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The Breakdown of Olivine to Perovskite
and Magnesiowstite

Yanbin Wang,* Isabelle Martinez,t Frangois Guyot,t
Robert C. Liebermann

San Carlos olivine crystals under laboratory conditions of 26 gigapascals and 973 to 1473
kelvin (conditions typical of subducted slabs at a depth of 720 kilometers) for periods of
a few minutes to 19 hours transformed to the phase assemblage of perovskite and
magnesiowstite in two stages: (i) the oxygen sublattice transformed into a cubic close-
packed lattice, forming a metastable spinelloid, and (i) at higher temperatures or longer
run durations, this spinelloid broke down to perovskite and magnesiowUstite by redis-
tributing silicon and magnesium while maintaining the general oxygen framework. The
breakdown was characterized by a blocking temperature of 1000 kelvin, below which
olivine remained metastable, and by rapid kinetics once the reaction was activated.

Lithospheric materials are brought into the
deep mantle through subduction processes at
a rate of tens of thousands of cubic kilome-
ters per year. As the slabs descend, phase
transformations occur; the kinetics and
mechanisms of these transformations play a
central role in controlling the mechanical
properties of the slabs and have been sug-
gested to be responsible for deep-focus earth-
quakes (I). Among the various minerals
present in the subducting lithosphere, oli-
vine is believed to be the most abundant. It
is also the dominant phase in the upper
mantle, and its phase transformation into
the B phase is considered to be the major
contributor to the seismic discontinuity at
410 km (2). The seismic discontinuity at 660
km is a manifestation of the disproportion-
ation reaction of (Mg,Fe),SiO,-spinel into
perovskite and magnesiowiistite (3). Studies
of the mechanism and kinetics of this reac-
tion are critical to understanding the dynam-
ics of the mantle and the fate of the sub-
ducted slabs.

We compressed San Carlos olivine crys-
tals to 26 GPa (as found at depths of about
720 km) and heated them to temperatures
between 973 and 1473 K (corresponding to
the range of estimated cold and hot slab
temperatures) for run durations from 0 to 19
hours (4). The recovered samples were ex-
amined with the use of transmission elec-
tron microscopy (TEM) (5).

At 973 K, olivine crystals remained meta-
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stable even after 19 hours, suggesting that
this temperature is not sufficient to activate
the transformation process, even under tre-
mendous overpressure (about 14 and 10 GPa
above the olivine-f and B-spinel boundaries,
respectively). At 1473 K, however, a single
crystal of olivine transformed in less than
30 s into a complex phase assemblage con-
taining perovskite, magnesiowiistite, and
spinel (Fig. 1). A series of experiments was
then conducted at 1273 K. In 10 min, most
of the sample transformed into a spinel
phase. These spinel lamellae nucleated
throughout the olivine crystals and formed
layers of a few unit cells to about 0.1 pm
(Fig. 2A). Selected-area electron diffraction
(SAED) patterns indicate that the spinel is
consistently oriented in the olivine, such
that (100), |l (111),, (010), || (211),, and
(001),, |l (011)% where @ and vy indicate
olivine and spinel, respectively. These topo-
tactic relations agree with predictions and
observations of the olivine-to-spinel trans-
formation at lower pressures (6, 7), for which
a martensitic-like transformation mecha-
nism was proposed. In this mechanism, the
pseudo—hexagonal close-packed (hcp) oxy-
gen sublattice of olivine is sheared and be-
comes face-centered-cubic (fcc) close-
packed, and local rearrangement of the Mg
and Si atoms takes place as the oxygen lat-
tice is transformed (8). Some previous work
suggested that the martensitic-like mecha-
nism would operate at high levels of nonhy-
drostatic stress (7). The dislocation density
in the olivine crystals varied greatly but gen-
erally was <10® cm™2, suggesting a shear
stress of <0.1 GPa (9). The transformation
does not appear to be more advanced in
areas of high dislocation density.- Thus, our
experiments confirm that in (Mg,Fe),SiO,
olivine, the martensitic-type mechanism op-
erates under low deviatoric stresses at 26
GPa (10).

The spinel lamellae are not formed with-
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in their stability field because of pressure
loss during heating in the experiments.
Pressure calibrations performed at 1273 K
on the basis of the ilmenite-perovskite
transformation in MgSiO; indicate that at
this temperature, the pressure conditions of
the experiments are ~2 GPa inside the
stability field of perovskite + magnesiowiis-
tite. More importantly, the amounts of pe-
rovskite and magnesiowiistite increased rap-
idly with time under identical pressure and

temperature conditions, at the expense of

spinel. Although the spinel phase dominat-
ed in the sample recovered from 1273 K
after 10 min, perovskite and magnesiowiis-
tite dominated in the 1.5-hour sample.
Thus, the spinel crystals are a metastable
product that represents an intermediate
step in the transformation of olivine into
the lower mantle two-phase mixture. The
formation of metastable spinel-related phas-
es appears to be a common phenomenon;
for example, they have been observed in the
B-phase stability field (11).

The spinel phase observed in our sam-
ples is highly disordered, and many super-
lattice reflections were observed (Fig. 2). In
addition to strong streaking, which can be
explained by stacking disorder in the spinel
structure (Fig. 3A), additional reflections
that are noninteger multiples of the spinel
fundamentals are present (Fig. 3). Thus, the
intermediate phase is not the Fd3m spinel
but a related spinelloid (11).

In longer runs at 1273 K, the perovskite
and magnesiowiistite crystals were extreme-
ly fine (0.1 wm) and typically formed nar-
row bands in the spinelloid matrix (Fig.
4A). The SAED patterns indicate the fol-
lowing topotactic relations among the three
phases (Fig. 4, B and C):

(100]s, [ [100ly, [010ls, Il [010%y,,

Fig. 1. Polarized optical micrograph of a single
crystal of olivine recovered from 26 GPa and 1473
K. The sample was heated to the maximum tem-
perature and quenched immediately (total time
between 973 and 1473 K, about 5 min), followed
by slow pressure release (40 hours). Note the per-
vasive lamellar features. Light lamellae are domi-
nated by perovskite and magnesiowustite; darker
regions, metastable (Mg,Fe),SiO, spinelloid.



[001]s, |l [001]y,, and (100}, || [110]p,
[OlO]Mw || [110]_p,» [001],, Il [001] p,, where
Sp, Mw, and cPv indicate spinelloid, mag-
nesiowiistite, and cubic perovskite, respec-
tively. The orthorhombic perovskite struc-
ture can be derived from the cubic form by
continuous tilting of the SiO octahedra,
with the general topology remaining un-
changed (12).

The oxygen sublattices for spinel, mag-
nesiowiistite, and perovskite are similar
(Fig. 5). For spinel, the sequence of stacking
layers A, B, C, and D (about 2.05 A be-
tween layers at zero pressure) completes one
unit cell. All of these layers contain only
Mg and O atoms, with a Mg population half
that of O; the tetrahedrally coordinated Si
atoms are halfway between these Mg-O lay-
ers. For MgO, two layers E and F form a fcc
oxygen sublattice identical to that of the
spinel; in these layers, the Mg and O sites
are fully occupied, and the interlayer dis-
tance is about 2.10 A at ambient condi-
tions. The cubic perovskite has a layer G
identical to the layer B in MgO (but with
shorter Mg-O distances) and a layer H with
much more closely packed oxygens and oc-
tahedrally coordinated Si; the interlayer
distance is about 1.7 A at zero pressure.

Our observations of the breakdown reac-
tion may be explained by a two-step mech-

Fig. 2. Electron micro-
graphs of a sample treat-
ed at 1273 K for 10 min.
: (A) Spinel lamellae in the
olivine host, parallel to
the (100),, planes. Some
extremely thin lamellae
are indicated by arrows.
Note the strain contours
across the lamella inter-
face. (Inset) SAED pat-
tem indicating topotactic
relations between olivine
(ol) and spinel (sp). (B)
SAED pattem taken
across an interface be-
tween olivine and the
spinel, showing well-de-
fined topotactic relations
between the two phas-
es. The foil was tilted
slightly from the orienta-
tion in (A). The spinel
phase is heavily twinned
[see (C)); superiattice re-
flections and streaking
indicate significant struc-
tural disorder. (C) SAED
pattem taken within a
spinel lamellae, showing
pervasive ({111} twin-
ning. Spots from two
crystal orientations are
labeled by subscripts 1
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anism. At relatively low temperatures (below
1473 K), the hcp oxygen sublattice of olivine
first transforms into a fcc arrangement with a
spinelloid structure by a martensitic-like
mechanism (6-8). This spinelloid then
breaks down to form perovskite and magne-
siowiistite. An energetically economic way
for the breakdown reaction to proceed is to
maintain most of the common fcc oxygen
framework and to redistribute the Si and Mg
atoms within the spinel lattice. As a Si**
cation moves into a Mg-O layer by a small
displacement of ¥(111)_ (arrow in layer A),
the four surrounding O anions in the layer
are pulled closer together, thereby forming a
part of layer H (the Si-O layer) of the pe-
rovskite. This movement causes the Mg-O
bond length to increase within the layer,
thus decreasing the bond strength and mak-
ing it easier for the Mg?* cations (M, and
M, in layer A) to join the adjacent Mg-O
layer (positions M, and M, in layer B) by a
displacement of 1/1(1 10),,. This shift doubles
the Mg occupancy in 1ayer B, making it an
Mg-O layer like those in MgO and perov-
skite. Thus, the metastable transformation in
the oxygen sublattice provides a low-activa-
tion energy path for the breakdown to pro-
ceed because little diffusion of the oxygen

atoms is required.
If all the rearrangements occurred coher-
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and 2, respectively. Note also superiattice reflections in the spinel (arrows), indicating a threefold repeat

along the (111) axes.
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ently while maintaining the entire topology
of the oxygen framework, the result would
be a structure of Mg,SiO, known as the
K,NiF, structure, which can be viewed as
being composed of alternating layers of
tocksalt and perovskite (13). We do not
have observational evidence for the exis-
tence of K,NiF,-structured Mg,SiO,, al-
though it could be a transient and non-
quenchable phase. Our model does not re-
quire formation of this phase; rather, small
nuclei of perovskite and magnesiowiistite
may be formed based on the fcc oxygen
and then
growth processes may take over. The fine-
grained microstructure (Fig. 4A) supports
this mechanism.

This model explains the topotactic rela-
tions among the three phases. The observed
diffused satellite diffraction spots in the
spinelloid may be an indication of structural
disorder resulting from incomplete cation
reordering after a shear mechanism affect-
ing the oxygen sublattice. In turn, this dis-
ordering could be an additional driving
force for the breakdown reaction. Experi-
mentally, the kinetics of this reaction are

Fig. 3. SAED pattems of spinelloid indicating
complex disordering and possible incommensu-
rate behavior. (A) Pattem taken along the (111)
Zone axis showing streaking perpendicular to
{110} resulting from the large number of stacking
faults in these planes. Also notice satellite reflec-
tions (arrowheads). (B) The [001] zone axis. Note
streaking in the vertical direction and numerous
satellite reflections.
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Fig. 4. (A) Electron mi-
crograph showing micro-
structure  following  the
breakdown reaction after
1.5 hours at 1273 K; fine-
grained perovskite and
magnesiowlstite form a
band (upper left to lower
right) within the spinel-
loid. Fine, dark crystals in
the band are magnesio-
wustite (Fe-enriched) in
the perovskite (light gray,
partly amorphous). (B)
SAED pattem showing
topotactic relations be-
tween spinelloid (sp) and
magnesiowustite  (mw).
Spinelloid spots are la-
beled by arrowheads

pointing to the central spot; magnesiowdistite spots are labeled with arrowheads pointing outward. Notice
the absence of (220) type reflections in the spinelloid and the appearance of the (45 84 44) type spots (thin
arrows). (C) SAED pattem showing topotactic relation between perovskite (pv) and magnesiowUstite (mw).
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Fig. 5. Plane views of stacked layers A through
H of spinel, MgO, and cubic perovskite. Large
open circles represent oxygen; small open cir-
cles, Mg; and solid circles, Si atoms. All unit cell
dimensions in the layers are outlined by solid
lines. The third dimension is built by stacking
layers on top of one another. Note that the per-
ovskite unit cell is rotated by 45° with respect to
spinel and MgO, in the same fcc oxygen frame-
work.
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extremely fast; this observation is also con-
sistent with our model as very little diffu-
sion is needed during nucleation of the
higher pressure phase assemblage.

In subduction zones, the disproportion-
ation reaction will weaken the slab. The
breakdown reaction, originated by the mar-
tensitic-like mechanism forming the spinel-
loid, should reduce the shear moduli of the
olivine along the slip systems that transform
the hep oxygen sublattice into a fcc arrange-
ment (14), thereby weakening the slab at the
transformation front. In addition, the mate-
rial is composed of fine grains immediately
after the transformation and may behave like
a superplastic material (15); thus, the slab
may thicken, and subduction would be in-
hibited. However, because the perovskite
and magnesiowiistite grains coarsen rapidly
at higher temperatures (16), the weakening
of the slab is localized. Once the transforma-
tion is complete, the slab will regain its
strength (now controlled only by the rela-
tively lower temperature in the slab as com-
pared to the surrounding mantle) and be
able to continue its descent into the lower
mantle.

The possible existence of a blocking
temperature was recognized early on in ex-
periments on the olivine-spinel transforma-
tions (17, 18). Sung and Burns (17) ana-
lyzed various effects on the transformation
kinetics and concluded that within the
framework of the mechanisms under con-
sideration, a blocking temperature would be
expected for the Mg-rich olivine system.
They suggested that the blocking tempera-
ture is essentially independent of pressure
and the speed of subduction, although this
conclusion has been challenged (18).

Our observations suggest that the con-
cept of a blocking temperature is also appli-
SCIENCE «
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cable to the breakdown reaction to perov-
skite and magnesiowiistite. The fact that
olivine first transforms into a spinel-related
structure suggests that the temperature de-
pendence in the breakdown kinetics is re-
lated to the blocking temperature for the
olivine-spinel transformation. An addition-
al constraint on the thermal structure of
subducting slabs may thus be obtained.
Global seismicity ceases at a depth of 690
km; if the phase transformations of olivine
are responsible for the deep-focus earth-
quakes, then slab temperatures at these
depths must be above the blocking temper-
ature.
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in Garnet from

Orthorhombic Perovskite to LiNbO, Phase
on Release of Pressure

Nobumasa Funamori, Takehiko Yagi, Nobuyoshi Miyajima,
Kiyoshi Fujino

High-pressure in situ x-ray diffraction and transmission electron microscopy on
guenched samples show that natural garnet transforms to orthorhombic perovskite (and
minor coexisting phases) containing increasing amounts of aluminum with increasing
pressure. This suggests that the perovskite is the dominant host mineral for aluminum
in Earth’s lower mantle. Orthorhombic perovskite is quenched from ~35 gigapascals but,
because of the increased aluminum content, transforms to the LiNbO, structure upon

quenching from ~80 gigapascals.

In 1974, Liu (I) reported the transforma-
tion of a natural garnet, the host mineral of
Al in Earth’s upper mantle, into the ortho-
thombic perovskite structure at 30 GPa.
Since then, the transformation of garnets of
various compositions has been investigated
to clarify the host mineral of Al in the
lower mantle. The results, however, are
complicated and the host remains uncer-
tain, whereas the hosts of the other main
cations (Mg, Si, and Fe) in the mantle—
{Mg,Fe)SiO; orthorhombic perovskite and
(Mg,Fe)O magnesiowiistite—are well iden-
tified. Weng et al. (2) carried out experi-
ments on pyrope (Mg;Al,Si;0,,)~grossular
(Ca;ALSi;0,,) garnet at 40 GPa and sug-
gested that it transforms to an assemblage of
orthorhombic perovskite and unquenchable
Ca-rich perovskite. O'Neill and Jeanloz (3)
reported the coexistence of garnet with or-
thorhombic perovskite up to 50 GPa in a
pyrope-almandine (Fe;AlSi;0;,) system.
Irifune et al. (4) found the decomposition of
pyrope into a sub-aluminous (Al-deficient
relative to garnet) orthorhombic perovskite
and a corundum-ilmenite solid solution at
pressures greater than 26.5 GPa. They also
found an increase of Al in the perovskite
phase with increasing pressure, and predict-
ed the formation of an aluminous perov-
skite with pyrope composition above 30 to
40 GPa. Recently, Kesson et al. (5) reported
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that thombohedral perovskite, rather than
orthorhombic perovskite, is the stable phase
of pyrope-almandine garnet at 55 to 70
GPa. On the other hand, Ahmed-Zaid and
Madon (6) suggested, from their experi-
ments at 40 to 50 GPa, that the main host
mineral of Al varies depending on chemical
composition, pressure, and temperature.
The candidates they proposed are
(Ca,Mg,Fe)ALSi,0Oy with the hollandite
structure, Al,SiO, with the V;0; structure,
and (CaMg)ALSIO, with an unknown
structure.

To clarify the host mineral of Al under
lower mantle conditions, we carried out
high-pressure in situ x-ray diffraction exper-
iments on natural garnet with the use of a
diamond anvil cell and synchrotron radia-
tion (7). Garnet from the Udachnaya kim-
berlite pipe in the Sakha Republic (8) with
the composition Py,oAlm,Gro, Spy [Py,
pyrope; Alm, almandine; Gro, grossular; Sp,
spessartine (Mn;Al,Si;0,,)] was ground to
a powder and used as the starting material.
The samples were heated by a yttrium-alu-
minum-garnet (YAG) laser at two different
pressures (9). The recovered samples were
examined by transmission electron micros-
copy (TEM) (10).

The sample was compressed to 67.5 GPa
and heated by the YAG laser. Pressure de-
creased to 52.8 GPa, measured after heat-
ing. The x-ray diffraction profile (Fig. 1A)
obtained after heating shows that most of
the intense lines can be indexed as ortho-
thombic perovskite, with intensities similar
SCIENCE
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to those of MgSiO; perovskite (11). Unit
cell parameters of this phase are a =
4539(4)A b= 4.761(5) A, c = 6.622(5)
A, and V = 143.1(2) A3 The other lines
can be assigned to Ca-rich perovskite,
stishovite, and garnet. A trace amount of
stishovite is often observed as a metastable
phase during transformation, but it is not
clear whether the stishovite observed in
this sample is the metastable phase (12).
The garnet may be a residual of the starting
material that has not been heated to a high
enough temperature (9, 13). The ortho-
rhombic perovskite phase was observed on
decompression down to 9.6 GPa, although
splitting of the characteristic triplet
020+1124+200 became unclear with de-
creasing pressure (Fig. 1, B and C). Both a
decrease of the orthorhombic distortion
from cubic symmetry (14) and an increase
of the pressure gradient across the sample
during decompression can explain this phe-
nomenon. Diffraction from the orthorhom-
bic perovskite is not observed in the profile
obtained after complete decompression
(Fig. 1D). The main peaks can be indexed
on the basis of rhombohedral symmetry

T T

A *

wa

52.8 GPa

32.2 GPa
9.6 GPa

0 GPa

5 10 18
20 (degrees)

20

Fig. 1. X-ray diffraction profiles of the ~60 GPa
sample obtained during decompression at room
temperature. The star indicates the characteristic
triplet 020+ 112+200 of orthorhombic perovskite.
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