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a b s t r a c t

Low-temperature high-stress rheology of olivine was investigated under water-saturated conditions by
large strain shear deformation experiments using the Griggs-type apparatus. Samples at T = 1273–1373 K
and P = 2 GPa under water-saturated conditions deformed under a significantly lower applied stress than
expected from the power-law relation and the strain rate increases more rapidly with stress. These obser-
vations suggest that an exponential flow law operates under the present experimental conditions, in
which the stress dependence of activation enthalpy is characterized by the Peierls stress. The Peierls
stress is determined between 1.6 and 2.9 GPa depending on the choice of the form of stress dependence
of the activation enthalpy. These values are significantly smaller than the Peierls stress under dry condi-
tions (9.1 GPa). We suggest that water (hydrogen) incorporated in the olivine lattices decreases the Peierls
stress, and hence the rate of deformation in the exponential creep is significantly enhanced by the pres-
ence of water. The reduction of the Peierls stress by water results in the highly anisotropic weakening
effect of water that causes the fabric transitions in olivine. The transition between the power-law and
the exponential creep occurs at relatively low stress ∼100 MPa at a geologically relevant strain rate of
10−15 s−1 when temperature is lower than 1273 K and under water-rich conditions. Hence, the exponen-

tial creep might be dominated in olivine-rich rocks at low-temperature and high-stress under water-rich
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. Introduction

Large extrapolation is needed in applying the laboratory data
n plastic flow to geological problems and the extrapolation must
e made using a flow law that is appropriate for the operating
icroscopic processes of deformation under given conditions. Con-

equently, determining the dominant deformation mechanism and
n appropriate flow law formula is a key to apply the laboratory data
o the geologically relevant conditions in the Earth. The most com-

only used formula to analyze rheological data is the power-law
ormula (e.g., Frost and Ashby, 1982; Goetze, 1978), viz.,

˙ = A�nexp
(

−H∗ )
(1)
RT

here ε̇ is the strain rate, A is a pre-exponential factor, H* is the
ctivation enthalpy, R is the gas constant, T is the temperature, and

is the stress. The physical basis of this formula is that a ther-
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uld be widespread in the subduction zone upper mantle where the cold
mantle.
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ally activated process characterized by the activation enthalpy,
hich is independent of the stress, controls the rate of deforma-

ion. Under this assumption, the strain rate is proportional to the
ower of stress, but the stress and the temperature dependences
re separated. In addition, chemical impurities in crystals such as
ater are known to have large influences on the power-law creep

Carter and Avé Lallemant, 1970; Chopra and Paterson, 1984; Mei
nd Kohlstedt, 2000; Karato and Jung, 2003). The influence of water
an be analyzed by assuming that both the pre-exponential factor A
nd the activation enthalpy depend on water fugacity (e.g., Karato,
008, Chapter 10). Although some details of influence of water on
he rheological properties have been analyzed for the power-law
reep in olivine (e.g., Karato, 1989; Mei and Kohlstedt, 2000; Karato
nd Jung, 2003), not much is known about the influence of water on
he exponential flow law that would dominate at high-stress, low-
emperature conditions (e.g., Tsenn and Carter, 1987; Kohlstedt and
oetze, 1974).

Under a high-stress, the stress dependence of activation

nthalpy becomes important and the appropriate flow becomes
he exponential formula, i.e.,

˙ = A′�2exp
(

−H∗(�)
RT

)
(2)

http://www.sciencedirect.com/science/journal/00319201
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Fig. 1. The experimental assembly of the shear deformation experiments using a
Griggs-type apparatus. The olivine samples were placed into the alumina piston,
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here A′ is a constant and H*(�) is a stress-dependent activation
nthalpy. In case of silicates, the stress dependence comes mostly
rom the stress dependence of activation enthalpy over the Peierls
otential, and the activation enthalpy H*(�) depends on the Peierls
tress �p (e.g., Frost and Ashby, 1982, Chapter 2). Consequently,
y analyzing the experimental data at relatively high-stress con-
itions, one can get important information as to the nature of
eierls stress, especially the influence of water on the Peierls
tress.

Therefore the purpose of the present paper is to analyze the
xperimental data on plastic deformation of olivine polycrystals at
elatively high-stress, low-temperature and water-rich conditions,
n order to understand how water affects the rheology of olivine in
he low-temperature and high-stress regime (i.e., deformation by
he Peierls mechanism).

. Experimental procedure

.1. Sample assembly

Experiments were conducted in a simple shear geometry using
Griggs-type solid-medium apparatus under water-saturated con-
itions at temperatures of 1273–1373 K and a pressure of 2.0 GPa
nd strain rates ranging from 3.4 × 10−4 to 3.2 × 10−5 s−1. We used
he hot-pressed olivine aggregates made from San Carlos olivine
r San Carlos olivine single crystals as starting materials. The hot-
ressed aggregates have grain size of ∼20 �m with initially random
rientations. The specimens used for the shear deformation were
repared by first drilling a cylinder of diameter 3.2 mm and then
utting off a ∼200 �m thick sample slice at an angle of 45◦ to the
ong axis. The sample was then cut into half normal to the plane and
platinum strain-marker (a few �m thickness) was installed. The

ingle crystal was prepared with the [1 0 0] parallel to the shear
irection and the [0 0 1] normal to the shear plane. The olivine
ample, as shown in Fig. 1, was sandwiched between the alumina
istons that cut at 45◦ from the maximum compression direction,
hus allowing a simple shear deformation. We made grooves at
he interface between sample and piston to prevent slip during
eformation. These materials were surrounded by a Ni capsule.
ater was supplied by in-situ breakdown of a 1:7 molar mixture

f talc and brucite placed next to the sample. This assembly per-
its only hydrogen to diffuse into the sample through the capsule.
e observed nickel oxide next to the Ni metal capsule after the

xperiments, indicating the oxygen fugacity was buffered by the
i/NiO reaction. Pressure was first raised to the desired value, and

hen temperature was increased at a rate of ∼30 K/min. Tempera-
ure was monitored by two Pt/Rh thermocouples placed close to
he upper and lower parts of the sample. The temperature vari-
tion by two thermocouples was usually within ∼10–20 K. After
emperature and pressure reached the desire condition, the sample
as annealed for a few hours to diffuse hydrogen homogeneously

nto the sample (the hydrogen diffusion length at this condition
s ∼1 mm based on Mackwell and Kohlstedt (1990). A piston was
hen advanced at a constant rate using a stepping motor. The sam-
les were quenched rapidly after experiments by switching off the
hermo-controller (a few tens of seconds to room temperature) and
hen pressure was reduced over 3–4 h. The shear strain was mea-
ured by the rotation of the platinum strain-marker in the recovered
ample (Fig. 2), which was initially oriented perpendicular to the

hear direction. We also measured the sample thickness before and
fter experiment, and found that the sample thickness changed
etween 10 and 30% during experiments. We include both sim-
le shear and compressional components of strain in our analysis
ssuming the Levy-von Mises formulation of non-linear rheology

w
i
g
o

hich cut at 45◦ from the maximum compression direction. Water was supplied by
he breakdown of talc and brucite mixture at high pressure and temperature.

e.g., Karato, 2008, Chapter 3). However, the compressional effect
s relatively small compared to the shear components in our large
hear strain experiments (� ∼ 0.6–3.3). The strain rate was calcu-
ated from the obtained strain and the duration of the deformation.
he samples with a small strain have relatively large errors in strain
ate due to the uncertainty of the initial rotation during a load-
ng. The experimental conditions and results are summarized in
able 1.

.2. Water content in olivine

We measured the water content in the olivine samples after
xperiments using Fourier-transform infrared (FTIR) spectroscopy.
he samples were prepared as a doubly polished section with a
hickness of ∼100 �m and were kept in a vacuum oven at T = 423 K
efore the measurement. The IR spectra were obtained by two hun-
red scans with 4 cm−1 resolutions using an MCT detector. The
ater content was calculated from the IR spectra using the cali-
ration of Paterson (1982) as follows,

OH = 1
150�

∫
K(�)

3780 − �
d� (3)
here COH is the water concentration (ppm H/Si or ppm wt H2O), �
s an orientation factor, and K(�) is the absorption coefficient for a
iven wavenumber � (cm−1). For the polycrystalline aggregates, an
rientation factor of � = 1/3 was used. The calibration of Paterson



I. Katayama, S.-i. Karato / Physics of the Earth an

Fig. 2. Microphotographs showing the sample deformed to large strain (� ∼ 2.4:
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A-27). (A) The olivine sample is sandwiched between alumina pistons and the
rrows indicate a sense of shear. (B) Enlarged image shows the Pt strain-marker and
hear strain is estimated from the rotation of the strain-marker, which was originally
laced normal to the shear plane.

1982) is based on an empirical correlation between the OH stretch-
ng frequency and the absorption coefficient. Recent studies have

hown that the water content in olivine becomes systematically
ower when the Paterson’s calibration is used (Koga et al., 2003; Bell
t al., 2003) and the water content will be multiplied by a factor of
3.5 if the recent calibration is applied.

t
i
a
d
t

able 1
xperimental results

ample Pressure
(GPa)

Temperature
(K)

Time
(min)

Compressional
strain

Shear strain
(�)a

A-024e 2.0 1373 298 0.04 0.6 (±0.4)
A-027e 2.0 1373 441 0.11 2.4 (±0.6)
A-029 2.0 1373 305 0.27 2.7 (±0.7)
A-032 2.0 1373 440 0.26 1.2 (±0.5)
A-039 2.0 1373 377 0.29 2.7 (±0.8)
A-043e 2.0 1373 161 0.13 2.0 (±0.8)
A-044e 2.0 1273 203 0.10 1.1 (±0.5)
A-061 2.0 1273 142 0.23 3.3 (±0.9)
A-062 2.0 1273 290 0.20 2.7 (±0.8)
A-063 2.0 1273 1260 0.17 3.1 (±0.7)

a Shear strain was measured from the rotation of strain-marker. The uncertainty of th
otation.

b Strain rate was estimated including the compressional strain from the Levy-von Mise
c Stress was calculated from the average of dislocation density, and the uncertainty in
ell as the calibration error on the piezometer.
d Water content was analyzed by FTIR after each experiment and calculated based on P
e Starting material was single crystal with the [1 0 0](0 0 1) orientation. Hot-pressed oli
d Planetary Interiors 168 (2008) 125–133 127

.3. Stress estimate

In a solid-medium apparatus, there is a large uncertainty in
etermining the differential stress using an external load-cell due
o friction. Although a molten-salt assembly developed by Green
nd Borch (1989) has reduced the error due to friction, a sys-
ematic error is possible with this technique including the error
aused by the strain-dependent friction. Furthermore, water tends
o be removed from a sample to the molten salt, thus long-term
eformation experiments under water-rich conditions are difficult.
herefore, we used the dislocation density of the deformed samples
o infer the stress magnitude. The dislocation density of a material
s uniquely related to the applied stress when deformation occurs
y dislocation creep as,

= ˛

b2

(
�

�

)ˇ

(4)

here � is the dislocation density, � is the applied stress, ˛ is a
on-dimensional constant, b is the length of Burgers vector, � is the
hear modulus and ˇ is a constant. This relation depicts a balance
etween the applied stress and the creation of new dislocations
e.g., Poirier, 1985), which can be applied for both the power-law
nd exponential creep regimes as demonstrated by Kohlstedt and
eathers (1980). Using the samples that had been deformed by

he gas-medium apparatus, this relation has been well constrained
˛ = 10−2.63±0.12 and ˇ = 1.41 ± 0.16, Karato and Jung (2003)). The
teady-state dislocation structures are achieved by small strain less
han a few percent (Durham et al., 1977), and therefore this tech-
ique can be used for our deformed samples. The effect of pressure
n this calibration is mainly through its influence on the shear mod-
lus (Poirier, 1985), which is less than ∼4% over the pressure range
sed in this study. Thus, the relationship between stress and dis-

ocation density is insensitive to pressure over the range of our
xperiments.

The dislocation density in olivine crystals is measured in the
ecovered samples that are quenched rapidly after experiments
and therefore dislocations are frozen at the final stress). The sam-
les are decorated by oxidation in air at T = 1173 K for ∼1 h and

he oxidized dislocations are observed by back-scattered electron
mage using a FEG scanning electron microscope with an acceler-
ting voltage of 15 kV and a beam current of 2.4 nA (Fig. 3). The
islocation density is estimated from the total length of disloca-
ion in an imaged volume. The dislocation images are captured

Strain rate (s−1)b Dislocation density
(×1012 m−2)

Stress (MPa)c Water content
(H/106Si)d

3.2 (±2.4) × 10−5 1.57 (±0.49) 172 (±40) 860–1050
8.4 (±2.1) × 10−5 2.27 (±0.59) 222 (±44) 930–1160
1.3 (±0.3) × 10−4 2.80 (±0.45) 260 (±38) 870–1120
4.4 (±1.8) × 10−5 1.65 (±0.53) 178 (±42) 1010–1200
1.0 (±0.3) × 10−4 2.55 (±0.67) 242 (±49) 920–1010
1.9 (±0.8) × 10−4 3.00 (±0.68) 273 (±49) 830–1220
8.8 (±3.9) × 10−5 3.42 (±0.75) 299 (±53) 850–1060
3.4 (±0.9) × 10−4 4.42 (±0.61) 360 (±49) 820–880
1.4 (±0.4) × 10−4 3.80 (±0.60) 323 (±47) 810–1070
3.7 (±0.8) × 10−5 2.58 (±0.60) 245 (±45) 960–1050

e shear strain was estimated from the shape of the strain-marker and the initial

s relations.
the stress estimate was inferred from the heterogeneity in dislocation density as

aterson (1982) calibration.
vine aggregates were used for the other experiments.
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Fig. 3. (A) Dislocation microstructures of the deformed sample (GA-63) in back-
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is similar to that observed in a single crystal (Fig. 5). The water
content in olivine was calculated from the sharp bands and ranges
from 850 to 1100 ppm H/Si (50–65 ppm wt H2O) based on the cali-
bration by Paterson (1982). The estimated water contents are close
cattered electron image after oxidation at 1173 K for 1 h. The bright lines or dots
ithin olivine grains represent dislocations. The arrows at top and bottom show a

ense of shear. (B) Enlarged image showing that the dislocation is nearly straight
nd aligned parallel to the [0 0 1] direction.

y back-scattered electron imaging technique that penetrates a
epth of h from the sample surface, and therefore the dislocation

ength l is calculated from l =
√

l2m + h2, where lm is the measured
islocation length and h is the effective thickness (for details see
arato and Lee (1999)). In this technique, uncertainties caused by

he unknown orientation of dislocation line are largely eliminated
nd one can determine the dislocation density with high accu-
acy (Karato and Lee, 1999). The dislocation density in polycrystal
ggregates is heterogeneous due to the crystallographic orientation
nd the local stress caused by the grain interactions. We, therefore,
easured the dislocation density of total ∼20 grains for each sam-

les and the statistical average of dislocation densities was used
o infer the stress magnitude. The variation of the dislocation den-
ity is shown in Fig. 4, which is usually ∼20–30% (Table 1). Based
n the Eq. (5), the scatter of the dislocation density can be trans-
ated into the uncertainty in the stress estimate of ∼10–20%. The
alibration of dislocation density piezometer also has some uncer-
ainties (Karato and Jung, 2003), and then total errors on the stress
stimate are 15–25% (Table 1). The stress values estimated by this

ethod correspond to the stress at the final stage of deformation.

n all cases reported in this paper, deformation experiments were
erformed to large strains and deformation was likely at steady-
tate (quasi steady-state is achieved at shear strain of ∼0.2–0.4

F
d
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nder wet conditions at similar T/Tm (Zhang et al., 2000; Jung et
l., 2006)).

. Experimental results

.1. Deformation microstructures

The olivine samples were deformed to strains up to � = 3.3 in
nearly simple shear geometry (compressional strain is usually

ess than ∼10% of shear strain). Even in the experiments where a
ingle crystal of olivine was used as the starting material, the sam-
les were mostly recrystallized. The grain boundaries are almost
traight or smoothly curved in the deformed samples (Fig. 3). The
rain shape is nearly equant at relatively low strain but is slightly
longated at high strain. The aspect ratio (long axis/short axis) of
rains is always smaller than that expected from the finite strain,
uggesting the influence of dynamic recrystallization. The disloca-
ions are mostly straight and are aligned along the [0 0 1] direction
Fig. 3), and subgrain boundaries are rare in our samples. We
bserved two types of lattice-preferred orientation (LPO) at differ-
nt deformation conditions. At 1373 K, C-type fabric is dominated
n the low stress samples, in which the [0 0 1] axis is subparallel to
he shear direction and the (1 0 0) plane is subparallel to the shear
lane. In contrast, B-type occurs at higher stress (>240 MPa), show-

ng the [0 0 1] axis subparallel to the shear direction and the (0 1 0)
lane subparallel to the shear plane. At 1273 K, all samples show B-
ype olivine fabric at stress >240 MPa. Detailed discussions on the
livine LPOs and the fabric transition are reported in Katayama and
arato (2006).

.2. Water content

The IR spectra of the olivine samples show several sharp bands at
330, 3360, 3530 and 3570 cm−1 (Fig. 5), related to the OH stretch-
ng vibration in olivine (Beran and Putnis, 1983; Kohlstedt et al.,
996). A broad band absorption around 3400 cm−1 observed in
he olivine aggregates is likely due to the grain-boundary water or
uid inclusions, and we therefore subtracted the broad band from
he spectra to calculate the intrinsic water content in the olivine
amples. After the correction, the absorbance of the sharp bands
ig. 4. Histogram of the dislocation density in the deformed sample (GA-63). The
islocation density was measured from the back-scattered electron image of indi-
idual grains (see details in text).
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Fig. 5. The infrared spectrum of the deformed olivine samples (GA-27). The IR spec-
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ra of the hot-pressed starting material and the wet single crystal (Jung et al., 2006)
re shown for comparison. The dotted line represents the original spectrum before
broad band subtraction. The absorption bands between 3300 and 3700 cm−1 cor-

espond to the OH stretching vibration.

o that determined under water-saturated conditions at P = 2.0 GPa
Kohlstedt et al., 1996; Jung et al., 2006). We analyzed several dif-
erent areas of each sample and the difference in the water content
s less than ∼20%. The relatively large error in the water measure-

ent is caused by the uncertainty in defining the baseline, which
an be as high as ±20%.

.3. Mechanical results

In order to characterize the (steady-state) rheological proper-
ies, we use the stress values estimated from the dislocation density,
nd the strain rate calculated from the final strain and the duration
f a deformation experiment. The stress and strain rate relations of
ur deformed samples are shown in Fig. 6. Experimental results at

igh temperature (T = 1473 K (Jung et al., 2006)) and the power-law
elation of water-saturated olivine determined at higher tempera-
ure and lower stresses (Karato and Jung, 2003) are also shown in
ig. 6.

ig. 6. The strain rate versus stress relation of the deformed olivine samples at
= 1273 K and 1373 K (this study) and T = 1473 K (from Jung et al. (2006)) under
ater-saturated conditions. The shaded data are calculated with a slope of ˇ = 2 in

he dislocation density versus stress relation. The solid curves represent the fitting
esults of the experimental data into the flow law formula including the exponential
reep and the power-law creep (p = 1, q = 2 are used for the exponential creep). The
ashed lines indicate the power-law creep for wet olivine based on Karato and Jung
2003).
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A comparison with the previous results indicates that our new
xperimental results at low-temperatures (1273 and 1373 K) and
igh-stresses deviate significantly from the estimated values using
he power-law constitutive relation. First, our data show much
ower stresses than those extrapolated from the previous results
sing the power-law relation. Second, the strain rate depends more
trongly on stress than the power-law relation with n ∼ 3. Third, the
emperature dependence of strain rate is much smaller than that
f the power-law creep. All of these observations can be explained
y an exponential flow law such as the one shown in Eq. (3) in
hich the activation enthalpy is reduced at high-stresses. In addi-

ion, deformation microstructures also suggest that the power-law
reakdown occurs in the low-temperature experiments. The olivine
POs change from the [0 0 1](1 0 0) C-type to the [0 0 1](0 1 0) B-type
ith increasing stress (Katayama and Karato, 2006). However, in

he power-law creep, the stress exponent is almost identical in each
lip-system (n ∼ 3.5; Bai et al., 1991), and hence the change of LPO
hould be insensitive to the applied stress within the power-law
reep regime. In contrast, Peierls stress is sensitive to the crys-
al structure and consequently the stress-sensitivity can be highly
nisotropic in the exponential creep regime, which is consistent
ith the stress sensitive fabric transition in our low-temperature

xperiments. We consider that these are strong evidences for the
peration of an exponential flow law.

In materials with a relatively strong chemical bonding such as
ilicates, the most likely mechanism for the exponential flow law is
he Peierls mechanism for which the constitutive relation (at high-
tresses) is given by Eq. (3) with the stress-dependent activation
nthalpy, viz.,

˙ = A′�2exp

(
−H∗

0
RT

(
1 −

(
�

�P

)p
)q)

. (5)

where H∗
0 is the activation enthalpy at zero stress, and p and q are

on-dimensional parameters that depend on the geometry of kinks
e.g., Kocks et al. (1975), Chapter 5). This equation is appropriate for
orward motion of dislocation, and at low stresses, the influence of
ackward motion should also be included (for details see Karato
2008), Chapter 9).

Under these experimental conditions, the flow law of olivine
ggregates changes from the power-law at relatively low
tresses/high temperatures to the exponential flow law at rela-
ively high-stresses/low-temperatures. Consequently, we inverted
he data at 1273 and 1373 K assuming the exponential flow law
ith the constraint that the appropriate flow law changes to the
ower-law at 1473 K and/or at lower stresses. Following the discus-
ion presented by Frost and Ashby (1982), we used a notion that the
ower-law creep and the exponential creep do not operate together
nd hence the total strain rate is given by

˙ = max{ε̇exponential creep, ε̇power-law creep}. (6)

he strain rate for the power-law creep of wet olivine (Karato and
ung, 2003) is calculated at a given pressure and temperature, and
q. (5) is used for the exponential creep.

In the exponential creep law, the activation enthalpy is reduced
ith the increase of applied stress, and the creep rate becomes

nsensitive to temperature at high-stress. Consequently, the tem-
erature dependence in the exponential flow law cannot be well
onstrained from the high-stress experimental data. On the other
and, the Peierls stress is well constrained by the conditions where

he power-law breakdown occurs. The power-law breakdown is
learly shown in our experimental data as illustrated in the stress
nd temperature diagram (Fig. 7). The exponential flow law con-
ains a large number of parameters and not all of them can be
onstrained from our limited data set, and therefore we tested two
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Fig. 7. The creep curves of wet olivine as functions of stress and temperature at
different strain rates, 10−3, 10−4, and 10−5 s−1. The samples deformed at strain rates
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lose to 10−4 s−1 are also shown as diamond symbols (T = 1273 K and 1373 K from this
tudy and T = 1473 K from Jung et al. (2006)). The exponential creep is dominated
t low-temperature and high-stress, whereas the power-law creep is dominated at
igh temperature and low stress.

ctivation enthalpies in the analysis (300 and 518 kJ/mol) and deter-
ined a Peierls stress under the water-saturated conditions. The

ifference in the activation enthalpy results in a small variation in
he inferred Peierls stress as will be discussed later. Thus, the data
rovide strong constraints on the Peierls stress but weak constraints
n the activation enthalpy. The activation enthalpy is reported to
e similar between the power-law and the exponential creeps for
alena (Atkinson, 1976), anhydrite (Muller and Briegel, 1978) and
arble (Heard and Raleigh, 1972). Therefore, in the following anal-

sis, we used the activation enthalpy of 518 kJ/mol (E* = 470 kJ/mol
nd �V* = 24 cm3/mol) that is reported for the power-law creep of
et olivine (Mei and Kohlstedt, 2000; Karato and Jung, 2003).

Although our deformed samples show two different types
f LPO, the fabric strengths are relatively weak and the plastic
nisotropy in olivine is generally not very strong. Wendt et al.
1998) deformed natural peridotites along two different directions
one perpendicular and another parallel to the foliation plane), and
ound that the sample orientation has little effect on the flow stress.
n such cases, the total strength of olivine aggregates in our exper-
mental data will not be sensitive to the different types of LPO.

The choice of p and q depends on the shape and geometry of
bstacles that limit the dislocation motion. The microscopic mod-
ls show that p and q should have a following range 0 < p ≤ 1,
≤ q ≤ 2 (Kocks et al., 1975), and therefore we analyzed our data

sing the various combinations of p and q within this range. The
eierls stress and a constant term A′ in Eq. (5) were estimated
y nonlinear least square fit with the different combinations of
and q. The fitting results are shown in Table 2 and illustrated

able 2
itting results with different choice of p and q

A (s−1 MPa−2) �P (GPa)

= 1, q = 1 108.0 (±0.5) 1.58 (±0.24)
= 3/4, q = 1 107.1 (±0.6) 2.06 (±0.38)
= 1, q = 4/3 107.9 (±0.5) 2.00 (±0.31)
= 3/4, q = 4/3 106.9 (±0.6) 2.79 (±0.55)
= 1, q = 2 107.8 (±0.6) 2.87 (±0.47)

ctivation enthalpy (H0) is assumed same with the power-law.
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n Figs. 6 and 7. The Peierls stress depends on the choice of p
nd q, ranging 1.58–2.87 GPa. Although the apparent activation
nthalpy is assumed in this analysis (H∗

0 = 518 kJ/mol), the lower
ctivation enthalpy also gives similar results with less than ∼10%
ifference in the estimate of Peierls stress (�P = 1.59–2.89 GPa for
∗
0 = 300 kJ/mol). Thus, the Peierls stress is well constrained by our
echanical data of the low-temperature high-stress experiments

ven though the activation enthalpy is not well constrained by the
imited stress range of our experiments.

The data are a little scattered from the fitting curves (Fig. 6). We
onsider this might be due to the indirect measurement of stress
agnitude from dislocation density, which is subjected to large

ncertainties. We used a power-law relation of dislocation den-
ity and applied stress that was determined by Karato and Jung
2003) with a slope of 1.4 (� ∝ �14), but a slope of 2 is more fre-
uently used (e.g., Kohlstedt et al., 1976). When a slope of 2 is used
n the dislocation density versus stress relationship, then the slope
n Fig. 6 becomes steeper (stress exponent is n = 4.9 at 1373 K, n = 8.0
t 1273 K). However, the primary evidence for the power-law break-
own is that the absolute strength values in our low-temperature
xperiments (1273 and 1373 K, particularly at 1273 K) are sub-
tantially smaller than those calculated from the power-law creep
quation. The deviation between the extrapolated values and the
ctual data far exceeds the estimated errors in these measurements.
or example, the discrepancy in strain rate (at 1273 K) is more than
wo orders of magnitude and the discrepancy in stress is about one
rder of magnitude. These differences are too large to be attributed
o any possible errors in our measurements.

The present analysis is for the data obtained at P = 2 GPa for
hich water fugacity is ∼12 GPa. In applying the flow law obtained
ere to the real Earth, a few issues need to be addressed. First,
ccording to a theoretical model of hydrated kinks, the pre-
xponential factor, A′, is likely proportional to some power of water
ugacity and the zero-stress activation enthalpy corresponds to the
ormation (and migration) of hydrated kinks that is independent
f water fugacity (Karato, 2008, Chapter 10), and consequently the
ow law will have a form,

˙ = A f r
H2O�2exp

(
−H∗

0
RT

(
1 −

(
�

�P

)p
)q)

. (7)

ote that both the formation enthalpy of a pair of kinks and the
eierls stress for hydrated kinks may be different from anhydrated
inks. The density and mobility of kinks are related to the chemical
nvironments such as water fugacity, and therefore a correction
hould also be made for the dependence of the pre-exponential
erm on water fugacity.

. Discussion

.1. Influence of water on the Peierls stress and low-temperature
lasticity of olivine

The rate of deformation of olivine aggregates under dry and wet
onditions are calculated as a function of the normalized stress and
emperature at a constant strain rate (Fig. 8). In both conditions,
he calculated stress in the power-law creep is lower than that of
he exponential creep at high temperature, and consequently the
ower-law creep controls the flow of olivine aggregates at high tem-
eratures. In contrast, at low-temperatures, the stress level in the

xponential creep becomes lower than that of the power-law creep.
he transition occurs at around ∼1400 K (for laboratory strain rates)
n both dry and wet conditions, but the stress level at which the
ransition occurs is significantly lower under water-rich conditions.
his is due to significant reduction of Peierls stress at the presence
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Fig. 8. The creep curves of wet and dry olivine as functions of normalized stress (�/�,
� is shear modulus) and normalized temperature (T/Tm, Tm is melting temperature),
and the strain rate is normalized to 10−5 s−1 using the exponential flow law that is
determined in this study. Dry data of the microindentation tests (filled diamond:
Evans and Goetze (1979)) and the conventional deformation experiments (filled
square: Blacic (1972), filled triangle: Carter and Avé Lallemant (1970)) are shown
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or comparison to the wet data (open symbol) from this study and Karato and Jung
2003). Olivine deformed at water-saturated conditions shows significantly lower
ow strength than that of dry conditions in both the exponential and power-law
reep regimes.

f water (�P wet = 2.9 GPa) compared to that under dry conditions
�P dry = 9.1 GPa (Evans and Goetze, 1979)). Evans and Goetze (1979)
sed microindentation tests on olivine single crystals, and therefore
ne must take care when those results are compared to our defor-
ation experiments. The microindentation tests are insensitive to

emperature and strain rate, and consequently the exponential flow
aw under dry conditions is not well constrained by these experi-

ents. However, the low-temperature plasticity is very sensitive

o stress, and therefore parameters related to the stress sensitiv-
ty, i.e. Peierls stress, can be well constrained from the hardness
ests at low-temperatures. The results from conventional deforma-
ion experiments under dry conditions (Carter and Avé Lallemant,
970; Blacic, 1972) are also plotted in Fig. 8, which show similar

m
b
c
(
i

ig. 9. Deformation mechanism map of wet and dry olivine as functions of stress and
xponential creep (2) power-law creep and (3) diffusion creep were computed following th
echanism, and the thin lines represent constant strain rates of 10−5, 10−10, and 10−15 s−1
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echanical results to those determined by microindentation tests
Evans and Goetze, 1979). We, therefore, suggest that the Peierls
tress in olivine crystal is significantly reduced by the presence of
ater, and that it causes significant weakening in the exponential

reep regime.
The presence of water is known to enhance the dislocation climb

n olivine (e.g., Karato, 1989; Yan, 1992; Mei and Kohlstedt, 2000).
he influence of water on high temperature creep in olivine is
sually interpreted in terms of point-defect-related mechanisms
e.g., Mei and Kohlstedt, 2000; Karato and Jung, 2003). However, at
ow-temperatures and/or high-stress levels, dislocation glide may
ontrol the rate of deformation, and in this case creep rate becomes
ighly sensitive to the stress when stress is high enough. Our exper-

mental results show that the water weakening is also significant
n the glide-controlled exponential creep, and suggest that this is
ue to the decrease in the Peierls stress (Fig. 8). We note that the
eduction of the Peierls stress by water also has an implication for a
limb-controlled model for high temperature creep. If creep is con-
rolled by climb of an edge dislocation under jog under-saturated
onditions, then the creep rate depends on the jog density that in
urn depends on the jog formation energy that is proportional to

�P/� (e.g., Hirth and Loth, 1968).
The Peierls stress is controlled by crystal structure and chem-

cal bonding and therefore the Peierls stress in a given crystal is
nisotropic. Therefore, in case where the Peierls stress is reduced
y the presence of water, water weakening is expected to be highly
nisotropic. Although such anisotropic signature is weak in poly-
rystal aggregates, the change of the dominant slip system in olivine
hat causes the fabric transition can result from the anisotropic
ater weakening in the exponential creep regime (e.g., Jung and
arato, 2001; Katayama and Karato, 2006).

.2. Deformation mechanisms in the subduction zone upper
antle

In order to understand the rheological behavior of olivine-rich
ocks under different physical conditions, we made deformation

echanism maps based on the present experimental results com-

ined with previous studies. Three deformation mechanisms were
onsidered for both wet and dry conditions: (1) exponential creep;
2) power-law creep; and (3) diffusion creep. Fig. 9 illustrates a map
n the stress and grain size space at constant pressure (2 GPa) and

grain size at P = 2 GPa and T = 1273 K. Three fields of deformation mechanism (1)
e Frost and Ashby (1982). The thick lines represent the transition of the deformation
.
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Fig. 10. Deformation mechanism map of wet and dry olivine as fu

emperature (1273 K). The exponential creep is dominant at high-
tress, the power-law creep is dominated at relatively low stress
nd larger grain size, and the diffusion creep is dominated at low
tress and smaller grain size. The transition stress between the
xponential and power-law creep is higher than 500 MPa under
ry conditions, whereas it decreases significantly ∼100 MPa under
ater-rich conditions. This reduction in transition stress is caused

y the reduction of the Peierls stress due to the dissolution of water.
he boundary between the exponential and diffusion creep regimes
epends on grain size, and the transition grain size is smaller than
hat extrapolated from the power-law creep. The dominant defor-

ation mechanism is also sensitive to temperature, and Fig. 10
hows a deformation mechanism map as a function of stress and
emperature with a given pressure (2 GPa) and grain size (1 mm).
t a strain rate of 10−15 s−1, the exponential creep is dominant
t temperature less than 1000 K for both wet and dry conditions,
ut the stress level in which the transition occurs is lower at
ater-rich conditions than at dry conditions. These deformation
echanism maps suggest that the conditions where the exponen-

ial creep is dominant expands to a lower stress level in a water-rich
nvironment, and the exponential creep might be an important
echanism at low-temperature and water-rich regions with a geo-

ogically relevant strain rate. We note that the consistency between
he geological observations and the results from the extrapolation
f laboratory data assuming the exponential flow law (Katayama
nd Karato, 2006) supports this notion. Present experiments are
imited in a narrow range of pressure, but the extrapolation to high
ressures can be inferred though the influence of water fugacity
n the pre-exponential term and using a homologous temperature
caling law.

Our finding that water enhances the exponential flow low of
livine has important implications for understanding the dynam-
cs of subduction zones. A large portion of subduction zone upper

antle is at relatively low-temperatures and at low-stress where
he exponential flow law may dominate. Our results indicate that
he strength of materials in these regions will be much less than
he previous results under dry conditions would imply if a trace
mount of water is present in these regions (see Kneller et al. (2005,

007)). In addition, being one of the fundamental materials prop-
rties, the influence of water on the Peierls stress has important
mplications for a range of flow-related properties including plastic
nisotropy and the microscopic mechanism for the enhancement
f climb-controlled creep.

K

K

s of stress and temperature at P = 2 GPa and grain size of 1.0 mm.
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