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Mantle superplasticity and its self-made demise
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The unusual capability of solid crystalline materials to deform
plastically, known as superplasticity, has been found in metals
and even in ceramics1. Such superplastic behaviour has been specu-
lated for decades to take place in geological materials, ranging from
surface ice sheets to the Earth’s lower mantle2–8. In materials science,
superplasticity is confirmed when the material deforms with large
tensile strain without failure; however, no experimental studies
have yet shown this characteristic in geomaterials. Here we show
that polycrystalline forsterite 1 periclase (9:1) and forsterite 1
enstatite 1 diopside (7:2.5:0.5), which are good analogues for
Earth’s mantle, undergo homogeneous elongation of up to 500
per cent under subsolidus conditions. Such superplastic deforma-
tion is accompanied by strain hardening, which is well explained by
the grain size sensitivity of superplasticity and grain growth under
grain switching conditions (that is, grain boundary sliding); grain
boundary sliding is the main deformation mechanism for super-
plasticity. We apply the observed strain–grain size–viscosity rela-
tionship to portions of the mantle where superplasticity has been
presumed to take place, such as localized shear zones in the upper
mantle and within subducting slabs penetrating into the transition
zone and lower mantle after a phase transformation. Calculations
show that superplastic flow in the mantle is inevitably accompanied
by significant grain growth that can bring fine grained (#1 mm)
rocks to coarse-grained (1–10 mm) aggregates, resulting in increas-
ing mantle viscosity and finally termination of superplastic flow.

Microstructures of some deformed rocks (such as ultramylonite)
resemble those of experimental superplastic materials. Further, syn-
thetic mineral aggregates that are analogues of rocks often exhibit a
dependence of flow rate on stress and grain size similar to that found
during superplastic deformation. On the basis of these results, super-
plasticity has been speculated to occur in geological materials, includ-
ing glaciers2, lower crust3,4, upper mantle3,5, transition zone6 and lower
mantle7,8. The term ‘superplasticity’ refers to tensile deformation to
large strain without failure; however, no experimental studies have
shown this characteristic in geomaterials. Thus, Earth scientists have
been compelled to use superplasticity to describe creep accommodated
mainly by grain boundary sliding (GBS)2,9, which is considered to be
the primary deformation mechanism for superplasticity10. Grain
switching as a result of GBS is expected to leave little evidence of its
operation. Grains with random crystallographic orientations and
equant shapes are characteristic of superplastically deformed samples.
Thus, geologists have identified superplasticity (or GBS) in their col-
lected rocks simply by eliminating other possible deformation
mechanisms, such as dislocation and diffusion creep.

Two types of polycrystalline aggregates—consisting of 90 vol.%
forsterite (Mg2SiO4) and 10 vol.% periclase (MgO) (Fo1Per) and of
70 vol.% forsterite, 25 vol.% enstatite (MgSiO3) and 5 vol.% diopside
(CaMgSi2O6) (Fo1En1Di), which are good analogues for lower and
upper mantle composites—were prepared by sintering of nanosized
mineral powders (see details in Methods and ref. 11). Minimizing the
particle size of the initial powders and introducing secondary phases,
such as periclase and pyroxenes, facilitated the maintenance of a fine
grain size (,500 nm) with a porosity of ,0.1 vol.% for both samples.

Tensile tests at a constant displacement rate (v 5 1023–1024 mm s21)
were performed on the blade-shaped sintered aggregates with an
Instron-type testing machine at 1,350–1,450 uC in air. A few compres-
sion tests were also carried out on cylinder-shaped samples to explore
the effect of deformation conditions such as temperature and loading
type on the strain–grain size relationship, as discussed later. A piece of
the same starting material was placed next to the creep sample in all
tests to see how the microstructure changed simply through static
annealing (we refer to this sample as a reference sample).

Typical displacement–stress curves for our materials exhibited
strain hardening in the initial to middle stages of the deformation
and weakening in the final stage before failure (Supplementary Fig. 1).
Samples with and without failure both exhibited almost homogeneous
strain (Fig. 1). The largest elongation of 515% was achieved for a sample
of Fo1Per at v 5 1.2 3 1023 mm s21 (corresponding to an initial strain
rate (_e) of 1.0 3 1024 s21) at 1,450 uC. A maximum elongation of 315%
for a sample of Fo1En1Di was reached at the same displacement speed
and at 1,350 uC. Both samples clearly demonstrate superplasticity, which
is defined by a tensile strain of ?100% (ref. 12).

Superplasticity in the Fo1Per system occurred over a wider range of
temperature and strain rate than in the Fo1En1Di system; thus, we
primarily describe deformation behaviour and microstructure of the
Fo1Per samples in this study. Microstructures of starting, deformed
and reference samples were observed by field-emission-gun scanning
electron microscopy (FEG-SEM) (Fig. 2a–c). Both starting and ref-
erence samples exhibited homogeneous (random) distribution of grains
of secondary phase (periclase; Fig. 2a); however, static grain growth was
detected in the reference samples, following the relationship

d4
st{d4

0~kt ð1Þ
where dst and d0 are grain size under static annealing conditions and
initial grain size, respectively, t is time and k is the growth coefficient
(Supplementary Fig. 2). The relationship is expected to hold when an
intergranular secondary phase effectively pins the growth of the first
phase, and the growth of the secondary phase is rate-limited by grain
boundary diffusion of the slowest ions13,14. The presence of periclase
grains at intergranular regions between forsterite grains indicates the
operation of such a process (Fig. 2a). Grains are equigranular in the
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Figure 1 | Specimens before and after tensile deformation experiments.
a, Starting sample of Fo1Per. b, Fo1Per sample after 515% elongation
(v 5 1.2 3 1023 mm s21 and T 5 1,450 uC). c, Fo1En1Di sample after 315%
elongation (v 5 1.2 3 1023 mm s21 and T 5 1,350 uC).
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starting and reference samples, whereas grains in the deformed samples
were weakly elongated in the direction of tension (Fig. 2b, c). Further, a
very weak lattice-preferred orientation (a-axis concentration parallel to
the tensile direction) and few dislocations were detected under SEM-
EBSD (electron back scattered diffraction) and transmission electron
microscopy, respectively (Supplementary Figs 3 and 4); these observa-
tions correspond to deformation characteristics expected from the
model of superplasticity10. Deformed samples always exhibit larger
grain size than their reference samples (Fig. 2a, c). Further, a sample
with larger strain but deformed for a shorter period of time exhibited a
larger grain size than a sample with less strain deformed for longer time
(Fig. 2b, c).

Randomly distributed grains of secondary phase (5Per) in starting
materials coalesced perpendicular to the tensile direction in deformed
samples, and such structure is readily recognized in the samples
deformed under larger strain and strain rate. The coalescence is well
explained by grain switching of the primary phase accompanied by
movement of grains of the secondary phase, as illustrated in Fig. 2d
(refs 10, 15). When grain switching is fast relative to grain boundary
migration, a coalesced structure composed of multiple grains can be
preserved. A similar structure is identified in natural ultramylonite
(see, for example, ref. 16). Here, we assume that grains of both phases
can grow until they encounter grains of a different phase. As grains of
secondary phase are isolated from one another, their growth is essen-
tially controlled by their coalescence due to grain switching (Fig. 2d).
In the deformed samples, the grain size of the primary phase (de

I ) is
expected to increase parallel to the grain size of the secondary phase
(de

II) (that is, de
I=de

II 5 constant); thus, grain sizes of both phases are
expected to follow the relationship (see details in Supplementary
Discussions)17

ln de=d0ð Þ~ae ð2Þ
where a is a coefficient determined by the fraction of secondary phase
grains coalesced in a single grain switching event. Here we use d as an
average grain size without distinguishing between phases. It has been
shown that d0 can be replaced by the grain size from the reference
samples, dref, when static grain growth is not significant18. The lnde/dref

versus e data from the Fo1Per samples are well fitted by equation (2)

with a < 0.3 (Fig. 3), the value commonly reported for metals and
ceramics18. Overall, under deformation via the GBS dominant creep
mechanism, we are able to predict grain growth by combining equa-
tions (1) and (2) (Supplementary Table 1).

Rheological data were analysed on the basis of the power-law
relationship

_e~A(sn=dp) ð3Þ
where _e is strain rate, A is a constant, s is stress, n is the stress exponent,
d is grain size and p is the grain size exponent. To determine flow
parameters, the value of p was derived first. As grain growth inevitably
occurred during the experiments, we attribute strain hardening of the
sample to grain growth and attribute weakening to cavity formation.
To obtain flow strength free from the effect of cavities, we analysed
flow data only for e # 1.0 before cavity formation. As described above,
we explain the change of grain size during the tests through a com-
bination of static and dynamic grain growth laws, which allow us to
attribute the hardening to grain growth with p < 1.5. Using this value
to normalize grain size to 1mm, we find a linear relationship between
logs and log _e, resulting in a value of n 5 2.3 (see details in Methods
and Supplementary Fig. 5), which corresponds to the value commonly
reported from superplastic ceramic materials (that is, n < 2)19.

Although true tensile elongation is not likely to be important under
geologic conditions, grain-scale deformation processes during laboratory
tensile tests should be the same as those during mantle flow. Geological
settings at probable temperatures where superplasticity has been pro-
posed to take place are considered here: that is, in localized shear zones
in the upper mantle at T < 700 uC (ref. 5), and in subducting slabs
penetrating into the transition zone at T < 1,500 uC (ref. 6) and into
the top of the lower mantle at T < 1,600 uC (refs 7, 8). Here we assume
grain growth of the major phase (70 vol.%) in the upper mantle, the
transition zone, and the lower mantle to be pinned by secondary phases
(30 vol.%); the major and secondary phases are respectively olivine and
pyroxene in the upper mantle, ringwoodite and majorite in the trans-
ition zone, and Mg-perovskite and magnesiowustite (and/or Ca-
perovskite) in the lower mantle. Under static conditions, grain growth
can be predicted by equation (1) by estimating k from numerous
parameters, including grain boundary diffusivity of the slowest ions
(Supplementary Discussions)13,14. On the basis of Si diffusivities for
each mineral and temperature20–22, the value of k for the three mantle
settings varies by only one order of magnitude. For the sake of simplicity,
we use k 5 10231 m4 s21 as a representative value for all three settings. If
we start the aggregates with a grain size of 1mm, corresponding to the
minimum grain size observed in the shear zone5 and the predicted value
after a phase transformation during subduction23, grain size will follow
the black solid line in Fig. 4; this gives ,30mm and ,200mm after

d
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Figure 2 | Microstructures of reference and deformed samples, and
schematic illustration of the deformation process. Sample surfaces were
thermally etched at 1,250 uC for 0.5 h in air. Pairs of arrows indicate the tensile
directions. False colours: green, forsterite; red, periclase. a, Reference sample for
Fo1Per shown in c. b, Fo1Per sample with 84% elongation at
v 5 6.0 3 1024 mm s21. Total experimental time is 16,876 s. c, Fo1Per sample
with 399% elongation at v 5 6.0 3 1023 mm s21. Total experimental time is
7,984 s. d, Model of grain switching accompanied by grain coalescence
(modified after ref. 15).
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Figure 3 | Experimental data (lnde/dref versus e) for Fo1Per samples. See
text for details of model. Comp., compression; tens., tension.
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10 Myr and 1 Gyr, respectively. For the case of the top of the lower
mantle, the experimental result24 and previous estimates using a grain
growth law for a volume diffusion mechanism25, both of which are
represented by dashed lines in the figure, predict ,20mm and
,400mm, respectively, after 1 Gyr. Although estimation of static grain
growth contains significant uncertainties, pinning due to the secondary
phase is so effective overall that grain growth under static conditions is
too slow to reach a realistic grain size of 1–10 mm in the mantle settings
considered here. Under dynamic conditions, grain growth can be pre-
dicted by a combination of equations (1) and (2) by imposing _e. When
the rocks deform at an _e of 10215–10210 s21, the strain effect on growth
rate becomes significant between 103 and 108 years, depending on strain
rate (coloured lines in Fig. 4). Accordingly, mantle viscosity increases
dramatically.

Microstructures of a peridotite mylonite from a shear zone, as com-
pared to the deformation mechanism map for olivine aggregates, indi-
cate that diffusion, GBS and dislocation creep took place in domains
with grain sizes of 1–10mm, 10–300mm and .300mm, respectively5,26.
Displacement at the shear zone does not contribute to a change in
creep regime from diffusion to GBS creep, whereas a change from GBS
to dislocation creep can occur through deformation-induced grain
growth (Fig. 4). Assuming a shear strain rate (_c) of 10212 s21, the
change from GBS to dislocation creep can occur after ,5 3 105 years
corresponding to a shear strain of ,15, indicating that the domain
deforming via a grain-size sensitive mechanism cannot survive after
such deformation in the shear zone.

When a subducting slab of thickness 200 km penetrates into the
transition zone or lower mantle at 5 cm yr21, the shear strain rate inside
the slab will be ,10214 s21, assuming simple shear geometry. Although
numerous assumptions are involved, the boundary between diffusion
and dislocation creep is considered to lie at a grain size of the order of
1mm in the transition zone21. In this case, the slab deforms via disloca-
tion creep immediately after the transformation. A grain size of ,3 mm
in the top of the lower mantle is required to explain geophysically
estimated viscosity with experimentally obtained Si diffusivity27. As
shown, such a large grain size is never attained under static conditions;
however, under dynamic conditions, this size can be attained in
,6 3 107 years following the transformation, which corresponds to

,3,000 km horizontal movement of the slab. Our calculation demon-
strates that deformation-induced grain growth controls grain size, vis-
cosity and the extent (in space and time) of superplasticity in the
mantle.

METHODS SUMMARY
Mineral powders for sintering were prepared through solid state reactions between
nanosized powders of Mg(OH)2 and colloidal SiO2 with and without CaCO3. Such
powders were then cold pressed under isostatic pressure into bars. Subsequently,
they were vacuum sintered to obtain very dense fine-grained materials. The blade-
shaped sintered aggregates for tensile experiments were machined to a gauge
length of 12 mm, a width of 2 mm, and a thickness of 2 mm (Fig. 1a). For creep
experiments, we used an Instron 5580 uniaxial mechanical testing machine with a
furnace to heat the samples. The samples were held by SiC rods, and testing
temperatures were established by raising the temperature at 650 uC h21. All tests
were conducted in a temperature range of 1,350–1,450 uC and under atmospheric
conditions. Constant displacement rates were established in all the tests. Tensile
strain was determined from the crosshead displacement, assuming uniform
elongation in the gauge portion. After the tests, all samples were polished in the
plane parallel to the tension direction and thermally etched to expose grain and
interphase boundaries. The diameter of each grain was measured by approximat-
ing the grain shape to a circle with imaging software. More than 170 grains were
measured in each sample to obtain the mean diameter of the circles, which should
represent grain size in the sample.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Predicted grain size and normalized viscosity as a function of
time under static and dynamic conditions applicable to three different
mantle settings. Settings are: localized shear zone in upper mantle; subducting
slab penetrating into transition zone; and subducting slab penetrating into the
top of lower mantle. We assume d0 5 1mm, lnde/dst 5 0.3c/2 and p 5 2
(equation (1)). Black solid line, static grain growth; coloured solid lines,
dynamic grain growth with different strain rates from 10210 to 10215 s21.
Dashed lines, previously predicted static grain growth at the top of lower
mantle24,25. g0, viscosity when d 5 1mm. See details in text and Supplementary
Information.
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METHODS
Mineral powders for sintering were prepared through solid state reactions among
nano-sized powders of Mg(OH)2, colloidal SiO2 and 6CaCO3 at ,1,000 uC.
Calcined powders were cold pressed under an isostatic pressure of 200 MPa into
bars of ,5 3 10 3 30 mm. Subsequently, they were vacuum sintered at 1,330–
1,350 uC to obtain very dense fine-grained materials. We have reported the details
of these procedures elsewhere11,28. Average grain sizes before deformation experi-
ments were 280 and 480 nm for the samples of Fo1Per and Fo1En1Di, respec-
tively. The blade-shaped sintered aggregates for tensile experiments were
machined to a gauge length of 12 mm, a width of 2 mm, and a thickness of
2 mm (Fig. 1a). A cylindrical furnace with heating elements of Kanthal Super
was used to heat the samples. The furnace was attached to an Instron 5580 uniaxial
mechanical testing machine. The samples were held by SiC rods consisting of 2 to 3
parts with flexible joints so that the sample could be adjusted to tensile geometry
after a small amount of displacement. Testing temperatures were established by
raising the temperature at 650 uC h21. All tests were conducted under constant
displacement rate (v 5 1024–1023 mm s21). Tensile strain was determined from
the crosshead displacement by considering the compliance of the apparatus and by
assuming uniform elongation in the gauge portion. As achievable displacement
was so large, nominal strain can be significantly different from true strain. Thus,
we use true strain (e) instead of nominal strain when discussing the strain effect on
creep characteristics. We collected one force–displacement–time datum per
1,000–2,000 ms using a load cell attached to the crosshead of the Instron machine.
We read stress and strain rate at 0.2 # e , 1 (Supplementary Table 1). Within this
range, we are able to obtain reliable stress and strain rate data, which are free from
the effects of frictional and elastic behaviours of the samples and sample holders
and from the effect of cavitation on sample strength. Half of the tests were con-
ducted until sample failure. Experiments at higher temperature and slower dis-
placement rate tended to achieve larger strain before failure. Compression tests
were conducted on cylinder-shaped samples (,5 mm radius, 10 mm length) at
v 5 (1.7 3 1024)–(1.3 3 1023) mm s21 at 1,200 and 1,300 uC. All samples were
quenched by ,20 uC min21 to preserve deformation microstructure.

After the tests, all the samples were polished in the plane parallel to the tension
direction and thermally etched at temperatures more than 100 uC lower than that used
for the experiments for ,0.5 h in air to expose grain and interphase boundaries11,28

(Fig. 2 and Supplementary Fig 6). Microstructural change during the thermal etching
was confirmed to be negligible by microstructural observations of the samples that
were chemically etched with dilute HCl 1 HNO3. We did not apply any etching
techniques to the samples for TEM observations. We measured the diameter of each
grain by approximating the grain shape to a circle with imaging software. The mean
diameter of the circles should represent grain size in the sample, when grain shape is
essentially equiaxed. More than 170 grains were measured in each sample.

As we are able to reproduce grain growth with grain growth laws for both static
and dynamic conditions (equations (1) and (2)), we can estimate grain size at any
point of the deformation when experimental time and strain are known (we refer to
this grain size as de) (Supplementary Table 1). Such grain size is used to extract flow
parameters such as grain size and stress exponents in equation (1) from mechanical
data. Details of this procedure follow. Final (total) strain of the samples, ef in, and
final grain size, df in, are substituted into equation (2) to obtain a for each sample.
Grain size versus time for reference samples of Fo1Per annealed at 1,450 uC is
shown in Supplementary Fig. 2. The best fit indicates a grain growth exponent of
,4, which corresponds to the predicted exponent in equation (1). The best fit
relationship of static grain growth allows us to predict the grain size dref at t which
corresponds to the time when the deformed sample reached e. With calculated a
and dref, we are able to predict grain size in the deformed samples (dede) using
equation (2). Values used for e, t and de are all listed in Supplementary Table 1.
Within a small range of strain, _e can be approximated as a constant so that grain size
exponent p is obtained from strain hardening (that is, analysis of L ln s=L ln de),
giving p < 1.5. Once p is fixed, _e is normalized to the value for a grain size of
d 5 1mm by _e|(de=d)1:5. Finally, we plot stress (logs) versus normalized strain
rate (log_e|(de)1:5) as shown in Supplementary Fig. 5. Linear relationships between
logs and log _e were found, resulting in values of n 5 2.3 (Supplementary Fig. 5).

28. Hiraga, T., Tachibana, C., Ohashi, N. & Sano, S. Grain growth systematics for
forsterite 6 enstatite aggregates: effect of lithology on grain size in the upper
mantle. Earth Planet. Sci. Lett. 291, 10–20 (2010).
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