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Abstract. We use a numerical model for olivine-spinel trans- 
formation to study deep earthquake nucleation and to delineate 
the seismogenic region within a subducting slab. The model in- 
cludes laboratory-derived flow laws, latent heat release, and 
phase transformation kinetics. We calculate deformation, trans- 
formation state, grain growth, and rheology for several paths 
within a subducting slab. Strain rate perturbations are imposed to 
define the necessary conditions for instability. Strain rate pertur- 
bations decay for • < a critical value •,, and thus the coldest, in- 
terior portion of the metastable wedge deforms stably. For • •c, 
strain rate perturbations grow, shear strength decreases with 
strain, and the system is potentially unstable. The instability con- 
dition is mapped to delineate the seismogenic zone within a sub- 
ducting slab. The model seismogenic zone is bounded by •c, and, 
at larger percent transformations, by coarsening of spinel grains 
and saturation of the transformation weakening effect. The 
model predicts a narrow seismogenic region along the outer 
edges of the metastable wedge and thus a "double seismic" zone, 
consistent with some seismic observations. Several simplifying 
assumptions are required due to lack of thermo-kinetic data and 
incomplete knowledge of constituent mineralogy and rheology. 
However, the model provides a quantitative definition of the in- 
stability condition and a framework for testing the hypothesis of 
transformation-induced instability. 

Introduction 

A central problem in understanding deep focus earthquakes (> 
300 km) is that of how elastically-radiated energy in the form of 
seismic waves can be released within a region undergoing ductile 
deformation. Several mechanisms have been proposed [Frohlich, 
1989] including shear instability associated with transformation 
of metastable olivine to spinel [see reviews by Green and Hous- 
ton, 1995 and Kirby et al., 1996]. This hypothesis is supported by 

In contrast, for shallow earthquakes, a quantitative theory for 
nucleation and instability has been developed using laboratory- 
derived friction laws [e.g., Roy and Marone, 1996]. In these 
studies, simplified constitutive laws are combined with elastic 
coupling to determine the conditions for instability and parameter 
ranges consistent with earthquake nucleation. A similar approach 
may be useful in evaluating the mechanism of deep earthquakes. 

In this paper, we focus on the instability condition during nu- 
cleation of deep earthquakes. We study only the onset of insta- 
bility and do not consider the more general problem of rupture 
propagation and arrest. We use a model for coupled olivine- 
spinel transformation and deformation described by Liu [1997] 
who presented details of the model and showed how nucleation of 
deep earthquakes could be understood in terms of stability crite- 
ria. Here, we apply the model to a subducting slab and delineate 
the seismogenic zone for deep earthquake nucleation. We find 
that the system changes from stable to potentially unstable be- 
havior with increasing transformation and thus a critical trans- 
formation for earthquake-like instability is defined. 

Model and Results 

We use the model of Liu [1997], who studied the problem of 
combined deformation and phase transformation in an idealized 
aggregate. Here, we summarize only key features of the ap- 
proach and assumptions. Local regions within a subducting slab 
(Figure 1) are modeled as assemblages of spinel inclusions ho- 
mogeneously dispersed in an olivine matrix. Interactions be- 
tween inclusions and geometric effects leading to shear localiza- 
tion are not included. The transformation rate and latent heat re- 

lease are calculated assuming grain-boundary nucleation and in- 
terrace-controlled growth [e.g., Rubie and Ross, 1994]. Kinetic 
parameters are taken to be constant, independent of deformation. 
Creep strain and strain rate are calculated using the Eshelby- 
Mori-Tanaka (EMT) theory, and stress redistribution with pro- 

laboratory data showing instability in model materials undergoing gressive transformation is accounted for [Liu, 1997]. EMT theory 
reconstructive phase transformations and by high-resolution provides a method of relating transformational strain and stress 
seismic data, which indicate that deep earthquake foci are con- concentration, in a mean-field sense, to further deformation 
sistent with plausible regions of olivine metastability [Green and 
Burnley, 1989; Kirby eta/., 1991; Wiens et al., 1993; but see also 
Silver et al., 1995]. However, existing formulations of the hy- 
pothesis lack a quantitative description of instability. Transfor- 
mation weakening is not described in the context of a constitutive 
law that can be coupled to its surroundings to produce quantita- 
tive predictions of instability of the type necessary to test the 
transformational faulting hypothesis. 
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within the olivine framework. A key assumption we make is that 
volumetric transformation strain (-8%) is preserved as viscoelas- 
tic distortion in a given time step, which are kept small to account 
for changes in olivine-spinel abundance. The effective viscositie s 
of olivine and spinel are constrained by flow laws of low- 
temperature plasticity [e.g., Evans and Goetze, 1979; Liu and 
Yund, 1995] and superplastici. ty [e.g., Vaughan and Coe, 1981], 
respectively. Spinel inclusions formed during deformation are 
assumed to be initially spherical (aspect ratio •=1) and • de- 
creases with progressive deformation as inclusions become elon- 
gated with long axes perpendicular to the direction of maximum 
compression [e.g., Green and Burnley, 1989]. Because of the as- 
sumption about volumetric transformation strain, our model is 
applicable to temperatures <= 800øC and spinel grain sizes 
10 I. tm. To simplify the range of parameters studied and to focus 
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Figure 1. Thermal structure of the Tonga slab [provided by S. 
Stein, Kirby et al., 1996]. Sla'b dip is 60 ø and the convergence 
rate is 14 cm/yr. This model forms the starting point for our cal- 
culations. Inset shows five pressure-temperature-time (P-T-O 
paths along which we calculate creep deformation and transfor- 
mation. Path 3 is in the coldest, central portion of the slab. The 
slab-perpendicular distance between adjacent paths is 7.5 km. 

attention on the instability condition, we assume constant olivine 
and spinel grain sizes of 5 nun and 1 lain, respectively, and a con- 
stant differential stress (o',•i: =0.5 GPa) boundary condition. The 
assumption of small spinel grains is supported by numerical 
simulations, which indicate fine-grained spinel for low tempera- 
ture transformation [Riedel and Karato, 1996]. 

Figure 1 shows slab geometry and thermal structure for the 
Tonga slab IS. Stein, pers. comm.]. We numerically evaluate de- 
formation and transformation state along a set of pressure- 
temperature-time (P-T-t) paths parallel to slab dip (see inset to 
Figure 1). For each P-T-t path, we calculate percent transforma- 
tion • and strain at each depth and time (Figure 2), accounting for 
latent heat release and adiabatic warming. 

Warmer P-T-t paths result in greater transformation at a given 
depth (Figure 2a). The effect of asymmetry in the slab's thermal 
structure is apparent fo/paths just above and just below our 
central, coldest path (compare paths 2 and 4). For each path, the 
maximum shear strain increases as a function of depth and 
temperature (Figure 2b). Strain increases rapidly at depths 
ranging from 425 to 650 km. To illustrate the increase in strain 
rate with transformation state, we show T versus • for path 3 
(Figure 2c). Slab deformation increases dramatically for • > 2- 
3%. The strain rate for each path increases rapidly within a 
narrow depth interval (Figure 2d), corresponding to the increase 
in deformation seen in Figure 2b. With continued subduction, a 
second inflection in /:1 vs. depth occurs as the transformation 
weakening effect saturates at higher spinel abundance. We litnit 
calculations to dst, < 10 lam since above this size olivine's 
effective viscosity becomes lower than spinel's after only a few 
percent transformation• invalidating our assumption of pre.served 
transformation strain [Liu, 1997]. 

Transformation Weakening and Shear Instability 

The numerical simulations indicate that regions within the slab 
undergo sudden weakening and thus the possibility exists for 
earthquake-like instability. To analyze such a shear instability we 
use a generalized flow law [Hobbs and Ord, 1988; Liu, 1997]: 

z'=z'(r, •, ½, ZT, •],%,P,T), (•) 

where •' is the shear stress, i• is the average aspect ratio of all in- 

clusions, œij is the average misfit strain for spinel inclusions and 
the other symbols have been defined above. 

In this study, motivated by similar stability analyses applied to 
shallow earthquakes, we consider only perturbations in strain 
rate. We assume homogeneous axial compression and consider 
the instantaneous response following a perturbation. Because the 
corresponding time interval is small compared with other time 
scales in the problem (e.g. the subduction rate, the olivine-spinel 
transformation rate, or the spinel grain coarsening rate), •, dst , and 
P are constant. In addition, we assume homogeneous deformation 
until a shear instability occurs, so d7/d7= 0. After these sim- 
plifications, equations (1) can be differentiated to yield 

d•' o•' o•' d• o•' dœ11 o• 'dT 
• =•+••+••+•• (2) 
dy c)T' o3• dy r_)œ1! dy c.7/' dy 

From equation (2), if shear strength decreases with deforma- 
tion upon a strain rate increase, dr./d7 < 0 and an instability tnay 
develop. Thus, the task of determining the necessary condition 
for instability consists of evaluating the sign of the terms in 
equation (2). The first term, o•a•, is positive since it represents 
strain hardening, which is accounted for by a Maxwell- 
viscoelastic effect in our model [Liu, 1997]. For the second term, 
spinel inclusions become more elongated with deformation [e.g., 
Green and Burnley, 1989], hence d• / d7 is negative, and be- 
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Figure 2. Numerical results for five P-T-t paths within the sub- 
ducting slab. (a) Spinel ab.undance for each path, showing greater 
transformation for warmer paths. (b) Maximum shear strain 
along each path indicating a sharp onset of deformation with 
transformation. The large strains are an artifact of the stopping 
point for the calculation and our assumption of constant stress 
boundary conditions. (c) Details of path 3, showing rapid in- 
crease in deformation for spinel abundances of 2-3%. (d) 
Uniaxial strain rate for each path. Calculations extend to the 
depth at which spinel grains would grow to 10 gm. 
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Relative Shear Strain (¾- ¾0 ) (%) driving the transformation weakening effect, even if spinel were 
Figure 3. (a) Sketches of possible responses to strain rate pertur- weaker than olivine [Liu, 199'•j. The resulting seismogenic zone 
bations. For strain 7 < Yo strain rate increases slowly due to pro- is a narrow region along the outer edge of the roetastable wedge, 
gressive creep deformation and transformation. At 7= 7o, we in- with the outer limit at 10-18% transformation (Figure 4a). 
crease strain rate at constant •. If strength increases the system is 
inherently stable. Weakening indicates potentially unstable be- Discussion 
havior. (after Hobbs and Or& 1988) (b) Calculated maximum 
shear strength for strain rate perturbations at five transformation Our calculations indicate that nucleation of deep earthquakes 
states along P-T-t path 3. The material strengthens for low trans- by the transformational faulting mechanism is confined to a nar- 
formation (•<4.8%) but weakens for larger spinel abundances. row region along the edge of the metastable wedge. For the sub- 
The stress drop Zi•: increases with increasing transformation. duction zone considered,-the model predicts a double seismic 

zone, consistent with observations from Tonga and Izu-Bonin 
[e.g., Wiens et al., 1993]. The possible significance of this is un- 

cause the aggregate becomes stronger as spinel inclusions elon- 
gate [Liu, 1997], t½x'/o• is also negative. Thus the second term 
is positive. Spinel inclusions are also weakened by more nega- 
tive values of volumetric phase transformation strain, thus 
t•/t•Etl is positive. dœ•l/d7 is either positive or negative de- 
pending on the relative flow rate of the matrix and inclusions. 
For geological materials dT/d 7 and t½r,/o•T are positive and nega- 
tive respectively and thus shear heating yields weakening [e.g., 
Hobbs and Ord, 1988]..Thus the last two terms in equation (2) 
could lead to instability. However, for strain rates relevant to the 
onset of instability (e.g., Figure 2d), shear heating is not expected 
to be significant. That is, we focus on the initial onset of insta- 
bility during earthquake-like nucleation. Once shear accelerates 
and higher strain rates are attained, shear heating may be impor- 
tant. Also, although latent heat release may be critical for pro- 
ducing the conditions necessary for instability [e.g., Green and 
Zhou, 1996], Liu [1997] showed that nucleation of the olivine- 
spinel transformation instability occurs even without latent heat 
(although he emphasized the importance of latent heat for qua- 
sistatic yielding leading to nucleation). Our model accounts for 
latent heat release, ho.wever, we do not consider possible varia- 
tions in transformation kinetics [e.g., Kerschhofer eta/., 1996]. 

From this analysis, transformation weakening and instability 
depend on the third term in equation 2. We calculate this effect 
as a function of transformation state and strain by imposing strain 

ening increases with increasing transformation. By evaluating a 
series of paths we find that •½ is weakly dependent on P-T-t path, 
varying from 1-5% from the warmest to coldest path. 

The Seismogenic Zone for Deep Earthquakes 

In Figure 4, we combine results from strain rate perturbations 
along each P-T-t path to map the seismogenic zone within the 
subducting slab. In the cold interior of the metastable wedge, 
spinel transformation is kinetically inhibited. In the region 0 <• 
< •c strain rate perturbations indicate stable deformation (Figure 
4a). The seismogenic zone is defined between • and the upper 
limit of spinel grain size ds• , for transformation weakening, which 
we take as 10 I.tm [Liu, 1997]. By the time spinel grains coarsen 
to 10 gm, the phase transformation strain is effectively zero and 
thus differential stress in the inclusions is too small to continue 
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rate perturbations (Figure 3). To perform the perturbations we • •,,,'t • • 
change from a stress boundary condition, for 7 < To, to a strain 7000 50 100 150 200 
rate boundary condition at fixed transformation state. Figure' 3a Distance (km) 
shows hypothetical responses. Strengthening results in stable be- Figure 4. Seismogenic zone within the slab and metastable 
havior, whereas weakening is potentially unstable. Figure 3b wedge. (a) Dashed lines show beginning and end of olivine-spinel 
shows calculated responses to a series of perturbations imposed transformation. Solid lines show boundaries of the seismogenic 

' nucleation region, as defined by the critical transformation for 
as step changes in uniaxial stxain rate. The magnitude of the per- weakening •½ and the point at which the transformation weaken- 
turbations are 5% of the strain rate at T=To. For spinel abundance ing effect ceases due to spinel coarsening. (b) Cartoon showing 
less than a critical value •,, stri:ngthening occurs and the system broadening of the seismogenic zone with depth due to internal 
is stable. However, for • > •½, the material weakens with shear. slab deformation and inhomogeneities in the boundary between 
For the parameters of Figure 3b: •½ is 4.8%. The degree of weak- partial and complete transformation. 



clear given that we consider only one subduction zone and ther- 
mal model and since observed differences in focal mechanisms 

for the upper and lower zones in Tonga are not explained in the 
context of our model. Also, limitations of the constitutive model 

and uncertainties associated with thermo-kinetic parameters make 
boundary positions somewhat uncertain. Nevertheless, the exis- 
tence of an inner boundary of the seismogenic zone defined by •c 
and the limited extent of the seismogenic region within the me- 
tastable wedge are generic features and would persist for a'wide 
range of slab thermal states and constitutive parameters. 

The narrowness of the predicted seismogenic region appears to 
contradict observations from recent deep earthquakes [e.g., Silver 
et al., 1995; Stein, 1995.]. Estimated source dimensions and af- 
tershock distributions of these events exceed estimates of the 

metastable wedge width (although we note that such estimates are 
also subject to uncertainties in thermo-kinetic parameters). How- 
ever, our calculations only address nucleation of instability for 
small strain rates within an initially-homogeneous material. 
Shear heating and other factors are likely to be important during 
dynamic rupture propagation. In this case, rupture propagation 
out of the seismogenic zone is not unexpected. Moment release 
in such regions requires only access to stored elastic energy and 
the existence of a region of conditional stability. This does not 
pose a serious problem for propagation within the metastable 
wedge, but as pointed out by Silver et al., [ 1995] large propaga- 
tion distan.ces within a fully transformed region may require ad- 
ditional mechanisms. Silver et al. [1995] suggest reactivation of 
preserved zones of weakness to explain large source dimensions, 
however, this does not address rupture nucleation. The main 
problem in estimating the potential propagation distance out of 
the metastable wedge appears to be access to stored elastic en- 
ergy, since several factors may smear the boundary between par- 
tially- and fully-transformed material. Such factors include com- 
positional heterogeneity, preserved zones of weakness, hetero- 
geneities due to variations in thermal and transport properties, 
and broadening of the transforming zone via deformation. 

Figure 4b shows a cartoon of a broadened zane of transforma- 
tion with increasing depth. Such broadening is suggested by the 
narrow depth interval of deformation (Figure 2b), which for fast 
subduction velocity implies nearly adiabatic deformation 
(excepting the latent heat release). This is equivalent to broad- 
ening the isotherms without significantly reducing the region of 
metastable elivine [e.g., Stein, 1995]. This supports previous 
suggestions el • slab thickening [cf. Green and Houston, 1995' 
Kirby et al. 1996; Karate, 1997] and is consistent with seis•nic 
tomegraphic.studies indicating slab thickening and distortion in 
the transition zone [e.g., van der Hiist, 1995]. However, buoy- 
ancy considerations limit thickening of the roetastable wedge and 
it is important to quantitatively assess such thickening in a model 
that integrates thermal effects with slab stresses and de,ormation. 

Conclusions 

We use a model for coupled transformation and deformation 
to study the onset of shear instability and delineate the seis- 
mogenic zone in a subducting slab. The model represents a first 
attempt to construct a realistic constitutive law that can be cou- 
pled with a description of continuum'interactions for quantitative 
study of deep earthquake nucleation. We find a transition from 
stable to potentially unstable behavior above a critical spinel 
abundance •c. Our model seismogenic zone is bounded by •, and 
a maximum spinel grain size and consists of a narrow region at 
the outer edge of the metastable wedge. A .zone of conditional 
stability is expected to surround this region, such that rupture 
may propagate outside the nucleation region or be triggered there 
by sufficiently large perturbations. Several simplifying assump- 

tiens are required due to lack of thermo-kinetic data and incom- 
plete knowledge of constituent mineralogy and rheology and 
these should be addressed in future models. 
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