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Deformation of solid materials affects not only their microstruc-
tures, but also their microchemistries1±5. Although chemical
unmixing of initially homogeneous multicomponent solids is
known to occur during deformation by diffusion creep4,5, there
has been no report on their chemical zoning due to deformation
by dislocation creep, in either natural samples or laboratory
experiments. Here we report striped iron zoning of olivine

((Mg,Fe)2SiO4) in deformed peridotites, where the iron concen-
tration increases at subgrain boundaries composed of edge dis-
locations. We infer that this zoning is probably formed by
alignment of edge dislocations dragging a so-called Cottrell
`atmosphere' of solute atoms3,6,7 (iron in this case) into subgrain
boundaries during deformation of the olivine by dislocation
creep. We have found that the iron zoning does not develop in
laboratory experiments of high strain rates where dislocations
move too fast to drag the Cottrell atmosphere. This phenomenon
might have important implications for the generation of deep-
focus earthquakes, as transformation of olivine to high-pressure
phases preferentially occurs in high-iron regions, and therefore
along subgrain boundaries which would be preferentially aligned
in plastically deformed mantle peridotites.

We have done microstructural and microchemical analyses of
olivine grains in deformed mantle-derived peridotites from the
Uenzaru peridotite complex in the Hidaka metamorphic belt of
central Hokkaido, Japan. Olivine grains develop a lattice preferred
orientation (LPO) characterized by a [100] density maximum
subparallel to lineation, as commonly observed in deformed
peridotites8. Most olivine grains in our samples exhibit undulose
extinction or kink bands due respectively to gradual or sharp
intragranular misorientation (Fig. 1). It is known that such micro-
structures are formed by alignment of dislocations into planar
arrays to form subgrain boundaries due to crystal plastic deforma-
tion. Oxidation decoration9 and subsequent observation by scan-
ning electron microscopy10 revealed that zones of undulose
extinction in fact correspond to subgrain boundaries. In addition,
transmission electron microscopy (TEM) revealed that subgrain
boundaries are composed of edge dislocations with (010)[100] or
{0kl}[100] slip, and that dislocation densities are highÐof the order
of 107±108 cm-2 (data not shown). These dislocation microstruc-
tures, as well as developed LPO, indicate that the olivine grains in
our samples have been deformed by dislocation creep.

Striped zoning of Mg and in particular of Fe is easily visible in
olivine grains that exhibit undulose extinction: the zoning is
revealed by mapping of element concentrations using electron-
probe microanalysis. The regions of low Mg and high Fe concentra-
tions are exactly parallel to zones of undulose extinctionÐthat is,
subgrain boundaries (Fig. 2). Measurements of Fe concentration
across subgrain boundaries by analytical transmission electron
microscopy (ATEM) clearly indicate that Fe concentration increases
at subgrain boundaries (Fig. 3). Areas of high Fe concentration
correspond to those of low Mg concentration (Table 1), indicating
that the striped zoning is formed via interdiffusion between Mg and

Figure 1 Optical micrograph in crossed polarized light, showing undulose extinction and

kink bands (NNE±SSW direction) in olivine grains of an Uenzaru peridotite. Such olivine

microstructures are commonly developed in deformed peridotites derived from the Earth's

upper mantle. Scale bar, 1 mm.
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Fe. Both electron-probe microanalysis and ATEM measurements
indicate that the concentrations of fayalite (Fe2SiO4) components at
subgrain boundaries are 1±1.5% higher than those in the other
regions (Fig. 3 and Table 1). Such striped Fe zoning of olivine as
described here is also found in deformed peridotites from the
Horoman peridotite complex of the Hidaka metamorphic belt, as
well as in those from the Baldissero, Balumuccia and Finero
peridotite complexes in the Ivrea zone of the southern Alps. The
striped Fe zoning of olivine may therefore be common in mantle
peridotites.

Dislocation cores that give rise to elastic distortion of the crystal
lattice attract solute atoms in alloys and minerals, forming Cottrell
atmospheres3,6,7. Olivine is a solid solution between Mg2SiO4 (for-
sterite) and Fe2SiO4 (fayalite), in which Fe2+ is a solute cation.
ATEM measurements3 of X-ray intensities of Fe across a free edge
dislocation in olivine from a mantle peridotite have revealed that Fe
concentration increases in the immediate vicinity (less than 0.5 mm)
of the dislocation, indicating a Cottrell atmosphere of solute Fe.
During dislocation creep of a crystal, dislocation glide and climb
enable dislocations to align in planar arrays and form subgrain
boundaries such that the internal strain energy of the crystal is
minimized. The formation of subgrain boundaries composed of
edge dislocations dragging a Cottrell atmosphere of Fe can therefore
produce a striped Fe zoning of olivine.

Two possible post-deformational processes may also affect the
striped Fe zoning via pipe diffusion of Fe along dislocations:
subsolidus reaction11,12 and metasomatism13. The sources of Fe in
these two cases are clinopyroxene and an Fe-rich ¯uid phase,
respectively. However, the striped Fe zoning of olivine is developed
even in dunite and harzburgite in which clinopyroxene is absent. In
addition, Fe-enrichment at the rims of olivine grains possibly in
direct contact with ¯uid was not detected. Laihunite, an Fe3+-
bearing olivine, has been reported to be formed as 0.6-nm-thick
layer parallel to (001) along dislocation cores and grain boundaries
of olivine during metasomatism of mantle peridotites under upper-
mantle conditions13,14. But laihunite and any other precipitates were
not found along subgrain boundaries by our TEM observations. An
additional synchrotron micro-XANES study (not shown) did not
detect Fe3+ in the iron-rich or in the iron-poor areas of the olivine
grains that we studied (XANES; X-ray absorption near edge struc-
ture). The possibility of mantle metasomatism is therefore excluded,
and consequently, post-deformational processes cannot be respon-
sible for the observed striped Fe zoning of olivine.

The (010)[100] and {0kl}[100] slip systems in olivine observed in
the Uenzaru peridotites are active at relatively high temperaturesÐ
for example, at temperatures higher than 900 8C when the con®ning
pressure and strain rate are 1,500 MPa and 10-4 s-1, respectively15.
Furusho and Kanagawa16 have suggested that the Uenzaru perido-
tites are deformed at temperatures of 760±960 8C and pressures of
700±1,000 MPa. These ranges of temperatures and pressures corre-
spond to those in the uppermost mantle and in descending
slabs17±19.

Subgrain boundaries composed of edge dislocations are perpen-
dicular to the slip direction, that is, the Burgers vector. TEM
observations (not shown) of dislocations in the studied olivine
grains indicate the slip direction to be [100], and therefore subgrain
boundaries are parallel to (100). In fact, optically visible subgrain
boundaries in olivine grains are mostly parallel to their (100) planes.

b
a

Figure 2 Microstructure and microchemistry of a strongly deformed olivine grain,

indicating the relationship between undulose extinction and Fe zoning. a, Optical

micrograph in crossed polarized light, showing undulose extinction in the WNW±ESE

direction. b, Map of Fe concentrations within the rectangle shown in a. Striped Fe zoning

in the WNW±ESE direction can be seen. Reddish colours indicate higher Fe

concentrations (see colour bar on right of panel). Scale bar (black, at bottom), 30 mm.

Black lines cutting the striped Fe zoning in b are cracks. Note that high-Fe areas are

exactly parallel to zones of undulose extinction, that is, subgrain boundaries.
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Figure 3 Fayalite (Fe2SiO4) components measured by ATEM across a subgrain boundary

composed of edge dislocations. The ®lled circle shows a measurement made just at the

subgrain boundary. The Fe concentration at the subgrain boundary is higher than that in

the adjacent areas.

Table 1 Chemical composition of olivine

Fe-poor region Fe-rich region

SiO2 40.91 40.90 41.09 40.77 40.48 40.94
TiO2 0.02 Ð Ð 0.01 0.02 0.02
FeO 8.35 8.00 7.66 9.22 9.14 8.92
NiO 0.33 0.40 0.37 0.34 0.36 0.36
Cr2O3 0.00 0.04 0.03 0.01 0.03 0.02
MnO 0.10 0.14 0.16 0.18 0.15 0.14
MgO 50.71 49.52 50.25 49.70 49.92 49.61
CaO 0.02 Ð 0.02 Ð Ð Ð

Total 100.44 99.00 99.58 100.23 100.10 100.01
.............................................................................................................................................................................

No. of cations (O=4)

Si 0.993 1.005 1.002 0.996 0.990 1.000
Ti 0.000 Ð Ð 0.000 0.000 0.000
Fe 0.169 0.164 0.156 0.188 0.187 0.182
Ni 0.006 0.008 0.007 0.007 0.007 0.007
Cr 0.000 0.001 0.001 0.000 0.001 0.000
Mn 0.002 0.003 0.003 0.004 0.003 0.003
Mg 1.835 1.814 1.827 1.809 1.821 1.806
Ca 0.001 Ð 0.001 Ð Ð Ð

Total 3.006 2.995 2.997 3.004 3.009 2.998
.............................................................................................................................................................................

Fa* 8.4 8.3 7.9 9.4 9.3 9.2
.............................................................................................................................................................................

Compositions are given in wt%. Dash indicates under detection limit (,0.01 wt%). All measure-
ments are within a single olivine grain. Fa* = 100 ´ Fe/(Mg + Fe).
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LPO with a [100] density maximum close to lineation indicates
preferred alignment of (100) and hence subgrain boundaries
normal to lineation. This has an important implication for the
generation of deep-focus earthquakes, which are possibly triggered
by transformation of olivine to high-pressure phases19±24. In a
descending slab, the phase transformation of olivine to b-phase
(wadsleyite) and g-phase (ringwoodite) would occur ®rst at regions
of high Fe concentrations, because Fe-rich olivine transforms at a
lower pressure than Mg-rich olivine at the same temperatures25,26.
Moreover, stacking faults along which the crystal lattice is trans-
formed to ringwoodite are preferentially formed parallel to (100) in
olivine27,28. Thus the phase transformation would preferentially
occur parallel to (100) in olivine, which is preferentially aligned
normal to lineation, that is, in planar arrays. The high-pressure
phases thus formed are much ®ner-grained than the host
olivine21,23,24, and possibly deform superplastically by a grain-size-
sensitive ¯owÐin contrast to the host olivine plastically deforming
by grain-size-insensitive dislocation creep. The formation of high-
pressure phases in planar arrays may therefore lead to shear
instability in descending slabs, and trigger deep-focus earthquakes
in these slabs.

Orowan's equation indicates that strain rate is proportional to
dislocation velocity29. The observed Fe zoning in naturally deformed
olivine implies the moving of dislocations at speeds slow enough to
drag a Cottrell atmosphere, probably because of very low strain rates
(,10-14 s-1) in the mantle. If the strain rate is much higher, as in
deformation experiments (generally $ 10-6 s-1), fast-moving dis-
locations would leave the Cottrell atmosphere behind, resulting in
no Fe concentrations along dislocations. The presence of a Cottrell
atmosphere also has a pinning effect on dislocations and inhibits
their movement. Accordingly, ¯ow laws at high and low strain-rate
conditions are different30. Hence the plasticity of olivine at very low
strain rates in the mantle may be different from that at the high
strain rates achieved in the laboratoryÐthis needs to be explored in
the future, to obtain a better understanding of the dynamics of the
Earth's interior. M
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The muscular work of galloping in horses is halved by storing and
returning elastic strain energy in spring-like muscle±tendon
units1,2.These make the legs act like a child's pogo stick that is
tuned to stretch and recoil at 2.5 strides per second. This
mechanism is optimized by unique musculoskeletal adaptations:
the digital ¯exor muscles have extremely short ®bres and sig-
ni®cant passive properties, whereas the tendons are very long and
span several joints3,4. Length change occurs by a stretching of the
spring-like digital ¯exor tendons rather than through energeti-
cally expensive length changes in the muscle5. Despite being
apparently redundant for such a mechanism5, the muscle ®bres
in the digital ¯exors are well developed. Here we show that the
mechanical arrangement of the elastic leg permits it to vibrate at a
higher frequency of 30±40 Hz that could cause fatigue damage to
tendon and bone. Furthermore, we show that the digital ¯exor
muscles have minimal ability to contribute to or regulate sig-
ni®cantly the 2.5-Hz cycle of movement, but are ideally arranged
to damp these high-frequency oscillations in the limb.

In a 500-kg horse, about 1,000 J of elastic energy are stored in the
digital ¯exor tendons and suspensory ligament (interosseus muscle)
of each leg in each stride2,6. This is achieved by gravitational and
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