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The first natural occurrence of ringwoodite lamellae was found in
the olivine grains inside and in areas adjacent to the shock veins of
a chondritic meteorite, and these lamellae show distinct growth
mechanism. Inside the veins where pressure and temperature were
higher than elsewhere, ringwoodite lamellae formed parallel to
the {101} planes of olivine, whereas outside they lie parallel to the
(100) plane of olivine. The lamellae replaced the host olivine from
a few percent to complete. Formation of these lamellae relates to
a diffusion-controlled growth of ringwoodite along shear-induced
planar defects in olivine. The planar defects and ringwoodite
lamellae parallel to the {101} planes of olivine should have been
produced in higher shear stress and temperature region than that
parallel to the (100) plane of olivine. This study suggests that the
time duration of high pressure and temperature for the growth of
ringwoodite lamellae might have lasted at least for several sec-
onds, and that an intracrystalline transformation mechanism of
ringwoodite in olivine could favorably operate in the subducting
lithospheric slabs in the deep Earth.

atural ringwoodite had been found in many shocked chon-

dritic meteorites, in which the ringwoodite occurs as fine-
grained polycrystalline aggregates formed through a phase
transition of olivine during exogenous dynamic events on the
parent asteroids (1-4). It was also suggested that the olivine—
ringwoodite transformation could take place in cold subducting
slabs at the deep transition zone, where pressure oversteps the
ringwoodite stability field (5-9). An experiment-produced tex-
ture characteristic of this phase transition in the slabs is the
formation of ringwoodite lamellae within individual olivine
crystals (6, 7, 10-12). A number of laboratory experiments on
compositions like Mg>GeOy, Fe,SiO4, and (Mg,Fe),Si04 showed
that the spinel-structured lamellae lie parallel to the (100) planes
of olivine (6, 10-18). These ringwoodite lamellae form platelets
from several unit cells to 100 nm in thickness (6, 10-12, 14-18).
The formation of ringwoodite lamellae in olivine was attributed
either to a martensitic transformation mechanism (6, 13, 15-19)
or an intracrystalline nucleation and growth mechanism by
which coherent nucleation of ringwoodite occurs on the stacking
faults of olivine (10-12). However, no natural occurrence of
ringwoodite lamellae had been found so far either in the shocked
meteorites or exhumed subducted slabs.

Sixiangkou meteorite is a heavily shock-metamorphosed L6-
chondrite with a number of shock-produced veins up to 10 mm
in thickness. The shock veins contain abundant high-pressure
minerals including ringwoodite, majorite, garnet, and magnesio-
wiistite, for which the shock-produced pressure and temperature
of =20 GPa and 2,000°C were inferred (4). Polycrystalline
aggregates of ringwoodite and majorite up to 100 wm in size and
porphyroclastic grains of olivine and pyroxene up to 1.5 mm in
size distribute throughout the shock veins and are enclosed in the
fine-grained matrix consisting of magnesiowiistite, majorite gar-
net, metal, and troilite solidified from a shock-induced chon-
dritic melt at high pressures (Fig. 1a). Outside the shock veins,
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the chondritic portions consist of olivine, pyroxene, plagioclase
glass, troilite, kamacite, taenite, and accessory minerals chro-
mite, apatite, and whitlockite. In this article, we report the
discovery of natural occurrence of ringwoodite lamellae in
olivine in this meteorite.

Methods

Polished thin sections (35 um in thickness) of Sixiangkou
meteorite samples with shock-melt veins were prepared. The
mineral assemblages and textures were characterized with an
optical microscope and a Hitachi (Tokyo) S-3500N scanning
electron microscope in back-scattered electron (BSE) mode.
Compositions of minerals were quantitatively determined by a
JXA-8900RL electron microprobe (JEOL) at 15-kV accelerat-
ing voltage and 10-nA sample current at Mainz University.
Raman spectra were recorded with a Renishaw (Gloucester-
shire, U.K.) RM-2000 instrument at the Guangzhou Institute of
Geochemistry. A microscope was used to focus the excitation
beam (Ar™* laser, 514-nm line) to a 2-um spot and to collect the
Raman signal. Accumulations of Raman spectra lasted from 120
to 150 s.

Results

We observed that some individual olivine crystals inside and
outside the shock veins contain lamellar texture. These lamellae
were studied by using an optical microscope in reflected light and
by scanning electron microscopy in BSE mode, in which the
lamellae display brighter than the surrounding olivine matrix.
However, the textures of lamellae in olivine inside and within a
region <50 wm bordering the shock veins are distinct from those
in the chondritic portion but beyond the 50-um region and at
several hundred pum distance from the veins. The former usually
contains two sets of lamellae, whereas the latter contains only
one set. Fig. 1 depicts a porphyroclastic grain of olivine (0.6 X
0.9 mm in dimension) inside the shock vein, in which two sets of
lamellae can be recognized. Individual olivine grains were
replaced by lamellae from a few percent to complete. The rim of
the porphyroclastic olivine ~200 wm in width contains higher
density of optically visible lamellae than the interior (Fig. 1 ¢ and
d). Widths of lamellae at the rim are also thicker (0.3-2 pwm, 1.5
pm average) than that in the interior (0.05-0.5 um, 0.2 um
average). Fig. 2 shows a single crystal of olivine in the chondritic
portion at a distance ~150 wm away from the shock vein, in
which only one set of lamellae can be observed. Olivine grains
with one set of lamellae usually distribute in the chondritic area
close to the shock veins in a zone with a width <300 wm.
Complete replacement of lamellae in the host olivine was not
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Fig. 1. The porphyroclastic grains of olivine inside the shock vein showing two sets of ringwoodite lamellae. (a) The BSE image shows that a shock vein
intersecting the chondritic portions of meteorite contains porphyroclastic grains of silicates (olivine, pyroxene, ringwoodite, and majorite) and the fine-grained
matrix consisting mainly of magnesiowustite, garnet, metal, and troilite. (b) Under plane polarized light, the optical picture taken at the central part of a
porphyroclastic grain of olivine in the shock vein from a displays three sets of planar textures parallel to the (100), (101), and (107) planes. (Inset) The optical biaxial
interference of a negative crystal shows that the crystal lies on a position of oblique-crossing optical axes; from it the crystallographic orientation of a and c axes
can be indexed. (c) BSE image from the frame area of b shows that the planar textures parallel to (101) and (107) consist of ringwoodite lamellae, whereas those
parallel to (100) are open fractures. Note that the interfaces of ringwoodite lamellae are distinct but locally become broader, and that the lamellae are cut off
by the (100) fractures. (d) The BES image shows two sets of high-density ringwoodite lamellae at the rim of a porphyroclastic olivine from a and >95% by volume
of olivine being transformed into ringwoodite lamellae. The light gray slices represent ringwoodite lamellae, and the dark areas between the lamellae are olivine.
Note that these lamellae are relatively thicker than those in the interior of porphyroclastic olivine shown in ¢ and locally become broad.

observed in this type of olivine grain, and these grains contain
<10% by volume of lamellae. The widths of lamellae are up to
2 pm, mostly 0.5 um. Both kinds of lamellae occur as straight
thin platelets from a few to several hundred wm in length. The
interfaces of lamellae with the host olivine are distinct and
become locally broaden.

The chemical compositions of the lamellae lie within the com-
positional range of the bulk olivine in the chondritic portion.
However, the FeO content of lamellae in an individual lamellae-
bearing olivine crystal is slightly but systematically higher (22.51
wt %) than that of olivine grain matrix (21.86 wt %) (Table 1). We

We identify the spectrum of lamella as consisting mainly of ring-
woodite with traces of wadsleyite, in which the strong bands at 798
and 844 cm™! correspond to ringwoodite and the bands at 712 and
918 cm™! correspond to wadsleyite. The other bands at 600, 822,
852, and 955 cm™! appearing in the spectrum of lamella emerge
from olivine (20, 21). The spectrum of olivine neighboring the

Table 1. Chemical compositions of olivine and ringwoodite
lamellae (in wt %)

identified the nature of the phase in the lamellae by Raman Bulk Olivine
spectroscopy. Fig. 3 displays the Raman spectra obtained from a  Oxides olivine Lamellae matrix
lamella in pprphyroclastlc grain of lamellae-bearing pllVlne inside 50, 38.01 38.08 38.11
the shock veins. Raman spectrum of the lamella contains two strong
1 1 MgO 38.52 37.86 38.53
bands at 798 and 844 cm~! and a weak band at 298 cm ™!, and all
. . . . CaO 0.05 0.06 0.04
three bands unambiguously can be assigned to ringwoodite (20, 21), Na.O nd nd nd
whereas the spectrum of olivine matrix of this grain displays two > - o -
[ 1 MnO 0.51 0.45 0.52
characteristic strong bands at 822 and 852 cm~'. The weak bands
1 s S FeO 22.24 22.51 21.86
at 714 and 918 cm™! in the spectrum of lamella indicate the )

. . . TiO; 0.02 0.02 0.02
existence of traces of wadsleyite (21). Fig. 4 shows the Raman ALO nd nd nd
spectra of a lamellae-bearing olivine grain in the chondritic portion Crz 03 0.05 0.04 0.04
outside the shock vein. We note that these lamellae are too thin to 273 ' ) )

R . V,03 n.d. n.d. n.d.
obtain a pure spectrum from the lamella itself and that the
. Totals 99.44 99.02 99.12
spectrum taken from lamella usually depicts bands of several phases
including those of the lamellae and the surrounding olivine host. n.d., Not detected.
15034 | www.pnas.org/cgi/doi/10.1073/pnas.0405048101 Chen et al.
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Fig. 2.

A BSE image shows that a single crystal of olivine outside the shock vein contains one set of ringwoodite (Rgt) lamellae parallel to the (100) plane of

olivine. Within the shock vein, there are some polycrystalline aggregates of ringwoodite and majorite.

lamellae in the same olivine grain consists of the bands at 420, 600,
822, 852, 916, and 956 cm~!. These analyses demonstrate unam-
biguously that both lamellae occurring in olivine inside and outside
the shock veins are composed mainly of ringwoodite with traces of
wadsleyite. The amount of wadsleyite in lamellae is similar inside
and outside the shock veins.

We were able to determine the optical orientation of the olivine
slices in thin sections of sample and the orientation of ringwoodite
lamellae in the host olivine crystals through study of the optical
biaxial interference figures under convergent polarized light. The
two sets of ringwoodite lamellae in olivine grains inside the shock
veins are parallel to the {101} crystallographic planes of olivine, i.e.,
(101) and (101), respectively (Fig. 1 b and ¢). The planar fractures
parallel to the (100) plane of olivine are both optically and
electronically visible, but are barren of any ringwoodite lamellae
along this orientation at the resolution of SEM (0.05 um). Some
{101} lamellae are cut off by the (100) fractures. In the chondritic
portion, one set of ringwoodite lamellae in olivine grains lies
parallel to the (100) crystallographic planes of olivine (Fig. 2). It is
worth a further investigation to scrutinize whether there are nano-
meter-scaled lamellae parallel to both {101} and (100) planes of
olivine in both grains inside and outside the shock veins.

Discussion

Mechanically deformed olivine grains usually exhibit planar defects
(stacking faults and fractures) in the slip systems {110}[001],
{0k7}[100], and (100). The slip system on {110}[001] in olivine was
reported in naturally shocked meteorites that experienced low-
moderate temperatures (500—-800°C) and high strain rates (22). The
slip system on {0k/}[100] identified in the terrestrial mantle rocks
experienced high temperatures (1,000°C) and low strain rates (23,
24). Abundant stacking faults parallel to the (100) plane of olivine
were produced in laboratory experiments by using a multianvil
device at pressures between 18 and 20 GPa and temperatures
900-1,400°C (10, 12). However, the planar defects parallel to
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{101}[010] of olivine were not reported previously from either
naturally or experimentally deformed olivine.

The transformation of olivine to ringwoodite is reconstructive
and could not proceed completely by a martensitic mechanism
because the cations in olivine cannot be moved to the positions in
ringwoodite (25). It is possible that a number of deformation
features, presumably the {101} and (100) planar defects, should
have been developed in some deformed olivine of the Sixiangkou
meteorite during the impact event. The planar defects developed in
olivine provide nucleation sites for ringwoodite (11, 12). The
straight lamellae of ringwoodite support a shear-promoted coher-
ent nucleation and growth of the lamellae along planar defects in
olivine. The relatively higher FeO content in the ringwoodite
lamellae in comparison with a lower FeO content in the host olivine
matrix supports compositional diffusion of Fe during nucleation
and growth of ringwoodite lamellae.

During a shock, shear stresses may be created everywhere in
the meteorite, but they should be much higher and concentrated
in zones where the shock melt veins formed in response to
reverberation effects or difference in elastic impedance between
minerals. Formation of shock veins in meteorites is thus cur-
rently attributed to shear faulting and frictional melting under
differential stress (26). Lenses of wadsleyite/ringwoodite lying
parallel to (101) of olivine were experimentally produced by
Kerschhofer er al. (11, 12), but no lamellae of wadsleyite/
ringwoodite parallel to this crystallographic orientation of oli-
vine were found in their experiments. The formation of the
{101} defects in olivine could represent an alternative nucleation
mechanism, which is active only at higher temperatures (1,500—
2,000°C). A two-stage process can be proposed. First, the {101}
defects are produced in the high-stress region where the shock
veins will be formed, whereas the (100) defects are produced in
olivine grains far from the forming shock veins in zones where
the stress is lower. Then, the olivine grains containing the {101}
defects that act as nucleation sites are entrained in the vein where
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Fig. 3. Raman spectra from a porphyroclastic lamellae-bearing olivine inside the shock vein. Raman spectrum of lamellae contains two strong bands at 798
and 844 cm~" and a weak band at 298 cm~' corresponding to ringwoodite and two weak bands at 714 and 918 cm~' corresponding to wadsleyite. The spectrum
of olivine matrix neighboring the lamellae consists of the bands at 430, 580, 598, 822, 852, 880, 916, and 956 cm~". a.u., arbitrary unit.

they are subjected to high temperatures and hydrostatic pressure
conditions. Under the latter conditions the ringwoodite lamellae
would grow by a diffusion-controlled mechanism. It also should

be noted that phase transformation mechanism for small olivine
grains in the shock veins is different from that in large olivine
grains. The olivine grains less than ~100 wm in size within the
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Fig. 4.

Raman spectra from a lamellae-bearing olivine grain in the chondritic portion outside the shock vein. Raman spectrum obtained on the area from

lamellae contains bands from several phases because the lamella is too thin. The strong bands at 798 and 844 cm " correspond to ringwoodite, the weak bands
at 712 and 918 cm~' correspond to wadsleyite, and bands at 600, 822, 852, and 955 cm ™" correspond to olivine matrix surrounding the lamellae. The spectrum
of olivine matrix neighboring the lamellae contains the characteristic bands of olivine at 420, 600, 822, 852, 916, and 956 cm~'. a.u., arbitrary unit.
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shock veins of Sixiangkou meteorite were transformed mostly
into polycrystalline aggregates of ringwoodite with triple junc-
tions (4) with phase transitions commencing at grain boundaries
because the grains were immediately heated to a very high
temperature, and the pressure-temperature conditions largely
overstepped the equilibrium phase boundary of ringwoodite and
resulted in higher nucleation rate.

For the porphyroclastic grains of olivine in the shock veins, the
thicker and higher densities of lamellae at the rim of olivine grains
than in their interior indicate that temperature plays an important
role in promoting an intracrystalline ringwoodite transformation in
olivine. The surface layers of porphyroclastic grains of olivine
enclosed by chondritic melt must have been heated to a higher
temperature than their interiors, thus producing thicker and higher
densities of lamellae at the rims of grains. Kerschhofer et al. (12)
experimentally investigated the growth rates of ringwoodite lamel-
lae along [100] of olivine at pressures 18—20 GPa and temperatures
from 900°C to 1,100°C. Using the data of Kerschhofer et al. (12), we
calculated the growth rates to be on the orders of 1078 m/s at
1,500°C and 10~7 m/s at 1,700°C. Assuming that porphyroclastic
grains of olivine inside the shock veins were heated to a temperature
of 1,700°C at the rim and 1,500°C in the interior, the ringwoodite
lamellae could grow to a thickness of 1.5 wm at the rim and 0.2 um
in the interior in a few seconds.

Our observations indicate that most troilite and iron-nickel
metal-sulfide grains in the chondritic portion >100 um away
from the shock veins were not molten, thus indicating that the
shock-induced temperature did not exceed 1,100°C. The exis-
tence of ringwoodite lamellae in olivine in these chondritic areas
suggests that an intracrystalline ringwoodite transformation did
take place in olivine at a lower temperature (<1,100°C). There
is a pressure and temperature gradient from the shock vein
toward neighboring chondritic portion. Provided the pressure
and temperature in chondritic areas were ~18 GPa and 1,100°C,
a time duration up to several hours would be necessary to grow
a ringwoodite lamella to a thickness of 0.5 wm, if we adopt an
estimation of growth rates of lamellae by using the experimental
data of Kerschhofer et al. (12).

The occurrence of ringwoodite lamellae in olivine shows that a
longer duration than previously assumed of high pressure and
temperature locally prevailed in the shocked meteorite, especially
along the shock veins. Although a discrepancy may appear in
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estimated time duration of high pressure and temperature required
to grow ringwoodite lamellae inside and outside the shock veins, our
study suggests that the pressure-temperature condition available for
an intracrystalline olivine-ringwoodite transformation in meteorite
might last at least for several seconds. Conversely, although a
number of experimental studies have supported that the intracrys-
talline transformation of olivine to ringwoodite in the subducting
lithospheric slabs takes place along the (100) plane of olivine, our
results suggest that the ringwoodite lamellae parallel to the {101}
planes of olivine may develop in regions at higher shear stress and
temperature than that parallel to the (100) plane of olivine.
Therefore, it is worthwhile to conduct further experimental inves-
tigation for the pressure-temperature conditions to explore the
mechanisms necessary for the production of intracrystalline high-
pressure phase transformation along the {101} planes of olivine. In
any case, our study demonstrates the existence of two distinct
mechanisms of olivine-ringwoodite phase transformations in
shocked chondrites: (i) lamellar intracrystalline intergrowth along
(101) or (100) in large olivine grains in two distinct settings and
pressure-temperature conditions, and (i) polycrystalline aggre-
gates of ringwoodite with triple junctions (4) with phase transitions
commencing at grain boundaries in grains <100 pum in diameter.
It was considered that olivine might survive metastably in the
wedge-shaped region within the cold subducting lithospheric
slabs at depths from 400 to 700 km (27). The state of stress and
temperature in different slabs are related to the convergence
rates and the thermal gradients of slabs (8, 28). If a subducting
slab is subjected to a higher temperature and stress, the {101}
planar defects might be produced in large grains of olivine, and
these defects subsequently would act as nucleation sites for
ringwoodite lamellae. The (100) planar defects and ringwoodite
lamellae also could be produced, assuming that these slabs are
subjected to a lower stress and temperature (6, 10-12, 14, 18).
However, our results also suggest that both intracrystalline
olivine-ringwoodite phase transition mechanisms probably
could occur in different regions in the same subducting slab
where different degrees of stress and temperature prevail.
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