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a b s t r a c t
Large-strain plastic deformation experiments of wadsleyite and olivine were conducted using a rotational
Drickamer apparatus (RDA) up to pressure and temperature conditions corresponding to the Earth’s mantle transition zone. Sintered ring-shaped (Mg,Fe)2 SiO4 wadsleyite and olivine samples were deformed at
P ∼ 16 GPa and T = 1600 and 1800 K, and P ∼ 11 GPa and T = 1800 K, respectively, with equivalent strain rate
of ε̇E ∼ 6 × 10−5 s−1 . In situ observations of deforming samples were carried out using the synchrotron
radiation facility at Brookhaven National Laboratory, NSLS, X17B2. Stress was measured by X-ray diffraction at six different angles with respect to the compression axis. The stress estimated by X-ray diffraction
was in good agreement with the stress estimated from dislocation density (for olivine). Strain was determined using X-ray radiographs of a strain marker (Re or Mo foil). Deformation of samples with a RDA
involves both uniaxial compression and simple shear. A new formulation is developed to analyze both components to determine the rheological properties of a sample. Stress–strain curves show strain-hardening
up to the equivalent strain of εE ∼ 0.2 followed by the quasi-steady state deformation. Wadsleyite is found
to be stronger than olivine compared at similar conditions and the creep strength of olivine at P ∼ 11 GPa
is much higher than those at lower pressures.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The 410-km discontinuity of Earth’s mantle may play a critical role in the material circulation in Earth. The olivine–wadsleyite
phase transition is believed to be responsible for the discontinuity, and the changes in density and viscosity caused by the phase
transformation likely have an important inﬂuence on mantle convection. The nature of density changes across 410-km discontinuity
has been studied (e.g. Irifune and Ringwood, 1987) and its inﬂuence
on mantle convection has been investigated (e.g. Christensen and
Yuen, 1984), but another important material property, viscosity, has
been largely unconstrained.
Sharp et al. (1994) reported the ﬁrst results of stress relaxation tests on wadsleyite and investigated dislocation structures by
TEM. A similar study was conducted by Thurel and Cordier (2003)
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and Thurel et al. (2003) who investigated the dislocation structures in more detail. However, no quantitative rheological data is
available from these studies. Chen et al. (1998) conducted deformation experiments of wadsleyite and reported that wadsleyite is
signiﬁcantly stronger than olivine and that water has only a slight
weakening effect on wadsleyite. However, for the following reasons
their results may not be conclusive. First, their experiments were
conducted at low temperature and pressure (T < 900 K, P < 10 GPa)
compared to the typical conditions of wadsleyite-dominant region
in the transition zone in Earth (P = 13–18 GPa and T ∼ 1800 K) (e.g.
Akaogi et al., 1989). Second and more importantly, their experiments are on powder samples and the stress was measured by X-ray
peak broadening. In the deforming powder sample, effects of crushing, sintering and creep are considered to be combined, however, its
physical mechanisms are poorly known. Therefore their results may
not be relevant to high-temperature rheology of a dense material.
Moreover, Kubo et al. (1998) studied the kinetics of olivine to wadsleyite transformation at P = 13.5 GPa and T = 1300 K, and inferred
that water signiﬁcantly enhances plastic deformation of wadsleyite.
Consequently, we conclude that very little is known on the rheological properties of wadsleyite from previous studies.
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The rheological property of olivine at relatively low pressure
have been established based on many deformation experiments
(e.g. Karato et al., 1986; Mei and Kohlstedt, 2000a, b; Karato and
Jung, 2003). By contrast, the rheological properties of olivine at
high pressure are still controversial. Using a liquid-cell Griggs apparatus, Green and Borch (1987) obtained a very large pressure effect
corresponding to an activation volume of V* ∼ 27 cm3 /mol. Based
on the stress relaxation tests using the Kawai-type multi-anvil
apparatuses up to P = 15 GPa, Karato and Rubie (1997) observed a
signiﬁcant pressure effect for dislocation creep of olivine yielding
V* ∼ 14 cm3 /mol after the correction for the water fugacity effect.
Karato and Jung (2003) made a detailed analysis of pressure effects
on dislocation creep in olivine based on the experimental data
to P = 2 GPa under “wet” (water-saturated) conditions, and determined V* ∼ 24 cm3 /mol after the correction for the water fugacity
effect. In contrast, Li et al. (2006a) concluded that pressure has
very small effect on the plastic strength of olivine in the dislocation creep regime based on their deformation experiments using
the deformation-DIA apparatus up to P = 10 GPa and T = 1500 K. This
conclusion is inconsistent with most of previous studies.
The main reason for the controversy over the rheology of wadsleyite and olivine is the difﬁculty in performing quantitative
deformation experiments at high pressures. Conventional deformation apparatus such as the Griggs or the Paterson apparatus can
be operated only at low pressures (P < 3 GPa or P < 0.5 GPa, respectively). Recently, the deformation-DIA (D-DIA) was developed and
has been used up to ∼10 GPa and ∼1500 K (e.g. Wang et al., 2003; Li
et al., 2006a). However, by using D-DIA, in which a cubic pressure
medium is compressed by six anvils, it is still difﬁcult to conduct deformation experiments at pressures above 10 GPa because
of its anvil geometry. Yamazaki and Karato (2001) designed the
rotational Drickamer apparatus (RDA) in which deformation experiments can be performed to large strain in simple shear geometry.
Since anvils are better supported in this design, deformation experiments can be performed at signiﬁcantly higher pressures than
the D-DIA. Modiﬁcations to the sample assembly have been made
and this apparatus has been operated at a synchrotron facility at
high temperature and pressure by Xu et al. (2005). In this paper,
we report the results of the ﬁrst mechanical tests of wadsleyite
under the transition zone conditions (P ∼ 16 GPa and T = 1600 and
1800 K), and new high-pressure results of olivine at P ∼ 11 GPa and
T = 1800 K.

Fig. 1. SEM images of starting material (a) wadsleyite and (b) olivine. The starting
materials show near-equilibrium texture.

and olivine, the relationship between values of COH (H/106 Si),
CH2 O (wt.% H2 O) and CH2 O (wt. ppm H2 O) can be approximated
as follows; COH (H/106 Si) = 16 × 104 × CH2 O (wt.% H2 O) = 16 ×
CH2 O (wt. ppm H2 O).
2.2. Sample assembly
For deformation experiments with the RDA, we used a pair
of tungsten-carbide anvils with 4.0 mm truncation diameter and
Table 1
Conditions of deformation experiments and results
Wadsleyite

2. Experimental techniques
2.1. Sample preparation and characterization
A wadsleyite sample was synthesized from San Carlos olivine
powder at P = 15 GPa and T ∼ 1400 K for 1 h and an olivine sample
was hot-pressed from San Carlos olivine powder at P = 4 GPa and
T = 1373 K for 2 h using the KIWI 1000-t Kawai-type multi-anvil
apparatus installed at Yale University. In these synthesis experiments, a powder sample was packed into a Mo foil capsule to
keep constant oxygen fugacity. More details on the technique of
the multi-anvil experiments are described elsewhere (Nishihara et
al., 2006).
The samples show near-equilibrium textures (Fig. 1). The average grain size is 3.3 m for wadsleyite and 4.6 m for olivine. The
average grain size was measured using linear intercept method
with a stereographic correction factor of 1.5. The water content of the synthetic wadsleyite and olivine starting material is
determined to be 20,000–30,000 and 2500 H/106 Si, respectively
(Table 1) by using Fourier-transform infrared spectrometer (see
later section for technical details). For (Mg0.9 Fe0.1 )2 SiO4 wadsleyite
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Olivine

Bet24a

Bet25a

San84a

15.2–15.8
1600 ± 100
0.098

15.3–17.6
1800 ± 100
0.101

9.9–12.1
1800 ± 100
0.103

During steady-state deformation
ε̇E (10−5 s−1 )
5.2 ± 2.0b
3.3 ± 0.3c
 E (GPa)

5.1 ± 1.9
3.6 ± 0.6c

6.6 ± 2.0
1.8 ± 0.2c

Max deformation
t (min)
 (◦ )
a

208
20.4
0.94b

167
16.8
0.68

189
19.3
0.91

COH (H/106 Si)
Before
After

∼20,000
4000–7000

27,000
<1500d

2500
<50e

P (GPa)
T (K)
d/dt (◦ min−1 )

a

Run #.
Estimated based on results in Bet25. See text for more details.
c
Presented errors are from variation of equivalent stress during steady-state
deformation.
d
IR absorbance was detected only from limited part of sample. Generally no IR
absorbance (<50 H/106 Si).
e
No IR absorption is detected in the OH vibration region.
b
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Fig. 2. Schematic illustration of gasket and surrounding parts used in Bet25 and
San84.

20◦ slope (Fig. 2). A composite gasket made of pyrophyllite (raw
and ﬁred) and polyether ether ketone (PEEK) was employed. PEEK,
which has low X-ray absorption, was placed in the X-ray paths.
We used a slightly smaller angle (18–19◦ ) for the gasket slope
than that for the anvil (20◦ ) to achieve more efﬁcient pressure
generation. In order to minimize absorption of X-ray, we used a
sleeve (anvil holder) made of extra-super-duralumin (Al-alloy with
Zn), which is nearly transparent to high energy X-rays (Xu et al.,
2005).
A schematic drawing of cell assembly is shown in Fig. 3. A pair of
disc heaters made of TiC + diamond composite is used within a pressure medium consisting of Al2 O3 , MgO and ZrO2 . The total thickness
of the cell assembly is 1.0 or 1.2 mm. In order to minimize the stress
gradient within a sample during deformation a ring-shaped wadsleyite sample was used. The sample is 0.4 mm thick with ∼1.6 mm
outer diameter and 1.0 mm inner diameter. A thin metal foil with
a dimension of 200 m × 200 m was placed as a strain marker in
a cut section of the ring-shaped sample (Fig. 3). A 25 m thick Re
foil was used in Bet 24 and 6 m thick Mo foils were used in Bet 25
and San84. The central electrode is made of sintered TiC. In San84,
the inner portion (0.7 mm wide) of MgO ring sample holder was
replaced by Al2 O3 ring.

Fig. 3. Cell assembly used in the RDA high-pressure deformation experiments with
conjunction of synchrotron radiation. Slightly different assembly design was used
in Bet 24 and in Bet25 and San84. In Bet24 (Bet25 and San84), total thickness of the
assembly was 1.0 mm (1.2 mm), an electrode ring was Mo (TiC), and strain markers were 25 m thick Re foil (6 m thick Mo foil). The difference of total thickness
comes from different thickness of Al2 O3 ring and disc and ring electrode in these
two assembly.

Fig. 4. Results of temperature calibration experiments. In D57, temperature was
measured by using Pt–Pt10Rh thermocouple and measurements were failed above
T = 1400 K. In D95, temperature at electric power of 352 W was determined from
chemical composition of Ca-rich pyroxene coexisting with Ca-poor pyroxne in the
system Mg2 Si2 O6 –CaMgSi2 O6 (Gasparik, 1996). Power–temperature relationships
in both experiments are consistent. Pressure conditions of these experiments are
P = 12 GPa (D57) and 11 GPa (D95).

Temperature is estimated from the electric power based on a
calibration performed in off-line experiments. The temperature calibration experiments were performed by two different techniques.
In the ﬁrst temperature calibration (D57), temperature was monitored using Pt–Pt10Rh thermocouple (made of 50 m thick foils)
with a sample assembly similar to that presented in our previous
paper (Fig. 2a of Xu et al., 2005). In another temperature calibration
(D95), temperature at constant electric power was determined by
using pyroxene thermometry in the system Mg2 Si2 O6 –MgCaSi2 O6
(e.g. Gasparik, 1990, 1996) using the same cell assembly as synchrotron experiments (Fig. 3). A sintered mixture of enstatite and
diopside was used for the starting material. Although the experiment using thermocouple (D57) allows us to measure temperature
in situ, temperature variation in the sample cannot be determined
and any possible effects of thermocouple foils, which are good thermal conductors, on the power–temperature relationship cannot
be evaluated. On the other hand, by the experiment using pyroxene thermometry (D95), temperature variation in sample can be
determined using exactly the same assembly as synchrotron experiments. Pressure conditions of these experiments are P = 12 GPa
(D57) and 11 GPa (D95). Fig. 4 shows power–temperature relationship determined by the calibration experiments. From D57, only the
data below T = 1400 K were obtained due to thermocouple failure.
In D95, sample was kept at high temperature with constant electric
power of 352 W for 15 h. Chemical composition of Ca-rich pyroxene
coexisting with Ca-poor pyroxene (high-pressure clinopyroxene)
was measured using an electron microprobe. The chemical analysis of Ca-rich pyroxene in the entire area of the polished section
in the recovered sample yielded XDi = 0.70–076 (XDi is molar content of CaMgSi2 O6 ). Using this result, based on thermodynamic
parameters reported by Gasparik (1996), temperature is calculated to be T = 1820–1890 K which indicate very small temperature
variation (<100 K) within the sample. As is clear from Fig. 4, the
power–temperature relationship is generally consistent between
D57 and 95 suggesting good reproducibility of temperature generation. Based on the temperature calibration described above,
we consider the uncertainty of temperature in this study to be
about ±100 K.
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2.3. Deformation experiments in conjunction with synchrotron
radiation
A deformation experiment with the RDA is performed as follows.
In Bet24 and 25, ﬁrst a sample is ﬁrst compressed to the target
pressure (P ∼ 16 GPa) at room temperature. During this process
signiﬁcant deformation occurs in the sample as well as surrounding materials. Then temperature is raised to T = 1600 or 1800 K.
In San84, temperature was increased before the target pressure
(P ∼ 11 GPa) was reached. Since some pressure drop occurs during
heating, it was difﬁcult to estimate pressure at high temperature
(T > 1500 K) accurately prior to heating. Heating during compression is a useful way to achieve exact target pressure at high
temperature. A sample was kept at 1600 or 1800 K for 0.5–1 h to
anneal the defects formed by cold deformation. After annealing,
rotation of the top anvil is begun by turning on the motor with a
constant rate of rotation. After rotation to a certain angle  is completed, the motor is turned off and the heater current was shut off.
Both stress and strain (displacement) in a sample space were monitored in situ. Three deformation experiments were carried out at
the same rate of anvil rotation (∼0.10◦ min−1 ), and their conditions
are summarized in Table 1.
In situ observation of stress and strain was carried out using
synchrotron radiation at Brookhaven National Laboratory, National
Synchrotron Light Source (NSLS), X17B2 (Chen et al., 2004; Li et al.,
2004a). Strain measurements were performed using X-ray radiographic images. The X-ray radiographs were collected using a CCD
camera and a YAG scintillator with wide incident X-ray beam
(2 mm × 2 mm).
Stress measurements were performed by X-ray diffraction with
white X-ray. A 13-element solid-state detector was used to record
the energy-dispersive X-ray diffraction patterns. The incident beam
was collimated to 50 m × 50 m. The diffracted X-rays were collimated by using a conical slit (50 m gap) and detected on four of
the 13 detector elements (top, bottom and two side elements). By
changing position of the detector spatially, X-ray diffraction pattern was collected at six different  angles,  = 0◦ , ±45◦ , ±90◦ and
180◦ (see Fig. 5). 57 Co ␥-rays (14 and 122 keV) and characteristic Xrays of Pb (K␣1 and K␣2 ) were used for the energy calibration. The
diffraction angle 2, which was mechanically ﬁxed by the geometry
of the conical slit, is ∼6.5◦ and calibrated using a standard material
(Al2 O3 powder). The alignment of the sample is critical in this type
of experiment. X-rays must be collected from one side of a sample

Fig. 5. Schematic illustration of X-ray diffraction geometry and state of deviatoric
stress in the experiments. We take X-ray diffraction only from one part of ringshaped sample (shaded area). In the observed area, state of deviatoric stress can
be simpliﬁed to be a combination of shear and uniaxial stresses whose principal
axes are in  = +45 and −45◦ and in  = 0 and 90◦ , respectively.  1 and  3 denote
maximum and minimum principal stress axes, respectively. For simple shear and
uniaxial compression,  S =  1 – 3 and  U =  1 – 3 , respectively.

along the central line in order to determine the stress (see Fig. 5)
(Xu et al., 2005). A typical data collection time was 300–600 s. We
measured the lattice spacing (d-spacing) of a sample as a function
of orientation with respect to the compression direction.
2.4. Strain measurements
The development of sample strain was monitored by X-ray
radiograph of a strain marker (Mo or Re foil) which is observed
in the images (Fig. 6). This enables in situ determination of sample
strain (and strain rate). Because deformation in the RDA generally
involves both uniaxial compression and simple shear, the geometry
of strain marker is affected by these two components of deformation (Fig. 7). Thus strain (and strain rate) corresponding to both

Fig. 6. Sample X-ray radiographs at P ∼ 16 GPa and T = 1800 K in Bet25. (Left) before rotational deformation ( = 0◦ , where  is rotation angle), during deformation (center) at
 = 8.3◦ and (right)  = 16.7◦ . Deformation of sample is clearly recognized from tilt of Mo foil strain maker (black lines). Top and bottom black areas are anvils, and two dark
gray layers within a sample are TiC + diamond heater.
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uniaxial compression and simple shear have to be evaluated for
accurate characterization of strain state.
A new formulation is developed to analyze strain state in the
deforming sample and its details are described in the Appendix
A. In the analysis, a theoretical equation was ﬁt to observation of
apparent sample strain  a which is deﬁned as
a ≡

w
= tan ˛
h

(1)

where w, h and ˛ are width and height of strain marker and tilt
angle of strain marker, respectively (Fig. 7). The inﬂuence of uniaxial
compression was taken in account based on the observed change
of sample thickness before and after deformation experiments.
By the strain analysis, two independent components of strain
rate tensor ε̇U and ε̇S , strain rates corresponding to uniaxial compression and shear deformation, respectively, were determined.
From ε̇U and ε̇S , the equivalent strain rate ε̇E was calculated for
appropriate comparison with previous data which were taken in
different deformation geometry. In the geometry of our deformation experiments, the equivalent strain rate ε̇E is expressed as



ε̇E =

ε̇2U +

4 2
ε̇ .
3 S

(2)

The equivalent strain, ε̇E , and corresponding equivalent stress  E
(deﬁned later), can be used to characterize the rheological properties, if a material is plastically isotropic.
2.5. Stress and pressure measurements
Unlike D-DIA apparatus, the stress state of a sample in the RDA
can be more complicated. With the assumption that the material
motion occurs parallel and normal to the compression axis (for
pressurization) and/or parallel to the rotation direction (for torsion), the deviatoric stress state in a sample (“observed part” in
Fig. 5) can be simpliﬁed to a combination of two deviatoric stress
components as

⎛ U

ij =

⎜ 3
⎜ 0
⎝

0
U
3

0

0

⎛ U
=

⎜
⎜
⎝

3
0
0

0
U
3
S
2

−

⎞ ⎛
0 0
0
⎟ ⎜
⎟
0 0
0
⎠+⎝
S
2U
0
2

3

0
S
2
2U
−
3

0
S
2
0

⎞
⎟
⎠

⎞
⎟
⎟
⎠

(3)

where the z-axis (three-axis) is the compression direction (the rotational axis), the y-axis (two-axis) is the shear direction and the
x-axis (one-axis) is normal to both of them (see Fig. 5) and  U and
 S represent the two deviatoric stress components, respectively.
The signs of diagonal components are chosen to yield a positive  U
value for compression. Note that shear stress  used in some previous studies is expressed as  =  S /2. In this case, the variation in
d-spacing with orientation, dh k l ( ) is given by
dh k l ( ) = dh0 k l

1+

U
S
(1 − 3 cos2  ) −
sin  cos 
6M
2M

(4)

where dh0 k l is the d-spacing corresponding to the hydrostatic stress,
 is the orientation of a plane normal to a speciﬁc lattice plane relative to the orientation of compression (Fig. 5), M is an appropriate
elastic (shear) modulus which depends on the crystallographic orientation of the plane (h k l) (e.g. Singh et al., 1998). Therefore from
the measurements of  dependence of d-spacing we can determine

Fig. 7. Schematic illustration of deformation of strain marker (thick lines). Deformation of strain marker is affected by both simple shear and uniaxial compression
(bold arrows). Height h and width w of strain marker change by deformation of sample while initial values are h = h0 and w = 0 (at t = 0, where t is time after rotation
started).

both  U and  S . We ignore any small difference between detector
orientation ( ) and relevant crystallographic orientation which is
smaller than  = 3.25◦ . Eq. (4) contains three unknowns to be determined (dh0 k l ,  U and  S ). Therefore we need to have a data set from
at least three different  angles.
Most of previous deformation experiments were performed in
geometry of uniaxial compression. For appropriate comparison
with those previous data, we use equivalent stress  E . In the geometry of our deformation experiments, the equivalent stress  E is
expressed as



E =

3I2 =

U2 +

3 2
 ,
4 S

(5)

where I2 is the second stress invariant.
For simple shear deformation, the maximum (or minimum)
stress occurs at  = ±45◦ whereas for uniaxial compression, the
maximum (or minimum) occurs at  = 0 and ±90◦ (Fig. 5). Consequently, d-spacing shows extremes at these particular angles when
only one of these stress systems is present. In real case, where both
stress systems are present, the positions of extremes in d-sapcing
change depending on the ratio of magnitudes of two deviatoric
stress components.
In the present study, the (2 4 0) peak of wadsleyite and the (1 3 0)
peak of olivine were the only diffraction lines observed throughout
a series of experiments without any serious overlapping with other
peaks. Therefore, we used the variation of d240 of wadsleyite and
d130 of olivine to determine pressure and deviatoric stresses. Hydrostatic pressure P was determined from the value of dh0 k l using an
available data on the unit cell parameters as a function of P and T
using an appropriate equation of state (Table 2).
The choice of M can be debated. We used the aggregate shear
elastic modulus obtained experimentally (Table 2). In an elastically
deformed material, the effective shear moduli M can be calculated
using single crystal elasticity data (Singh et al., 1998). For the both
(2 4 0) plane of wadsleyite at P = 14 GPa and the (1 3 0) plane of
olivine at P = 12 GPa, the difference between aggregate shear modulus and M are <2% (Zha et al., 1997; Abramson et al., 1997). Therefore
the choice of elastic constant does not affect the stress estimate very
much if a sample deforms only elastically. In plastically deforming material, the actual value of M to be used here depends on
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Table 2
Thermoelastic parameters

P–T –dh3 k l

Parameters for
relationship
Index (h k l) of used d
KT0 (GPa)
KT
˛0 (10−5 K−1 )
(∂KT /∂T)V (GPa K−1 )
(∂2 P/∂T2 )V (10−7 GPa K−2 )
Parameters for bulk shear modulusd
G0 (GPa)
G
(∂G/∂T)P (GPa K−1 )

Wadsleyitea

Olivineb

240
189
3.9
1.94
[0]
17

130
113
4.6
3.02
[0]
8

c

107
1.6
−0.015

78
1.4
−0.014

a
References: Suzuki et al. (1980), Fei et al. (1992), Jackson and Rigden (1996), Li
and Liebermann (2000), Li et al. (2001), Inoue et al. (2004) and Mayama et al. (2004).
b
References: Suzuki (1975), Isaak (1992), Guyot et al. (1996) and Abramson et al.
(1997).
c
Hydrostatic presure P was determined using P–T –dh3 k l relationship expressed by
a formulae of thermal equation of state combined with Birch-Murnaghan equation
of state [Jackson and Rigden, 1996].
d
Parameters for bulk shear moduls are for the equation, G = G0 + G P + (∂G/∂T)P T.

the stress–strain distribution and is not very obvious. For further
discussion on this issue, see Li et al. (2004b) and Weidner et al.
(2004).
Some data on the distribution of stress in plastically deforming minerals are reported in previous studies using the D-DIA (Li
et al., 2004b, 2006a,b). In deforming polycrystalline MgO at P = 2.3
and 4.5 GPa and T = 773 K, the calculated deviatoric stress differs
signiﬁcantly depending on the diffraction line selected, and calculated stress from (1 1 1) was higher than that from (2 0 0) by a
factor of ∼2 (Li et al., 2004b). However, the stress heterogeneity
is not quite serious for other silicate minerals. For pyrope garnet
deforming at P = 4.6–6.8 GPa and T = 1073–1573 K, diffraction lines
(4 0 0), (4 2 0), (3 3 2), (4 2 2) and (4 3 1) yielded quite consistent values of deviatoric stress with ranges within ±15% of the averaged
value (Li et al., 2006b). For olivine deforming at P = 3.5–9.6 GPa and
T = 1073–1473 K, calculated stress values from (0 2 1), (1 3 0), (1 3 1)
and (1 1 2) diffraction lines typically range within ±30% of averaged
value except for low stress data ( < 1 GPa) for which resolution is
relatively worse (Li et al., 2006a). For (1 3 0) of olivine, which is used
in this study, the calculated stress value ( 130 ) is generally larger
than the averaged value ( Ave ), and typically  130 / Ave = 1.0–1.4. On
wadsleyite there is no similar report. In these studies, the average of
stress values from several diffraction lines is assumed to be close to
the effective stress for the bulk sample. Based on the previous data,
the effective stress for olivine is considered to be between 0.5 130
to 1.3 130 . For wadsleyite, we assume that the effective stress is
between 0.5 240 and 2 240 , where  240 is calculated stress using a
diffraction line (2 4 0).
To evaluate the uncertainties in stress estimate from X-ray
diffraction, we have also determined the dislocation density in the
olivine sample to estimate stress. Dislocation in the olivine samples were decorated at T = 1123 K for 1 h and observed by an SEM
(Karato, 1987; Karato and Lee, 1999). The dislocation density versus stress relation determined by Karato and Jung (2003) is used to
estimate the stress. The dislocation density–stress relationship is
scaled using the pressure effects on elastic modulus and the Burgers vector to estimate the correction for the pressure effects. This
correction is small (∼20%).
2.6. Microstructural and chemical analyses
Samples were examined using a Raman spectrometer for
phase identiﬁcation, and microstructures were observed using

Fig. 8. Relationship between rotation angle of top anvil  and apparent sample strain
 a in Bet25. Solid circles represent data determined from X-ray images (e.g. Fig. 6).
Open square is strain determined from geometry of strain marker in the recovered
sample. Solid line is a ﬁt of Eq. (A7). Ideal curve (dotted line) represents apparent
sample strain expected when there is no shear deformation in pressure medium,
which is calculated by  a = r/h (see text). Apparent strain at  = 0◦ is adjusted to be
 a = 0.

both optical and scanning electron microscopes (SEM). For the
microstructural observation, polished sections of samples were
etched by a mixture of HF, HNO3 and acetic acid (1:1:1 in volume) (Wegner and Christie, 1985) for 5–30 s (wadsleyite) or a 37%
hydrochloric acid for 6 min (olivine).
Water contents in the annealed sample were measured by a
Fourier-transform infrared spectroscopy (FT-IR). For FT-IR measurements, samples were doubly polished to thickness of 15–190 m
depending upon water content. Samples were directly put on a
KBr mount disk and analyzed with non-polarized IR beams with
typical dimension of 40 m × 40 m. The water contents were calculated from background-subtracted absorbance spectra using the
Paterson’s (1982) calibration with appropriate correction for orientation factor (e.g. Kohlstedt et al., 1996).
3. Results
3.1. Strain measurements
Strain marker was clearly observed by X-ray radiograph in a
run Bet25 (Fig. 6). As shown in Fig. 8, apparent strain  a , which
is determined from tilt angle of strain marker in the X-ray radiographs, increases monotonically with increasing rotation angle of
anvil . An apparent strain  a determined from a recovered sample was consistent with that determined by X-ray image (Fig. 8).
As a result of strain analyses (Section 2.4 and Appendix A), the
ε̇U and ∂w/∂t were determined to be (3.9 ± 1.8) × 10−5 s−1 and
(4.0 ± 0.1) × 10−9 m s−1 , respectively, using strain marker height
(h = 58 ± 5 m) derived from thickness of recovered sample. The
result of a ﬁt is also shown in Fig. 8 as a solid line.
Due to deformation of pressure medium, which mostly consists
of Al2 O3 (Fig. 3), whole anvil rotation was not transmitted to sample. We calculated the evolution of apparent strain  a for the ideal
case in which whole anvil rotation is transmitted to sample deformation (Fig. 8). In the ideal case, apparent strain is expressed as
 a = r/h, where r = r0 exp(ε̇U t/2) is mean radius of sample ring
and r0 is initial mean radius. The r0 was determined to be ∼800 m
from mean radius of recovered sample in a testing experiments at
P ∼ 15 GPa with 10 min annealing at T = 1800 K without rotational
deformation. The observed apparent strains  a are only 28–33%

162

Y. Nishihara et al. / Physics of the Earth and Planetary Interiors 170 (2008) 156–169

of the ideal values suggesting relatively high plastic strength of
wadsleyite.
It is noted that, even at a constant rotation rate of the anvil,
the calculated shear strain rate ε̇S (Eq. (A6)) gradually increased.
This increase is because of sample thinning (uniaxial compression)
during deformation. Therefore the equivalent strain rate ε̇E (Eq. (2))
also slightly changed as a function of time. Fig. 9 shows calculated
change of strain rates during deformation in Bet25 as a function of
rotation angle, . The change of equivalent strain rate (ε̇E ) during
deformation is smaller than its estimated uncertainty. Thus when
overall uncertainties are taken into account, deformation in Bet25
is considered to be carried out at nearly constant strain rate of ε̇E =
(5.1 ± 1.9) × 10−5 s−1 (Table 1).
Evolution of strain in San84 was analyzed by the same manner
as described above for Bet25, and the ε̇U and ∂w/∂t in San84 were
determined to be (5.5 ± 1.6) × 10−5 s−1 and (3.7 ± 0.3) × 10−9 m s−1 ,
respectively, using the strain marker height of the recovered sample (h = 46 ± 3 m). In Bet24, radiograph of strain marker was not
clear enough, and the sample strain in Bet24 was analyzed based
on the results of Bet25. The ε̇U and ∂w/∂ = (∂w/∂t)/(∂/∂t) are
assumed to be the same as those in Bet25. The equivalent strain
rates ε̇E during steady state deformation (see next section) are
summarized in Table 1. We conclude that the three deforma-

Fig. 9. Change of strain rates during deformation in Bet25 as a function of rotation angle, . Solid bold curve with solid circles, dashed line with crosses and solid
thin curve with open circles are equivalent strain rate (ε̇E ), uniaxial strain rate (ε̇U )
and shear strain rate (ε̇S ), respectively. Uncertainties are plotted as error bars with
symbols.

Fig. 10. Variations of wadsleyite (2 4 0) d-spacing as a function of  angle in Bat24. (a) At P = 0.1 MPa and T = 300 K (before experiments), (b) at 16.1 GPa and 300 K (before
heating), (c) at 15.9 GPa and 1600 K (before deformation), and (d) at 15.2 GPa and 1600 K during deformation. (Top column) d-spacing with ﬁt of Eq. (4), (bottom column)
X-ray diffraction pattern (background and neighboring peaks are subtracted). Presented errors for  U and  S are from misﬁt of Eq. (4).
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Fig. 10. (Continued ).

tion experiments were performed at nearly identical strain rate,
ε̇E = 5–7 × 10−5 s−1 .
3.2. Stress measurements
Although three deformation experiments were conducted at
constant press load, different behavior was observed in pressure
during deformation for Bet24, and Bet25 and San84. Pressure
was constant in Bet24 during high-temperature deformation
(P = 15.2–15.8 GPa, Table 1). On the other hand, in Bet25 and
San84, pressure increased slightly at initial stage of deformation
( < ∼7◦ (Bet25) or ∼3◦ (San84)) and, subsequently, decreased
with increasing rotation angle of top anvil, . Consequently, pressure ranges during deformation are P = 15.3–17.6 and 9.9–12.1 GPa
in Bet25 and San84, respectively (Table 1). This different behavior of pressure possibly comes from a difference in temperature.
In Bet25 and San84, temperature during deformation is 200 K
higher than that in Bet24. The higher temperature makes surrounding material softer, and this may affect stress (and pressure)
distribution within the cell assembly during deformation. In
the later section, in spite of some variations in pressure, we
regard pressure conditions of the deformation experiments as
nearly constant, P ∼ 16 GPa for Bet24 and Bet25 and P ∼ 11 GPa
for San84.

Fig. 10 shows representative plots of d-spacing of wadsleyite
(2 4 0) as a function of  angle at various stages in the experiment Bet24. Before experiments, d-spacing is constant regardless
of  angle and deviatoric stresses ( U and  S ) are zero within
uncertainties (Fig. 10a). After pressurization to P = 16.1 GPa (before
heating), the d- pattern shows strong variation showing large uniaxial stress ( U = 5.2 GPa) where d value at  = 0◦ is signiﬁcantly
smaller than those at  = ±90◦ (Fig. 10b). Note that the widths
of diffraction peak at this condition are much broader than those
before experiments probably due to microscopic stress heterogeneity. After heating to T = 1600 K at P = 15.9 GPa, the large uniaxial
stress was signiﬁcantly relaxed to be  U = 1.1 GPa (Fig. 10c). Here,
the XRD peak widths are sharpened again. The d- pattern during rotational deformation is characterized by the deviation of
principal stress axes (extremes of d-spacing) from  = 0 and ±90◦
(Fig. 10d). In Fig. 10d, the minimum and maximum of d-spacing are
located at  ∼ −25 and ∼+65◦ , respectively, showing presence of
signiﬁcant shear and uniaxial stress components ( U = 2.8 GPa and
 S = 2.6 GPa, respectively). The XRD peak widths during deformation are broader than those before rotation.
Figs. 11 and 12 show d- plots at several different strains during
deformation in Bet25 and San84, respectively. As seen in these ﬁgures, with increasing strain, position of maximum and minimum of
d-spacing shifts to lower  -angle, and the amplitude of d- pat-
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Fig. 11. Variations of wadsleyite (2 4 0) d-spacing as a function of  angle during deformation at P ∼ 16 GPa and T = 1800 K in Bet25, (A) at εE = 0.00–0.04, (b) at εE = 0.06–0.11,
(c) at εE = 0.25–0.30, and (d) at εE = 0.41–0.48. Solid curves are ﬁt of Eq. (4). Presented errors for  U and  S are from misﬁt of Eq. (4).

Fig. 12. Variations of olivine (1 3 0) d-spacing as a function of  angle during
deformation at P ∼ 11 GPa and T = 1800 K in San84, (A) at εE = 0.20–0.25, (b) at
εE = 0.53–0.58. Solid curves are ﬁt of Eq. (4). Presented errors for  U and  S are
from misﬁt of Eq. (4).

tern increases. This indicates the increase of shear stress  S during
rotational deformation.
Fig. 13 shows evolution of uniaxial and shear stresses in the three
experiments. Two experiments of wadsleyite at different temperature yielded similar magnitudes of deviatoric stresses in both  U
and  S . On the other hand, the magnitude of deviatoric stresses for
olivine are about half of those of wadsleyite. However, the qualitative variation of these stresses during deformation is similar
for wadsleyite and olivine. Before rotational deformation started,
shear stress  S was undetectably small while uniaxial stress  U
was of some magnitude (∼1–2 GPa). Although we observed a slight
increase at the initial stage (εE < 0.1–0.2) and subsequent decrease
in uniaxial stress  U , the  U is nearly constant through the deformation experiments. In contrast, the shear stress  S changed more
signiﬁcantly. At the initial stage of deformation (εE < ∼0.2) the  S
increased rapidly from  S ∼ 0 GPa. After that, the increasing rate of
 S became smaller as a function of strain εE .
Fig. 14 shows the variation of equivalent stress  E (Eq. (5)) as
a function of equivalent strain εE at equivalent strain rate of ε̇E ∼
(6 ± 1) × 10−5 s−1 . As mentioned above, the stress and strain states
of samples in the RDA are complicated because of the signiﬁcant
contributions from two components of deformation (uniaxial compression and simple shear deformation). By using  E and εE (and
ε̇E ), stress and strain (and strain rate) are normalized to be comparable to uniaxial compression. In all three experiments, steady-state
ﬂow stress was achieved after deformation of εE ∼ 0.2. The ﬂow
stress was  E ∼ 3.5 GPa in two wadsleyite experiments at P ∼ 16 GPa
and T = 1600 and 1800 K, and  E ∼ 1.8 GPa in olivine experiments at
P ∼ 11 GPa and T = 1800 K. These results are summarized in Table 1.
Equivalent stress and equivalent strain can characterize the plastic properties of material if plastic property is isotropic. To test the
assumption of plastic isotropy, we use the Levy-von Mises relation

Y. Nishihara et al. / Physics of the Earth and Planetary Interiors 170 (2008) 156–169

165

Fig. 14. Variation of equivalent stress  E as a function of equivalent strain εE . Equivalent strain rate is ε̇E = (6 ± 1) × 10−5 s−1 in all the three experiments (Table 1).
Presented errors for  E are propagated from misﬁt of Eq. (4).

well-known relationship between dislocation density and stress,
b2 = A(/G)m , where is dislocation density, b is the length of the
Burgers vector, A is a non-dimensional constant,  is the differential
stress, G is the shear modulus, and m is a constant. The dislocation
density in olivine can be determined using a high-resolution SEM
through a measurement of the total length of dislocations per unit
volume [for details see (e.g., Karato, 1987; Karato and Lee, 1999;
Karato and Jung, 2003)]. The physical basis for such a relation is the
force balance, and the relation can be scaled to high pressure and
temperature by using high-pressure values of b and G (Table 2). The
results show  ∼ 1.3 GPa, which is in reasonable agreement with the
results from X-ray diffraction (Fig. 14, Table 1).
3.3. Water content and microstructure
Fig. 15 compares representative FT-IR spectra of wadsleyite (a)
before experiments (starting material) and after experiments (b)
Bet24 and (c) Bet25 in OH vibration region. This ﬁgure shows that
most of water in starting material escaped during deformation
experiments at high temperature and high pressure. The initial
modest water content (COH ∼ 20,000–30,000 H/106 Si) was signiﬁFig. 13. Variation of uniaxial and shear stresses as a function of equivalent strain.
Shear and uniaxial stresses are shown as solid circles with solid lines and open
squares with broken lines, respectively. Equivalent strain rate is ε̇E = (6 ± 1) ×
10−5 s−1 in all the three experiments (Table 1). Presented errors for  U and  S are
from misﬁt of Eq. (4).

(see e.g. Odqvist, 1974), viz.,
ε̇ij ∝ (I2 )(n−1)/2 ij ,

(6)

where n is the stress exponent in power law creep equation. If this
equation works (i.e. if the material is plastically isotropic), then we
should have
ε̇U
ε̇zz
zz
4 U
=−
=−
=
.
yz
3 S
ε̇S
ε̇yz

(7)

For all three experiments, the ratios of strain rate calculated
from  U ≈  S (Fig. 13) is ε̇U /ε̇S ∼ 1.3. This ratio is comparable to
results calculated from strain rate observations, ε̇U /ε̇S ∼ 1.1–1.8.
This result indicates that the assumption of plastic isotropy is justiﬁable within experimental error.
The validity of stress measurements was also examined from
dislocation density of olivine. This method is based on the

Fig. 15. Representative FT-IR spectra of wadsleyite (a) before experiments and
after experiments (b) Bet24 and (c) Bet25. The water contents were heterogeneous
within recovered samples (Bet24, Bet25), while those of starting material show
homogeneous water distribution. Signiﬁcant amount of water was escaped during
experiments (Table 1).
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cantly decreased to 4000–7000 (Bet24) and <1500 H/106 Si (Bet25)
after experiments (Table 1). The more signiﬁcant water escape
in Bet25 is probably due to higher temperature. The water contents were heterogeneous within recovered samples, while those of
starting material show homogeneous water distribution. Heterogeneous water distribution in a recovered sample is presumably due
to temperature gradient in a sample.
The FT-IR pattern of starting material (Fig. 15a) consists of several sharp peaks at around ∼3300 and ∼3600 cm−1 , and it is very
similar to previously reported patterns of wadsleyite with similar
water content (e.g. Jacobsen et al., 2005; Nishihara et al., 2008). On
the other hand, spectra of recovered samples (Fig. 15b) show only a
spread peak at ∼3350 cm−1 . Since the samples were quenched from
high deviatoric stress conditions, crystal lattice of sample may be
distorted even at room condition. This may be a reason of the spread
IR peak.
For starting material of olivine, we observed FT-IR spectra which
are similar to those of previous studies (e.g. Bai and Kohlstedt, 1993;

Kohlstedt et al., 1996), and their water content was ∼2500 H/106 Si.
Since we used a polycrystalline sample, some amount of water
may be stored at the grainboundaries (e.g. Karato et al., 1986). During deformation experiments San84, a signiﬁcant amount of water
escaped from the sample, and the water content in the recovered
sample was undetectably small (<50 H/106 Si, Table 1).
Fig. 16 shows microstructure of recovered wadsleyite and olivine
samples. The starting material showed equi-granular texture with
average grain size of 3.3 m for wadsleyite and 4.6 m for olivine
(Fig. 1). After deformation experiments, signiﬁcant changes in
microstructure were observed. For wadsleyite experiments, the
recovered sample consists of two different types of grains: large
elongated grains with grain size similar to that of starting material and surrounding small grains (<2 m) (Fig. 16a and b). This
texture is particularly clearer in the sample Bet25 (Fig. 16b). As
reported previously (Xu et al., 2005), annealing of wadsleyite at
similar condition (P = 15 GPa, T = 1700 K, t = 1 h) does not yield any
change in microstructure from starting material. Thus we conclude
that the observed microstructure in recovered wadsleyite samples
(Bet24 and 25) was developed during deformation. The microstructure of deformed wadsleyite (Fig. 16a and b) suggests that dynamic
recrystallization occurred in a localized portion of sample during
deformation. On the other hand, grain size of recovered olivine
sample (San84) was nearly homogeneous (3–7 m). No signiﬁcant
difference was observed between grain size of starting material and
that of the recovered sample (Figs. 1b and 15c).

4. Discussion
4.1. Strength of wadsleyite and olivine

Fig. 16. SEM images of deformed samples. (a) Wadsleyite deformed at T = 1600 K
(Bet24), (b) wadsleyite deformed at T = 1800 K (Bet25), and (c) olivine deformed at
T = 1800 K (San84). The existence of smaller grains in recovered wadsleyite sample
suggests occurrence of dynamic recrystallization during deformation.

Although our experimental studies have provided the ﬁrst complete stress–strain curves to large strains showing both transient
and steady-state behavior at P > 10 GPa, there are several enigmatic
observations that need to be addressed before the details of the
mechanical data can be interpreted.
First, the uniaxial stress on the sample is reduced by high temperature annealing, but it is increased during deformation and
reached a nearly constant value at large strains (Fig. 13). We interpret this change is due to the reduction of effective viscosity of
surrounding materials, such as MgO and pyrophyllite, due to their
non-linear rheology. During rotational deformation, radial ﬂow of
the surrounding material could be enhanced compared to sample
due to their non-linear rheology. Consequently, the uniaxial stress
in the surrounding materials was preferentially relaxed, and, alternatively, the uniaxial stress in the sample increased. The radial
ﬂow of the surrounding material could be minimized by using
stronger materials surrounding a sample. Despite this complication, we believe that our mechanical data are robust as far as the
isotropy of rheological properties is justiﬁed, since our analysis
include both uniaxial and shear components of stress and strain.
The validity of the assumption of rheological isotropy is provided
by our analysis discussed in the previous section.
Second, we observed almost the same magnitude of steadystate ﬂow stress in Bet24 and 25. Temperature in Bet25 is 200 K
higher than that in Bet24 whereas strain rate is nearly the same
(ε̇E ∼ (6 ± 1) × 10−5 s−1 ). This difference is puzzling because the
higher temperature usually makes material softer due to the thermal activation. As is widely known, widely, plastic strength of
olivine is signiﬁcantly reduced by the presence of water (e.g. Karato
et al., 1986; Mei and Kohlstedt, 2000a,b; Karato and Jung, 2003).
Water weakening is also suggested for wadsleyite from stress relaxation tests on anhydrous and hydrous wadsleyite at P = 10 GPa and
T = 673–873 K (Chen et al., 1998) (see also Kubo et al., 1998). Thus
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water content is considered to have signiﬁcant inﬂuence on plastic strength in wadsleyite. As shown above, water content in the
recovered sample is lower in Bet25 than that in Bet24 by more than
factor of 2 (Table 1). Therefore the similar strengths of Bet24 and 25
could be attributed to a trade-off of temperature effect and water
effect.
As shown above, quasi-steady state deformation was achieved
at the later stage of all the three experiments (Fig. 14). If water content changed signiﬁcantly during deformation, then steady-state
deformation is unlikely to be achieved. Thus the change of water
content in samples likely occurred prior to deformation, i.e. during
annealing, and the water contents in the sample might be nearly
constant at least at the later stage of deformation. From a comparison of the stress–strain curves of Bet25 and San84 (Fig. 14), we
conclude that wadsleyite is stronger than olivine by factor of ∼2 at
ε̇E ∼ (6 ± 1) × 10−5 s−1 , T = 1800 K and at relatively dry condition.
Not much can be said about the microscopic mechanisms of
deformation from the present study. However, from the microstructural observations at the grain level, we conclude that deformation
is due to dislocation motion. The key observations include (i) evidence of dynamic crystallization in wadsleyite that occur only when
deformation is due to dislocation motion (Gottstein and Mecking,
1985) and (ii) a high density of dislocations (in olivine). This conclusion is in harmony with the all known experimental results on
deformation of wadsleyite (Thurel and Cordier, 2003; Thurel et al.,
2003) and olivine (e.g. Karato et al., 1986). In addition, we also note
that appreciable lattice-preferred orientation is observed on wadsleyite deformed at similar condition (Xu et al., 2005) that also
indicates the operation of dislocation creep (e.g., Van Houtte and
Wagner, 1985).
4.2. Comparison with previous studies
We compare present mechanical data of wadsleyite and olivine
with previous data on rheological properties in these minerals by
dislocation creep (including power law and Peierls mechanisms).
Fig. 17 compares the creep strength of wadsleyite and olivine
from this study with those from previous studies at relatively dry
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condition and (equivalent) strain rate of ε̇ = 6 × 10−5 s−1 . Data for
wadsleyite are from Chen et al. (1998) and data for olivine are
from Evans and Goetze (1979), Karato and Jung (2003), Li et al.
(2004a, 2006a) and Raterron et al. (2004). For this comparison, data
from Li et al. (2004a, 2006a) were interpolated or extrapolated to
ε̇ = 6 × 10−5 s−1 assuming power law equation ε̇ ∝  n at each P–T
condition. In this interpolation (or extrapolation), the stress exponent n was derived by ﬁtting of the power law equation at each P–T
condition. Data with large uncertainty were not used. We omitted
data for which the estimated error of stress is larger than the absolute value of stress, and large extrapolations exceeding the range
of data distribution in log10 ε̇ (at each P–T condition) was avoided.
At P = 0.1 MPa and ε̇ = 6 × 10−5 s−1 , the boundary between Peierls
mechanism and power law creep is at T = 1410 K (Evans and Goetze,
1979; Karato and Jung, 2003).
Previous studies on deformation of olivine using D-DIA by Li et
al. (2006a) reported that the effect of pressure on plastic strength is
undetectably small. The small pressure effect on plastic strength of
olivine is also reported in stress relaxation tests with synchrotron
radiation (Raterron et al., 2004; Li et al., 2004a). On the contrary,
our olivine data at P ∼ 11 GPa showed signiﬁcantly larger strength
compared to the strength at P = 0.1 MPa. The large pressure effect on
the creep strength is consistent with the previous results based on
the results of stress relaxation tests at P = 15 GPa (Karato and Rubie,
1997; Karato and Jung, 2003), and such a large pressure effect is
predicted by homologous temperature scaling (Karato, 1989). In
Fig. 17, we show calculated stress of olivine at P = 11 GPa based on
Karato and Jung (2003), which is largely consistent with the result
of this study.
The reason for the large difference in the strength of olivine
between these two sets of studies (one based on D-DIA and another
based on RDA) is not well known. We could consider two possible
reasons. First, the water content in the samples in these studies was
different. Water content in olivine during deformation is estimated
to be ∼3000 H/106 Si in the D-DIA study (Li et al., 2006a). The water
content in our sample (San84) is rather low (<50 H/106 Si), which
could partly explain the discrepancy. Second, as our stress–strain
curve indicates, a large equivalent strain (εE ∼ 0.2) is needed to

Fig. 17. Comparison of strength between wadsleyite and olivine at normalized strain rate of ε̇ = 6 × 10−5 s−1 . Data for wadsleyite are from this study and Chen et al. (1998)
(stress relaxation tests at 10 GPa). Data for olivine are from this study, Evans and Goetze (1979) (Peierls mechanism creep, indentation test at P = 0.1 MPa), Karato and Jung
(2003) (power law creep), Li et al. (2006a) (D-DIA experiments at 3.5 GPa), Li et al. (2004a) (stress relaxation tests with T-cup at 8.0 GPa), and Raterron et al. (2004) (stress
relaxation tests at 9.1 GPa). Our datum of olivine at P ∼ 11 GPa is consistent with Karato and Jung (2003). Plastic strength of wadsleyite is higher than that of olivine. The error
for data of this study is from variation of stress during steady-state deformation (Fig. 14) and does not includes uncertainty for stress distribution in deforming sample (see
section 2.5).
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achieve quasi-steady state deformation. However, only small strain
(εE < 0.05) was imposed in D-DIA experiments by Li et al. (2006a)
and stress relaxation tests with T-cup multi-anvil apparatus by Li et
al. (2004a), while the magnitude of total strain is not clear in stress
relaxation tests with the DIA apparatus by Raterron et al. (2004).
Thus steady-state deformation is unlikely to be achieved in these
previous experiments, which might have led to underestimates of
the strength of olivine at high pressure and high temperature. Similarly, stress relaxation tests with DIA apparatus by Chen et al. (1998),
in which the magnitude of strain is unclear, might underestimate
the strength of wadsleyite.
4.3. Summary and conclusion
The present study has shown that quantitative rheological measurements can be performed under the pressure and temperature
conditions equivalent to the transition zone conditions (up to
P ∼ 16 GPa, T = 1800 K) using the RDA. We have also tested the validity of X-ray diffraction measurement of stress by comparing the
stress estimated from dislocation density (in olivine). The stress
values from two independent estimates agree within the experimental uncertainties. This agreement is partly due to the absence of
signiﬁcant plastic anisotropy in olivine that has been demonstrated
by the present study.
With the RDA, one can investigate the whole stress–strain curves
to large strain to characterize the mechanical properties including
the transient response as well as quasi-steady state behavior. At
steady state, wadsleyite is somewhat stronger than olivine, and the
creep strength of olivine at P ∼ 11 GPa is considerably higher than
those at lower pressures.
However, there are a number of issues that need to be improved
to make this kind of measurements more useful. (1) The stress levels that we have observed are too high in comparison to what we
expect in Earth. We need to increase temperature or reduce strain
rate (or add water) to bring the stress level lower. (2) The geometry
of deformation is not ideal. There is a signiﬁcant contribution from
uniaxial compression in addition to shear deformation. Improvements to sample assembly are needed to obtain better-deﬁned
deformation geometry. This is particularly critical to the study of
deformation fabrics (lattice-preferred orientation). (3) Water content in our sample is not well controlled, and is rather small. A
better way to control the water content needs to be developed.
(4) The present paper reports results from only limited conditions.
More data from a wide range of strain rates, temperature, pressure, grain size and water content will be needed to investigate the
rheological behavior of Earth’s deep mantle. For example, the rheological contrast across the actual 410-km discontinuity depends
also on the contrast in water content. Under relatively “dry” conditions explored in the present study, wadsleyite is stronger than
olivine, but a jump in water content at 410-km inferred by Huang et
al. (2005) could counteract with this trend. The present work will
form a basis for further more detailed studies on the rheological
properties of Earth’s deep interior.
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Appendix A. Strain analyses
Deformation in the RDA involves both shear strain and uniaxial
compression. Therefore in calculating the sample strain from the tilt
of a strain marker ( a ), the inﬂuence of thickness change necessarily
must be taken into account for accurate evaluation of the strain rate.
The sample strain is analyzed by the following procedure.
In our deformation geometry, the strain rate tensor can be written as

⎛ ε̇

U

⎜ 2

ε̇ij = ⎝

0

0

ε̇U
2
ε̇S

ε̇S

⎞
⎟
⎠

(A1)

−ε̇U

where ε̇U and ε̇S are uniaxial and shear strain rates, respectively.
The relevant system of coordinates is shown in Fig. 5. The signs
are chosen to yield positive values in ε̇U and ε̇S for positive  U
and  S values (Eq. (3)), respectively. Note that the strain ˙ used in
some previous shear deformation studies (e.g. Zhang et al., 2000)
is expressed by ˙ = 2ε̇S . The geometry of a strain marker is imaged
by the X-ray radiography as a nearly linear image in the current
sample geometry (Fig. 6). In this case, the orientation of a strain
marker can be characterized by its height h and width w at time
t (see Fig. 7). Since the height of the strain marker is half of the
sample thickness (Fig. 3), h and w are regarded as halves of sample
thickness and sample shear displacement, respectively. By using
these parameters, ε̇U and ε̇S are given by
1 ∂h
,
h ∂t

(A2)

1 1 ∂w
.
2 h ∂t

(A3)

ε̇U = −
ε̇S =

Because our experiments were carried out with a constant rate
of anvil rotation, we assume ∂w/∂t to be constant. According to our
off-line experiments, sample thickness is found to be shortened
with increasing rotation angle up to  = 40◦ with nearly constant
rate (unpublished data by Xu). Since our experiments were carried
out at a constant rate of anvil rotation, we also assume ε̇U to be
constant with time t. From this assumption, h was derived to be
h = h0 exp(−ε̇U t),

(A4)

where h0 is initial height of strain marker (Fig. 7). Hence, shear
strain εS , shear strain rate ε̇S and apparent strain  a can be
expressed as a function of time t as
εS =

1 ∂w
{exp(ε̇U t) − 1},
2ε̇U h0 ∂t

(A5)

ε̇S =

1 ∂w
exp(ε̇U t),
2h0 ∂t

(A6)

a =

w
t ∂w
exp(ε̇U t).
=
h
h0 ∂t

(A7)
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Note that this analysis does not require any information of stress
state.
In the analysis, three parameters, h0 , ε̇U and ∂w/∂t, are required
for complete description of sample deformation. The h0 was determined to be 86 ± 14 m from thickness of recovered sample in
a testing experiments at P ∼ 15 GPa with 10 min annealing at
T = 1800 K without rotational deformation. The ε̇U was determined
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using thickness of a recovered sample (Eq. (A4)). Finally, ∂w/∂t
was determined by a ﬁt of Eq. (A7) to the in situ data of apparent
strain  a .
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