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The fate of olivine in subducting slabs: A reconnaissance study
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Anstucr

To explore the transformation behavior of metastable olivine at large overpressures
equivalent to 500-670 km depth, a reconnaissance study using MgrGeOo olivine at pres-

sures up to 16 GPa was conducted. Optical microscopy and transmission electron mi-

croscopy of the specimens were used to observe the behavior of both the reconstructive

and martensiticlike transformation mechanisms. The experiments revealed that the ki-

netics of the thermally activated reconstructive transforrnation are insensitive to pressure;

comparison with previous growth rate measurements made at l-2 GPa lead to an estimate

of the activation volume for growth of V* -- 0 + 2 cm3/mol. In contrast, the martensitic-
like mechanism becomes more important at high pressure, producing optically visible

features in MgrGeOo olivine by 9 GPa. Similar conditions would be experienced by natural

olivine that has metastably persisted in cold subducting slabs to the bottom of the tran-

sition zone, these observations suggest that the conversion ofnatural olivine to its spinel

structure by the martensiticJike mechanism could become significant in that environment.

This conversion would provide a uniform final cut-offdepth for earthquakes caused by

transformational faulting independent of slab thermal structure.

INtnooucrroN

There is both experimental (Sung and Burns, 1976;
Sung, 1979; Burnley and Green, 1989; Green and Burn-
ley, 1989; Rubie et al., 1990; Burnley et al., 1991, 1995;
Wu et al.. 1993: Rubie and Ross, 1994) and seismic
(Iidaka and Suetsugu,1992) evidence to suggest that ol-
ivine, the primary constituent of the upper mantle, may
persist metastably within cold subducting lithospheric
slabs to great depths. Transformation to the spinel-struc-
ture polymorph (7) proceeds by a thermally activated re-
constructive mechanism over a large range of depths when
the temperature becomes sufficiently high (Sung and
Burns, 1976; Green and Burnley, 1989; Kirby et al., 199 l;
Rubie and Ross, 1994). Therefore, knowledge of the ef-
fect of pressure on transformation rate is important for
extrapolating measured transformation kinetics to the en-
vironment in subducting slabs. Unfortunately, recon-
structive transformation kinetics generally have been
studied over only a narrow pressure range relatively close
to the equilibrium phase boundary for any given olivine
composition (Burnley, 1990; Rubie et al., 1990). Ungas-
keted diamond-anvil cell (DAC) experiments often cover
the entire range of transformation zone pressures within
a single sample (Sung, 1979; Wu et al., 1993; Burnley et
al-, 1995), but the extreme levels of shear stress and plas-
tic strain as well as small sample size make interpretation
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difficult and the measurement of hydrostatic transfor-

mation kinetics impossible. Because martensitic-like (ML)

transformation had never been observed to produce more

than nanoscale transformation (<<0.10/o), no study of the

kinetics of this mechanism had ever been conducted.

To study transformation kinetics over a wide range of
pressures far from equilibrium, reconnaissance experi-
ments were conducted using MgrGeOo, which has both
an olivine (a) and a spinel (7) structure. Although it is

commonly done, it is not strictly correct to refer to these
phases as "olivine" and "spinel" because these are min-
eral names. In this paper the designations d and ? are

used to refer to the olivine and spinel-structure phases

for all chemistries other than the natural silicate. The
gernanate olivine analog (a) is ideal for studying trans-
formation kinetics as a function of pressure because (l)

the transformation kinetics have been well characterized
near the equilibrium phase boundary, and quantitative

measurements of grain gowth rates have been made un-
der those conditions (Burnley, 1990), and (2) conditions
ranging across the entire spinel-phase (r) field can be ac-
cessed for a relatively large sample size (-3 x 3 mm)
using the multi-anvil press. The sample size, which is
large relative to the grain size, allows petrographic obser-
vations to be made over large regions and permits differ-
entiation between behavior associated with sample edges
and that associated with the bulk. The absence of two-
phase fields and the intermediate B phase in this analog
are not a problem for a study ofthis type because below
approximately 400 km depth, the transition in the slab
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Fig. 1. (a) Photomicrograph of sample 1784 (9 Gpa, 990 "C,
l0 min). Fingers of "y form a rind growing on pt capsule wall
(extreme left). Small amounts of 7 are also present on a grain
boundaries (upper right). The 7 is black between crossed polars,
but where it overlaps with a the result is a reduction ofbirefrin-
gence. Small inclusions within a large a grain appear to be 7
grains nucleated on martensitic lamellae that cut the grain hor-
izontally and are most visible along the upper right side ofthe

grain (arrow). Scale bar is 50 pm. (b) Photomicrograph of 1792
(15.5 GPa, 1000'C, l0 min) in plane-polarized light. Most a
gains in specimen exhibit striations similar to those seen here.
Optical evidence of martensiticJike transformation has never
been seen before. Several grains in the specimen retrieved from
990'C and 9 GPa also contained these striations, but none were
observed in the sample that was pressurized to 16 GPa but was
not heated. Scale bar is 50 pm.

is isochemical and directly from olivine to 7 (Akaogi et
al.,19891. Kirby et al., l99l).

The experiments were conducted in the 2000 ton split-
sphere apparatus at the State University of New York at
Stony Brook using the 14 mm octahedral MgO cell as-
sembly with a graphite furnace (Gwanmesia and Lieber-
mann, 1992) and Kennametal K3l3 WC cubes with 8
mm truncations. The sintered MgrGeOo a polycrystals
had an average grain size ofabout 80 pm (Vaughan and
Coe, 1981) and were contained in folded platinum cap-
sules. Samples were pressunzed at room temperature over
a period ranging from 6 to l0 h and then heated to the
final temperature in l5 min. A pressure calibration curve
for the cell was constructed using the equilibria between
quartz-coesite (1600 .c), caGeo, (1000 "c), coesite-sti-
shovite (1200 and 2000.C) and a-B forsrerite (1200.C),
as well as the information that the A-y transition in for-
sterite could not be achieved using this cell (K. Leinen-
weber, personal communication). Temperature was ei-
ther (l) measured using a W3o/oRe vs. W25oloRe
thermocouple with the junction formed on the capsule

surface to ensure that the temperature measured was that
of the sample or (2) determined from the power con-
sumed by the furnace, which was calibrated in seven oth-
er experiments with identical furnace assemblies that
contained a thermocouple. The W-Re wires were cali-
brated at room pressure and yielded an estimate of the
total uncertainty associated with the use of the wire of
+5 "C. This, plus the observed temperature-control vari-
ations and an estimate of error resulting from tempera-
ture gradients are included in the given uncertainty. An
estimate of the effect of pressure on the electromotive
force (emf) is not included in the uncertainty. The ex-
periments were quenched by turning offthe power to the
furnace; the temperature returned to below 350.C within
I s. Decompression occurred overnight. Experimental
products were examined using a light microscope, an ISI-
SX30 scanning electron microscope (SEM) operating at
30 kV, and a JEOL 200-CX transmission electron micro-
scope (TEM) operating at 200 kV. SEM samples were
prepared by polishing and etching in HCI for one-half
hour and then sputter coating with Au. TEM specimens
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were thinned using a Gatan Ar ion mill and coated with
amorphous carbon.

Rnsur,rs
Three experiments were conducted. In the first, in which

there was no thermocouple, the sample was heated to 990
+ 60 "C at9 + 0.5 GPa for 600 s. It produced a 50-75
pm deep rind of 7 on the platinum capsule wall. Small
grains of r (-5 rrm) were also found on a grain bound-
aries. The ̂ y on the grain boundaries and on the platinum
wall exhibits typical reconstructive textures; forming fin-
gers that grow into the a from the grain margins (Fig. la).

The second experiment, which contained two ther-
mocouples, one on each end of the sample capsule, was
conducted at 15.5 + I GPa, and the sample was heated
for 600 s. The measured temperatures were 1000 + l0
qC and 948 + 12 "C. This sample contained 7 nucleated
on the capsule margin, along one side and across both
ends of the capsule adjacent to the thermocouples. The ^y

rind was 40 p,m deep along the hotter end of the sample
and20 pm deep along the colder end. Small'y grains were
also observed on d-a grain boundaries within 750 pm of
the sample edge. Nearly all the a grains within the spec-
imen contained very fine striations (Figs. lb and 2). Upon
further examination, several a grains within the 9 GPa
experiment were also found to contain small regions with
striations (see arrow in Fig. la). TEM shows that these
striations are ML lamellae of 7 (Fig. 3a). The selected-
area diffraction pattern (Fig. 3b) confirms the presence of
7 within the lamellae and contains the characteristic
streaking along (100)" seen in other studies (Lacam et al.,
1980; Boland and Liu, 1983; Burnley and Green, 1989;
Madon et al., 1989). From the TEM images it appears
that as much as l0o/o of individual a grains transformed
to 7 by the ML mechanism. In TEM images, lamellae are
typically observed to be 14 nm wide but can be as large
as 120 nm wide. SEM images reveal some grain-to-grain
variation in lamellar width; lamellae as wide as 280 nm
were identified. Lamellae can span entire grains but some
are only a few micrometers long.

In the third experiment, a sample was pressurized to
15.5 + 1 GPa but not heated, remaining at 22 + 5 "C.
No ? was observed in this specimen, and no striations
were visible.

DrscussroN
Transformation kinetics are thought to be governed by

the rates at which two phenomena occur: nucleation and
growth. These experiments provide information about
how pressure affects the rates of both of these processes
for the reconstructive transformation. In addition, new
insight was gained into the operation of the ML mecha-
nism and its geologic importance.

Reconstructive kinetics

Growth rates for MgrGeOo 7 growing in a have been
well characteized at pressures close to the equilibrium
boundary (Burnley, 1990). These growth rates can be

Fig. 2. Scanning electron micrograph of polished and etched
surface of sample 1792 (15.5 GPa, 1000'C). The a etches more
rapidly than 7, leaving 7 standing in relief. The three-dimen-
sional nature of the lamellae can be seen because individual
lamellae are exposed on both the polished surface and the inner
surfaces of cracks. Large cracks contain some epoxy (smooth'
slightly darker material). Scale bar is 2 pm.

compared with those estimated from the l6 GPa exper-
iment in which temperature was measured and an esti-
mate ofthe pressure dependence ofthe activation energy
(lft) canbe obtained. Grain-boundary velocities have been
determined at I and 2 GPa by measuring the sizes of
isolated, reconstructively coarsened, martensitically nu-
cleated grains (Table l) (Burnley, 1990). In the 16 GPa
experiment nucleation times for 7 grains are not known.
However, Burnley (1990) found that the depth of rinds
observed on the platinum capsules at I and 2 GPa were
consistent with instantaneous nucleation on the platinum
wall. Therefore, if it is assumed that nucleation was in-
stantaneous on the platinum surface and that all the
thickness of the rind can be attributed to growth of 7
grains from the platinum capsule into the a, then an es-
timate of the gowth rate can be obtained. The first as-
sumption is the most difficult to justifu and will be dis-
cussed later. The second assumption should lead to only
a small overestimate of growth rates because (l) nuclei
should be well under a micrometer in size, and (2) the
rinds are only a few grains deep, and each grain appears
to have nucleated on the surface ofthe t-a interface and
grown into the a. The critical nucleus varies inversely
with the free energy released by transformation (Chris-
tian, 197 5). Grains well under a half micrometer in size
have been observed by the author under conditions close
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TleLe 1, Growth rate data

Sample. P (GPa) r(K) t x  10  r (m /s )

G1312
GL3O7
GL3O7
G1299
G1313
G1313
GL326
G1326
1792
1792

1 .09
1 .45
1 .45
1 . 1 9
1 .89
1.89
1.92
1.92

15 .5
15 .5

1181 (14 )
1204(10)
1172(11)
1210 (1  1 )
1 205(1 4)
1  171 (10 )
1 284(1 5)
1 299(1 1 )
1273(1O)
1221(12)

3.23(0.6)
5.67(0.6)
2.83(0.3)
4.37(0.9)
5.95(1.2)
1.s9(0.3)

30.s(6.2)
66.7(13)
66.6(13)
33.3(6.7)
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Fig. 3. (a) Transmission electron micrograph of 7 lamellae
in c (sample 1792, 15.5 GPa, 1000'C, 10 min). Strain contrasr
because of misfit between a and 7 lattices can be seen along the
edges of the lamellae. Scale bar is 0.25 pm. (b) Selected-area
ditrraction pattern (taken from region shown in a) showing su-
perposition of [001] a zone and [Tl0] "r, zone. This orientation
relationship between ,y lamellae and their a host has been pre-
dicted (Poirier, I 98 1) and previously observed (Boland and Liu,
1983; Burnley and Green, 1989; Madon et al., 1989). Key shows
indexing ofpatterns and the location ofextra spots, which result
from either double diffraction or twinning in the "y (Brearley and
Burnley, in preparation).

. Sample names beginning with GL are from Burnley (1990).

to the equilibrium boundary where the free energy release
is considerably smaller. Therefore, neglecting the volume
resulting from nucleation contributes only a small amount
to the uncertainty.

In the 16 GPa experiment two thermocouples were
present, one at either end of the sample capsule; the tem-
peratures varied by 50 "C. The depth of the rind was
measured at each end. Growth rates derived from these
measurements (Table l) are plotted along with data gath-
ered at l-2 GPa by Burnley (1990). The equation that
describes interface-controlled growth is written as

ln . t : lnKo+ln . *# .#
' /acYl+h l  r
, 

_._n\nr/J

where J is the rate at which the boundary between the
phases advances, Ko is a constant, -Fl* is activation en-
thalpy, la is activation volume, AG is the free-energy
diference between the two phases, R is the gas constant,
and P and Z are pressure and temperature, respectively.
The free energy change for each pressure-temperature
condition, under which data were gathered, was estimat-
ed using thermodynamic data given in Ross and Navrot-
sky (1987). Best-fit values for 14,ln Ko, and 11* were
determined using a nonlinear least-squares fit using a
Levenberg-Marquardt algorithm. Several fits were made,
and values for the fit parameters are given in Table 2.
The numerical fitting process was not particularly well
conditioned, showing some degree of linear dependence.
However, the solutions are consistent with a by-eye fit
and exhibit the basic features that are obvious from Fig-
ure 4: The pressure dependence must be quite small to
fit the entire data set. Fitting the entire data set yielded a
surface that did not fit the I and 2 GPa data as well as
fits that broke the data into two sections. The fit for the
1-2 GPa data yielded a V* of 9 + 3 cm3/mol, whereas
the fit to the 2 and 16 GPa data yielded a la of -0.2 +
0.2 cm3/mol. Therefore, the poor fit yielded for the whole
data set may be due to forcing Ift to be constant with
pressure. The fit to the l-2 GPa data shows a high degree
of linear dependence, indicating that the model is over
parameterized; this is because of the small spread in pres-
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TABLE 2. Modeling results

Nofe.' The asymptotic standard error is given in parentheses.

sure ofthe data points. Therefore, although the value of
9 cm3lmol for l* is consistent with the value obtained
by others at these pressures (Rubie and Ross, 1994), this
value for 7a should be used with caution. Another pos-
sible difficulty with treatingthe 1-2 and the l6 GPa data
as a single data set is that different types of thermocouples
were used in the experiments and the effect of pressure
on emf was not taken into account. Although it is thought
to be small, the effect of pressure on the W3o/oRe vs.
W250loRe thermocouples is not known. To test for the
efect of a relative shift in temperature scales between the
two experimental data sets, fits were made to a data set
in which the temperature of the 16 GPa data was shifted
100" up and down. These fits yielded 7a values of - I .9
+ 0.3 and 1.7 ! 0.2, respectively. These values differ
from those obtained by assuming an uncertainty of a 100.
for these data in that the temperatures for the two 16
GPa data points are shifted together. One of the reasons
that such large offsets in temperature do not yield a more
dramatic difference in the fit parameters is that the slope
defined by the high-pressure data points remains the same.
Figure 4 shows a combination of model surfaces. Below
2 GPa fit parameters for the low-pressure data are used.
Above 2 GPa the fit made using the 2 and 16 GPa data
is plotted. The surface at2 GPa is identical for both mod-
els. The intersection of the model surface with I 6 GPa is
also shown for the models fit for the temperature-shifted
data. Taking into account the uncertainty associated with
the assumptions discussed above, the best estimate of la
is 0 + 2 cm3lmol. If nucleation on the platinum margin
is not instantaneous then the growth rates in the 16 GPa
experiment are underestimates (by an amount that is a
function of the incubation period). This would have the
effect of forcing Ift to become negative.

The information about nucleation rates gained from
these experiments is more qualitative, but it is also con-
sistent with a pressure insensitivity. Typically in hydro-
static experiments conducted closer to the equilibrium
phase boundary, ,y begins to nucleate and grow on the
platinum capsule-sample interface first and only later on
interior a-a grain boundaries (Rubie and Champness,
1987; Burnley, 1990). This growth pattern was also ob-
served in the experiments described here. These obser-
vations argue that the process ofnucleating 7 in a is not
dramatically affected by pressure once the immediate vi-
cinity of the equilibrium boundary is exceeded. This is
in agreement with the prediction of the theory of hetero-
geneous nucleation if la is small.
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Fig. 4. Natural log of grain growth data plotted vs. 1/2. Solid
symbols are for data collected between I and 2 GPa from Burn-
ley (1990). Open squares are for growth rates estimated from 16
GPa experirnent. Dashed lines represent position offit surfaces
at l, 1.5, 2, and 16 GPa. Position of fit surface at 16 GPa for
temperature-shifted data are shown with dot-dashed lines. The
1 and I .5 GPa lines are for fit surfaces at l-2 GPa data. The I 6
GPa line is for fit surface at 2 afi, 16 GPa data. Fit surface at 2
GPa data is identical for both models. Fit parameters are given
in Table 2.

This insensitivity of reconstructive transformation ki-
netics to changes in pressure is consistent with patterns
observed in DAC experiments (Sung, 1979; Burnley et
al., 1995). Thus, it is reasonable to estimate transforma-
tion rates throughout the subducting slab on the basis of
kinetics laws derived from transformation experiments
made over a limited range of pressures.

Martensitic-like kinetics

Poirier (l 98 l) proposed that the O lattice ofthe 7 phase
can form coherently from a by the propagation ofpartial
dislocations on the (100) plane of a. The cations must
reach their positions by synchroshear, or, alternatively,
they may remain in their a configurations and become
ordered in the ,y-structure sites only after short-range dif-
fusion (Wu et al., 1993', Furnish and Bassett, 1983). This
mechanism is referred to as martensitic-like (ML) be-
cause it is unlike true martensitic transformation in which
all the atoms reach their sites by means of the same crys-
tallographic operation. Microstructural evidence that in-
dicates the operation of the mechanism includes narrow
lamellae of the 7 phase lying parallel to (100) in a with
the topotactic relationship (100)a parallel to (l I l)7, [001]a
parallel to [Tl0]r. In previous studies, ML transforma-
tion had never been observed to produce optically visible
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3.0(0.3) x 105 -0.1(0.2)
3.3{0.3) x 10s 9(3)
3.5(0.3) x 105 -O.2lO.2l
3.1(0.3) x 105 1.7(0.3)
2.9(0.4) x 10s -1.9(0.3)

In ,6

All data
1-2 GPa data
2 and 16 GPa data
-10e shift
+10e shift

5(3)
s(3)
s(3)
6(3)
4(41



r298

quantities of the ,/ phase in a. Lamellae of the 7 phase
are typically no more than several unit cells thick (Burn-
ley and Green, 1989), and experimental observations have
always used TEM (Lacam et al., 1980; Boland and Liu,
1983; Burnley and Green, 1989; Burnley et al., 1995).
Even in DAC experiments it has been shown that recon-
structive transformation accounts for much or all of the
optically observable 7 (Sung, 1979; Burnley et al., 1995).
The question is, why is the extent of transformation by
the ML mechanism so much larger in these experiments?
The amount of transformation achieved by any mecha-
nism depends to a varying extent upon the pressure, tem-
perature, time, and differential stress as well as the mi-
crostructure of the starting material. Evidently, these
experiments were conducted under conditions that had
not been tested before.

Temperature. The observation that large lamellae did
not form in the room temperature experiment indicates
that thermal activation plays a role in ML kinetics. This
is not surprising because the cations must move to new
sites during or after shearing ofthe anion lattice; the glide
of dislocations is also known to be thermally activated
(Poirier, 1991). The lamellae could have formed during
heating, therefore the exact temperature required to form
them and details of the effect of temperature on ML ki-
netics need to be determined by further study.

Differential stress. In contrast to previous work, the
ML lamellae in this study did not form in association
with high differential stresses. At low pressure (l-2 GPa)
approximately I GPa of differential stress is required to
form 7-phase lamellae (Burnley, 1990). However, even
in samples from ungasketed DAC experiments in which
stress levels are very high, lamellae remain small (Burnley
et al., 1995). The level of differential stress in the multi-
anvil experiments presented here is unknown but may be
as high as I GPa at room temperature (Liebermann and
Wang, 1992). The stress within the cell decays as the
assembly is heated and the MgO confining media relaxes.
Therefore, the reconstructive growth observed in the ex-
periments probably occurred when differential stress lev-
els were quite low; this is confirmed by the lack of 7-phase
lenses that invariably form when modest differential
stresses are present (e.g., Burnley et al., I 99 l, I 995). TEM
reveals relatively little deformation and very few dislo-
cations in the host a, in marked contrast to other samples
containing ML lamellae such as those from DAC exper-
iments and the samples of Burnley and Green (1989),
which contained high dislocation densities. Thus, al-
though the stress associated with the formation of the
lamellae cannot be exactly determined, we do know that
the ML lamellae were produced under conditions where
the yield strength ofthe a was not exceeded.

Sample microstructure. A significant difference be-
tween the samples examined in this study and other sam-
ples that contain ML lamellae is that the samples from
this study are not significantly deformed. The transfor-
mation mechanism depends upon the glide of partial dis-
locations on the (100) plane of a. If these partial dislo-
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cations become hung up on other dislocations or subgrain
boundaries, the lamellae may not be able to propagate
across the entire crystal or grow more than one or two
unit cells in thickness. Although other studies conducted
under supposedly hydrostatic conditions started with un-
deformed materials, it is likely that the amount of plastic
strain induced into samples to bring them to similar con-
ditions is sufficient to make operation ofthe mechanism
impossible. For example, in multi-anvil experiments, the
sample assemblies required to reach silicate perovskite
stabil ity produce shock microstructures in the
(Mg,Fe)rSiOo olivine (a) during pressurization (Y. Wang,
personal communication).

Pressure. The observation that more ML lamellae
formed at 16 GPa than at 9 GPa suggests that increased
pressure facilitates this transformation mechanism. The
effect of pressure on ML transformation kinetics is two-
fold. First and foremost, it increases the free energy avail-
able to drive the transformation. Second, increasing pres-
sure decreases the strain energy required to create ML
lamellae. Because the lamellar interface is coherent, the
strain energy owing to the lattice misfit between a and "y
is a significant liability for the ML mechanism. However,
a is more compressible than 7 and becomes denser more
rapidly with increasing pressure. Using the elastic moduli
of MgrGeOo a and 7 (Weidner and Hamaya, 1983), one
predicts that although the ratio of the c axes remains ap-
proximately the same, the b axis of a becomes shorter
than its parallel direction in 7 at pressures > 12 GPa
Although this calculation is an approximation because of
the lack of known pressure derivatives of the moduli for
MgrGeOo a, it illustrates that the strain energy created by
the formation of the lamellae should decrease with pres-
sure. Combined with the increase in free energy driving
the transformation, the decrease in strain energy should
make ML transformation energetically favorable at a high-
pressure overstep.

Although the experiments in this study do not dem-
onstrate that complete transformation by the ML mech-
anism is possible, the observations do not suggest oth-
erwise. The o remaining in between the lamellae does not
contain many dislocations or other microstructures that
might hinder further transformation. For metals, marten-
sitic transformation occurs upon cooling, and the amount
of martensitic transformation is often a function of tem-
perature (i.e, degree of undercooling) rather than time. By
analogy, as suggested by Rubie (1993), the amount of ML
transformation in mineral systems in which volume
change drives the transition should be a function ofpres-
sure rather than time. Therefore, it is reasonable to pro-
pose that higher degrees of transformation would have
been achieved in the experiments ifthe pressure had ex-
ceeded 16 GPa. Figure 5 shows a schematic kinetic map
to illustrate this concept. It is drawn for undeformed
MgrGeOo under hydrostatic conditions and shows the lo-
cation of the reconnaissance experiments for reference.
ML start and finish curves are drawn as largely pressure
dependent with some temperature dependence at very
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low temperature, as indicated by the results from the re-
connaissance experiments. The kinetic onset for recon-
structive transformation to 7 is shown as pressure inde-
pendent except close to the equil ibrium boundary,
consistent with the observations of others (Sung, 1979;
Rubie and Ross, 1994; Burnley et al., 1995) and those
above. The kinetic onset of transformation to rock salt +
ilmenite structure phases and the amorphization of a at
high pressure and very low temperature are speculative
but shown for completeness.

Application to natural compositions and the mantle

MgrGeOo is an analog system that has proved very
useful for understanding certain aspects of the behavior
of natural compositions of olivine (a) and its spinel-struc-
ture phase (7). The 7 phase was first discovered in the
germanate analog. MgrGeOo participates in a continuous
solid solution with MgrSiOo (Dachille and Roy, 1960;
Ringwood, 1956) and difers only slightly in optical and
physical properties; its elastic behavior is also very sim-
ilar (Weidner and Hamaya, 1983). Transformation fault-
ing and the development of anticracks were first observed
in MgrGeOo (Green and Burnley, 1989; Burnley et al.,
l99l) and then confirmed in (Mg,Fe)rSiOo (Green et al.,
1990). However, the values of thermodynamic parame-
ters and the position ofthe equilibrium boundary in pres-
sure-temperature space do not carry from one system to
the next, so observations made in the germanate system
cannot be directly applied to the natural system. The most
intuitively appealing and widely used method of trans-
ferring information from one system to another is to use
the relative position on the phase diagram as a guide. At
16 GPa conditions are very close to the high-pressure
decomposition reaction of MgrGeOo 7. Therefore, it is
reasonable to expect that ML transformation in metasta-
ble natural olivine would increase close to the pressure-
temperature conditions at which 7 breaks down to pe-
rovskite * magnesiowiistite, and that reconstructive
transformation rates would be relatively insensitive to
increases in pressure across the .y field. Another method
ofextrapolation is suggested by the hypothesis that strain
energy on the composition plane between a and l should
be minimized for ML transformation. The lattice spac-
ings as a function of pressure for natural olivine and its
7 phase have been estimated using compliances for
MgrSiOo olivine from Kumazawa and Anderson (1969),
first and second pressure derivatives estimated for
(Mgno,Fenr)SiO. (Webb, 1989), and a Birch-Murnaghan
equation of state for "y (Weidner et al., 1984; Rigden et
al., 1991). Similar to the germanate, the misfit between
the two lattices along the c direction of olivine remains
constant while the misfit along the D direction decreases
to zero at approximalely 23 GPa. The misfit along the a
direction reaches zero at 22 GPa. These pressures are in
the vicinity of the ^y decomposition reaction. In sum-
mary, the results from the MgrGeOo analog study suggest
that reconstructive transformation rates for metastable
natural olivine are pressure insensitive, and that at gteat

Rocksalt + Ilmenite

T

MgrGeOn
ct

fsmperature

Fig. 5. Schematic kinetic map for undeformed MgrGeOn un-
der hydrostatic conditions. Location of reconnaissance experi-
ments shown as solid ovals. Solid lines M" and M, indicate ML
start and finish curves for a to'y. Dotted lines R indicate the
kinetic onset for reconstructive transformations a to'y and 7 to
rock salt + ilmenite structure phases. Equilibrium phase bound-
aries for a to ,y (Ross and Navrotsky, 1987) (solid line) and'y to
ilmenite + rock salt structure phases (Liu and Bassett, 1986)
(dashed line) also shown.

depths metastable olivine begins to convert to the 7 struc-
ture by the ML mechanism.

These observations have interesting implications for
the mantle. As discussed above, there is much evidence
(including that presented here) to suggest that olivine can
and does survive to the bottom ofthe transition zone in
the core of cold subducting slabs. Recent experiments
(Martinez et al., 1994) indicate that below 1000 K the
sluggishness of the reconstructive transformation mech-
anism continues to at least 26 GPa (in this case the prod-
uct phases should be perovskite * magnesiowiistite). If
the reconstructive mechanism were the only transfor-
mation mechanism operating there would be nothing to
stop olivine from being subducted into the lower mantle
if the slab penetrates beyond 670 km. However, a model
of subducting slabs could be constructed in which ML
transformation rates increase within the slab at the bot-
tom of the transition zone and complete what the recon-
structive mechanism failed to do. An implication of such
a model concerns deep earthquakes. It has been proposed
that deep earthquakes are caused by transformation fault-
ing (Kirby, 1987; Green and Burnley, 1989; Burnley et
al., l99l; Kirby et al., l99l), which operates by means
of reconstructive transformation (Burnley et al., l99l).
Martensitic-like transformation would then "turn off'
deep earthquakes when it eliminates the remaining oliv-
ine within the slab. Thus, deep earthquakes would not
occur below the depth at which ML transformation is
completed. This model would provide a uniform final
cut-off for deep earthquakes that is independent of the

2
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thermal structure ofeach subduction zone; this pattern is
observed in the Earth. One final note concerning deep
earthquakes. It has been proposed by several groups
(Meade and Jeanloz, 1989; Lomnitz-Adler, 1990) that
ML transformation could be the source of deep earth-
quakes. Although it now seems quite possible that ML
transformation can occur in the Earth, it is still not clear
how shear on the (100) planes of randomly oriented ol-
ivine grains could generate the large shear displacements
inferred from observed double couple source mecha-
n1sms.

CoNcr,usroNs

In conclusion, reconnaissance transformation experi-
ments on metastable MgrGeOo a at 9 and 16 GPa indi-
cate that reconstructive transformation rates are insen-
sitive to pressure (W : 0 + 2 cm3/mol) beyond the
vicinity of the equilibrium phase boundary, but that the
martensiticlike transformation rate increases at high
overpressures. By analogy it is suggested that the activa-
tion volume for transformation in natural olivine is sim-
ilarly low, and that direct conversion to the 7 phase by
the martensiticJike mechanism is possible at pressure
conditions equivalent to the bottom ofthe transition zone.
These observations have important consequences for
models of subducting slabs and indicate that further study
of the kinetics of martensitic-like transformation is war-
ranted.
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