the degree of grain-size reduction (for
n tempera ur(z, S rezs, pressureban fgfram—sm_e. | : details, see Riedel and Karato, 1997). This admittedly
Femperqtqrgs €pend on a number o actors NG ryde approximation is made firstly because the behav-
ing the initial temperature profile before subduction ior of wadsleyite in phase transformation appears sim-
\évm(t:.h depedn?s oln tthet ige tOf tlhe slab, the'rrr:alj Co,r;;]ilar to that of ringwoodite (Rubie and Ross, 1994) and
uction and fhe ‘atent heat release associated Wil gecondly because detailed quantitative data on trans-

thisef t,\r/lanKs forr_naui)ggé We_thu?;) a g(ﬁqel |S|mf;lart ' tormation kinetics are available only for the olivine to
at of McKenzie ( ) wi € additional eftects spinel transformation in NBiO4 (Rubie et al., 1990;

of latent heat release (Riedel and Karato, 1997). We for a new data set on (Mg, F£5i0,, see Mosenfelder
gc())nsmleéosll(abs \;:{ltl; different 'nc'j“?l thlcklzggeifsf(r)om et al., this volume). We believe that the essence of our
to m which correspond 1o ages - model, i.e. semi-quantitative conclusions concerning

million years at the beginning of subduction. Here we the weakening of slabs and the effects of slab temper-

tsr:]'O\Iiv the rE;S8u5ltE of qtita”i?j catllculatlcl)n f?r an |n|'F|aI ature on rheology, are not seriously affected by these
ickness o m with subduction velocities ranging simplifying assumptions.

from.4 to 10cm per year. The range of parameters Under these assumptions, we can characterize
considered thus covers slab thermal parameters rangine theology of a slab by knowing the rheology of

ing from 2560 to 17,700km. olivine and ringwoodite, as well as knowing how

3.2. Rheology of subducted slabs the olivine to ringwoodite transformation affects rhe-
ology. We consider three deformation mechanisms,
3.2.1. Mineral physics considerations namely, power-law dislocation creep, diffusion creep

To solve Eq. (2) with (3), we need to know the rhe- and the Peierls mechanism. The rheology of olivine
ological properties of materials composing a slab. The (Karato et al., 1986; Hirth and Kohlstedt, 1995a,b),
rheological properties of subducting slabs can change wadsleyite (Kubo et al., 1998a; Mosenfelder et al.,
both laterally and radially, because a number of pa- 2000; see however, Chen et al., 1998) and ringwood-
rameters that affect rheology (temperature, pressure,ite (Chen et al., 1998) is likely to be affected by
stress and grain-size, etc.) can change both laterallywater. However, we will consider rheology under
and radially. In this paper, we will make the follow- water-free conditions, because oceanic lithosphere
ing simplifications. (1) We assume that the rheology is considered to be depleted in water due to partial
of a subducting slab is controlled by its major compo- melting at mid-oceanic ridges (Karato, 1986; Hirth
nent, (Mg, Fe)SiOq, because this component is vol- and Kohlstedt, 1996; Karato and Jung, 1998).
umetrically dominant (e.g. Ringwood, 1991) and its  For olivine, we use the parameters determined
rheology is usually softer than other components such by Evans and Goetze (1979), Karato et al. (1986),
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Karato et al. (1993), Hirth and Kohlstedt (1995a,b) g a non-dimensional constant proportional to the
and Karato and Rubie (1997). The rheology of ring- activation enthalpy,T, the melting temperaturel
woodite is less well constrained than that of olivine. the temperature? the pressuregp the Peierls stress
However, a deformation mechanism map has now andq a constant that depends on the mechanism of
been constructed by the combination of direct me- dislocation glide (Frost and Ashby, 1982). One im-
chanical tests on ringwoodite under transition zone portant assumption implicit in this formulation is that
conditions (Karato et al., 1998) and high resolution the pressure dependence of deformation can be pa-
mechanical tests on analog spinels at lower pressuresrameterized through that of the melting temperature.
(Okamoto, 1989; Lawlis et al., 2001). In addition, the The validity of this assumption has been evaluated by
strength of ringwoodite (and wadsleyite) in the high Weertman (1968), and Karato (1989a, 1997b, 1998)
stress, Peierls mechanism regime is constrained byin particular showed that the melting temperature in
the experimental data (Chen et al., 1998; Mosenfelder this equation should be the melting temperature of
et al., 2000) together with the scaling law (Frost constituent minerals as opposed to the solidus. We use
and Ashby, 1982). These data provide constraints on the melting temperatures of major mantle minerals as
the degree of weakening caused by grain-size reduc-compiled by Ohtani (1983) and Presnall and Walker
tion resulting from the olivine—ringwoodite transfor- (1993). Parameters in Eq. (5) used in this study are
mation. summarized in Table 2.

A generic equation that describes the dependence Important points to be emphasized are (1) due to the
of rheology on temperature, stress and pressure isvariation in stress in a slab, deformation mechanisms

given by may change from low stress regions to high stress re-
gions. In high stress regions, the Peierls mechanism

i a (g)” (é)’” exp[—g Tm(P) (1 3 i)q] will operate and this will limit the stress magnitude
m T op in these regions. (2) When grain-size reduction oc-
(5) curs due to a phase transformation, grain-size sensi-

tive creep may operate. This will significantly reduce
whereA is a constanty the stressy the shear modu-  the strength when the degree of grain-size reduction is
lus, n the stress exponent) the grain-size exponent, large. The degree of grain-size reduction depends on
b the length of the Burgers vectad, the grain-size,  the temperature of a slab, as discussed below, and has

Table 2
Creep law parameters for olivine and spinel (ringwoodite)
A n m g op (GPa) q
Olivine
Peierl$ 5.7 x 1011 0 0 31 8.5 2
Power-lav§-d 3.5 x 107 35 0 31 - 0
Diffusion®d 8.7 x 1015 1 2.5 17 - 0
Spinel
Peierl$ 7 x 10t 0 0 31 10 2
Power-lavy 4 x 1072 35 0 31 - 0
Diffusiond 2 x 106 1 2.5 17 - 0

aA generic creep law formula of = A(o/w)" (b/d)"exp[-g(Tm(P)/T)(1 — (o /op))?] is assumed {m(P): melting temperature).

bEvans and Goetze (1979).

CKarato et al. (1986), Hirth and Kohlstedt (1995b) and Karato and Rubie (1997).

dKarato et al. (1986), Karato et al. (1993) and Hirth and Kohlstedt (1995a).

€ Grain-size exponentf) is assumed to be 2.5 considering the uncertainties involved in extrapolation (see Karato et al., 1986; Karato
and Wu, 1993).

f Estimated from Chen et al. (1998) and a scaling law by Frost and Ashby (1982).

9 Estimated from Karato et al. (1998) and Lawlis et al. (2001).
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an important influence on the temperature dependencephase after the completion of a transformation and
of rheology in such regions. the time to complete the transformatian,are related
The effects of phase transformations on rheology to the kinetics of nucleation and growth as (Axe and
were reviewed by Karato (1997b) and include: (1) Yamada, 1986; Riedel and Karato, 1996, 1997)
intrinsic effects of change in crystal structure and
chemical bonding; (2) t?ansientyeﬁects of internal * [y (1, Py 1(T, PY]~ D ®6)
stress/strain; (3) transient effects caused by the change Y(T, P)\Y*+D
in temperature due to latent heat; and (4) transient 4 ~ <m)
effects through the change in grain-size. As far as the '
olivine to spinel transformation is concerned, the first respectively, wher¥(T, P) is the growth ratel (T, P)
factor (effects of crystal structure change) is not very the nucleation rate ankia constant that depends on
large (Karato, 1989a, 1997b; Lawlis et al., 2001). nhucleation mechanisnk (= 2 for inter-granular nu-
The second mechanism, namely, “transformational cleation,k = 3 for intra-granular nucleation).
p|asticity” was Suggested by Gordon (1971), Sammis In a SUdeCting slab, the characteristic time for
and Dein (1974), Poirier (1982) and Panasyuk and Phase transformation is largely controlled by the rate
Hager (1998), but there has been no convincing ex- Of subduction. It can be shown that under most con-
perimental demonstration of this effect on silicate ditions in subducting slabs (s@§ > 900K for the
minerals or their ana]ogs (Meike' 1993; Zhao et a|_, olivine to ringWOOdite tranSformation), the charac-
1999). Paterson (1983) proposed that recovery would teristic time is given byr ~ AL/vsup (AL is the
reduce this effect and this mechanism will not be overshoot depth for transformation (an excess depth
effective at least in warm regions (sdy> 1300K). beyond the equilibrium depth needed for transfor-
Recent experimental data on dislocation recovery in mation), vsup velocity of subduction, which is only
olivine under deep upper mantle conditions (Karato Weakly dependent on temperature (Riedel and Karato,
et al., 1993) support this notion. Therefore, in this 1997)). In this case, the temperature dependence of
paper, we consider the effects of crystal structure grain-size is controlled mostly by the temperature de-
change, effects of latent heat release and the effectsPendence of the growth rate. Consequently, the size of
of grain-size reduction on rheology and ignore the grains after the completion of a transformation tends
effects of internal stress/strain. to be small if the transformation occurs at low tem-
Vaughan and Coe (1981) first suggested the possi- Peratures. Under these circumstances, the grain-size
ble importance of grain-size reduction associated with after the transformation depends on temperature as
mantle phase transformations on mantle rheology. H*
Rubie (1984) elaborated this idea and discussed thed ~ Y1 « exp<—R—?|_) (8)
causes of regional variation in dynamics of deep slabs
as related to the olivine—spinel transformation. How- whereHj is the effective activation enthalpy that con-
ever, none of these early works provided a quantitative trols grain-size, which is close to the activation en-
estimate of these effects and, even qualitatively, the thalpy for growth.
effects of temperature were not appropriately included  The rheological flow laws summarized in Table 2
because data on transformation kinetics and rheology show that when the spinel grain-size is less than
of high pressure phase(s) was not available and a~100um, then grain-size sensitive flow will domi-
guantitative theory for transformation kinetics had not nate. In this case, the strain-rate depends on tempera-
been developed. Riedel and Karato (1997) presentedture as
the first quantitative calculqtion of _grain-size_and its ‘ mH;, — QR (P)
effects on rheology associated with the olivine to ¢ « exp(—)
spinel transformation. The essence of the model is that RT
the grain-size of a new phase (spinel) after the trans- where we assumegl = 0 for simplicity. For a typi-
formation is determined by impingement and there- cal range of parameters for mantle minerat; —
fore by the balance of nucleation and growth (Axe and gRT»(P) > 0, which means that the effective activa-
Yamada, 1986). In general, the grain-sideof a new tion enthalpy is negative and therefore the strain-rate

O

9)
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slab deformation map
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Fig. 4. Dominant deformation mechanisms in subducting slabs. Initial temperature distribution corresponds to that for a 100 million years
oceanic lithosphere of 85km thickness. The cases for subduction velocities of (a) 4 and (b) 10cm per year are shown. Because stress
temperature, pressure and grain-size change significantly in space for a given slab, dominant mechanisms of deformation change in &
complicated fashion. In high stress, low temperature regions, the Peierls mechanism dominates. In moderate stress, moderate to larg
grain-size regions, power-law creep dominates. Diffusion creep plays an important role in cold, fine-grain regions in the center of slabs after
a phase transformation. Note that such a pattern also depends on the velocity of subduction, which controls the temperature distribution
and the magnitude of stress.

slab viscosity field
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Fig. 5. Distribution of effective viscosity in subducting slabs corresponding to the cases shown in Fig. 4:ua) fer4 cm per year and

(b) for vsyp = 10cm per year. Note that the center of the slab has high viscosities for 4cm per year (a), but the central portions in the
deep part of a slab for 10cm per year (b) has low viscosity after the phase transformation because of small spinel grain-size. This low
viscosity region recovers its strength due to progressive grain-growth at a greater depths.
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will be larger for lower temperatures. This unusual form of grain-growth kinetics (see Karato, 1989b)
behavior comes from the strong temperature depen- o
dence of grain-size after a phase transformation. 2 2.m —Hgg

After the completion of a phase transformation, we O -0 =k exp( RT > : (10)
use the grain-growth law to estimate the increase in
grain-size. The kinetics of grain-growth have been Where d(t) is grain-size at timet, Hg, the activa-
investigated for olivine (Karato, 1989b), but a de- tion enthalpy for grain-growth~500 kJ/mol) ancko
tailed data set on high pressure polymorphs is not the pre-exponential factor~@ x 10°m?s). When
available. In this study, we used preliminary data on @ phase transformation occurs at low temperatures,
grain-growth kinetics in wadsleyite studied at tran- small grains will survive for a long period. In contrast,
sition zone conditions { = 1473-1873K,P = when a phase transformation occurs at high temper-
16 GPa; Karato, unpublished data) and assume thatatures, grain-growth is so fast that small grain-size
the kinetics of grain-growth in ringwoodite are the Will not survive for a long time. Thus, a slab will
same as those in wadsleyite. We assume a canonicadevelop and maintain a significant weak fine-grained

@) flexural rigidity (b) bending curvature
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Fig. 6. (a) Flexural rigidity D) vs. depth for slabs for various subduction velocities. An initial temperature distribution corresponding to
oceanic lithosphere of 100 million years of age is used. The broken curve for 10 cm per year shows the results when the effects of latent
heat release and grain-size reduction are ignored. Flexural rigidity generally decreases with depth due to the increase in temperature, and
there is an abrupt decrease around 440 km due to the effect of latent heat release. In addition, the production of fine-grained spinel in the
deep portions of fast slabs results in significant reduction in flexural rigidity. Velocity of subduction affects flexural rigidity through two
different mechanisms. First, it affects flexural rigidity through the change in temperature (fast slabs are cold). Usually low temperatures
result in high strength, but when the degree of grain-size reduction is large, strength will be low for low temperatures due to the large effect
of temperature on grain-size. Second, velocity of subduction changes stress levels that also affect rheology. The second effect is important
where the stress-sensitive Peierls mechanism dominates. The effects of grain-size reduction and of the stress magnitude on rheology result
in a negative correlation between flexural rigidity and velocity of subduction. (b) Depth variation of radius of curvature. The broken curve

for 10cm per year shows the results when the effects of latent heat release and grain-size reduction are ignored. Steady-state deformation
is assumed and the radius of curvature at 200 km is assumed to be infinite. The radius of curvature decreases significantly with depth due
to rheological softening.
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region only when a phase transformation occurs at ~500 km (Fig. 6b). The effect of grain-size reduction

low temperatures. is large for cold fast slabs and is important particularly
in regions deeper thar500 km.
3.2.2. Slab rheology models The flexural rigidity or the curvature in the deep

The calculation of flexural rigidity and rheological transition zone has an important influence on the in-
structure is made as follows. First, we assume a cer- teraction of the slab with the 660 km discontinuity.
tain initial temperature profile for a slab corresponding Fig. 7a and b shows the variation of flexural rigidity
to a certain age of subduction. A standard error func- (or the radius of curvature) at 600 km depth as a func-
tion geothermal model of oceanic lithosphere is used tion of subduction velocity. The slab flexural rigidity
(Turcotte and Schubert, 1982). We solve the equation (radius of curvature) first increases with subduction
for thermal conduction incorporating the equation for velocity, but there is a peak iD at ~7 cm per year
the kinetics of the olivine—spinel transformation that
includes the effects of latent heat. This provides a tem-
perature distribution (e.g. Daessler et al., 1996; Riedel
and Karato, 1997). The solution of these equations
provides nucleation and growth rates at each point in
the slab, from which we estimate the grain-size using
the scaling law described by Riedel and Karato (1996).
Given temperature, pressure and grain-size, we calcu-
late viscosity corresponding to an assumed moment
M and initially assumed strain-ratg for three differ-
ent deformation mechanisms. We choose the one that
gives the lowest viscosity. Then the right-hand side of 1 E 3
Eq. (2) is used to calculat®. This calculation is re- 0 Eeetee it
peated until the calculated value &f agrees with the 3 4 5 6 7 8 9 10 11
initial value within a fraction of 10°. Vsub (cm/y)

The results of such calculations are shown in
Figs. 4-6. Fig. 4 shows the dominant mechanisms of (b) radius of curvature
deformation for slabs with two different temperature 1200 e e
distributions. Dominant mechanisms of deformation L
change in a complicated way as a function of sub- r ]
duction parameter and space. The Peierls mechanism 800 [ ]
is a dominant deformation mechanism in the central -
portions of slabs where temperature is low and stress
is high. However, in cold slabs, the central portion
will be replaced with fine-grained ringwoodite after - 1
the olivine-ringwoodite phase transformation, and 200 [ ]
diffusional creep dominates in that portion thus signif- L
icantly reducing the viscosity. In general, outer warm
regions of slabs deform by dislocation creep. Effective
viscosity varies laterally and also with the velocity
of subduction (Fig. 5). Flexural rigiditp generally  Fig. 7. The flexural rigidityD (a) and the radius of curvature (b)
decreases and hence the radius of curvature decreases subducted slabs at 600 km deep as a function of velocity of
with depth as a result of the increase in temperature subdgctipn. The rigidity and radius of curvature both increase with
(Fig. 6a). Flexural rigidity (radius of curvature) de- yelocny in the range~4—7 cm per year because of the decrease

in temperature, but beyond-8cm per year, these parameters
creases aerptIy at440km deep due to the effects decrease with velocity of subduction mainly because of the effects
of latent heat release. However, the radius of curva- of temperature on grain-size. Slabs are strongest at the intermediate
ture remains large until a slab subducts deeper thanvelocities/temperatures.
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and the flexural rigidity (radius of curvature) then de- and grain-size exponents. Flow law parameters in
creases with subduction velocity at faster subduction the grain-size sensitive regime currently have some
velocities. Variation of the flexural rigidity (curva- uncertainties. Vaughan and Coe (1981) fitted their
ture) with the subduction velocity is partly due to the data for MgGeQy spinel with a non-linear grain-size
assumed increase in bending moment with subduc- sensitive creep lawn(= 2 andm = 2). However, a
tion velocity. The sensitivity of slab rheology on the later systematic study on creep in spinels (Okamoto,
bending moment is discussed in Riedel et al. (1998) 1989) demonstrated that diffusion creep=£ 1 and
in detail. The bending moment can be modified by m = 2-3) or power-law creep:(= 3—-4 andm = 0)
changing the force as well as the dip angle. A high dominates under most conditions. Our detailed study
dip angle near the 660km discontinuity leads to a on germanate spinels also supports this conclusion
small bending moment. (Lawlis et al., 2001). Therefore we used the flow law
We may note that the two trends shown in Figs. 5 parameters for power-law creep and diffusion creep
and 7 can be seen clearly for the parameters (bend-in this study for estimating the transition conditions to
ing moment and initial thickness of the slab) that we grain-size sensitive creep and estimate the transition
choose. For other parameter sets, only one trend maygrain-size under geological conditions/g ~ 1073,
be seen. For example, when one chooses much smallefl/ T, ~ 0.4-0.7) as~10°—~10° um. Similar results
initial thickness, then the slab temperatures are so high on transition conditions between dislocation and dif-
that the effects of phase transitions to reduce the slabfusion creep have also been obtained in wadsleyite
strength are not seen clearly. The parameter set that we(Lawlis et al., 1999). Likewise, Chen et al. (1998) and
use here is chosen on the basis of geodynamical esti-Mosenfelder et al. (2000) noted a similarity in rheol-
mates (e.g. Davies, 1980) as well as mineral physics. ogy between wadsleyite and ringwoodite in the low
The effects of change in parameters are explored in temperature plasticity regime (Peierls mechanism).
Riedel et al. (1998). Uncertainties in grain-growth kinetics are large at
this stage. To see the effects of uncertainties on the
rheology of slabs in our models, we calculated the
grain-sizes using different activation enthalpies by
changingky and Hé“g simultaneously to satisfy the ex-
perimental constraints. A change Hyj, from 500 to
400 kJ/mol leads to only minor changes for a critical
4.1.1. Flow laws and grain-growth kinetics temperature for grain-growth~B80 K). We therefore
Flow laws of olivine have now been well con- conclude that the uncertainties in grain-growth kinet-
strained at least under dry conditions (Karato et al., ics will not significantly affect the main conclusions
1986, 1993; Hirth and Kohlstedt, 1995a,b, 1996). of this paper.
This includes the effects of pressure (Karato and
Rubie, 1997) which are important under transition 4.1.2. Transformation kinetics: effects of
zone conditions. In contrast, flow laws for high pres- intra-granular transformation
sure phases are still poorly constrained. The most Recently Rubie and his colleagues reported new
critical points are the transition conditions that sepa- mechanisms of phase transformation. Kerschhofer
rates dislocation creep and grain-size sensitive creepet al. (1996, 1998, 2000) found that the olivine to

4, Discussion

4.1. Uncertainties in materials properties

and the flow law in the grain-size sensitive regime.
However, due to an experimental study at transition
zone conditions (Karato et al., 1998), we now have a
constraint on the transition conditions between diffu-
sion and dislocation creep in ringwoodite under labo-
ratory conditions (the transition grain-sizesl pm
ato/u ~ 1072 andT /Ty ~ 0.7). To translate these
conditions to geological conditions, we need to know

wadsleyite and olivine to ringwoodite transformations
can occur through intra-granular nucleation as well
as inter-granular (grain boundary) nucleation. Under
some conditions, new phases are formed inside of
old grains as opposed to at grain-boundaries, usu-
ally associated with stacking faults or dislocations.
Such a new mechanism could modify the conclusions
reached above, although the details of its effects are

flow law parameters particularly the stress exponents unclear, because quantitative details of the kinetics
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of this mechanism have not been well constrained strong material, then the volume change that occurs in
(some discussions on the kinetics of this process arethat material results in a change in pressure that could
given in Kerschhofer et al., 2000). We can make the prevent further transformation. Kubo et al. (1998b)
following points. and Mosenfelder et al. (2000) noted significant re-
duction in the growth rate of a new phase in the later
stage of transformation and interpreted their results
as caused by such an effect. However, the relevance
of such observations on the phase transformation in a
real slab is not clear, because the effect of plastic flow
is dependent on the geometry of transforming ma-
terials. For a more general geometry of two phases,
plastic flow to accommodate volumetric strain occurs
mostly in a softer phase (olivine) (e.g. Greenwood
and Johnson, 1965) and results in an increase in free
energy of a weak phase. In such a case, the effects
of plastic strain woulcenhancephase transformation
rather than suppress it.

The effect of transformation stress/strain on the
grain-size of newly formed spinel is not included in
our model. However, a simple calculation shows that
a change in free energy caused by plastic strain is
usually significantly smaller than the difference in
free energies between the two phases (olivine and
spinel) and consequently the effects of transforma-
tion stress/strain on the grain-size of spinel will be
small.

1. In terms of the above analysis of grain-size evo-
lution, the dependence of grain-size on tempera-
ture will be largely the same for both inter- and
intra-granular nucleation mechanisms, because the
temperature sensitivity of grain-size depends on the
growth rate rather than the nucleation rate. There-
fore one of the most important conclusions of our
model, namely, the strong temperature dependence
of grain-size after transformation will be valid even
if this new mechanism operates.

2. The effects of intra-granular nucleation on rheology
may be less dramatic than those of inter-granular
nucleation, because the rheological effects of
grain-size reduction depend strongly on the manner
in which fine grained regions are connected (perco-
lation transition). This percolation transition is eas-
ier for inter-granular nucleation than intra-granular
nucleation (Riedel and Karato, 1996). Conse-
quently, rheological weakening would occur at an
earlier stage for inter-granular nucleation than for
intra-granular nucleation.

3. Irrespective of the details, the operation of addi-
tional mechanisms will enhance transformation
kinetics, so that the depth interval in which two
phases coexist will be smaller.

4.1.4. Effects of transformation strain-induced
recrystallization

Rubie et al. (1998) also suggested that the

In short, we consider that the recently-documented strain-energy stored during a phase transformation
intra-granular nucleation mechanisms may modify might lead to grain-size reduction, a process anal-
the details of grain-size estimation, but the main con- ogous to dynamic recrystallization. Such a process
clusion on the temperature dependence of grain-sizeis not considered in our model and could modify
will not be modified significantly. However, the ki- our conclusions. In principle, any additional mech-
netic parameters relevant to intra-granular nucleation anisms of grain-size reduction will further reduce
mechanisms have not been well constrained includ- the strength of subducting slabs. A key question is
ing the effects of stress (Mosenfelder et al., 2000). whether this new mechanism significantly modifies
Therefore it is difficult to quantitatively discuss the our main conclusion on the temperature dependence

effects of this mechanism at this stage. of rheology. Because the details of this process have
not been analyzed, it is difficult to make any assess-

4.1.3. Transformation kinetics: effects of ment of potential influence of this process at this

transformation stress/strain stage. However, we can make some qualitative argu-

A first order phase transformation such as the ments. The size of grains formed by this process is
olivine—spinel transformation is associated with a vol- determined by the competition between nucleation
ume change. Consequently, plastic flow must occur to of “recrystallized” grains and their growth, similar to
accommodate strain caused by the volume change. IfEg. (7) (see Shimizu, 1998). The driving force for this
untransformed material is completely surrounded by a type of recrystallization is dislocation energy which
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is proportional to dislocation density. The higher the 4.2.2. Effects due to the variation in buoyancy forces
dislocation density, the smaller is the recrystallized  Variation in buoyancy forces that control slab de-
grain-size. If one uses the assumption that the dislo- formation may also be a cause of variation in slab
cation density after the transformation is determined deformation behavior. In our model, this is partly
by the volume change due to “geometrically nec- incorporated by assuming that the bending moment
essary dislocations” as proposed by Poirier (1982), acting on a slab depends on subduction velocity. Such
then the driving force is nearly independent of tem- an effect has been analyzed by Bina (1996, 1997),

perature. In this case, the temperature sensitivity of
grain-size will depend mostly on the growth rate
and hence the grain-size will be smaller when trans-
formation occurs at low temperatures. In short, the
effects of temperature on grain-size due to this mech-
anism is at least qualitatively similar to that of our
model.

4.2. Comparison with previous studies

4.2.1. Effects of trench migration

Most of the previous models for slab deformation
considered that the variation in trench migration ve-
locities control slab deformation (van der Hilst and
Seno, 1993; Griffths et al., 1996; Guillou-Frottier
et al., 1996; Olbertz et al., 1997). However, this
kinematic explanation has two major problems. First,
such a kinematic model would work only when slab
deformation is dynamically possible. In fact, all the
experimental (Kincaid and Olson, 1987; Griffths
et al., 1996; Guillou-Frottier et al., 1996) and theoret-
ical modeling of slab deformation (Christensen, 1996;
Olbertz et al., 1997) assumed low slab viscosities to
make deformation possible. However, if deformabil-
ity of slabs can vary from one slab to the other, then
the effect of such variation must also be examined
in addition to the influence of kinematic boundary
conditions.

Second, the observational basis for inferring the im-
portance of trench migration is not strong (Fig. 2).

Marton et al. (1999) and Schmeling et al. (1999) in

more detail (also see Daessler et al., 1996). The pro-
nounced bend observed in some slabs in the middle
part of the transition zone (e.g. Tonga, see Fig. 1)
might be due to the variation in buoyancy forces in

addition to a change in rheology.

4.2.3. Deformation by earthquake faulting

The rheological models considered here assume ho-
mogeneous deformation. However, there is evidence
for localized deformation in deep slabs. Several anal-
yses suggest that some fraction of the strain in sub-
ducted slabs develops by seismic faulting (Sugi et al.,
1989; Holt, 1995). In this case, the assumption of ho-
mogeneous rheology is not valid in its simplest form.
However, deep earthquakes can explain only a part
of the total strain. This is true particularly for the
deep portions of slabs beneath the seismicity cutoff
where the presence of weak slabs is inferred (Castle
and Creager, 1998). Therefore, weak rheology in the
ductile regime must play a significant role in many
slabs.

Weakening in the ductile regime, where deforma-
tion is more or less homogeneous, may also be im-
portant for the generation of deep earthquakes. Many
mechanisms of deep earthquake faulting are based on
some form of rheological weakening (Hobbs and Ord,
1988; Green and Burnley, 1989; Kirby et al., 1991).
In addition, the complicated rheological structures of
deep slabs predicted by the present model suggest

There is no obvious reason to suggest a causal relationthat deep earthquakes may originate in the deep slabs

between trench migration and slab deflection from the

seismological observation and plate kinematics as dis-

where high stress concentration occurs outside the re-
gions of weak fine-grained spinel. This point will be

cussed before. The contrast between western Pacificdiscussed in more detail in Section 4.4.
slabs (slabs with large thermal parameters) and those

in the Americas (slabs with small thermal parameters)

4.2.4. Preexisting weak zones?

appears more fundamental. It is possible that the rapid The presence of zones of weakness such as fossil

trench migration observed in some of the western Pa-

cific subduction zones could be@sultof weak slabs
and that the rapid trench migration is not teseof
deformation.

fault planes might influence the deformability of slabs
(Zhong and Gurnis, 1995; Silver et al., 1995). Such
fossil fault zones may survive deep into the transition
zone particularly in the cold portions of slabs. Fossil
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fault zones may be weaker than other regions due to Kirby et al., 1991, 1996; Green, 1994; Green and
a small grain-size and/or to higher content of hydrous Houston, 1995; Karato, 1997b). Among others, the
minerals (or higher content of hydrogen in nominally transformation faulting model has attracted much
anhydrous minerals). Deformation along these zones attention recently because experimental support for
may also contribute to slab deformation. However, itis that model has been reported (Kirby, 1987; Green
not straightforward to explain the observed variations and Burnley, 1989; Kirby et al., 1991; Green et al.,
in the style of slab deformation by this mechanism, 1990; Tingle et al., 1993; Green and Zhou, 1996).
which would predict a positive correlation between Some of the seismological observations including the
seismicity at trenches and slab deformation in the depth variation in deep earthquake activity (Frohlich,
transition zone. Such a correlation is not consistent 1989) and spatial distribution of deep earthquakes

with the observations (Engdahl et al., 1998). (Wiens et al., 1993) appear to be consistent with this
model if metastable transformations are assumed.

4.3. Explanation of the variability of slab However, some fundamental problems remain with

deformation behavior this model (Karato, 1997b). The most serious diffi-

culty with the transformational faulting model is that

How can we explain the diversity of slab deforma- it predicts much smaller fault dimensions (10—20 km)
tion behavior by our model? First, our model provides for deep earthquakes than are observed (40—60km)
a natural explanation for a puzzling observation that (Kikuchi and Kanamori, 1994; Wiens et al., 1994;
slabs with a large thermal parameter (i.e. low tem- Tibi et al., 1999). It is also uncertain if a metastable
peratures and/or fast subduction velocities) tend to be olivine wedge exists or not, particularly in relatively
more prone to deformation. In our model, this oc- warm slabs such as those beneath South America.
curs because of the strong temperature dependencdn addition, the recent observation of repeating deep
of grain-size after the olivine—spinel transformation earthquakes (Wiens and Snider, 1999) is difficult to
in addition to the higher stresses (bending moment) reconcile with the transformational faulting model.
caused by a larger force. Obviously, if the slab tem-  Furthermore, the processes of instability associated
perature is very high, viscosity is too low and negative with phase transformations are not well understood.
buoyancy forces are too small for penetration through Most of the experimental studies on transformation
the 660 km discontinuity. Over a reasonable range of faulting are on analog materials at low pressures
slab temperatures, slabs with moderately high temper- (Green and Burnley, 1989; Kirby et al., 1991; Green
atures will have high enough strength to resist defor- and Zhou, 1996) where the magnitude of differential
mation near the 660 km discontinuity, whereas slabs stresses is comparable to the confining pressure. Green
with colder temperatures are weak enough to be sig- et al. (1990) reported the occurrence of transforma-
nificantly deformed. Thus, there will be a tempera- tion faulting associated with the olivine—wadsleyite
ture range (a “window”) in which slabs will be strong transformation in their experiments under the transi-
enough to penetrate through the 660 km discontinuity tion zone conditions. However, later studies in which
without much deformation (see Fig. 7). The 660km deformation during pressurization is minimized by
discontinuity will act as a filter for slabs for rheolog- an improved sample assembly failed to reproduce
ical reasons. This provides a possible explanation for transformation faulting under almost exactly the same
the observed correlation shown in Fig. 2. Among the conditions (Dupas-Bruzek et al., 1998; Karato et
slabs that are weak enough, the style of deformation al., 1998). Furthermore, theoretical understanding of
will also depend on other factors including trench mi- transformation faulting is inadequate. Most of the
gration velocity and geometrical factors such as the models are at best qualitative (Kirby, 1987; Green and

dip angle. Burnley, 1989; Kirby et al., 1991; Green, 1994), and
a published quantitative model (Liu, 1997) contains
4.4. Implications for deep earthquakes an inappropriate use of the Levy-von Mises formula-

tion of non-linear rheology in treating the interaction
Mechanisms of deep earthquakes have been re-of internal stress and deformation which leads to a
viewed in several recent papers (e.g. Frohlich, 1989; significant overestimate of this interaction. Therefore,
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the only robust prediction from this model is that the this section, we will first show that thermal runaway is
fault plane is limited to the region where the phase likely to occur in deep slabs, and that this model, when
transformation occurs and therefore the fault width combined with our model of rheological structures,
should be less than 10-20 km (the expected width of provides a natural explanation for a large width of
the metastable olivine wedge). This prediction is ob- faults associated with deep earthquakes. We will then
viously in contradiction to the observations of much discuss some additional implications of this model.
grater fault widths, making this mechanism unlikely The basic physics of thermal runaway instabil-
to be important. ity is that when deformation of a material occurs
Another model was proposed by Meade and Jeanloz rapidly enough in comparison with the time scale of
(1991) who reported acoustic emissions associatedthermal diffusion, heat is accumulated in the regions
with the dehydration and amorphization of serpentine of high strain that further enhances the deforma-
under shallow and deep mantle pressures, respectivelytion; there is therefore a positive feedback between
They suggested that dehydration may cause interme-deformation-induced heating and deformation, lead-
diate earthquakes and amorphization could cause deegng to thermal runaway (Fressengeas and Molinari,
earthquakes. But this model for deep earthquakes has1987; Estrin and Kubin, 1988). When the stiffness of
several difficulties. First and most important is that the the surrounding system is not too high, then this leads
recent high pressure, temperature experimental studyto a runaway instability causing earthquakes (Hobbs
on serpentine showed that the presumed amorphiza-and Ord, 1988). Therefore the key issues in thermal
tion does not occur under deep slab conditions (Irifune runaway are (i) the rate of deformation must be fast
et al., 1996). Second, the physical mechanisms of in- and (ii) the degree of thermal feedback must be large.
stability have not been identified and therefore the  We use the model proposed by Hobbs and Ord
scaling argument presented by Meade and Jeanloz(1988) for the onset of instability, but use a more real-
(1991) is at best speculative. Therefore we consider istic rheology to evaluate the plausibility of the ther-
that this model does not have strong support from min- mal runaway instability model. For power-law creep,
eral physics. the condition for thermal runaway (adiabatic instabil-
An alternative model for deep earthquakes is the ity) is given by
thermal runaway instability (adiabatic instability)

model originally proposed by Griggs and Baker (1969) ©>1 (11)
and later elaborated by Ogawa (1987) and Hobbs with

and Ord (1988). Unlike the mechanisms discussed

above, the physics of thermal runaway instability , _ H'oe (12)

(adiabatic instability) is well understood both theo- " nhR®pCp
retically (Backofen, 1972; Poirier, 1980; Fressengeas
and Molinari, 1987; Estrin and Kubin, 1988; Hobbs
and Ord, 1988) and experimentally (e.g. Basinski,
1957, 1960; Backofen, 1972; Rogers, 1979; Staker,
1981). In addition, it has recently been demonstrated
that the likely temperature dependence of thermal
diffusivity under low temperature conditions signif-
icantly enhances thermal runaway instability partic- 612
ularly in spinel-rich regions (Branlund et al., 2000). B =1-— EXD<—T) (13)
Also, shear-induced melting in mantle rocks was doc-

umented in naturally-deformed mantle rocks from the whereL is the size of the region andthermal diffu-
Ivrea zone, northern ltaly (Obata and Karato, 1995) sivity. A similar equation can be derived for a highly
and melting associated with the 1994 Bolivian deep non-linear mechanism such as the Peierls mechanism
earthquake was suggested (Kanamori et al., 1998). (Kameyama et al., 1999). Egs. (11)—(13) mean that
Therefore the thermal runaway model is worth special both low temperature and a high strain-rate are needed
attention as a plausible cause of deep earthquakes. Irfor thermal runaway instability. Such a condition is

whereH* is the activation enthalpy for deformation,
n the stress exponent (Eq. (5)),a parameter that is
related to the hardening effeck (~ 0.1), ¢ strain,

o density, Cp specific heat angg a parameter that
measures the efficiency of conversion of mechanical
energy to heat defined by
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Fig. 8. Distribution of the instability parametér in subducted slabs withsy, = 10 cm per year (a) for a case where the effects of latent

heat release and grain-size reduction are neglected (corresponding to a broken curve in Fig. 6) and (b) for a case where the effects of
latent heat release and grain-size reduction are included. When this parameter extetftsmal runaway instability occurs. For a cold

slab (10 cm per year)? in high strength regions surrounding a weak, fine-grained spinel core in the deep slab exceeds the critical value
for thermal runaway instability. Deep earthquakes likely nucleate in these regions. In this case one expects a double seismic zone as see
by Wiens et al. (1993). The width of the seismogenic regions is estimated ta18e60 km. Note also that the instability criterion is also
satisfied in the shallow portions, providing explanation for intermediate earthquakes.

not usually met because high strain-rates are usually significantly enhances deep earthquake activity (com-
associated with high temperatures. However, becausepare Fig. 8a and b).
of the overall weakening of slabs (low flexural rigid- The model of thermal runaway for deep earthquakes
ity) at low temperature conditions, these conditions are combined with our slab rheology model has some in-
likely to be met in deep slabs. The validity of instabil- teresting features. First, our model provides a natural
ity criterion (11) is largely confirmed by finite ampli-  explanation for large dimensions of faults observed to
tude calculations such as by Kameyama et al. (1999). be associated with deep earthquakes. In this model,
Fig. 8 shows plots of. When this parameter be- earthquake faulting likely occurs in high strength re-
comes larger thar 1, thermal runaway instability will  gions when the strain-rate is high. In cold slabs, these
occur. Three points must be noted. First, in the deep would be the regions surrounding a weak, fine-grained
cold slab, regions surrounding the weak, fine-grained spinel core (Fig. 8b). Thus, our model provides a natu-
spinel core likely satisfy this instability criterion. Sec- ral explanation for the observed double seismic zones
ond, the instability conditions are met also at the shal- of deep earthquakes (Wiens et al., 1993) and gives a
lower depths and can therefore explain the occurrencerobust estimate of the width of the seismogenic re-
of intermediate depth earthquakes. Third, the effects gion to be 40—60 km. This predicted fault width is in
of grain-size reduction and the latent heat release as-excellent agreement with seismological observations
sociated with the olivine—spinel phase transformation of the width of deep earthquake fault zones (Kikuchi
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and Kanamori, 1994; Wiens et al., 1994). It should be  Kanamori et al. (1998), Estabrook (1999) and Wiens
noted that the width of the fault zone for the 1994 Fiji (this volume) showed that deep earthquakes are char-
earthquake is determined from the observations of acterized by low seismic efficiency and slow rupture
aftershocks. Therefore the faults must hauveleated velocity, particularly those that occur in warm slabs.
in a wide seismogenic zone rather than propagating Kanamori et al. (1998) argued that a thermal insta-
to the observed dimensions. Note that thermal insta- bility model provides a natural explanation for the
bility could also occur in relatively warm slabs if a low seismic efficiency: thermal runaway instability in-
large enough moment is applied (not shown here). In volves significant plastic flow and therefore some of
this case, the presence of a metastable olivine wedgethe stored energy is dissipated as heat.

is not required for deep earthquakes. The seismogenic Another characteristic of deep earthquakes is the
regions would correspond to high strength regions low frequency of aftershocks, particularly those with
in relatively cold portions of slabs. The width of the small magnitude (e.g. Frohlich, 1989). Wiens and
seismogenic zone depends on the magnitude of theGilbert (1996) (see Wiens, this volume) also showed

bending moment and is estimated to be 30-60km.
In contrast to our model, the transformation faulting
model proposed previously (Kirby, 1987; Green and
Burnley, 1989; Kirby et al., 1991) clearly fails to ac-

count for this important observation and is therefore

that the aftershock frequency tends to be lower
for warmer slabs particularly for those with small
magnitudes (which leads to lowdr values in the
Gutenberg—Richter relation for warm slabs). Other
correlations between fault characteristics and slab

no longer a tenable model for deep earthquakes. In temperature include those seismic efficiency and the
addition, a different mechanism is needed to explain nature of the source—time function (Estabrook, 1999).
intermediate earthquakes in the transformation fault- The thermal runaway instability model provides a
ing mode, which also makes this model less attractive. natural explanation for these observations. Thermal
How does this thermal instability model explain runaway instability is scale-dependent because it is
some of the other characteristics of deep earthquakes?ensitive to the time scale of deformation relative to
The depth variation of seismicity is characterized by the time scale of thermal diffusion which depends on
a continuous decrease down+@d00 km followed by the length scale of deformation (see Eq. (13)). Con-
a peak in seismicity at around 550-600 km and finally sequently, small scale instabilities that would result
there is a sharp cutoff a+680km (e.g. Frohlich, in earthquakes with small magnitudes are difficult
1989). The present model provides a clear explana- to realize through this process (for the same reason,
tion for the peak at around 550-600 km. Our model laboratory studies of adiabatic instability is difficult;
predicts that the strain-rates should be high in this one needs an exceedingly high strain-rate to produce

depth region because of the low flexural rigidity. A

high stress concentration in high strength regions sur-
rounding a weak, fine-grained spinel core enhances

the thermal runaway instability in this depth region.

an adiabatic instability in a small sample; Kitamura
et al., 1992).

A large magnitude of latent heat release in the deep 5. Concluding remarks

portions of slabs will also enhance thermal runaway
instabilities (Bina, 1998). Intermediate depth earth-
guakes that occur from~200 to ~400km depth
region may also be attributed to thermal runaway
instability, because warm regions of slabs in this
depth region could satisfy the necessary condition for
thermal runaway instability (Hobbs and Ord, 1988;
Fig. 8). A clear shutoff of seismicity at a depth of
~680 km is most likely due to the loss of strength of
slabs in the lower mantle due to superplasticity (Ito
and Sato, 1990; Karato et al., 1995) and/or to the
absence of strong forces in this depth region.

In most laboratory experiments or numerical mod-
eling of convection or slab deformation, a simple rhe-
ology for Earth materials, such as constant viscosity
or a very weakly temperature dependent viscosity, has
been assumed. This is firstly due to computational dif-
ficulties in incorporating more “realistic” rheologies
but also because if one uses such “realistic” rheolo-
gies (strongly temperature-dependent rheology), one
would not see much deformation of slabs (Davies,
1995). These studies have led to the notion that it is
mainly the kinematic boundary conditions that control



104 S.-i. Karato et al./Physics of the Earth and Planetary Interiors 127 (2001) 83-108

the variation in deformation behavior of slabs and the of subducting slabs, appears to play an important role
importance of the rheology of slabs has not been well in controlling the complexity of mantle convection.
appreciated. We have shown from both theoretical and
observational backgrounds that realistic slab rheology
must be considered as an important parameter thatAcknowledgements
plays a critical role in slab deformation when the na-
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