
S
c

T
D

a

A
R
R
A

K
O
V
R
M
M
U
P

1

a
s
m
k
c

s
t
r
b
s
v
f
t
t
o
d

m

0
d

Physics of the Earth and Planetary Interiors 174 (2009) 128–137

Contents lists available at ScienceDirect

Physics of the Earth and Planetary Interiors

journa l homepage: www.e lsev ier .com/ locate /pepi

hear deformation of dry polycrystalline olivine under deep upper mantle
onditions using a rotational Drickamer apparatus (RDA)

akaaki Kawazoe ∗, Shun-ichiro Karato, Kazuhiko Otsuka, Zhicheng Jing, Mainak Mookherjee1

epartment of Geology and Geophysics, Yale University, 210 Whitney Avenue, New Haven, CT 06511, USA

r t i c l e i n f o

rticle history:
eceived 3 December 2007
eceived in revised form 4 June 2008
ccepted 30 June 2008

eywords:

a b s t r a c t

Shear deformation experiments on dry hot-pressed polycrystalline San Carlos olivine have been conducted
at 4.9–9.6 GPa, 1300–1870 K and strain rates of 0.6–7.4 × 10−5 s−1 using a rotational Drickamer apparatus
(RDA) at a synchrotron facility. The stress was measured from the orientational dependence of lattice
spacing for the (1 3 0), (1 3 1), (1 1 2), (1 2 2), (1 4 0) and (2 4 1) planes, as well as from the dislocation
densities. Based on the mechanical and microstructural observations, we infer that deformation occurs
livine
iscosity
heology
antle dynamics
antle convection
pper mantle
ressure

by power-law creep involving dislocation glide and climb under high temperature conditions, whereas
deformation is due to exponential creep through the Peierls mechanism at relatively low temperatures.
In both regimes the strength of olivine at steady-state deformation at these pressures is much larger
than those at lower pressures. The activation volumes V* is estimated to be ∼15–20 × 10−6 m3/mol for the
power-law creep. Combined with the previous results under wet conditions, we present the recommended
values of flow law parameters on olivine for power-law creep constrained by high-pressure deformation
experiments.
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. Introduction

Influence of confining pressure on plastic deformation is large
nd complicated (e.g., Chapter 10 of Karato, 2008). For example, the
train-rate for a given stress can change as much as ∼10 order of
agnitude by pressure in the upper mantle. Consequently, precise

nowledge of pressure dependence of high-temperature creep is
ritical for understanding the geodynamics of Earth’s interior.

However, due to the difficulties in quantitative experimental
tudies of plastic deformation at high-pressures and temperatures,
he influence of the pressure on the creep strength of olivine
emains controversial although many experimental studies have
een performed on olivine deformation. In many cases, the pres-
ure effect on the creep strength is evaluated as the activation
olume V* (e.g., Karato, 2008). The reported activation volumes
or dislocation creep in dry olivine range from 0 (Li et al., 2006)

o 27 × 10−6 m3/mol (Green and Borch, 1987). This range of activa-
ion volume would cause a variation of viscosity difference by ∼10
rders of magnitude at the deep upper mantle conditions. A large
iscrepancy in the reported values of activation volume is due to
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he difficulties in obtaining quantitative data on high-temperature
reep above 3 GPa at high temperatures.

This situation is changing due to the development of new types
f deformation apparatus such as a rotational Drickamer apparatus
RDA; Xu et al., 2005; Yamazaki and Karato, 2001) and deformation-
IA (D-DIA; Wang et al., 2003). When used with a synchrotron
-ray facility, these new apparatuses allow us to conduct quanti-
ative studies of plastic deformation to 16 GPa (RDA) and to 10 GPa
D-DIA), respectively. In particular, there have been a large num-
er of publications on olivine rheology using the D-DIA (Li et al.,
003, 2004, 2006; Raterron et al., 2004, 2007). Despite substantial
echnical developments, new results reported above have ampli-
ed the discrepancy among various studies rather than to improve
ur understanding of deep mantle rheology. This motivated us to
xplore the influence of pressure on high-temperature dislocation
reep in olivine using RDA. Compression geometry of RDA makes
uantitative deformation experiments more complicated for RDA
han for D-DIA due to existence of uniaxial stress during shear
eformation. However, as we will show in this paper, with the

mprovements on cell assembly, it is possible to obtain quantita-
ive rheological data from RDA that place strong constraints on the

nfluence of pressure on rheological properties.

The purpose of this paper is to report the recent results on olivine
eformation using RDA. In order to assess the extent to which we
an use the present results to constrain deep upper mantle rhe-
logy, we will describe a number of technical developments in

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:takaaki.kawazoe@yale.edu
dx.doi.org/10.1016/j.pepi.2008.06.027
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he cell assembly including the estimation and characterization of
emperature distributions in a sample.

As we will emphasize in this paper, several issues need to be
ddressed in order to obtain results that can be applied to investi-
ate the deep mantle rheology (see also Karato, 2008). They include
ample characterization (water content and grain-size), steady-
tate versus transient creep and the flow law regime (power-law
ersus exponential flow law). If all of these issues are appropri-
tely addressed, we can obtain results that can be interpreted in
physically plausible model and can be applied to Earth’s inte-

ior, although there are remaining technical issues in the stress
easurements using X-ray diffraction.

. Experimental and analytical methods

.1. Starting material

Hot-pressed polycrystalline San Carlos olivine was used as a
tarting material. Single crystals of San Carlos olivine with no inclu-
ions were hand-picked, ground and sorted in the distilled water.
he sorted San Carlos olivine power with grain size of 2–3 �m
as mixed with 1–2 wt% San Carlos orthopyroxene to control the

ctivities of oxide components in the olivine. The mixture was hot-
ressed at 3 GPa and 1370 K for 2 h without additional water using
Kawai apparatus. The water content of the starting hot-pressed
aterial was determined by the Fourier-transform infrared (FT-

R) spectroscopy (Fig. 1) and is ranged from 1100 to 2800 H/106

i (using the Paterson calibration, described later). The hot-pressed
ample is annealed at high-pressure and temperature before defor-
ation. The microstructure (including grain-size) and the water

ontent of samples after annealing and after deformation experi-
ents were also studied as we report in the later part of this paper.

.2. Experimental procedure
Deformation experiments have been conducted at P (confin-
ng pressure) = 4.9–9.6 GPa, T (temperature) = 1300–1870 K and ε̇
strain-rate) = 0.6–7.4 × 10−5 s−1 using the RDA at X17B2 beam-line,
ational Synchrotron Light Source (NSLS), Brookhaven National
aboratory (BNL), USA. The sample geometry and the cross-section

ig. 1. Unpolarized FT-IR spectra of a recovered sample and a starting material of
un #San147-3. Bold and thin lines are spectra of the recovered sample and the start-
ng material, respectively. These spectra yield the water contents of the recovered
ample and the starting material as less than 50 and 1100 H/106 Si, respectively.
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ig. 2. Sample geometry. Z is the direction of the loading. Y is the direction of X-ray
eam and is normal to Z. X-direction is perpendicular to both of them and parallel
o the shear direction. Strain marker is placed as shown in this figure in order to

easure shear and uni-axial strain rate.

f a typical cell assembly are shown in Figs. 2 and 3, respectively.
ttention has been paid to several issues in the development of the
ell assembly. First, because torsion tests are conducted in which
tress and strain in a sample change with the distance from the rota-
ional axis, we use a ring or a half-ring shape sample to minimize
he variation in stress (and strain-rate) within a sample. The typical
ample dimension is 1.6 mm (inner diameter) and 2.4 mm (outer
iameter), and thickness is 40–50 �m. With this current sample
eometry, the variation in strain rate and stress in a sample is 30%
nd 8%, respectively (we assume the stress exponent of n = 3.5).
econd, in order to minimize the extrusion that occurs due to com-
ression, a sample is surrounded by a strong material (Al2O3). Third,

n order to minimize the absorption of X-ray along the path, a large
ortion of gasket (pyrophyllite) is replaced with a polyetherether-
etone (PEEK) polymer and boron-epoxy. Fourth, a molybdenum
train marker was placed in the sample as shown in Figs. 2 and 3 to
etermine both shear and uni-axial strain and their rates.

The sample was heated using internal disk heaters made of a
ot-pressed TiC-diamond composite. Temperature in the sample
as measured by a thermocouple (Pt–Pt90Rh10) in a few static

xperiments, but a thermocouple was not used in most of the

eformation experiments because of the difficulties in avoiding
hort-circuit during large-strain shear. However, by a combination
f a limited thermocouple measurements and also some temper-
ture measurements using an enstatite-diopside geothermometry
Gasparik, 1996), we have established a relationship between the

ig. 3. Cross-section of the cell assembly used in run #San147. (a) A cross-section in
he Y–Z plane (cut in the center). (b) A cross-section in X–Z plane (cut in the plane
hown by a broken line in (a)).
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ower and cell thickness and sample temperature. We use this
mpirical relationship to estimate the average temperature during
eformation or annealing experiments using the observed power
nd cell thickness. The uncertainties in temperature originate from
i) temperature gradient in a sample and (ii) the uncertainties in
he power, thickness versus sample temperature calibration. The
emperature gradient in the sample was also determined using the
nstatite-diopside geothermometry and it is less than ±60 K. The
ncertainties in the temperature calibration as a function of power
nd sample thickness is ±50 K. Considering these uncertainties, we
stimate the uncertainty in temperature estimate in this study is
±85 K.

The samples were compressed to desired loads (pressures) at
oom temperature and then annealed at high temperatures for
0–60 min before deformation to reduce the density of disloca-
ions that were generated during pressurization. The electric power
o the heater was kept constant during annealing and deforma-
ion. Temperature during annealing is higher by 30–200 K than
hat at steady-state deformation because the cell thickness during
nnealing was thicker than that during steady-state deformation.
nnealing is critical because a number of defects (dislocations and
ne grains) are created during the pressurization processes in RDA.
he necessary annealing conditions were explored based on off-
ine experiments in which grain-size, grain-boundary morphology

nd dislocation density after annealing were studied. The grain-
oundary morphology shows near equilibrium geometry (Fig. 4).
eduction of the sample stress (to less than ∼1/3 of the steady-
tate value) after annealing was also confirmed using in situ X-ray

ig. 4. Microstructures of annealed sample at 10 GPa and 1960 K for 60 min (run
D89). (a) SEI of the sample etched by 35% HNO3. The sample was sectioned in
–Z plane. Average grain-size is 6.3 �m and grain-boundary morphology suggests
early equilibrium morphology. Most grains are elongated to X direction due to

nitial compression. (b) BSEI of the sample decorated at 1103 K in air. Dislocations
an be observed as white lines or dots. The X direction is horizontal in these figures.
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bservation which is described later. After annealing, shear traction
as applied to the samples under high pressure and temperature
y rotating one of the WC anvils.

During deformation, deviatoric stress and strain rate in the sam-
les were measured by means of in situ X-ray diffraction and
adiography, respectively. Energy-dispersive X-ray diffraction pat-
erns were taken using an optical system composed of an incident
lit, a conical receiving slit and a multi-element solid-state detec-
or. White incident X-rays were collimated by a 50 �m × 50 �m or
100 �m × 100 �m slit and the height of a conical receiving slit
as 50 �m. Diffracted X-rays were taken at four different azimuth

ngles of 0◦, 30◦, 60◦ and 90◦ for typically 15 min. Using Al2O3 pow-
er as a standard material, 2� angles for the four elements were
etermined and ranged from 6.480◦ to 6.585◦ that depends on each
etector and run with an error of ±0.001–0.003◦ for each detector
or a given run. Stress values were calculated from the observed
zimuth dependence of d-spacings of olivine peaks, (1 3 0), (1 3 1),
1 1 2), (1 2 2), (1 4 0) and (2 4 1). X-ray radiograph of the strain

arker was taken using a YAG crystal and a CCD camera. Detailed
escription of the in situ measurements of stress and strain at the
17B2 beam-line can be found elsewhere (Chen et al., 2004). With
ur diffraction geometry, the volume from which diffracted X-ray
s collected to the detector has an elongated shape (Xu et al., 2005)
nd the stress values are the average stress from a sample region
anging from the inner to the outer part. Since a sample is deformed
y torsion, stress will change from the inner to the outer region of
sample. With the ring-shaped sample, the variation in stress in a

ample is ∼8% for the stress exponent of n = 3.5.
We used a model of stress versus lattice strain relationship

eveloped by Singh (1993) with a modification to a more gen-
ral stress geometry that includes both uni-axial compression and
imple shear (Xu et al., 2005),

h k l = d0
hk l

[
1 + �U

6G
(1 − 3 cos2 ) − �S

2G
sin cos 

]
(1)

here dh k l is the d-spacing measured as a function of azimuth angle
, d0
hk l

is the d-spacing under the hydrostatic pressure, G is the
hear modulus, �U is the uni-axial stress, �S is the deviatoric stress,
efined by

ij =

⎡
⎢⎢⎣

−�U

3
0

�S

2
0 −�U

3
0

�S

2
0

2�U

3

⎤
⎥⎥⎦ (2)

here the Z direction is parallel to the loading direction and the X-
irection is parallel to the shear direction (Figs. 2 and 3). We adopt
he shear modulus of polycrystalline San Carlos olivine determined
y ultrasonic measurements at high pressure and temperature (Liu
t al., 2005) and it is close to an average between shear modulus
nder Reuss (iso-stress) and Voigt (iso-strain) conditions (errors
aused by using an average elastic modulus, (∼10%) are small com-
ared to the variation in stress levels (by a factor of ∼3) determined
y different (h k l) caused by plastic anisotropy). The stresses and
0
hk l

were determined to fit observed dh k l to Eq. (1) using the least-
quares method. Peak position and its uncertainty were determined
y using a PeakFit software (SeaSolve Software Inc.) and the error
epresents one standard deviation. Uncertainty of the peak position
as propagated to that of the stress using Eq. (1).

We note that Singh (1993)’s model does not include the influ-

nce of plastic anisotropy in controlling stress distribution that
auses a large uncertainty in the stress measurement (e.g., Weidner
t al., 2004). In order to provide additional constraints, stress in
he samples was also determined using a relationship between the
tress and dislocation density (Karato and Jung, 2003). Pressure
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give different stress values (Fig. 7c). The difference in calculated
stress is up to a factor of ∼3 in these experiments. The stress value
calculated from the dislocation density is compared with those cal-
culated from diffraction peaks (1 3 0), (1 1 2), (1 2 2) and (1 4 0) for
the run #San133. The X-ray diffraction results give �E of 1.7, 1.2,
T. Kawazoe et al. / Physics of the Earth

ffect on the dislocation density–stress relationship is corrected
sing that on shear modulus of polycrystalline San Carlos olivine
Liu et al., 2005) because pressure conditions of this study were
igher than that where the relationship was calibrated (0.3 GPa).
he resolution and limitations of this technique are discussed by
arato and Jung (2003). The error in stress estimate from this tech-
ique is ∼10–15% that is better than the uncertainties in stress
stimate by the X-ray radial diffraction caused by the discrepan-
ies in stress estimated from diffraction by different lattice planes.
ressure was calculated using the equation of state of San Carlos
livine (Liu and Li, 2006). The unit cell volume was calculated using
he d0

hk l
. Uncertainty of the pressure originates from that of the unit

ell volume and its variation during deformation.
Strains and strain-rates in both shear and uni-axial directions

ere measured by the X-ray radiographs of the strain marker and
alculated using the following equations, respectively:

˙ S = 1
2h
∂w

∂t
(3)

nd

˙ U = −1
h

∂h

∂t
(4)

here ε̇S and ε̇U are the shear and uni-axial strain rates, respec-
ively,w is the displacement in shear direction, h is the height of the
ample and t is the time. The ε̇S changes with the distance from the
otational axis because torsion tests were conducted in this study.
nner and outer radii from the centre (rotational axis) in the recov-
red sample were 0.75–0.81 and 1.19–1.25 mm, respectively. This
ifference caused the difference of the ε̇S between inner and outer
arts of the samples as less than ±30%. On the other hand, uncer-
ainties of w and h were ±0.3 and ±3 �m, respectively, and these
ncertainties results in that of ε̇S as less than ±20%.

In principle, results from the RDA can be analysed for shear and
ompressional deformation separately, but considering the large
ncertainties in the current stress–strain measurements, we will
ake a simplifying assumption that plastic properties of our sam-

les are isotropic. Under this assumption, we can analyze the results
n terms of Levy-von Mises formulation of non-linear rheology, i.e.,

˙ E = A �nE (5)

here ε̇E and �E are the von Mises equivalent strain-rate and stress
efined by

˙ E =
√
ε̇2

U + 4
3
ε̇2

S (6)

nd

E =
√
�2

U + 3
4
�2

S (7)

The difference of ε̇S due to the geometry is adopted as the uncer-
ainty of ε̇E in this study because the difference is larger than that
stimated from the uncertainties ofw and h. This variation in strain-
ate causes a variation in stress of∼8% assuming the stress exponent
f n = 3.5.

.3. Microstructures and water content

The microstructures were observed on recovered samples by the
econdary electron image (SEI) using field-emission scanning elec-

ron microscope (SEM, XL-30 ESEM-FEG). The average grain sizes of
he recovered samples (runs #San133 and #D89) and the starting

aterials were calculated from the SEIs of the samples using the
ntercept method and a correction factor of the sectioning effect of
.56 is used.

F
l
#
c
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Dislocations in the recovered samples were observed by the
xidation decoration technique using an SEM (Karato, 1987). Recov-
red samples were fired at 1073–1103 K in air for 60 min. The
islocations were observed by back-scattered electron image (BSEI)
sing the SEM.

Water contents in the recovered samples and the starting mate-
ials were determined using the FT-IR spectroscopy. The samples
ere polished at double sides and kept in a vacuum oven at 423 K for
ore than 12 h before measurements. IR spectra were taken with

npolarized light and an aperture of 40 �m × 40 �m. Water con-
ents were calculated using a calibration by Paterson (1982) with a
ensity factor for olivine (Kohlstedt et al., 1996).

. Results

The experimental conditions and results are summarized in
able 1. One annealing experiment (run #D89) was conducted
t 10 GPa and 1960 K for 60 min to compare the differences of
icrostructure, grain size and water content between the samples

efore (after annealing) and after deformation.

.1. Mechanical observations

X-ray diffraction patterns were taken at four different azimuth
ngles to determine the stresses in the samples (Fig. 5). In this study
e used the diffraction from up to six different crystallographic
lanes. The values of d-spacing of each lattice plane depend on the
rientation of each plane with respect to the macroscopic refer-
nce frame (i.e., macroscopic stress orientation). We used Eq. (1) to
etermine stresses and pressure (Fig. 6).

Stress–strain curves are shown in Fig. 7. �S reached steady-
tate at 2–6% equivalent strain at 4.9–9.6 GPa and 1300–1870 K. The
tress at steady-state increased with pressure and decreased with
emperature (Fig. 7b). Diffraction data from different lattice planes
ig. 5. Representative energy-dispersive X-ray diffraction pattern of olivine col-
ected at  = 0◦ (vertical diffraction) at 6.2 GPa and 1420 K during annealing (run
San147-1). Olivine (Ol) peaks were observed as well as diffraction peaks from
orundum (Cor) pressure medium.
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Table 1
Experimental conditions and results

San133 San132-2 San132-1 San147-3 San147-2 San147-1 D89

Pressurea (GPa) 9.6 (1.1) 6.9 (1.0) 8.2 (0.9) 4.9 (0.4) 5.5 (0.6) 6.2 (0.6) 10.0 (1.5)
Temperaturea (K) 1870 (85) 1630 (85) 1440 (85) 1550 (85) 1420 (85) 1300 (85) 1960 (85)
Equivalent strain ratea (10−5 s−1) 7.4 (2.6) 0.9 (0.3) 0.6 (0.2) 1.8 (0.6) 2.4 (0.8) 2.2 (0.8) –
Equivalent strain (%) 45 (16) 11 (4) 8 (3) 10 (3) 8 (3) 12 (4) –

Equivalent stressa (GPa)
(1 3 0) 1.7 (0.4) 2.3 (0.4) 4.1 (0.4) 1.1 (0.1) 1.8 (0.2) 2.5 (0.2) –
(1 3 1) – – – 0.5 (0.4) 1.0 (0.3) 1.5 (0.2) –
(1 1 2) 1.2 (0.3) 1.5 (0.4) 1.3 (0.5) 1.3 (0.3) 1.6 (0.3) 1.6 (0.4) –
(1 2 2) 0.9 (0.3) 1.2 (0.3) 2.2 (0.4) 1.0 (0.4) – 1.5 (0.5) –
(1 4 0) 0.6 (0.3) 1.3 (0.4) 2.3 (0.4) 0.6 (0.4) – 0.9 (0.3) –
(2 4 1) – – – 1.2 (0.2) 1.5 (0.3) 2.1 (0.3) –
Average 1.1 (0.3) 1.6 (0.4) 2.5 (0.4) 1.0 (0.3) 1.5 (0.3) 1.7 (0.3) –
By dislocation density 1.2 (0.2) – – – – – –

Water content (H/106Si)
Recovered sample <50 <50 – <50 – – <50
Starting material 2800 2800 2800 1100 1100 1100 2400

Grain size (�m)
Recovered sample 5.3 (1.3) 10 – 10 – – 6.3 (1.7)

1.2 (0.5) 0.9 (0.3)
.4 (1.3
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Starting material 9.4 (1.3) 9.4 (1.3) 9

he numbers in parenthesis indicate standard deviation.
a During steady-state deformation.

.9, and 0.6 GPa, respectively. The value of deviatoric stress calcu-
ated from the dislocation density is 1.2 ± 0.2 GPa which is in good
greement with an average value of stress determined by X-ray
iffraction.

The�E calculated using different (h k l) planes at the steady-state
eformations are plotted against 1/T and pressure in Figs. 8 and 9,
espectively. �E decreases significantly with increasing tempera-
ure and increases significantly with pressure. In these plots, data
rom different pressures are compared after normalization to the
ame pressure (in Fig. 8) and to the same temperature (in Fig. 9),
espectively. The details of the calculations of flow law parame-
ers will be discussed in a later section after the description of

icrostructures.
.2. Microstructures and water content

Fig. 4 shows a microstructure of an annealed sample, which
ould represent the microstructure of a sample before defor-
ation. The average grain-size is 6.3 �m, and grain-boundary

ig. 6. Representative d-spacing variation of olivine (1 3 0) with the azimuth angle
during deformation (squares) and annealing (circles) in run #San147-3. Curves are

erived by the least-squares fitting of the d-spacings to Eq. (1). Obtained stress values
re shown in this figure with experimental conditions. Note that the maximum of
he curve during deformation is close to 45◦ . This means that stress condition in the
ample is close to simple shear.
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) 10.4 (2.0) 10.4 (2.0) 10.4 (2.0) 8.9 (1.3)

orphology shows nearly equilibrium structure. Dislocations of the
nnealed sample are shown in Fig. 4b indicating a residual stress of
0.1 GPa.

Microstructures of deformed samples are distinct from those
f annealed samples (Fig. 10). Grain-boundaries are serrated and
rain-size is reduced. Dislocation density is much higher than that
n an annealed sample. However, there are some systematic dif-
erences in microstructures of deformed samples that depend on
eformation conditions. In the sample deformed at the highest
emperature (#San133, deformed at 1870 K and 9.6 GPa), the grain-
ize is nearly homogeneous but smaller than the starting grain-size.
n this sample, many dislocations are curved, and glide loops and
umerous subboundaries are observed. These microstructures sug-
est that deformation in these samples is due to dislocation motion
nvolving both dislocation glide and climb associated with dynamic
ecrystallization, and the appropriate flow law for such a sample
ill be a power-law (i.e., Eq. (8)). In contrast, in samples deformed

t lower temperatures, grain-size is heterogeneous and much of the
egions of samples are occupied by small grains (0.9–1.2 �m) sug-
esting only partial recrystallization. Dislocation structures of these
amples (not shown) are characterized by straight dislocations, sug-
esting that these samples may be deformed in the exponential
ow law (the Peierls mechanism) regime where dislocation glide
perates with little dislocation climb.

Water contents of deformed samples and starting materials are
isted in Table 1 and representative FT-IR spectra are shown in Fig. 1.
he water contents in the starting materials ranged from 1100 to
800 H/106 Si (from 66 to 172 wt. ppm). In the annealing experi-
ent (run #D89), the initial water content in the starting material

2400 H/106 Si) was reduced to less than 50 H/106 Si (3 wt. ppm)
fter annealing, which is comparable with those after deformation
less than 50 H/106 Si). These results indicate that water contents in
he samples were reduced during annealing and the samples were
eformed under essentially dry condition (less than 50 H/106 Si).
.3. Pressure effect on creep strength: activation volume V*

The extensive study by Evans and Goetze (1979) at 0.1 MPa
howed that the flow law of olivine changes from exponential flow
aw (Peierls mechanism) at high-stresses and low temperatures to
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c) A comparison of stresses calculated using different (h k l) planes (6.2 GPa, 1300 K

ower-law at low-stresses and high temperatures. The comparison
f our results with these 0.1 MPa results suggests that the experi-
ental conditions in our study likely cover these two rheological

egimes (Fig. 11). The microstructural observations presented above
lso support this notion.

The flow law under the conditions where both dislocation glide
nd climb are active is the power-law equation, viz.,

˙ = APL�
n exp

(
−E

∗
PL + PV∗

PL
RT

)
(8)

here APL, E∗
PL and V∗

PL are a pre-exponential constant, the activa-
ion energy and the activation volume in the power-law regime,
espectively, n is the stress exponent, P is the pressure, R is the gas
onstant and T is the temperature. At low temperature, high-stress
onditions where only dislocation glide is operative, the following
xponential flow law (i.e., the Peierls mechanism) is appropriate,[ ]
˙ = APE exp −E
∗
PE + PV∗

PE
RT

(
1 − �

�P(P)

)2
(9)

here APE is a constant, �P is the Peierls stress, E∗
PE is the activation

nergy, and V∗
PE is the activation volume in the Peierls regime.

H
t
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are those calculated using (1 3 0) plane (run #San147-3). Experimental conditions
ted using the (1 3 0) plane between different pressure and temperature conditions.
.2 × 10−5 s−1). Stead-state can be observed from equivalent strain of 1–6%.

In order to infer the appropriate flow law for our data set,
e first plot the strength as a function of temperature (Fig. 8)

fter normalizing the data to a common pressure (6.9 GPa) and
train-rate (10−5 s−1). This plot indicates that the data from high
emperature experiments (T > 1550 K) show a strong temperature
ependence of strength that is consistent with the power-law creep,
hereas the data from lower temperatures much weaker tem-
erature sensitivity of strength suggesting an exponential flow

aw. Consequently, we assume that deformation mechanism at
elatively high temperatures and low stresses (runs #San133,
San132-2 and #San147-3) correspond to the power-law creep.

ndeed these data fit nicely to Eq. (8) with a reasonable set of
arameters, i.e., n = 3.5 and E∗

PL = 530 kJ/mol (Hirth and Kohlstedt,
003). Fig. 9 shows the strength as a function of pressure (at
normalized condition of T = 1573 K and strain-rate = 10−5 s−1).

he data are compared with predicted trends for a range of acti-
ation volume, V∗

PL, assuming the flow law of dry olivine by

irth and Kohlstedt (2003) at 0.3 GPa. In this plot we also show

he data for dry olivine by Mei and Kohlstedt (2000), Jung et
l. (2006), Li et al. (2006) and Karato and Rubie (1997). The
esults show that our data are consistent with V∗

PL ∼ 15–20 ×
0−6 m3/mol (Table 2) although the uncertainties are difficult to
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Fig. 8. Creep strength as a function of temperature (dry polycrystalline olivine
determined for 6.9 GPa and 10−5 s−1). Data measured in all runs are normalized
to 6.9 GPa and 10−5 s−1 using Eq. (8), n = 3.5 (Hirth and Kohlstedt, 2003) and
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Fig. 9. Creep strength as a function of pressure (dry polycrystalline olivine for 1573 K
and 10−5 s−1). Open symbols indicate stress values determined by each diffraction
plane in runs #San147-3, #San132-2 and #San133. Data from Mei and Kohlstedt
(2000), Jung et al. (2006), Li et al. (2006) and Karato and Rubie (1997) are also
shown as solid diamonds, circles, squares and triangle, respectively. All data are
normalized to 1573 K and 10−5 s−1 using Eq. (8), n = 3.5 and E∗

PL = 530 kJ/mol (Hirth
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∗
PL = 17 × 10−6 m3/mol (this study). Lines in the figures are drawn using Eq. (8) and
alues listed in Table 2 for power-law creep (E∗

PL = 530 kJ/mol; Hirth and Kohlstedt,
003).

stimate because of the issues of stress estimates from X-ray diffrac-
ion.

For samples deformed at relatively high stresses and low tem-
eratures (runs #San132-2, #San132-1, #San147-3, #San147-2 and

San147-1), the most appropriate flow law is an exponential
ow law corresponding to the Peierls mechanism (e.g., Evans and
oetze, 1979). Among these data, runs #San132-2 and #San147-3
re from the intermediate stress and temperature conditions and

�

w
m

ig. 10. Microstructures of recovered samples. (a) and (b) Dislocation structures of a sampl
San133) observed by back-scattered electron imaging. Arrows indicate subboundaries a
EI of a sample deformed at 6.9–8.2 GPa, 1440–1630 K and 0.6–0.9 × 10−5 s−1 (run #San13
he samples were sectioned in X–Z plane and etched using 35% HNO3 in (c) and (d). The s
nd Kohlstedt, 2003). Straight lines are drawn using Eq. (8), values from Hirth
nd Kohlstedt (2003) and various activation volumes (V∗

PL = 0, 10, 15, 17, 20 and

5 × 10-6 m3/mol) for power-law creep.

ere included in the analyses both by the power-law creep and
he exponential law creep. Eq. (9) is used to analyze these data, in
hich we assumed the following relationship between the Peierls

tress and pressure( )

P = �0

P 1 +
G0

(10)

here �0
P is the Peierls stress at ambient pressure, G0 is the shear

odulus at ambient pressure and G′ is its pressure derivative (Liu et

e deformed to the equivalent strain of 45% at 1870 K, 9.6 GPa and 7.4 × 10−5 s−1 (run
nd glide loops in (a) and (b), respectively. (c) SEI of the sample of run #San133. (d)
2). Bimodal grain sizes are observed as a result of partial dynamic recrystallization.
hear (X) direction is horizontal in these figures.
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Table 2
Rheological parameters of dislocation creep

Aa (s−1 MPa−1) n E* (kJ/mol) V* (10−6 m3/mol) �0
P (GPa)

Power-law regime
This study 105.04 b 3.5b 530b 15–20 –
Li et al. (2006) – 3 470 0 ± 5 –
Hirth and Kohlstedt (2003) 105.04 3.5 ± 0.3 530 ± 4 – –
Karato and Jung (2003) 106.1±0.2 3.0 ± 0.1c 510 ± 30c −14 ± 2 –

Green and Borch (1987) – – – 27 –

Peierels regime
This study 1012.1d – 502d ∼30 9.1d

Evans and Goetze (1979) 1012.1±0.5 – 502 ± 126 – 9.1 ± 0.1

a Stress in MPa.
b From Hirth and Kohlstedt (2003).
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c From Mei and Kohlstedt (2000).
d From Evans and Goetze (1979).
l., 2005). The data are compared with predicted trend for an activa-
ion volume, V∗

PE, assuming the flow law of dry olivine by Evans and
oetze (1979) at 0.1 MPa (Fig. 11). As a result, our data are consistent
ith V∗

PE ∼ 30 × 10−6 m3/mol (Table 2).

ig. 11. Relationship between stress, temperature and pressure for the strain rate
f 10−5 s−1. Average stress and stresses calculated using different (h k l) planes are
hown in (a) and (b), respectively, with data of Jung et al. (2006) and Raterron et al.
2004). The strain rates of all data are normalized to 10−5 s−1. Pressure values are
hown as numbers near symbols and lines in GPa. A bold line is the relationship for
eierls and power-law regimes at 0 GPa from Evans and Goetze (1979) and Hirth and
ohlstedt (2003), respectively. White box indicates the transition region from Peierls
echanism to power-law determined at ambient pressure (Evans and Goetze, 1979).

hin lines are relationships at 5 and 10 GPa and dashed line is transition region,
stimated for values listed in Table 2 (V∗

PL = 17 andV∗
PE = 30 × 10−6 m3/mol).
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. Discussion

The results of this study are compared with other data in Fig. 9 as
function of pressure. Creep strength of dry polycrystalline olivine

tudied here significantly increased with increasing pressure. Our
ata are also consistent with the previous results at lower pres-
ures (Mei and Kohlstedt, 2000; Jung et al., 2006). Our results
re also compared with the results by Karato and Rubie (1997)
rom the stress relaxation tests (V∗

PL = 14 × 10−6 m3/mol for n = 3,
∗
PL = 18 × 10−6 m3/mol for n = 5). These data sets can be inter-
reted by a power-law creep formula with the activation volume of
15–20 × 10−6 m3/mol.

However, our results are in marked contrast with those by Li et
l. (2006) (similar results were also published by Li et al. (2003,
004)) using a D-DIA which showed that the strength of olivine
oes not change with pressure so much (in fact their data show
hat the strength decreases with pressure). The reason for the large
iscrepancy is not known but may include: (i) a higher water con-
ent (some of their samples have water contents up to 235 wt. ppm),
ii) the influence of transient creep (most of the strength data were
aken at low strains and the achievement of “steady-state” was not
onfirmed in these studies), and (ii) the influence of fine-grained
aterials (they used powder samples as starting materials and the

egree of annealing was not clearly documented).
Green and Borch (1987) reported a higher activation volume

ut later studies Young et al. (1993) indicated that their sample
ontained a large amount of water (see a discussion by Hirth and
ohlstedt (1996)). Consequently, their data cannot be compared to
ur data on dry olivine.

The pressure dependence of creep under water-saturated con-
itions includes the pressure dependence of solubility as well
s the pressure dependence of defect (dislocation) mobility (e.g.,
arato, 2008). Karato and Jung (2003) determined that V∗

PL = 24 ×
0−6 m3/mol for water-saturated conditions, and interpreted that
his activation volume includes the activation volume for water
issolution (∼10 × 10−6 m3/mol; Kohlstedt et al., 1996) and that
or dislocation motion (∼14 × 10−6 m3/mol). The present result
f V∗

PL = 15–20 × 10−6 m3/mol may be compared with V∗
PL = 14 ×

0−6 m3/mol for dislocation mobility under wet conditions. A
mall difference in V∗

PL (14 × 10−6 m3/mol for wet conditions, V∗
PL =
5–20 × 10−6 m3/mol for dry conditions) is consistent with a gen-
ral trend that shows a correlation between the activation energy
nd activation volume (see Karato, 2008), but it may reflect a sub-
le difference in the microscopic mechanisms dislocation motion
nder these conditions such as the difference in the kinetics of dis-
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Table 3
Recommended flow law parameters for power-law dislocation creep in
olivine aggregates for an open system: ε̇ = Ad�

nd exp(−(E∗
d

+ PV∗
d

)/RT) +
Awf rH2O�

nw exp(−(E∗
w + PV∗

w)/RT), and for a closed system: ε̇ = Ad�
nd exp(−(E∗

d
+

PV∗
d

)/RT) + A′
wC

r
OH�

nw exp(−(E∗′
w + PV∗′

w )/RT)

Parameter Value Source

V∗
d

17 × 10−6 m3/mol This study
V∗

w 24 ± 3 ×10−6 m3/mol Karato and Jung (2003)
V∗′

d
11 ± 3 × 10−6 m3/mol Karato and Jung (2003)

Ad 105.04 s-1 MPa−n Hirth and Kohlstedt (2003)
Aw 102.9±0.1 s−1 MPa-n-r Karato and Jung (2003)
A′

w 100.56±0.02 s−1 MPa−n Karato and Jung (2003)
r 1.20 ± 0.05 Karato and Jung (2003)
E∗

d
530 ± 4 kJ/mol Hirth and Kohlstedt (2003)

E∗
w 470 ± 40 kJ/mol Mei and Kohlstedt (2000)
E∗′

w 410 ± 40 kJ/mol Karato and Jung (2003)
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d 3.5 ± 0.3 Hirth and Kohlstedt (2003)
w 3.0 ± 0.1 Mei and Kohlstedt (2000)

ocation climb or glide (or the differences in the rate-controlling slip
ystem(s)). Table 3 summarize the recommended flow law parame-
ers for power-law dislocation creep in olivine based on the present
tudy and Karato and Jung (2003).

. Summary

We have presented the first quantitative results on deforma-
ion of dry olivine aggregates (water content less than 50 H/106

i) to pressure of 9.6 GPa and temperature of 1870 K (at strain-
ate ∼10−5 s−1) to large strains. Flow laws at “steady-state” are
xamined based on the stress and strain-rates determined by
he synchrotron in situ X-ray observations. We infer, based on
he mechanical data and microstructural observations, that either
ower-law or exponential creep (the Peierls mechanism) oper-
tes in these samples depending on the temperature. In both
egimes, the influence of pressure is large. The results for the
ower-law creep can be interpreted by an activation volume of
15–20 × 10−6 m3/mol. As we will discuss below, there still are
number of technical issues particularly regarding the use of X-

ay diffraction to estimate the sample stress. Nevertheless, when
islocation density is also used, the uncertainties in stress measure-
ents are less than ∼20%. Given the fact that these measurements

f flow properties were made at nearly the same conditions in the
eep upper mantle in the power-law creep regime, we consider that
he present results provide robust estimates of the creep strength
f the deep upper mantle. Combining the results by Karato and
ung (2003) on wet olivine, we present recommended parameters
or dislocation creep in olivine for both wet and dry conditions
Table 3).

Although these results provide the first experimental con-
traints on olivine flow law that can be applied to deep upper
antle dynamics, we also recognize a number of technical issues.

irst, the theory for stress estimate from X-ray diffraction needs to
e developed. The currently used theory by Singh (1993) cannot
xplain the observed large variation in stress values from dif-
erent diffraction planes. Second, the present results are for dry
livine. The influence of water on deformation is large (e.g., Mei
nd Kohlstedt, 2000; Karato and Jung, 2003) and needs to be char-
cterized under deep upper mantle conditions (Karato and Jung
2003)’s work was up to 2.2 GPa). Third, the present results are for

islocation creep. Bejina et al. (1999) reported the small pressure
ffects on Si diffusion in olivine. If such results are applicable to
pper mantle, it would imply a dominant role of diffusion creep

n the deep upper mantle (e.g., Karato and Wu, 1993). However,

W

W
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he influence of pressure on diffusion and diffusion creep has not
een investigated in any detail. Further progress in these areas are
ssential to improve our understanding of mantle dynamics based
n mineral physics studies.
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