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Abstract

The influence of melt on the creep behavior of olivine^basalt aggregates under hydrous conditions has been
investigated by performing a series of high-temperature triaxial compression experiments. Samples with melt fractions
of 0.029 P9 0.12 were deformed under water-saturated conditions at temperatures between 1373 and 1473 K and a
confining pressure of 300 MPa in a gas-medium apparatus. At constant differential stress and temperature, the rate of
deformation increased rapidly but systematically with increasing melt fraction. In the diffusion creep regime, at a
given differential stress, samples with melt fractions of 0.02 and 0.12 deformed a factor ofV2 andV20, respectively,
faster than a melt-free sample. In the dislocation creep regime, a sample with a melt fraction of 0.12 deformed a factor
of V40 faster than a melt-free sample. For partially molten olivine^basalt aggregates deformed under hydrous
conditions, the dependence of creep rate on melt fraction can be expressed in the form _OO (P) = _OO (0) exp(KP), where
KW26 for diffusion creep and KW31 for dislocation creep. The results of this study, combined with reasonable
estimates for the spatial variation in the concentrations of water and melt (as well as for the geotherm and the
activation volume for creep), provide constraints on the viscosity structure of Earth’s upper mantle. As an example,
we present a viscosity profile for the mantle wedge above a subducting plate, demonstrating that the viscosity in that
region can vary byV3 orders of magnitude over a depth ofV60 km due to the combined effects of water and melt
weakening. : 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The high-temperature creep behavior of olivine-
rich rocks directly in£uences geodynamic process-
es occurring within Earth’s mantle. In many re-

gions of the asthenosphere, such as beneath a
mid-ocean ridge or in the mantle wedge above a
subducting slab, mantle rocks are thought to be
partially or fully saturated with water [1,2]. Fur-
thermore, mantle rocks in these regions may also
be partially molten [3,4]. To model convection in
such regions, the in£uence of both melt and water
on the creep behavior of olivine-rich rocks must
be quanti¢ed.
Over the past few decades, systematic laborato-
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ry studies have demonstrated that both a small
amount of water (i.e. water-related species de-
tected as O^H stretching bands in infrared spec-
tra) and a small amount of melt each reduce the
high-temperature creep strength of mantle rocks.
In the former case, the high-temperature viscosity
of olivine single crystals, melt-free olivine-rich
rocks and synthetic olivine-bearing aggregates de-
creases by a factor ofV5^10 if a trace amount of
water is added to an initially dry sample [5^10]. In
the latter case, the viscosity of dry olivine aggre-
gates with 5 vol% basalt is a factor of V5 lower
than that of melt-free samples [11^15]. However,
to date, no experiments have been conducted on
samples containing well-controlled amounts of
both melt and water.
Based on the observation that the partition co-

e⁄cient for hydroxyl ions between olivine and
basalt is as large as 104 [16,17], Karato [18] pro-
posed that, if the source of water is limited, the
strength of a partially molten peridotite may ac-
tually be greater than that of a melt-free rock
because water would partition preferentially into
the melt phase, thereby dehydrating the mineral
grains. However, if a partially molten rock is ei-
ther water-saturated or has access to enough
water so that the concentration in the grains ex-
ceeds on the order of a hundred atomic parts per
million, as likely occurs in a mantle wedge, water
and melt should both act to reduce the strength of
the rock.
The purpose of this paper is to quantify the

combined e¡ects of water and melt on the creep
behavior of olivine aggregates. As indicated
above, some regions in the mantle are likely to
be both partially molten and water-rich. In this
case, the combined weakening e¡ects of water and
melt must be taken into account in order to
understand the dynamic behavior of such regions.
To achieve this goal, olivine^basalt aggregates
were deformed under water-saturated conditions.
Establishing a water-saturated condition for ex-
periments is important for two reasons. First,
for conducting experiments under hydrous condi-
tions with a de¢ned thermodynamic state, water
concentration (or water fugacity) must be well-
controlled. A water-saturated condition is ideal
for meeting this requirement. Second, to compare

creep results for samples with di¡erent melt frac-
tions deformed under hydrous conditions, all the
samples should have the same concentration of
water. This situation can be readily achieved at
water-saturated conditions for experiments car-
ried out at a given pressure, temperature and oxy-
gen fugacity.

2. Experimental details

2.1. Sample preparation and assembly

Samples for deformation experiments were fab-
ricated from powdered San Carlos olivine and
powdered mid-ocean ridge basalt (MORB) [19].
Olivine powder with a particle size of V10 Wm
was mixed mechanically with 1, 4 or 7 wt%
MORB with a particle size of 6 8 Wm. The mixed
powders were tumbled in a sealed polyethylene jar
and then stirred in a water slurry for 24 h using a
te£on-coated magnetic stirrer. After this mixing
step, water was removed by evaporation, and
the powders were stored in a vacuum oven at
415 K. The powders were then cold-pressed into
a nickel capsule under a uniaxial pressure of 200
MPa and subsequently isostatically hot-pressed at
1523 K and 300 MPa for 3^4 h in a gas-medium
apparatus. The oxygen fugacity during hot-press-
ing was bu¡ered near Ni^NiO by oxidation of the
nickel capsule. After hot-pressing, the nickel cap-
sule was dissolved using aqua regia (a mixture of
nitric acid and hydrochloric acid). For the defor-
mation experiments, cylindrical specimens 7.0 mm
in diameter and V14.5 mm in length were fash-
ioned from the hot-pressed cylinders with a dia-
mond coring drill. The ends of sample were pol-
ished to be £at and parallel to within a few Wm.
Deformation experiments were mainly con-

ducted under hydrous conditions. Samples were
wrapped in 0.12 mm thick nickel foil and inserted
into a talc sleeve 14 mm long, 7.5 mm in inner
diameter and 9.8 mm in outer diameter. This sam-
ple assembly was then welded into a nickel cap-
sule. During deformation, oxygen fugacity was
bu¡ered near Ni^NiO by oxidation of the surfaces
of the Ni foil and the inner wall of the Ni capsule
as evidenced by thin, greenish oxide layers at

EPSL 6284 25-7-02

S. Mei et al. / Earth and Planetary Science Letters 201 (2002) 491^507492



these locations. Dehydration of the talc near
1070 K provided a source (V60 mg) of water.
A more detailed description of the techniques
used to fabricate samples and to prepare sample
assemblies was presented by Mei and Kohlstedt
[9,10].

2.2. Deformation experiments

Samples were deformed under constant load
conditions in a gas-medium apparatus [20] at a
con¢ning pressure of 300 MPa and temperatures
between 1373 and 1473 K. In calibration tests, the
temperature variation along the length of a sam-
ple was V2 K. In a deformation test with a ther-
mocouple in contact with the upper end of the
sample assembly, we estimate that the uncertainty
in temperature along the length of the sample is
B5 K. Reported values for con¢ning pressure are
accurate to P 2 MPa.
Creep data were obtained by varying the stress

in a stepwise fashion at constant temperature and
pressure or by varying temperature at constant
stress and pressure. For most samples, a constant
strain rate was achieved by about 1% strain. At
the end of each experiment, the sample was
cooled under load at a rate of V2 K/s to 900 K.
The load was then removed and the sample was
brought to ambient conditions at a cooling rate of
V1 K/s and a depressurization rate of 1^2 MPa/s.

2.3. Analysis techniques

2.3.1. Infrared analysis
Water concentrations within deformed samples

were determined by Fourier transform infrared
(FTIR) spectroscopy. In some cases, an oriented
olivine single crystal was placed within the sample
for evaluating the water concentration within ol-
ivine grains. Infrared spectra in the wavenumber
ranging from 2000 to 4000 cm31 were collected
with a micro-FTIR spectrometer with a wave-
length resolution of better than 1 cm31. Room-
temperature absorption spectra were obtained on
doubly polished sections of V100 Wm thickness.
After making a background correction using a

third-order polynomial ¢t to the background ab-
sorbance, the hydroxyl concentration was calcu-

lated from infrared spectra by integrating across
the hydroxyl bands. Speci¢cally, hydroxyl concen-
tration was determined from the relation [21] :

COH ¼ 1
150Q

Z
KðX Þ
37803X

dX ð1Þ

where COH is molar hydroxyl concentration, K(X)
is the absorption coe⁄cient (in cm31) at wave-
number X (in cm31), and Q is an orientation factor
accounting for the orientation distribution of the
OH groups. For the isotropic broad absorption
bands obtained from polycrystalline samples, a
value of Q=1/3 was used; for the anisotropic,
sharp bands obtained from single crystals with
unpolarized radiation and the infrared beam di-
rection parallel to the b-axis of olivine, a value of
Q=1/2 was used [21].

2.3.2. Analysis of creep data
Stress and strain rate versus time were calcu-

lated from the recorded load and displacement
versus time data, respectively. Values of stress
were corrected for the strengths of the Fe jacket,
Ni sleeve and talc (i.e. a mixture of enstatite,
quartz and water at run conditions) sleeve as
well as for the change in sample cross section
during deformation. The creep strengths of Fe
and Ni were taken from Frost and Ashby [22],
and those for talc were determined as part of
this study (see Table 1). The Fe, Ni and talc sup-
ported about 10% of the total applied load.
The deformation results were analyzed in terms

of a power-law creep equation of the form:

_OO ðc ; d; P ; COH; T ; PÞ ¼

A
c

n

dm f ðP ; COHÞexp 3
Qþ PV�

RT

� �
ð2Þ

where _OO is the axial strain rate, c the applied
di¡erential stress, d the grain size, A a material’s
parameter, P the melt fraction, Q the activation
energy for creep, P the con¢ning pressure, and V*
the activation volume for creep; RT has the usual
meaning. For olivine aggregates deformed under
hydrous conditions, nW3.5 and m=0 in the dis-
location creep while nW1, mW3 in the di¡usion
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Table 1
Experimental conditions and creep results

Experiment number P T d0 c _OO

(K) (Wm) (MPa) (s31)

PI-414 0.075 1373 12.6 44 1.3U1035

94 3.0U1035

119 4.5U1035

153 7.8U1035

1473 112 2.9U1034

85 1.8U1034

71 1.1U1034

47 6.4U1035

39 5.7U1035

29 4.5U1035

PI-417 0.115 1373 13.5 53 2.5U1035

85 5.8U1035

110 8.4U1035

144 1.6U1034

179 2.4U1034

55 2.3U1035

1423 86 2.1U1034

53 1.1U1034

41 8.5U1034

108 3.2U1034

PI-423 0.021 1373 11.2 19 1.8U1036

42 2.7U1036

63 3.4U1036

84 5.0U1036

107 8.3U1036

126 1.3U1035

147 1.8U1035

167 2.4U1035

197 3.6U1035

1423 19 3.7U1036

39 6.5U1036

62 1.2U1035

83 1.7U1035

105 2.4U1035

120 2.9U1035

165 6.1U1035

1473 61 2.7U1035

99 5.4U1035

158 1.3U1034

40 1.4U1034

PI-436 0.08 1423 11.8 41 2.9U1035

94 9.2U1035

PI-446 0.085 1423 10.6 64 3.8U1035

88 7.6U1035

37 2.22U1035

63 4.0U1035

39 2.1U1035

89 7.1U1035

140 1.7U1034

114 1.1U1034
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creep regime [9,10]. For olivine^basalt aggregates
deformed under anhydrous conditions, similar
values were obtained for n and m [14,15].

2.3.3. Analysis of microstructures and
compositions

The microstructures of deformed samples were
analyzed using optical microscopy, scanning elec-
tron microscopy (SEM), and transmission elec-
tron microscopy (TEM). Apparent dihedral an-
gles were determined from a statistical analysis
of more than 100 measurements of triple junctions
on SEM and TEM micrographs. Melt fraction
was calculated from binary images of digital op-
tical micrographs, and grain sizes were deter-

mined using the line-intercept method with a cor-
rection factor of 1.5 [23].

3. Experimental results

Experimental results including mechanical data,
such as stress and strain rate, as well as sample
parameters, such as grain size and melt fraction,
are presented in Table 1.

3.1. Mechanical data

Results from creep tests conducted under hy-
drous conditions suggest a transition from defor-

Table 1 (Continued).

Experiment number P T d0 c _OO
(K) (Wm) (MPa) (s31)

PI-449 0.083 1473 10.3 46 1.0U1034

72 1.4U1034

99 2.4U1034

48 7.2U1035

36 5.2U1035

51 7.3U1035

29 3.3U1035

PI-454 0.125 1423 9.8 46 1.1U1034

81 2.2U1034

46 9.9U1035

29 4.6U1035

15 2.6U1035

61 1.5U1034

PI-456 0.12 1473 12.3 73 3.2U1034

46 1.5U1034

35 1.1U1034

73 3.5U1034

22 7.1U1034

57 2.1U1034

PI-459 0.023 1423 10.1 40 8.9U1036

65 1.5U1035

98 2.5U1035

151 3.6U1035

PI-461 0.025 1473 13.2 51 1.6U1035

78 2.9U1035

106 4.4U1035

132 7.0U1035

107 3.6U1035

160 9.2U1035

Talc 1323 ^ 7 1.1U1035

10 6.3U1035

15 9.9U1035

11 8.1U1035
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Fig. 1. Log^log plot of strain rate versus stress for samples with di¡erent melt fractions deformed at di¡erent temperatures. The
solid curves are non-linear least-squares ¢ts to the data using a constitutive equation composed of two power-law creep equa-
tions. The individual power-law equations are shown by dashed straight lines. (A) Samples deformed at 1373 K with melt frac-
tions of 0.02 (PI-423: solid triangles), 0.08 (PI-414: open diamonds), and 0.12 (PI-417: crosses). (B) Samples deformed at 1423 K
with melt fractions of 0.02 (PI-423: solid stars; PI-459: solid squares), 0.08 (PI-436: open triangles; PI-446: open squares), and
0.12 (PI-417: pluses; PI-454: asterisks). (C) Samples deformed at 1473 K with melt fractions of 0.02 (PI-423: solid circles;
PI-461: solid triangles), 0.08 (PI-414: open circles; PI-449: open stars), and 0.12 (PI-456: asterisks).
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mation dominated by di¡usion creep at lower dif-
ferential stresses to deformation dominated by
dislocation creep at higher di¡erential stresses.
The transition between the two regimes is illus-
trated in the log^log plots of stress versus strain
rate in Fig. 1A^C for samples with melt fractions
of 0.02, 0.08 and 0.12 deformed at 1373, 1423 and
1473 K, respectively. The data were ¢t to a con-
stitutive equation constructed from the sum of
two power-law relationships of the form given in
Eq. 2 using a non-linear least-squares ¢tting algo-
rithm with the di¡usion creep stress exponent
¢xed at unity, consistent with the value obtained
in previous studies [9,14]. For the experimental
conditions investigated in this study, the di¡eren-
tial stress at the transition from di¡usion creep to
dislocation creep increases from V100 to V140
MPa as the melt fraction is decreased from 0.12
to 0.02.

3.1.1. Activation energy for creep of partially
molten samples under hydrous conditions

Experiments were conducted to constrain the

activation energy for the creep of olivine^basalt
aggregates under hydrous conditions. The Arrhe-
nius plot in Fig. 2 illustrates the e¡ect of temper-
ature on strain rate for an experiment (PI-423) in
which a sample with 2 vol% melt was deformed in
the di¡usion creep regime at a con¢ning pressure
of 300 MPa and a di¡erential stress of 62 MPa.
The liquidus for wet basalt is V1373 K, and the
melt fraction in these experiments is approxi-
mately constant [24]. A linear least-squares ¢t of
the data yields Q=300P 40 kJ/mol.
In the dislocation creep regime, however, no

experiment was conducted at more than one tem-
perature. Therefore, the activation energy was de-
termined from the creep data for a group of sam-
ples with the same melt fraction each of which
was deformed at a single temperature. The Arrhe-
nius plot in Fig. 2 also illustrates the e¡ect of
temperature on strain rate in the dislocation creep
regime. Data points are average values taken
from Fig. 1 at a di¡erential stress of 160 MPa.
These data yield an activation energy of Q=
470P 50 kJ/mol.

3.2. Water content of deformed samples

FTIR spectra from olivine single crystals em-
bedded in polycrystalline samples that were de-
formed under hydrous conditions are presented
in Fig. 3A as absorption coe⁄cient versus wave-
number. The hydroxyl concentration in two crys-
tals, one from a sample with P=0.02 and the oth-
er from a sample with P=0.12, is 220P 30 H/106

Si. Based on published results for water solubility
in olivine as a function of water fugacity and con-
¢ning pressure [25,26], we conclude that our sam-
ples were saturated with water.
To quantify the amount of water in our de-

formed olivine^basalt aggregates, infrared spectra
from three samples are presented in Fig. 3B. The
concentration of hydroxyl increases from 1.1U104

to 4.1U104 to 5.3U104 H/106Si as melt fraction is
increased from 0.02 to 0.08 to 0.12, respectively.
In the partially molten samples, water is present
within the olivine grains, along the grain bound-
aries, and within the melt phase. Hence, the con-
centration of water in an olivine^basalt aggregate
(ColþmeltOH ) can be expressed in terms of the concen-

Fig. 2. Arrhenius plot of strain rate versus inverse tempera-
ture for both the di¡usion and the dislocation creep regimes.
Di¡usion creep data (open circles) are from sample PI-423.
Dislocation creep data (open diamonds) are average values
from Fig. 1 at a di¡erential stress of 160 MPa.
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tration of water in the olivine grains and grain
boundaries (ColOH) combined with the concentra-
tion in the melt phase (CmeltOH ) as:

ColþmeltOH

¼ ð13P ÞColOH þ PCmeltOH

¼ ColOH þ P ðCmeltOH3ColOHÞ
ð3Þ

Water concentration in the olivine^basalt aggre-
gates is plotted versus melt fraction in Fig. 4. A
least-squares ¢t of the above equation to the data
yields ColOHW4.1U10

3 H/106Si and CmeltOH3ColOHW
3.7U105 H/106Si, respectively. These values are in
good agreement with those published for melt-free
olivine aggregates [9] and for silicate glasses [27],
respectively, for conditions similar to those used
in our experiments. Since the OH concentration in
the olivine grains is V0.2U103 H/106Si, most of
the hydroxyl in the olivine aggregates must reside
in the grain boundaries, and the partition coe⁄-
cient for OH between the olivine grains and the
melt is V5U1034.

3.3. Distribution of melt under hydrous conditions

Examples of the microstructures of our partial-

ly molten samples deformed under hydrous con-
ditions are presented in Fig. 5A^C for melt frac-
tions of 0.02, 0.08 and 0.12. Melt is present in
triple junctions and along some grain boundaries.
This observation agrees with observations made

Fig. 3. Infrared absorption spectra obtained on experimentally deformed samples. (A) Spectra from single crystals of olivine em-
bedded in polycrystalline samples. Spectra a and b are from samples PI-454 (P=0.12) and PI-461 (P=0.02). (B) Spectra from
polycrystalline samples. Spectra A, B and C are from samples PI-454, PI-446 and PI-434.

Fig. 4. Total OH concentration versus melt fraction for de-
formed olivine^basalt aggregates.
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Fig. 5. SEM micrographs of deformed samples with (A) P=0.02, (B) P=0.08 and (C) P=0.12.
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in several previous studies of interconnectivity of
melt in ultrama¢c rocks [28,29] as well as in stud-
ies of deformation of partially molten olivine^ba-
salt aggregates under anhydrous conditions [14].
Melt topology is further illustrated with the TEM
micrographs presented in Fig. 6. Examples of
melt-¢lled triple junctions and of a wetted grain
boundary connecting two melt-¢lled triple junc-
tions are presented in Fig. 6A,B, respectively.
The fraction of the grain boundaries wetted by
melt increases with increasing melt fraction with
a marked preference for wetting low-index crys-
tallographic planes [30]. For example, about 38%
of the grain boundaries were wetted in the sample
with 12 vol% melt, while only 10% of the grain
boundaries were wetted in the sample with 2 vol%
melt. The increase in the fraction of two-grain
boundaries completely wetted by melt, L, with
increasing melt fraction is shown in Fig. 7. A
linear least-squares ¢t of the data yields a slope
of QW3, where the fraction of two-grain bound-
aries completely wetted by melt is expressed as
L= QP. This value is somewhat smaller than that

obtained from Hirth and Kohlstedt [14] for aggre-
gates of olivine plus natural basalt deformed
under anhydrous conditions. From their data,
the fraction of two-grain boundaries completely
wetted by melt is L=4P (excluding the data ob-
tained on samples of olivine plus synthetic basalt
from their ¢t).
Dihedral angles were measured on TEM micro-

graphs; the resulting distribution of dihedral an-
gles for sample PI-456 is shown in Fig. 8. The
mean dihedral angle determined for three samples
(PI-449, PI-456 and PI-461) is 28P 3‡. This value
is somewhat smaller than those of 30^40‡ re-
ported for samples prepared under anhydrous
conditions as determined from optical and SEM
micrographs [31]. The di¡erence between the val-
ues of dihedral angle reported for anhydrous and
hydrous samples re£ects, at least in part, the dif-
ferent measurement techniques; as the resolution
of the observation increases (i.e. in going from
SEM to TEM observations), the value determined
for the dihedral angle tends to decrease. Hence,
the morphology of the melt and the dihedral an-

Fig. 6. Dark-¢eld TEM micrographs of deformed samples illustrating (A) melt pockets at triple junctions and (B) grain boundary
wetted by melt.
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gle in samples exposed to a hydrous environment
may not be signi¢cantly di¡erent from those in
samples prepared in an anhydrous environment,
if observations of the melt topology are made us-
ing a single microscopic technique. This point is
supported by the observation of Riley and Kohl-
stedt [32], who used SEM micrographs to measure
dihedral angles for samples of olivine plus melt

prepared under both anhydrous and hydrous con-
ditions. These authors demonstrated that the di-
hedral angles formed under water-absent and
water-present conditions in olivine^melt aggre-
gates are equal to within 0.5‡.

4. Discussion

4.1. In£uence of melt fraction on the rheology of
olivine^basalt aggregates

At constant di¡erential stress and temperature,
the creep rate of olivine^basalt aggregates in-
creases rapidly with increasing melt fraction. As
illustrated in Fig. 1, at the same £ow stress and
temperature, the rate of deformation of olivine^
basalt aggregates with a melt fraction of 0.08 is
V5 times faster than the rate of deformation of
samples with a melt fraction of 0.02 in the di¡u-
sion creep regime and V7 times faster in the dis-
location creep regime.
Creep rate is plotted versus melt fraction for

our olivine^basalt aggregates on semi-ln axes in
Fig. 9. Data for melt-free samples were taken
from Mei and Kohlstedt [9,10]. A linear least-
squares ¢t of the data to an equation describing
an exponential dependence of creep rate on melt
fraction, _OO (P), of the form:

_OO ðP Þ ¼ _OO ð0ÞexpðK P Þ ð4Þ

yields KW26 and 31 for the di¡usion creep regime
and the dislocation creep regime, respectively,
where _OO (0) is the strain rate when P=0. Kelemen
et al. [33] ¢rst noted that published data on strain
rate versus melt fraction for experiments carried
out under anhydrous conditions could be de-
scribed by the exponential relationship given in
Eq. 4; they expressed their conclusion in terms
of viscosity, R, as R(P) =R(0)exp(3KP) with a sin-
gle value of K=45. This value for K is larger than
the values determined in our experiments, prob-
ably because their analysis was carried out on a
large number of data sets composed of results
obtained in both the di¡usion and the dislocation
creep regimes.
An explanation for the physical processes re-

Fig. 8. Measured values of dihedral angle for a deformed
sample with a melt fraction of 0.12 (PI-456).

Fig. 7. Fraction of wetted grain boundaries versus melt frac-
tion for samples deformed under water-saturated conditions.
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sponsible for the strain rate enhancement has
been proposed to explain the dependence of creep
rate on melt fraction. Physically, the in£uence of
the liquid basalt phase on the creep rate of oliv-
ine^basalt aggregates is two-fold: ¢rst, the pres-
ence of melt increases the local stress, and second,
it enhances the rate of mass transport. These ef-
fects have been described by Cooper and Kohl-
stedt and Cooper et al. [34,35] to account for the
in£uence of melt on deformation rate in the Coble
creep regime [36] and is referred to as the CK
model below. The CK model is based on the
melt distribution in a material with isotropic in-
terfacial energies such that all of the melt is in
three- and four-grain junctions, that is, with a
dihedral angle (a) between 0 and 60‡. Their anal-
ysis yields the following relation between strain
rate and melt fraction:

_OO ðP ÞO _OO ð0Þ 13vd
d

� �32

stress
13

vd
d

� �32

diffusion
ð5Þ

where d is a characteristic grain boundary di¡u-
sion distance and vd is the portion of this distance
removed due to the presence of melt at triple
junctions. The subscripts ‘stress’ and ‘di¡usion’

denote the strain rate enhancement resulting
from increasing the local stress and the rate of
mass transfer, respectively. The term vd/d is a
function of melt fraction as well as dihedral angle,
re£ecting the distribution topology of the melt
phase, and has the form:

vd
d

¼ 1:05f ða ÞP 1=2 ð6Þ

where:

f ða Þ ¼ sinð30�3ða =2ÞÞ

1þ cos affiffiffi
3

p 3sin a3
Z

90
ð30�3ða =2ÞÞ

� �31=2

ð7Þ

Our experimental data for the di¡usion creep re-
gime are compared to the CK model in Fig. 10A,
in which strain rate is plotted versus melt fraction.
In this ¢gure, our data deviate from the model at
melt fractions greater than V0.05. As suggested
by Hirth and Kohlstedt [14], the marked deviation
of the experimental data from the CK model may
be ascribed to the presence of melt along a sig-
ni¢cant number of the two-grain boundaries,
which provides additional short circuit paths for
di¡usion. As stated above, the CK model is con-
strained by the condition that basaltic melt is
present at three- and four-grain junctions in par-
tially molten aggregates while two-grain bound-
aries remain melt-free. In reality, this situation
applies only when the melt fraction is small
(P6 0.01). For the experiments with a larger
amount of melt (Ps 0.02), a signi¢cant fraction
of the grain boundaries are wetted by melt. In
this case, the creep rate is not only enhanced by
the presence of melt at triple junctions but also by
the presence of melt along wetted grain bound-
aries. To take this di¡erence into account, Hirth
and Kohlstedt [14] modi¢ed the CK model to
yield:

_OO ðP ÞO _OO ð0Þ 13vd
d

� �32

stress

13
vd
d

� �
ð13Q P Þ

� �32

diffusion
ð8Þ

Fig. 9. Strain rate versus melt fraction for samples deformed
in the di¡usion and dislocation creep regimes under hydrous
conditions. Data at P=0 are from [9,10].
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As illustrated in Fig. 10A, the modi¢ed model
describes our data very well.
We have also applied the extended form of the

CK model suggested by Hirth and Kohlstedt [15]
to our dislocation creep results. In the dislocation
creep regime, the enhancement in creep rate due
to the presence of melt results mainly from the
stress enhancement term in Eq. 5. That is, because
melt occupies triple junctions, the local shear
stress increases as the area of contact between
neighboring grains decreases. In the dislocation
creep regime, strain rate is proportional to stress
to the nth power. Hence, with the presence of melt
in triple junctions, the strain rate is enhanced as
[15] :

_OO ðP ÞO _OO ð0Þ 13vd
d

� �32n

stress
ð9Þ

Our dislocation creep data are compared to this
extended model in Fig. 10B, in which strain rate is
plotted versus melt fraction. Our data deviate
slightly from the model. This deviation re£ects,

at least in part, the di¡erence between the as-
sumed and the actual melt distribution. Nonethe-
less, as a ¢rst-order estimate, in the dislocation
creep regime the extended CK model describes
our data fairly well.
It has been demonstrated that the in£uence of

melt on creep rate can be described in two ways:
empirically, our deformation data were ¢t with
the exponential form given in Eq. 4 with di¡erent
values for K in the di¡usion and dislocation creep
regimes; mechanistically, the cause of melt en-
hancement was analyzed with the modi¢ed and
extended CK models to yield the very di¡erent
forms stated in Eqs. 8 and 9 for the di¡usion
creep and dislocation creep regimes, respectively.
Eqs. 8 and 9 can be rewritten into the forms given
in Eqs. 10 and 11, respectively, for a=28‡ and, in
the case of dislocation creep, n=3.5:

_OO ðP ÞO _OO ð0Þð131:19P 1=2Þ34ð133P Þ32 ð10Þ

_OO ðP ÞO _OO ð0Þð131:19P 1=2Þ37 ð11Þ

Fig. 10. Strain rate enhancement ( _OO (P)/ _OO (0)) versus melt fraction for deformation in (A) the di¡usion creep regime and (B) the
dislocation creep regime. Data points are the same as those used in Fig. 9. The solid lines in both (A) and (B) are ¢ts to an ex-
ponential function, Eq. 4. The dashed lines are ¢ts to (A) the modi¢ed CK model and (B) the extended CK model. In (A), the
dot-dash line is a ¢t to the original CK model. Dihedral angle used in the CK model is 28‡.
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If P is small (P6 0.15), Eqs. 10 and 11 can be
approximated by exponential functions, thus pos-
sibly explaining why our data are reasonably well
described empirically by Eq. 4.

4.2. In£uence of water on the rheology of
olivine^basalt aggregates

To evaluate the in£uence of water on the creep
behavior of olivine^basalt aggregates, we compare
our experimental results to related studies on
(1) melt-added samples deformed under anhy-
drous conditions and (2) melt-free samples de-
formed under hydrous conditions. In Fig. 11,
our experimental results for hydrous, melt-bearing
samples are compared to the results of Hirth and

Kohlstedt [14,15] for anhydrous, melt-bearing
samples and to the results of Mei and Kohlstedt
[9,10] for hydrous, melt-free samples. At the £ow
stresses and temperature given in Fig. 11, the ra-
tio of creep rate for a sample deformed under
water-saturated conditions (water fugacityW300
MPa) to the creep rate for a sample with the
same melt fraction deformed under anhydrous
conditions is a factor of V10 in the di¡usion
creep regime and a factor of 10^20 in the disloca-
tion creep regime. Under both hydrous and anhy-
drous conditions, the creep rate of olivine^basalt
samples depends exponentially on melt fraction;
hence, the £ow law in both cases can be expressed
in the form given by Eq. 4. For samples deformed
under hydrous conditions, the £ow law can be
expressed as:

_OO ðP ; COH; c ; d; T ; PÞ

WexpðKwetP Þ _OOwetðCOH; c ; d; T ; PÞ ð12aÞ

while for samples deformed under anhydrous con-
ditions, the £ow law is given by:

_OO ðP ; c ; d; T ; PÞWexpðK dryP Þ _OO dryðc ; d; T ; PÞ
ð12bÞ

If measurement uncertainty is taken into account,
the values of Kwet and Kdry are similar in both the
di¡usion creep regime and in the dislocation creep
regime. That is, the in£uence of melt on the creep
behavior of olivine^basalt aggregates is approxi-
mately the same under both hydrous and anhy-
drous conditions. This suggestion is not surprising
if melt a¡ects the creep rate primarily through
physical processes such as enhancing local stress
and matter transfer rate, since water makes little
or no signi¢cant di¡erence on melt morphology,
as discussed above.

Fig. 11. Comparison of strain rate as a function of melt frac-
tion for samples of olivine+basalt deformed in this study
under hydrous conditions with results from Hirth and Kohl-
stedt [14,15] (HpK) obtained under anhydrous conditions.
The dashed lines, which represent the data from this study,
were taken from Fig. 9.

Table 2
Flow law parameters

Creep mechanism A Q V* m n ra K

(MPa3ðnþrÞ
Wmm s31) (kJ/mol) (1036 m3/mol)

Di¡usion 6.8U104 300P 30 20 3P 0.2 1P 0.1 1 26P 2
Dislocation 3.9U102 470P 50 20 0 3.5P 0.3 1 31P 4
a Based on Mei and Kohlstedt [9,10].
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In Eq. 12a, the in£uence of water on the creep
behavior of melt-free olivine aggregates has been
determined by Mei and Kohlstedt [9,10]. Thus,
Eq. 2 can be rewritten in the following form:
_OO ðc ; d; P ; COH; T ; PÞ ¼

A
c

n

dm expðK P Þf r
H2O exp 3

Qþ PV�

RT

� �
ð13Þ

Values for the parameters A, n, m, K, r, Q and V*
are summarized in Table 2 for both the di¡usion
and dislocation creep regimes. With the estab-
lished relationship between water concentration
and water fugacity [26], Eq. 13 can further be
expressed in terms of water concentration and
thus readily applied to water-under-saturated as
well as water-saturated environments.

4.3. Geophysical applications

Experimental results in this study demonstrate
that, in both the di¡usion creep regime and the
dislocation creep regime, the creep rate of olivine
aggregates is in£uenced signi¢cantly by the pres-
ence of melt under hydrous conditions. These re-
sults provide constraints on the viscosity of
Earth’s mantle. Given reasonable estimates of
water and melt conditions for the upper mantle,
the viscosity in that geological region can be eval-
uated. Based on Eq. 13, the viscosity of regions of
the upper mantle that di¡er not only in P and T
but also in P and fH2O (or COH) can be calculated.
For example, the temperature^viscosity pro¢les
developed by Hirth and Kohlstedt [1] for the re-
gion beneath a mid-ocean ridge can be compared
with temperature^viscosity pro¢les in the mantle
wedge above a subducting plate. The latter is ex-
pected to be more enriched in water and to have a
higher melt concentration.
Based on the phase relationship for hydrous

peridotitic and basaltic systems, Iwamori [4] mod-
eled the transport of water and melt in subduction
zones. His results yield water and melt contents as
high as V5 and V18 wt%, respectively, along a
subducting slab and in the overlying mantle
wedge. This amount of water will saturate partial-
ly molten rocks in these regions. Based on Iwa-

mori’s data for a relatively cold slab subducting at
an angle of 45‡, we calculated a viscosity pro¢le in
a mantle wedge V160 km away from the trench
by taking both water and melt weakening e¡ects
into account. In Fig. 12, viscosity is computed
based on the £ow laws describing di¡usion creep
determined in this and previous studies [9]. In this
illustration, the viscosity in the mantle wedge can
vary V3 orders of magnitude over a depth of
V60 km due to the combined e¡ects of water
and melt weakening. Pronounced minima in vis-
cosity occur between 65 and 80 km and between
95 and 120 km, corresponding to maxima in both
melt and water concentration. The associated in-
crease in viscosity between 80 and 95 km re£ects
the decreases in the amount of melt and water
predicted for this depth interval.
As illustrated by this example for a mantle

wedge above a subducting plate and the published
viscosity pro¢le for the region beneath a mid-

Fig. 12. Semi-log plot of viscosity pro¢le for a mantle wedge
160 km from the trench for a relatively cold subducting slab.
Viscosity is calculated with the £ow law given in Eq. 13 us-
ing the information on water content and melt fraction from
¢gure 5a of Iwamori [4], as summarized in the sub-plot in-
cluded in the present ¢gure. An adiabatic temperature pro¢le
with a potential temperature of 1525 K was used in the cal-
culation.
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ocean ridge [1], the viscosity^depth pro¢les for
speci¢c regions of the Earth depend critically on
the local concentration of melt and water. The
constitutive equation reported in this paper pro-
vides a quantitative description of the dependence
of viscosity on melt fraction and water concentra-
tion, as well as on pressure and temperature.
Hence, it furnishes important constraints on the
viscosity structure and geodynamical evolution of
water-rich, partially molten regions of the upper
mantle.
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