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Intracrystalline Transformation of Olivine to
Wadsleyite and Ringwoodite Under
Subduction Zone Conditions

Ljuba Kerschhofer, Thomas G. Sharp, David C. Rubie

Experiments on Mg, gFe, ,SiO, olivine at 18 to 20 gigapascals and 1000° to 1400°C
show that transformation to the high-pressure polymorphs wadsleyite and ringwoodite
involves two competing nucleation mechanisms when the grain size of the olivine is large:
(i) incoherent nucleation on olivine grain boundaries and (i) coherent intracrystalline
nucleation of ringwoodite lamellae on shear-induced stacking faults in olivine on the (100)
planes, followed by the nucleation of wadsleyite on the ringwoodite. The large amount
of intracrystalline transformation, which occurs under low differential stress under the
pressure and temperature conditions of the mantle transition zone, suggests that shear-
induced intracrystalline transformation of olivine to wadsleyite and ringwoodite is im-

portant in subducting slabs.

The polymorphic phase transformation of
olivine (o phase) to its high-pressure poly-
morphs wadsleyite (B phase) and ringwood-
ite (y phase) is likely to be kinetically in-
hibited in subduction zones because of low
temperatures (1, 2). As a consequence, oli-
vine would persist metastably within a
wedge-shaped region to depths below 400
km, where the equilibrium breakdown of
olivine is expected to occur. A wedge of
metastable olivine in subducting slabs may
be important for the dynamics of subduc-
tion in view of its potential effects on the
buoyancy forces and on the rheology and
state of stress within the slab (2-4). Fur-
thermore, the development of a shear insta-
bility through the rapid transformation of
metastable olivine has been proposed as the
cause of deep-focus earthquakes (2, 4-7).
To test the metastable olivine hypoth-
esis, we must understand the mechanisms
and kinetics of the a-fB-y transformations.
Investigations on natural ringwoodite and
wadsleyite in meteorites (8, 9) as well as
experimental studies at high pressure have
been carried out to elucidate the nature of
these transitions. Most experiments have
been performed on analog compositions
such as Mg,GeQ,, Ni,SiO,, Fe,SiO,,
Mg,SiO,, and Co,SiO, (10-16). These
studies indicate that the a-to-y transfor-
mation can occur either by incoherent
grain boundary nucleation and interface-
controlled growth (17), when differential
stresses are low and the pressure is fairly
close to equilibrium (10, 11, 13, 16), or by
an intracrystalline mechanism that is pre-
sumed to involve shear (10-12, 14, 15,
18). It was predicted theoretically (19)
that the latter mechanism involves the
migration of partial dislocations of the
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type 1/12[013] and 1/12[013], which cre-
ates stacking faults in the (100) plane of
olivine. The shear is accompanied by the
coordinated movement of the cations in
the faulted structure, which results in a
layer of y-phase structure in the olivine
(19). Theoretically, the transformations
from a to vy and a to B by means of a
hypothetical intermediate phase &* are
possible by such a “martensitic-like” or
shear mechanism (8). In contrast to grain
boundary nucleation, the shear mecha-
nism has only been observed to occur
experimentally when the differential stress
is high (0, — 03 = 1 GPa) or when the
pressure overstep of equilibrium condi-
tions is large (for example, AP = 8 GPa)
(10-12, 18). Because differential stresses
and pressure oversteps of the above mag-
nitudes are probably unrealistic for sub-
duction zones, kinetic models of the a-B-y
transformations in subducting slabs have
been based mainly on the incoherent grain
boundary nucleation mechanism (I, 2).
We show here that the transformation can
be initiated by a shear mechanism with
subsequent intracrystalline nucleation and
growth of the y phase or 3 phase occurring
on stacking faults in olivine under condi-
tions of pressure, temperature, and stress
appropriate for subduction zones.

We  performed  experiments  on
Mg, gFey,Si0, San Carlos olivine using a
1200—metric ton multianvil press (20). The
samples consisted of an oriented single crys-
tal (500 pwm by 600 pm by 700 pwm) that was
embedded in a fine-grained (10 to 20 pum)
matrix of San Carlos olivine powder plus 4
weight % San Carlos enstatite (21). The
pressure-temperature-time (P-T-t) paths of
all experiments in relation to the a-B-y
equilibrium phase boundaries (22) are
shown in Fig. 1. We commenced each ex-
periment by hot-pressing the sample in the
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olivine stability field (1200°C, 11 GPa, 3
hours) to produce an equilibrated micro-
structure with low dislocation densities in
the initially powdered material (23). After
hot-pressing, we changed the P-T condi-
tions to initiate transformation to the high-
pressure phases. During this transformation
stage, the samples were reacted at various
P-T conditions, nominally in the y-stability
field (Fig. 1). After quenching and decom-
pression, the samples were prepared for ex-
amination by optical and transmission elec-
tron microscopy (TEM).

Optical and TEM observations show
that the B phase or y phase nucleated in-
coherently on olivine grain boundaries in
all samples reacted at =1000°C (Table 1)
(24, 25). All reacted single crystals (except
Ol 31) are surrounded by sharply defined
reaction rims, up to 22 wm wide, consisting
largely of B-phase grains in random orien-
tations that nucleated incoherently (Fig. 2,
A and B). The widths of the reaction rims,
measured as a function of time, show that
the growth rate at 1100°C and 18 GPa
decreases with time and that growth may
eventually stop (samples Ol 32, Ol 22, Ol
24). The reason for the decreasing growth
rates is not yet clear but has potentially
important implications for competing trans-
formation mechanisms. The fine-grained
olivine matrix also transformed by incoher-
ent grain boundary nucleation and growth,
thus resulting in a fine-grained mixture of
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Fig. 1. Phase diagram for Mg, gFe, ,SiO, show-
ing the stability fields of olivine («), the B phase (B),
and the y phase (y) [after (22)]. In addition to the
equilibrium boundaries (solid lines), the calculated
metastable a-y boundary (28) is shown (dotted
line). The dashed arrows indicate the P-T-t paths
for our experiments. Numbers refer to the dura-
tions of each stage (in minutes). After hot pressing,
we reduced the temperature to 600°C to avoid
transforming the sample during the subsequent
pressurization to 18 to 20 GPa. Heating to the final
temperature was relatively rapid (about 2 min),
thus making it possible to define the P-T-t condi-
tions at which the transformation began.
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the B and +y phases.

Optically visible, lens-shaped inclusions
consisting predominantly of the B phase are
present at intracrystalline sites in the react-
ed olivine single crystals. The planes of the
lenses are parallel to the (101) planes of the
olivine crystal (Fig. 2). In addition to these
large lenses, TEM observations showed that
thin plate-like lamellae of the y phase, ori-
ented parallel to (100),_, are present within
the olivine crystals (Fig. 3A). These lamel-
lae range from ten to several tens of nano-
meters wide and from tens of nanometers up
to several micrometers long. The y-phase
lamellae have a crystallographic orientation
relation to olivine in which the close-
packed planes (100),, and {111}, are parallel
and the directions [001], and (110}, are
collinear (Fig. 3A).

We investigated the morphology of the
v-phase lamellae and the a-vy interface at
the nanometer scale using high-resolution
(HR) TEM. We observed planar defects in
the (100), plane that commonly occur in
pairs, separated by only one or two unit
cells of olivine (Fig. 3B). Diffraction con-
trast imaging reveals that these planar de-
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Fig. 2. (A) Optical micrograph (crossed Nicol
prisms) of a reacted olivine single crystal (Ol 26)
viewed along the c direction, showing a reaction
rim (20 wm wide) around the crystal (arrowheads).
Many lenses consisting predominantly of the g
phase are visible within the crystal. (B) Magnified
view of a detail of (A) showing the intracrystalline
lenses.
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fects are terminated by partial dislocations
and are therefore stacking faults in the
(100),, plane. Many ~y-phase lamellae are
associated with such stacking faults, with
the faults extending beyond the ends of
the lamellae, whereas other lamellae are
apparently not associated with stacking
faults (Fig. 3B).

Lamellae of the vy phase in olivine with
the orientation relation (100)_//{11 1}, have

been observed (10-12, 14, 15, 18). On the
basis of this crystallographic relation, these
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authors concluded that the lamellae formed
by the shear mechanism predicted in (19).
Our observations of y-phase lamellae grow-
ing on stacking faults in olivine provide
additional evidence for such a mechanism.
However, a sample that has partially trans-
formed exclusively by a shear mechanism
should consist of unit-cell-scale lamellae
that grow in number as the transformation
progresses. In contrast, most y-phase lamel-
lae in our samples are tens of nanometers
wide, have rounded ends, and appear to be

Table 1. Pressure-temperature-time conditions of multianvil experiments and results (from optical
microscopy). RR, reaction rim (with width); IN, intracrystalline nucleation.

Run number P (GPa) T (°C) t (min) Results

Ol 31 18 600 30 a, low dislocation density
Ol 25 18 1000 300 a + RR (22 pm) + IN

Ol 32 18 1100 20 o+ RR (12 pm) + IN

0Ol 22 18 1100 60 a + RR (22 pm) + IN

Ol 24 18 1100 240 a + RR (22 pm) + IN

0Ol 30 18 1400 30 *

Ol 26 19 1100 60 a + RR (20 um) + IN

ol 27 20 1100 60 a + RR (12 um) + IN

*100% transformation with textures suggesting IN.

Fig. 3. (A) Bright-field TEM image of olivine containing y-phase lamellae (gam) oriented parallel to the
(100) plane of olivine. (Inset) Electron diffraction pattern of the olivine [001] (o) and y-phase (110) (y) zone
axes showing the crystallographic orientation relation [100]*, /(11 1)*7‘ (B) HRTEM image of a pair of
stacking faults (sf) extending out of a twinned y-phase lamella with the two halves of a twinned lamella
growing along the two faults. The arrows indicate the crystallographic orientation of the olivine (ol). (C)
HRTEM image of a twinned y-phase lamella as indicated by the symmetric arrangement of {110}
stacking faults (arrowheads) on either side of the lamella. (D) Bright-field image of an incoherent B-phase
lens (beta) oriented along the b direction of olivine. The two dark areas at the tips of this lens consist of
the -y phase, showing the same orientation relation with olivine as in (A). Two narrow y-phase lamellae

are also visible.
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structurally distinct from the stacking faults
(Fig. 3B). In addition, we observed steps
that are one or two olivine unit cells in
height along a-y interfaces (Fig. 3C). Many
of the y-phase lamellae are twinned with a
coherent twinning plane {111}, that is par-
allel to (100),, (Fig. 3C).

These observations indicate that the
transformation occurs in two stages. The
first stage involves a shear mechanism, sim-
ilar to that proposed in (19), which produc-
es stacking faults in the olivine. The second
stage involves the coherent nucleation and
growth of the y phase on these stacking
faults. Indications of the growth process
include the rounded ends of the lamellae
(as opposed to layers of faulted material),
steps on the a-y interfaces, and the numer-
ous stacking faults in the {110}, planes,
which are probably growth features (Fig.
3C). Two v grains that nucleate and grow
on both sides of a fault or on a pair of
closely spaced stacking faults, which may
have opposite shear directions (Fig. 3B),
result in a twinned lamella (Fig. 3C). An-
alytical TEM shows that the chemical com-
positions of the a phase and y phase are the
same within analytical error, which suggests
that the growth of the y-phase lamellae is
interface-controlled.

TEM observations show that the B
phase occurs in contact with the vy phase
(Fig. 3D), suggesting that the B-phase
grains nucleate on previously formed
vy-phase grains and are precursors to the
larger, optically visible lenses (Fig. 2A).
We observed no crystallographic relation
between the B and a phases in our sam-
ples. This is not surprising because numer-
ical calculations indicate that coherent
intracrystalline nucleation of the B phase
in olivine is unlikely because of the large
elastic strain energy involved (26). The
intracrystalline formation of incoherent
lenses of wadsleyite in our olivine single
crystals is similar to the coarsening of
v-Mg,GeQ, lamellae (5), although the B
structure does not exist in the Mg,GeO,
system.

We have used the dislocation density of
an olivine single crystal (Ol 31), which was
annealed at 18 GPa and 600°C without
transforming, to estimate the differential
stress under our experimental conditions.
On the basis of the dislocation density ver-
sus stress calibration of (27), the observed
dislocation density of 107 cm™2 indicates
that the differential stress in our samples
was ~30 MPa. This result demonstrates
that high differential stresses are not neces-
sary for a shear mechanism to be activated
in natural olivine, as was also concluded for
Mg,GeO, (12).-On the other hand, a large
pressure overstep may be necessary, as sug-

gested by the Mg,GeO, study in which

a-to-y shear transformation occurred at a
pressure overstep of 8 to 14 GPa (12). Our
experimental conditions overstep the meta-
stable a-y phase boundary by 4 to 6 GPa
(Fig. 1), which is realistic for subduction
zones.

Qur results indicate that intracrystal-
line and grain boundary transformation
mechanisms are competing processes and
that intracrystalline transformation domi-
nates in the large crystals after a certain
reaction time. Investigations of the fine-
grained olivine after partial transforma-
tion showed no evidence of intracrystal-
line nucleation, probably because incoher-
ent nucleation and growth on grain
boundaries is fast enough to consume the
small grains before intracrystalline trans-
formation dominates. Even if intracrystal-
line nucleation rates are much slower than
grain boundary nucleation rates, the over-
all transformation by an intracrystalline
mechanism can dominate if growth rates
are slow (26). This is so because intracrys-
talline nuclei can be closely spaced within
olivine grains. In contrast, in the grain
boundary nucleation mechanism, nuclei
are located on relatively widely spaced
grain boundaries. In the intracrystalline
nucleation case, the growth distances re-
quired for complete transformation are
much smaller than in the grain boundary
nucleation case, and the transformation
kinetics will therefore be very different
(26). Intracrystalline transformation will
be particularly important when the grain
size of the olivine starting material is large,
as is likely to be the case in subducting
lithosphere. Current thermokinetic mod-
els of the a-B-vy transformations (I, 2),
which are based only on the incoherent
grain boundary nucleation mechanism,
may therefore be inadequate for predicting
the depth of olivine metastability in sub-
duction zones.
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