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Abstract

Effects of pressure on high-temperature, dislocation creep in olivine
((Mg, Fe)2SiO4) aggregates have been determined under both water-poor (‘dry’)
and water-saturated (‘wet’) conditions. New experimental data were obtained at
pressures of 1–2GPa under ‘dry’ and ‘wet’ conditions using a newly developed
high-resolution dislocation density measurement technique to estimate the creep
strength. These data are compared with previous data at lower and higher
pressures to determine the pressure dependence of high-temperature dislocation
creep in olivine aggregates. We find that the creep strength � under ‘dry’
conditions increases monotonically with increasing pressure, whereas the creep
strength under ‘wet’ conditions changes with pressure in a non-monotonic
fashion: it first decreases rapidly with increasing pressure and then becomes less
sensitive to pressure at above 1GPa. Such behaviour can be described by the
following formula:

_""d;w ¼ Ad;w f rH2O
ðT ;PÞ exp

��ðE*d;w þ PV�
d;wÞ

RT

�
�n;

where the subscripts d and w refer to parameters for ‘dry’ and ‘wet’ conditions
respectively. The present study gives Ad ¼ 106:1�0:2 s�1 (MPa)�n;
E*d ¼ 510� 30 kJmol�1, V*

d ¼ 14� 2 cm3 mol�1 and r ¼ 0 for ‘dry’

conditions, and Aw ¼ 102:9�0:1 s�1 ðMPaÞ�n�r; E*w ¼ 470� 40 kJ mol�1; V*
w ¼

24� 3 cm3 mol�1 and r ¼ 1:20� 0:05 for ‘wet’ conditions ðn ¼ 3:0� 0:1 for
both ‘dry’ and ‘wet’ conditions). The large activation volume for ‘wet’
conditions can be interpreted as due to the additional contribution from the
activation volume for dissolution of OH in the olivine structure
(V*

OH � 11 cm3 mol�1). The value of rð� 1:2Þ is consistent with a model in
which creep in olivine is rate controlled by the motion of positively charged
jogs through the diffusion of silicon via an interstitial mechanism.

} 1. Introduction
Pressure is one of the important thermodynamic parameters that controls the

plastic flow of materials (Sherby et al. 1970, Frost and Ashby 1982, Karato 1998).
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Although pressure effects on plastic flow are small at low pressures, its effects
become significant when pressure exceeds a few per cent of the bulk modulus of a
given material. Such high pressures are often encountered in materials synthesis (for
example Strong and Wentorf (1972)) as well as in the deep interiors of planets (for
example Ringwood (1975)). Thus, understanding the effects of pressure on plastic
flow of solids is critical to both materials science and planetary science. The manner
in which the plastic flow properties of materials change with pressure is dependent on
microscopic mechanisms. Therefore studies of effects of pressure not only provide
data sets to estimate the magnitude of pressure effects but also help to constrain the
microscopic mechanisms of plastic deformation. This paper reports such a study on
ferromagnesian silicate olivine (Mg, Fe)2SiO4, one of the most abundant materials in
the shallow portions of terrestrial planets (for example Ringwood (1975)).

The pressure dependence of plastic flow is usually described by a flow law of the
form (for example Frost and Ashby 1982))

_""ðT ;PÞ ¼ A�n exp

�
� E*þ PV*

RT

�
; ð1Þ

where _"" is the strain rate, A is a constant, � is the stress, n is the stress exponent, E* is
the activation energy, V* is the activation volume, P is the pressure, T is the
temperature and R is the gas constant. Such a relation would imply that the strain
rate (the creep strength) changes monotonically with pressure. However, some com-
plications may arise in materials in which the concentration of defects is also a strong
function of pressure through its effects on the chemical potential of the defects. In
such cases, the creep strength may change with pressure in a more complicated
fashion (Karato 1989).

Most previous experimental studies on deformation of olivine have assumed the
functional form (1) and determined the activation volume V*. The reported values of
V* for olivine range from 5 to 27 cm3 mol�1 (Green and Borch 1987, Bussod et al.
1993, Karato and Rubie 1997), indicating the difficulties in obtaining reliable results
on creep strength under high pressures.

In addition to this difficulty, there is an additional complication. In contrast with
these earlier results, the recent study by Mei and Kohlstedt (2000) reported an
increase in strain rate (decrease in creep strength) with increasing pressure when
olivine was deformed in the presence of water; this would imply a negative V*
which is not consistent with known defect-related properties of olivine (for example
Karato (1989)). This suggests that equation (1) may not be appropriate in the case
where water is present. It appears that more detailed studies under high pressures are
needed to understand the pressure dependence of plastic deformation of this mat-
erial. In this paper, we report new results of measurements of plastic flow strength of
olivine under high pressure with and without the presence of water. We analyse the
results using a new formulation of the pressure dependence of plastic flow and discuss
the implications of this formulation for microscopic mechanisms of deformation.

} 2. Experimental procedure

We deformed olivine aggregates (the starting material is San Carlos olivine;
½Fe�=ð½FeþMg�Þ ¼ 0:1; melting temperature Tm ¼ 2100K; bulk modulus
K ¼ 120GPa at 1–2GPa confining pressure using a solid-medium deformation
apparatus (the Griggs apparatus (Tullis and Tullis 1986))) and compared our results
with those obtained at lower pressures (from 0.1 to 0.45 GPa (Karato et al. 1986,
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Mei and Kohlstedt 2000)) and at a higher pressure (about 15GPa (Karato and Rubie
1997)).

Deformation experiments were conducted either under water-poor (‘dry’)
conditions or water-saturated (‘wet’) conditions. The oxygen fugacity was buffered
by Ni–NiO reaction. ‘Wet’ experiments were conducted using a talcþ brucite
mixture as a source of water (for details see Jung and Karato (2001a)). Both talc
and brucite will break down during heating to generate free water, the amount of
which significantly exceeds the amount of water to saturate the olivine samples. All
deformed samples were analysed by Fourier transform infrared spectroscopy to
measure their water content. In experiments under ‘dry’ conditions, the starting
materials were synthesized at 300MPa confining pressure and temperature of
1473K and dried in a CO–CO2 gas mixture at 1473K for about 20 h to remove
the residual water further. All the materials in a sample assembly were carefully dried
prior to each experiment (pyrophyllite was fired at 1223K for 2 h). The water content
in ‘dry’ samples is less than about 100 ppm H/Si. The water content in ‘wet’ samples
is close to the solubility limit (about 1300 ppm H/Si at P ¼ 2GPa) determined by
Kohlstedt et al. (1996). The deformation experiments were conducted in simple shear
at constant strain rate at T ¼ 1473 or 1573K to shear strains of about 0.5–4. The
uncertainties of temperature in our experiments was approximately � 20K, which is
caused mostly by the temperature gradient in a sample assembly. The microstruc-
tures of all deformed samples were observed under an optical microscope as well as a
scanning electron microscope. Dynamic recrystallization occurred in most cases and
the grain size reached a steady-state value corresponding to a given stress (Jung and
Karato 2001a). Previous studies on olivine showed that, after the completion of
dynamic recrystallization, the mechanical behaviour becomes nearly steady state
(for example Zhang et al. (2000)). Scanning electron microscopy observations
show evidence of dislocation creep including subboundary formation and lattice
preferred orientations (figure 1) (Jung and Karato 2001b). Consequently, we con-
sider that the strength of our samples determined in the present experiments repre-
sents that of dislocation creep in a (nearly) steady state.

The strength of a sample could in principle be measured from the reading of an
external load cell after corrections for the friction between the piston and surround-
ing materials. However, friction corrections in the Griggs apparatus are known to
contain large uncertainties (Gleason and Tullis 1993). Significant improvements in
the strength measurements have been made through the use of a soft pressure
medium (for example Green and Borch (1987) and Tingle et al. (1993)), but
the correction for the friction is still large and pressure dependent and this technique
is not suitable for the present purpose. Therefore we did not use the reading of the
external load cell to infer the sample strength in this study. Instead, we used
the dislocation densities of deformed samples to infer the stress magnitude that
had acted on the sample. The physical basis for this is the relation (for example
Bailey and Hirsch (1960))

� ¼ �b�2

�
�

�

�m

; ð2Þ

where � is dislocation density, b is the length of the Burgers vector, � is a non-
dimensional constant of order unity, � is the differential stress, � is the shear
modulus and m is a constant. All the materials parameters in this relation are

Effects of pressure on high-temperature dislocation creep in olivine 403



insensitive to pressure at least in the pressure range of this study. The calibration of
this relation was made using samples that were deformed at known stress levels at a
lower pressure ðP ¼ 300MPaÞ in a gas-medium deformation apparatus under both
‘dry’ and ‘wet’ conditions. For each sample, we determined the dislocation density
from the total length of dislocation lines measured with the scanning electron micro-
scopy technique (Karato 1987, Jung and Karato 2001a) and used equation (2) to
estimate the strength of that sample. A total of 25–30 grains (a volume of about
3000–6000 mm3) was used for each sample. The results are shown in figure 2. The
uncertainties in stress estimate are evaluated from the calibrations as well as the
scatter in the dislocation density in a single sample and are about �10N15%.
Adding the uncertainties of strength estimate caused by the uncertainties in tem-
peratures and pressure, we consider the uncertainties in strength estimates are about
�20%:

The results are summarized in table 1 together with the results from other
studies. In comparing the results from other studies, we made a correction for the
deformation geometry assuming that our samples show isotropic plasticity. The
difference in strain rates is corrected by assuming the stress exponent to be
n ¼ 3:0� 0:1 (Mei and Kohlstedt 2000). Also the results are corrected for the effects
of different temperatures assuming an activation energy E*w ¼ 470� 40 kJ mol�1 for
‘wet’ experiments and E*d ¼ 510� 30 kJ mol�1 for ‘dry’ experiments (we used
the subscripts w and d to indicate that these values correspond to ‘wet’ and ‘dry’
conditions respectively).
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Figure 1. A scanning electron micrograph of a deformed olivine (back-scattered electron
image of a sample deformed at P ¼ 2GPa, and T ¼ 1473K at _"" ¼ 10�4 s�1Þ.
Individual dislocations and subgrain boundaries are decorated by oxidation and are
seen as bright lines owing to a higher concentration of iron (Karato 1987).
Subboundaries are shown by white arrows. The total length of dislocations (excluding
those in subboundaries) was measured to estimate the stress magnitude.
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Figure 2. Dislocation density versus stress relationship for olivine determined by the defor-
mation experiments using a gas-medium apparatus (Karato et al. 1986, Zhang et al.
2000) and the dislocation density measurements using scanning electron microscopy
(this study (see also Jung and Karato (2001a))): (*), data under ‘dry’ conditions; (~),
data under ‘wet’ conditions. The least-squares fit yields � ¼ ��m with
log10 � ¼ 9:04� 0:41 and m ¼ 1:41� 0:16 where the units are reciprocal square
metres for dislocation density and multipascals for stress.

Table 1. Creep strength of olivine. All the data are normalized to a strain rate of 10�4 s�1

and a temperature of 1473K. The error bars are about �0.5% for the data from
Karato et al. (1986) and Mei and Kohlstedt (2000), about �20% for the data from this
study and about �30% for the data from Karato and Rubie (1997). The actual
temperatures of experiments were 1573K for the work of Karato et al. (1986), 1473–
1573K for the work of Mei and Kohlstedt (2000), 1473K (‘wet’) or 1573K (‘dry’) for
the work in this study and 1900K for the work of Karato and Rubie (1997).

Pressure
(GPa) Watera

Strength
(MPa) Source

0.1
0.3
0.3
0.3
0.3
0.45
1.0
1.0
2.0
2.0
2.0
2.0
15

‘wet’
‘wet’
‘dry’
‘wet’
‘dry’
‘wet’
‘wet’
‘wet’
‘wet’
‘wet’
‘dry’
‘dry’
‘dry’

358
265
493
272
538
227
184
172
191
184
1063
1015
96000

Mei and Kohlstedt (2000)
Mei and Kohlstedt (2000)
Mei and Kohlstedt (2000)
Karato et al. (1986)
Karato et al. (1986)
Mei and Kohlstedt (2000)
This study
This study
This study
This study
This study
This study
Karato and Rubie (1997)

a ‘Wet’ means water saturated, and ‘dry’ means water poor (see text for details).



} 3. Results

The results for ‘dry’ conditions are summarized in figure 3, showing that
equation (1) holds with a constant activation volume V*

d ¼ 14� 2 cm3 mol�1 and
the pre-exponential term Ad ¼ 106:1�0:2 s�1 (MPa)�n. Although the experimental
errors are large at higher pressures, the activation volume V*

d under ‘dry’ conditions
is well constrained by the experimental data because of the large range of pressures.
This result agrees well with previous work (Karato and Rubie 1997) and there is no
indication of strong pressure dependence of activation volume as claimed by Green
and Borch (1987).

Figure 4 shows the results under ‘wet’ conditions using the same type of diagram.
It is seen that under ‘wet’ conditions, the strength of olivine samples first decreases
with increasing pressure and then becomes insensitive to pressure at higher pressures.
Therefore a simple formulation such as equation (1) cannot be used to analyse the
mechanical data for olivine under ‘wet’ conditions. This behaviour suggests that
more than a single factor affect the pressure dependence of creep strength, and
one needs at least two parameters to characterize the pressure dependence of creep
strength. Consequently a wide range of pressure must be explored in experimental
studies. Thus, although mechanical data at lower pressures can be obtained with
higher resolution (Mei and Kohlstedt 2000), such data are insensitive to V*

w and
hence cannot be used to characterize the pressure effects fully under ‘wet’ conditions.
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Figure 3. Creep strength versus pressure relationship for olivine under ‘dry’ conditions. All
the data are normalized to a strain rate of 10�4 s�1 and a temperature of 1573K. The
straight line shows the result of the least-squares fit, yielding an activation volume of
V*d ¼ 14� 1 cm3 mol�1.



The rate of plastic deformation of silicates such as olivine depends on tempera-
ture and pressure directly through the temperature and pressure dependences of
defect mobility, but also indirectly through the temperature and pressure
dependences of concentration COH of water-related defects. COH depends on water
fugacity fH2O, which in turn depends on temperature and pressure. Thus, plastic flow
under a water-rich (‘wet’) environment may be described by (for example Karato
1989, Mei and Kohlstedt 2000)

_""ðT ;P;COHÞ ¼ Aw f rH2OðT ;PÞ�n exp

�
� E*w þ PV*

w

RT

�
; ð3Þ

where Aw and r are constants and in general the activation energy E*w and volume
V*

w can be different from those under ‘dry’ conditions. The water fugacity fH2O,
increases with increasing pressure, but the term exp ½�ðE*w þ PV*

wÞ=RT � decreases
with increasing pressure for a positive activation volume. The first term f rH2O

dominates at low pressures, whereas the second term exp ½�ðE*w þ PV*
wÞ=RT �

dominates at higher pressures. Therefore, a non-monotonic dependence of creep
strength on pressure is expected under ‘wet’ conditions.

The results under ‘wet’ conditions were analysed assuming a creep constitutive
relation of the form (3) (figure 5). We calculated the water fugacity using the
thermodynamic data of Pitzer and Sterner (1994) and determined the parameters
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Figure 4. Creep strength versus pressure relationship for olivine under ‘wet’ conditions. All
the data are normalized to a strain rate of 10�4 s�1 and a temperature of 1473K. The
creep strength first decreases with increasing pressure and then becomes insensitive to
pressure.
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Figure 5. The creep strength as a function of (a) water fugacity and (b) pressure. The para-
meters r and V*w are determined by an iterative least-squares fit. (a) Creep strength
versus water fugacity relationship under ‘wet’ conditions. The creep strength corrected
for the activation volume effect (i.e. � exp ð�PV*w=nRTÞÞ is plotted against water
fugacity. The slope gives r ¼ 1:20� 0:05. (b) Creep strength versus pressure relation-
ship under ‘wet’ conditions after correction for the water fugacity effects (�f

r=n
H2O

). The
slope yields an activation volume of V*w ¼ 24� 3 cm3 mol�1.

(a)

(b)



Aw, r and V*
w by an iterative least-squares fit to obtain Aw ¼ 102:9�0:1 s�1 ðMPaÞ�r�n,

r ¼ 1:20� 0:05 and V*
w ¼ 24� 3 cm3 mol�1. The somewhat higher uncertainty is the

result of a smaller pressure range and reflects the uncertainties in temperature,
pressure as well as stress.

} 4. Discussion

Despite large uncertainties in the mechanical data obtained with the solid-med-
ium Griggs apparatus, non-monotonic variation in the creep strength of olivine with
pressure under ‘wet’ conditions is well documented by the present study. The good fit
of the present data set to the functional form (3) shown in figure 5 suggests that this
formulation is valid for the flow law of olivine under ‘wet’ conditions. The non-
monotonic dependence of strength on pressure under ‘wet’ conditions found in this
work is therefore interpreted as a consequence of the combined effects of change in
water fugacity with pressure and change in activation enthalpy for defect motion.
The value of r can be used to infer the defects involved in plastic deformation
(Karato 1989, Yan 1992, Mei and Kohlstedt 2000).

Yan (1992) (see also Karato (1989)) analysed the point-defect chemistry of
olivine under ‘wet’ conditions and showed that the charge neutrality condition for
olivine changes from ½Fe�� ¼ 2½V 00

M� to ½Fe�� ¼ ½H 0
M� or to ½Fe�� ¼ ½ðOHÞ 0I � as the

fugacity of water is increased (the Kröger–Vink (1956) notation of point defects is
used). The results are summarized in table 2. The value of r ð¼ 1:20� 0:05Þ
determined in this study is close to r ¼ þ5=4 predicted for a case where creep rate
is controlled by a motion of positively charged jogs J� through the diffusion of silicon
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Table 2. Dependence of concentration of point defects in olivine on the fugacity of water
(after Karato (1989) and Yan (1992)). Charge neutrality conditions of either
½Fe�� ¼ ½H 0

M� or ½Fe�� ¼ ½ðOHÞ 0I � are assumed. The parameter r is defined by ½X� / frH2O

or by _"" / frH2O, where [X] is the concentration of defect X.

r for defect

r for
strain ratea

Defect concentration J� Jx J 0

M (Mg or Fe) M��
I þ1=2

V 00
M �1/2

O O 00
I �1=2 �1/4 �1/2 �3/4

V��
O þ1/2 þ3=4 þ1/2 þ1/4

Si Si����I þ1 þ5/4 þ1 þ3/4

V 0000
Si �1 �3/4 �1 �5/4

Jog J� þ1=4
Jx 0
J 0 �1=4

a The dependence of the strain rate on water fugacity is calculated assuming that strain rate
is proportional to (defect concentration)� (concentration of jogs). Three models
corresponding to a given point defect include those controlled by motion of positively
charged, neutral or negatively charged jogs through diffusion of some ions. Creep in
(Mg, Fe)2SiO4 is likely to be controlled by diffusion of either oxygen or silicon. Therefore
only the values of r corresponding to models involving these defects are shown in this table.



via an interstitial mechanism (in this case, the strain rate is proportional to
[Si����I �½J�� / f

5=4
H2O

Þ: This model is also consistent with other observations including
the dependence of the dislocation recovery rate on oxygen fugacity and oxide activity
(Yan 1992). This mechanism is consistent with the results on measurements of silicon
diffusion in olivine which indicate that it occurs through an interstitial mechanism
(Houlier et al. 1990). The notion that dislocations in (Mg, Fe)2SiO4 olivine have
positively charged jogs is also consistent with the fact that this material usually
behaves like a p-type semiconductor (Karato 1974) in which dislocations and
grain boundaries tend to be positively charged (Eshelby et al. 1958, Menezes and
Nix 1974).

Given the relation between water fugacity and strain rate determined above and
using the relation COH / fH2O exp ½�ðE*OH þ PV*

OHÞ=RT � (E*OH and V*
OH are the

activation energy and the volume respectively for dissolution of OH in olivine) for an
open system (Kohlstedt et al. 1996), we obtain

_""ðT ;P;COHÞ ¼ A 0
wC

r
OH�

n exp

�
� E*

0
w þ PV* 0

w

RT

�
; ð4Þ

where E*
0

w and V* 0
w are the activation energy and activation volume respectively for

defect (dislocation) migration. Therefore, in an open system, the temperature and
pressure dependences of creep under ‘wet’ conditions include the temperature and
pressure dependences of water content COHðT ;PÞ as well as the activation volume
for defect migration. Thus,

E*w ¼ rE*OH þ E*
0

w ð5Þ

and

V*
w ¼ rV*

OH þ V* 0
w: ð6Þ

Using the value of V*
OH ¼ 10:6 cm3 mol�1 (Kohlstedt et al. 1996), we obtain

V* 0
w ¼ 11� 3 cm3 mol�1. Thus the observed large activation volume is in part due

to the contribution from V*
OH. Similarly, from equation (5) and

E*OH ¼ 50� 5 kJmol�1 (Zhao et al. 2001), we get E*
0

w ¼ 410� 40 kJ mol�1:
We note that both the activation energy and the activation volume of defect

mobility under ‘wet’ conditions are less than those under ‘dry’ conditions
(V*

d ¼ 14� 2 cm3 mol�1 and E*d ¼ 510� 30 kJ mol�1Þ. This difference is probably
due to the difference in deformation mechanisms between ‘wet’ and ‘dry’ conditions.
For example, the relative strength of different slip systems in olivine is likely to
change as water fugacity increases (Mackwell et al. 1985, Jung and Karato
2001b). This will change the rate-controlling slip system from [001](010) under
‘dry’ conditions to another system (e.g. [100](001)) under ‘wet’ conditions.

When the system under consideration is closed with respect to water, and mat-
erials are undersaturated with water, then the concentration of OH in olivine will not
change with temperature and pressure. In this case, equation (4) must be used with
COH being a constant and the activation energy and activation volume are different
from those in an open system.

In a more general case, where a range of water fugacities covers from ‘dry’ to
‘wet’ conditions, we may add strain rates for ‘dry’ rheology (equation (1)) and those
for ‘wet’ rheology (equation (3)) to obtain an actual strain rate. The underlying
assumption is that the processes causing deformation under ‘dry’ conditions and
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those under ‘wet’ conditions are independent, which is supported by a model of
point-defect chemistry (for example Karato 1989). All the parameters needed to
calculate the strain rate (or the strength) of olivine under a given condition are
summarized in tables 3 and 4.

Our results under ‘dry’ conditions (V*
d ¼ 14� 1 cm3 mol�1Þ are different from

some previous results such as those of Green and Borch (1987), who obtained
V* ¼ 27 cm3 mol�1 at nearly identical conditions using the same type of apparatus,
but using a different technique for strength measurements. Consequently, we con-
sider that the cause of this difference is partly due to the difference in the technique
used to measure the strength; the measurements of pressure dependence of strength
using an external load cell may be affected by the pressure dependence of friction. In
addition, the thermodynamic environment, and in particular the water fugacity, in
their experiments was not well characterized.

Mei and Kohlstedt (2000) also attempted to determine r to infer the mechanisms
of plastic flow in olivine. In the pressure range explored by Mei and Kohlstedt (2000)
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Table 3. Creep law parameters for olivine aggretates for an open system:

_"" ðT;PÞ ¼
�
Ad exp

�
� E*d þ PV*d

RT

�
þ Aw frH2OðT;PÞ exp

�
� E*w þ PV*w

RT

��
�n:

Parameter Value Source

Aw 102:9�0:1 s�1 ðMPaÞ�n�r This study

Ad 106:1�0:2 s�1 ðMPaÞ�n This study

r 1:20� 0:05 This study

E*w 470� 40 kJmol�1 Mei and Kohlstedt (2000)

E*d 510� 30 kJmol�1 Mei and Kohlstedt (2000)

V*w 24� 3 cm3 mol�1 This study

V*d 14� 2 cm3 mol�1 This study

n 3:0� 0:1 Mei and Kohlstedt (2000)

Table 4. Creep law parameters for olivine aggretates for a closed system:

_"" ðT;P;COHÞ ¼
�
Ad exp

�
� E*d þ PV*d

RT

�
þ A 0

w Cr
OH exp

�
� E* 0

w þ PV* 0
w

RT

��
�n:

Parameter Value Source

A 0
w 100:56�0:02 s�1 ðMPaÞ�n This study

Ad 106:1�0:2 s�1 ðMPaÞ�n This study

r 1:20� 0:05 This study

E* 0
w 410� 40 kJmol�1 This study

E*d 510� 30 kJmol�1 Mei and Kohlstedt (2000)

V* 0
w 11� 3 cm3 mol�1 This study

V*d 14� 2 cm3 mol�1 This study

n 3:0� 0:1 Mei and Kohlstedt (2000)
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Figure 6. Viscosity–depth profiles for (b) the upper mantle of the Earth for (a) the pressure–
depth and temperature–depth profiles for the standard model of the Earth. The stress
is assumed to be constant with depth. The viscosities �0 for a constant stress
�0 ¼ 0:1MPa are calculated. The viscosities � for other stress levels � can be calculated
from �=�0 ¼ ð�0=�Þn�1. Equation (1) or (3) was used to calculate the viscosity–depth
profiles for ‘dry’ or ‘wet’ conditions respectively. The ‘dry’ profile corresponds to the
water-poor case, and the ‘wet’ profile to the water-saturated case. Viscosity–depth
profiles for cases where the water content COH is fixed (i.e. a closed system) are also
calculated using equation (4).

(a)

(b)



(below 0.45GPa) their data are sensitive to both r and V*
w, but the pressure range

was too narrow to determine r and V*
w separately. Consequently they were unable to

determine r and V*
w uniquely (the value of r compatible with their data ranges from

0.69 to 1.25 when the (assumed) value of V*
w is changed from 0 to 38 cm3 mol�1).

The value of the activation volume V*
d ¼ 14� 2 cm3 mol�1 (or

V* 0
w ¼ 11� 3 cm3 mol�1Þ determined by the present study may be compared with

some models. A model assuming homologous temperature scaling (for
example Sherby et al. (1970)) yields V* ¼ ðE*=TmÞðdTm=dPÞ; where Tm is the melt-
ing temperature. Using the experimental results of melting temperature of olivine

(Ohtani and Kumazawa 1981), one obtains V*
d ¼ 11 cm3 mol�1ðV* 0

w ¼ 8 cm3 mol�1Þ.
Another model is the elastic strain energy model (Keyes 1963) which predicts

V* ¼ ðE*=KÞð2� � 2
3Þ, where � is the Grüneisen parameter. This model yields

V*
d ¼ 7 cm3 mol�1ðV* 0

w ¼ 5 cm3 mol�1Þ. Both of these empirical models predict rather

small activation volumes. The observed large activation volume may imply a large

volume expansion associated with the formation of a Frenkel pair of VSi
0000 and Si����I

involved in silicon diffusion. The formation of a silicon vacancy (VSi
0000) is likely to

result in the expansion of the Si–O4 tetrahedron because of large repulsive forces
between the four oxygen ions after the removal of Si4þ, and the formation of a
silicon interstitial ion Si����I could also result in a volume expansion of a crystal.
One of the difficulties in this interpretation, however, is that the activation volume of
silicon diffusion in olivine was reported to be V* � �2 cm3 mol�1 (Béjina et al.
1997). If this is indeed the activation volume for silicon diffusion, then one has to
invoke a very large positive activation volume for jog formation.

We emphasize that the use of a formulation (equation (3) or (4)) that is consistent
with the microscopic physics is important in analysing the pressure dependence of
plastic deformation. In the analysis of experimental data such a physically sensible
parametrization is critical when one wants to extrapolate the results beyond the
range of parameters that have been explored. For example, if a simpler version of
flow law such as equation (1) were used to analyse the data obtained in this work,
this would result in a negative activation volume under ‘wet’ conditions. The extra-
polation of results with such a formulation would predict exceedingly low viscosities
in the deep upper mantle of the Earth, which is obviously not justified.

To illustrate some geological applications, we calculated viscosity–depth profiles
for the upper mantle of the Earth assuming a typical temperature–depth relationship
(figure 6) assuming that stress is independent of depth. The viscosity � is defined by
� � �= _"" and is dependent on stress as �=�0 ¼ ð�0=�Þn�1, where �0 and �0 are the
reference viscosity and the reference stress respectively. Viscosity–depth profiles were
calculated for ‘wet’ and ‘dry’ cases as well as for some values of COH. It is seen that a
variation in OH content can result in a significant change in viscosity, by more than
four orders of magnitude.
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