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Lherzolite samples synthesized from fine-grained powders
prepared from a natural xenolith were deformed at P =
300 MPa and 15373 < 'T < 1573 K in a high-resolution gas-
medium deformation apparatus. Below and above the solidus of
T, = 1433 K, fine-grained lherzolite exhibits a transition from
diffusional creep at low stress to dislocation creep at high stress.
The transition occurs at a differential stress 6 ~ 100 MPa in
samples with a grain size d ~ 20 wm and a melt fraction ¢ =~
0-03. Extrapolation to upper-mantle conditions suggests that
a similar transition will occur in the mantle for d = 2mm at
o = 0-5 MPa. Therefore, both creep mechanisms are likely to
contribute to deformation of partially molten regions of the
mantle. We determined an empirical relationship for the depen-
dence of strain rate € on © using data for melt-free olivine,
analysis of the subsolidus and hypersolidus creep behavior of
lherzolite and constraints on @(T) from our experimentally
determined melting curve. We find that &g increases approxi-
mately exponentially with increasing @ in both the diffusional
and dislocation creep regimes. The observed enhancement in €
as a result of melt is much larger than anticipated based on
deformation models that consider only an tsotropic distribution of
melt in triple junctions and do not incorporate the presence of melt
along some grain boundaries and the melt preferred orientation
that develops during deformation. The results for lherzolite are
similar to results reported previously for olivine plus basaltic
melt samples, indicating a minor effect of pyroxene content for
deformation of partially molten peridotites. Our constitutive
equation provides a basis _for modeling geodynamic processes in
the partially molten mantle beneath mid-ocean ridges and in the
mantle wedge above subducting slabs.
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INTRODUCTION

Plate tectonics provides not only the framework for
understanding crustal processes thatoccurat plate boun-
daries, but also the context for comprehending large-
scale mass transport in deeper portions of the Earth that
are not directly accessible. New crustal material is cre-
ated at spreading plate boundaries and recycled into the
Earth’sinterior atsubduction zones where plates collide.
Recycling of the lithosphere requires convection of
some portion of the Earth’s mantle and, therefore, at
the pressure and temperature conditions known to exist
in the mantle, plastic deformation of the convecting
rocks must occur. The upper mantle is composed mostly
of olivine and pyroxene generally in roughly the same
proportions as in lherzolite (Ringwood, 1975). The cre-
ation of new crustal material at mid-ocean ridge spread-
ing centers and the existence of basaltic volcanism on the
Earth for at least 3-6 billion years (e.g. Hamilton et al.,
1983; Hess, 1989) indicate that deformation of partially
molten lherzolite has occurred throughout most of the
Earth’s history. Previous studies of melt segregation
and distribution further suggest that partially molten
regions exist beneath mid-ocean ridges over long periods
of time (Arzi, 1978; Waff & Bulau, 1979; Stolper et al.,
1981). Knowledge of the rheological behavior of
lherzolite, with and without melt, is therefore essential
for understanding the dynamics of mantle flow.

The principal objective of this study is to investigate
the flow properties of lherzolite at sufficiently high
confining pressures to suppress brittle processes, and
at subsolidus and hypersolidus temperatures in order
to determine the effect of partial melting on the
mechanical behavior of the upper mantle. Very few
reliable studies have been performed on polyphase
upper-mantle compositions such as lherzolite, which
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contains a high modal abundance of pyroxene (Goetze,
1977; Bussod & Christie, 1991). However, extensive
experimental investigations of olivine and olivine with
a basaltic melt provide a strong basis for comparison
withourstudy (e.g. Cooper & Kohlstedt, 1984; Beeman &
Kohlstedt, 1993; Hirth & Kohlstedt, 19954, 19955).
Extrapolation of the results of laboratory experi-
ments to deformation conditions within the Earth’s
upper mantle requires that the deformation mechan-
isms operating in the laboratory experiments are the
same as those operating in the Earth. The rheological
behavior of a partially molten aggregate is generally
classified into three categories: (1) fracture and/or cata-
clastic flow under unconfined conditions or zero effect-
ive pressure (Brace & Riley, 1972; Paterson, 1978,
Wendt et al., 1998); (2) dislocation creep of the crystal-
line matrix with and without accommodation by inter-
phase boundary sliding (Chopra & Paterson, 1981;
Hirth & Kohlstedt, 19955); (3) grain boundary sliding
combined with diffusional creep enhanced by diffusion
through the melt phase (Cooper & Kohlstedt, 1984;
Hirth & Kohlstedt, 19954). Although these mechan-
isms may operate simultancously, in general one
mechanism will dominate the deformation kinetics for
a particular combination of stress, grain size and tem-
perature, as well as melt fraction, melt composition and
melt distribution. The high temperatures, fine grain
sizes and low differential stresses used in this high-
pressure study permit exploration of the deformation
mechanisms described in categories (2) and (3) above.

THEORETICAL FRAMEWORK

Experimental studies performed on single crystals as
well as synthetic and natural aggregates provide con-
straints for developing a theoretical framework for
understanding the flow of mantle rocks. The high-
temperature (7/7,, > 0-6, where 7, is melting
temperature) creep properties of crystalline materials
are generally investigated with reference to a steady-
state power-law flow equation of the form

_ AN E* + PV*
o= 5) (3) o= S57)

describing the creep rate €9—o for a dry, melt-free
sample in terms of the applied differential stress ¢, the
imposed temperature 7 and pressure P, and the
specified grain size d. Here, @ is the melt fraction, & is
a material-dependent parameter, p is the shear
modulus [here taken as 61 GPa, the value for olivine
at 1473 K from Webb (1989)], 4 is the length of the
Burgers vector [here taken as 0-475 nm for 4 = [100]
for olivine from Deer et al. (1992)], n is the stress
exponent, p is the grain-size exponent, E* is the
activation energy for creep, I'* is the activation volume
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for creep, and R is the gas constant. The dependence
of creep rate on oxygen fugacity /o, and the activity of
silica agjo, will not be considered in detail in this
paper. The mineral assemblage fixes the activity of
silica. The oxygen fugacity is set by oxidation of the
metal sleeve used to contain the sample, fixing it for
a constant-temperature experiment at a value deter-
mined by the metal-metal-oxide buffer. The oxygen
fugacity exponent in equation (1) varies from m = 0
for single crystals of olivine oriented for slip on the
hard slip system (Bai et al., 1991), to m ~ 1/6 for
olivine plus basalt deformed at 0-1 MPa (Kohlstedt
et al., 2002), to m =~ 1/3 for polycrystalline olivine
deformed at 300 MPa (Beeman & Kohlstedt, 1993).
Reviews of the steady-state creep activation para-
meters and rate-limiting mechanisms appear elsewhere
(e.g. Goetze, 1978; Tullis, 1979; Kirby, 1983; Kirby &
Kronenberg, 1987; Kohlstedt, 1992; Evans & Kohlstedt,
1995; Kohlstedt et al., 1995). Current estimates of the
activation volume for dislocation creep of olivine range
from 14 to 27 cm®/mol (e.g. Karato, 1998; Z. Y. Wang
et al., in preparation). Because all of our experiments
were carried out at P = 300 MPa, the PV’ term in
equation (1) is small, <2% of E*; therefore, the activa-
tion energy measured during creep will be represented
here as Q (= E* 4+ PI'*). In addition, Q also includes the
temperature dependence of the shear modulus, which
results in a correction of <1% over the temperature
range of our experiments. The values of the exponents
n and p are indicative of the rate-controlling creep
process. Specifically, n = 1 if diffusional creep (i.e. grain
boundary sliding accommodated by diffusive processes)
dominates the deformation, and p = 1, 2 or 3 when
interface reactions, lattice diffusion or grain boundary
diffusion, respectively, controls the creep rate (Nabarro,
1948, 1967; Herring, 1950, 1951; Coble, 1963; Lifshitz,
1963; Raj & Ashby, 1971). If dislocation processes
control the creep rate, n=3 to 5 and p =0 (Weertman,
1972). If grain boundary sliding is accommodated by
the motion of dislocations into and along the boundary,
thenn=2to 3 and p =2 to | (Langdon, 1994).
During dislocation creep the grains undergo approxi-
mately the same deformation as the polycrystalline
rock as a whole, provided that no large disparities
exist between the strengths of different phases, that a
sufficient number of slip systems are available, and that
grain boundary sliding does not occur. The von Mises
compatibility condition, which requires five independ-
ent slip systems for homogeneous, constant volume
deformation, may be relaxed to three if glide and climb
of dislocations on all three systems take place simultan-
eously (e.g. von Mises, 1928; Groves & Kelly, 1968;
Paterson, 1969; Dieter, 1976). The von Mises require-
ment may be relaxed further if other accommodation
processes contribute sufficiently. For example, the bulk
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of the strain can be attained by intra-crystalline plastic
deformation, rate limited by glide or climb on an
appropriate slip system, with some grain-to-grain re-
alignment accomplished by grain boundary sliding.
Inhomogeneous intra-crystalline deformation, such as
the formation of kink bands, may also relax the von
Mises requirement. In diffusional creep, adjustments at
grain boundaries must occur to maintain strain com-
patibility between adjoining grains, requiring grain
boundary and phase boundary sliding (Lifshitz, 1963;
Raj & Ashby, 1971; Langdon, 1975). Experimental
observations of fine-grained samples deformed to large
strain have led to a description of grain switching events
in which trajectories of grain centers are not parallel
but rather perpendicular to each other as the central
microstructural and topological characteristic (Ashby &
Verrall, 1973). Deformation is often referred to as super-
plastic in this domain, but we will reserve that termi-
nology for large strain deformation experiments and
refer to the deformation process described here as grain
boundary sliding accommodated by diffusional or
dislocation processes (Hirth & Kohlstedt, 19954, 19955).

If melt is present, equation (1) must be modified.
Based on an analysis of published creep data, Kelemen
et al. (1997) observed that an exponential relation
could approximate the increase of strain rate with
increasing melt fraction such that the creep equation
can be written in the form

éq, = é(p:oeXp[Oﬁ(P(T)]
A A 7
NCiopime

x explog(T)]exp (— 1%}) (2)

where the value of o may depend on the deformation
mechanism [see also Mei et al. (2002)]. Q. the
subsolidus activation energy for creep, is the appro-
priate activation energy provided that a change in
creep mechanism does not occur in crossing the solidus
temperature. If the flow law is written in the form of
equation (2), then the total derivative of the strain
rate with respect to temperature can be written as
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where @ - and @ are the apparent hypersolidus and
subsolidus activation energies, respectively. The oxy-
gen fugacity exponent m in the first term on the right-
hand side (RHS) of equation (4b) will be discussed
briefly below in light of existing experimental results.
Values for the constant o and the subsolidus activation
energy Oy will be presented with the results of our
temperature stepping experiments.

EXPERIMENTAL DETAILS

Starting material and sample preparation
We prepared high-density samples by hot-pressing
ground powders of spinel lherzolite, derived from a
mantle xenolith from Damaping in the Hubei Province
of Eastern China. The bulk mineral composition of this
spinel lherzolite is 62 vol. % olivine, 26 vol. % ortho-
pyroxene, 10 vol. % clinopyroxene, and 2 vol. % spinel.
We separated powders into particle size ranges of
0—-10, 10-25 and 25—45 pm to prepare samples used to
determine the grain-size dependence of creep rate. The
original distribution of mineral phases was maintained
in each particle size range within £3 vol. %. Small
grain sizes enhance deformation kinetics, eliminate
microcracking, and promote attainment of equilibrium
melt distributions during hot-pressing above the soli-
dus temperature. We dried the powders for at least 12 h
in a controlled-atmosphere furnace using a mixture of
CO-CO, gases to maintain an oxygen fugacity corres-
ponding to the Ni—NiO reaction at 1173—-1323 K.
Dried powders were stored at 413K in a vacuum
drying oven until we uniaxially cold-pressed indivi-
dual powder fractions into Ni cans at a pressure of
250 MPa. Cold-pressed samples were then returned to
the vacuum drying oven for at least 12 h prior to hot-
pressing. The Ni cold-press cans were closed on both
ends by Ni caps and enclosed in an Fe (low-carbon
steel) tube into which ceramic and hardened steel
pistons were enclosed as part of the hot-press and
deformation assemblies. Samples were hot-pressed at
1373, 1473 or 1523 &+ 5K and 300 MPa for 3—8h in

an internally heated gas-medium pressure vessel.
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The oxygen fugacity during hot-pressing and deforma-
tion was buffered near Ni—NiO by oxidation of the
nickel can, as evidenced by the presence of a NiO
layer on the outside of the samples after hot-pressing
and deformation and by the lack of metallic nickel in the
samples. Samples were end-loaded with a force of a few
kilonewtons during hot-pressing to monitor compaction
of the sample. All hot-pressed samples had <2 vol. %
porosity as determined by optical microscopy.

After hot-pressing, the iron jacket and nickel can
were dissolved in a 50/50 mixture of hydrochloric and
nitric acids. A 1 mm thick slice from one end of the hot-
pressed sample was retained for determining the start-
ing grain size distribution, water content and melt
topology. Comparison of slices taken from different
locations in several hot-pressed samples using scanning
electron microscopy (SEM) and optical microscopy
revealed no difference in grain size or melt distribution.
This situation does not apply for deformed samples,
however, which are subject to spatial variations in
stress state as a result of friction at the ends of the
sample. We prepared the hot-pressed cylinders for
deformation as follows: (1) the ends of the sample
were ground square and parallel, to maintain align-
ment of the deformation column during our experi-
ments; (2) samples were rinsed in acetone, ethanol
and deionized water to remove any residual oil or
acid; (3a) the hot-pressed samples were stored in the
vacuum drying oven at 413 K for at least 12 h prior to
deformation; (3b) some hot-pressed samples were dried
further in a latm furnace by heating and cooling
slowly to and from 1273 K over a period of about 24 h
using a CO-CO, mixture to maintain the fo, in the
olivine stability field. The water content of the samples
was measured before and after deformation using
Fourier transform infrared (FTIR) spectroscopy with
an IR microscope with 10 um lateral resolution using
polished thin sections. Infrared spectra were converted
to water concentration by using the calibration
described by Paterson (1982); recent calibrations indi-
cate that this approach underestimates the water con-
tent in olivine by a factor of ~3-5 (Bell et al., 2003;
Koga et al., 2003). A detailed description of the IR
analysis technique has been given by Kohlstedt et al.
(1996). The melt fraction ¢ was determined using both
SEM and optical microscopy. The solidus temperature
T, =~ 1433 K was determined for each grain size range
from a series of samples hot-pressed and quenched at
10K increments between 1373K and 1473K (see
Appendix B for melt fraction data). The solidus was
also readily discernible during temperature stepping
experiments from the apparent change in activation
energy. The olivine, orthopyroxene and clinopyroxene
in the starting material are all stable under the tem-
perature and pressure conditions of our experiments
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based on X-ray diffraction patterns of the starting
material and deformed samples.

Deformation experiments

We performed triaxial compression experiments in an
internally heated argon-medium pressure apparatus
similar to that described in detail by Paterson (1990).
Temperature was monitored and controlled to
approximately £2K over the length of the sample,
and the internal load was controlled to within 100 N
corresponding to a differential stress of approximately
£1 MPa. The deformation sample assembly and basic
procedures are the same as those reported by Hirth &
Kohlstedt (1995a). We conducted experiments at tem-
peratures from 1373 to 1573 K, confining pressure of
300 MPa, and differential stresses from 5 to 380 MPa.
Generally, constant load creep tests were performed on
individual samples at several loads at constant tem-
perature to determine the stress exponent, or at several
temperatures at approximately the same stress to deter-
mine the activation energy for creep. Creep tests were
often preceded by constant displacement rate tests to
estimate the strength of the sample without exceeding
the fracture strength of the sample. We also carried out
several constant displacement rate tests to strains of
>30% for comparison with experiments performed
in other laboratories and to confirm that creep tests
to <1% axial strain had reached steady state. Differ-
ential stress was calculated from the measured load,
taking into account the increase in cross-sectional
area of the sample with increasing strain, assuming
constant volume deformation of a right circular
cylinder. Values of stress were also corrected for the
load supported by the iron jacket and nickel sleeve
as well as for apparatus distortion during constant
displacement rate experiments.

Microstructural observations were made using both
optical microscopy and SEM. Initial and final grain
size distributions were determined from measurements
of over 250 grains from both reflected and transmitted
licht images using the mean linear intercept method
with a correction factor of 1-5 (Gifkins, 1970). Melt
fractions were determined primarily from binary
images of optical micrographs and verified with SEM
images as well.

Initial microstructure

After hot-pressing, mean sample grain sizes ranged
from 5 to 20 um as summarized in Table 1. The initial
microstructures of two samples after the hot-press are
recorded in the transmitted and reflected light images
in Fig. la and b. Grain size distribution for the
hot-pressed sample shown in the top transmitted
light micrograph (Fig. la) is presented in Fig. lc as
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Table 1: Experimental results for deformation of lherzolite

Exp. no. 7 (K) 0] d; (um) d* (um) c (MPa) &(s7) d; (um) ds (pm) % strain Total %
42 1473 0-03 16-0 14-3 + + 15.7 17 5.3 14
16-1 127 156 x 1075 2:0
16-3 78 4.4 x 107 16
16-6 44 17 x 1078 11
16-8 105 55 x 1078 11
16-9 17-6 160 1.2 x 107° 2:2
17-0 82 33 x 1076 07
45 1473 0-03 93 14-7 + + 84 " 79 19
95 133 23 x 107 4.0
9.9 57 9:0 x 1078 1-8
10-4 27 4.0 x 1078 15
10-7 104 16 x 10°° 2.9
11-0 35 43 x 1078 07
46 1473 0-03 5.6 + + 5 10 33 26
67 34 13 x 1078 53
7-9 15 53 x 1078 2.7
8.7 25 91 x 107 4.2
9:2 46 15 x 10°° 4.4
9.7 59 1.7 x 1078 5.5
10-0 25 7:0 x 1078 06
48 1473 0-03 10-0 18-6 + + 95 12 66 17
10-5 82 94 x 1078 4.4
10-9 35 41 x 1078 1-8
114 16 19 x 107° 08
117 70 7-0 x 1078 241
1.9 100 1.0 x 1075 1.4
12:0 43 6:0 x 1078 0-2
711 1473 0-03 56 10 2:2 x 107 5 10-7 1.7 25
7-9 + + 35
86 31 11 x10°° 3.9
91 10 2:6 x 1078 08
96 22 63 x 1076 241
10-0 43 13 x 10°° 28
10-1 76 2.7 x 1075 28
10-3 88 32 x10°° 2:2
10-5 + + 0-2
107 94 33x 107 5.0
76 1473 0-03 16-1 55 30 x 1078 16 17 06 15
16-2 7 41 x 1078 06
16-3 89 55 x 1078 06
165 33 13 x 107° 06
16-6 54 2:0 x 1078 04
16-7 30-0 107 62 x 1078 08
16-7 21-6 137 1.0 x 1075 09
16-8 16-1 171 2.0 x 107° 1-8
16-8 13-3 198 3.0 x 1075 2.7
16-9 10-8 231 4.9 x 1075 2:3
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Exp. no.

841

118§

129

131§

T (K) ® d, (um) d* (um) o (MPa) &(s™) d; (um) ds (pm) % strain Total %
16-9 27-8 113 12 x 1075 11
17-0 9:9 247 11 x 1074 2:4
17-0 16-4 168 34 x10°° 05
1473 0-03 16-1 9.0 264 52 x 1075 16 17 4.9 9
16-2 65 2:4 x 1078 05
16-4 96 2.1 x 1078 0-9
16-6 24-4 125 2.2 x 1078 0-8
16-8 18-6 154 2.0 x 107 06
16-9 1241 212 37 x 1078 0-8
16-9 87 271 6:1x 1078 07
17-0 15-2 178 2.1 x 107 0-2
1373 0 16-2 40 97 x 1078 16 17 0-1 7
16-3 1-2 225 11 x 1078 05
1393 0 16-4 39 30 x 1077 0-1
16-4 11-3 224 2.7 x 107 0-3
165 1-3 223 14 x 1076 0-8
1423 0 16-6 38 7:3x 1077 0-2
16-6 115 220 44 x 1078 07
1433 <0-01 16-7 37 79 x 1077 0-1
16-7 11-6 219 4.1 x 1078 0-5
1443 0-01 16-7 37 5.6 x 1077 01
16-8 17 217 54 x 1078 08
1453 0-02 16-8 37 11 x 1078 0-1
16-8 11-8 216 64 x 107 0-7
1463 0-03 16-8 37 94 x 1077 01
16-9 12-0 213 6:9 x 107 141
1473 0-03 16-9 36 7:3x 1077 0-1
16-9 1241 211 77 x 1078 1-0
1453 0-02 17-0 12-2 210 4.0 x 1078 04
1433 <0-01 17-0 12-3 209 141 x 107 0-1
1423 0 19-1 18-8 152 87 x 1077 19 19-5 0-2 2
19-1 336 98 2:0 x 1077 01
1433 <0-01 19:2 20-0 145 13 x 107° 0-2
19:2 17-9 158 13 x 107° 0-2
19-3 33-9 98 35 x 1077 0-1
1443 0-01 19-3 32:0 102 11 x 1078 0-2
19-4 17-6 160 1.8 x 1078 0-4
1453 0-02 19-4 335 99 1.2 x 107 0-2
1463 0-03 195 33-9 98 15 x 107 0-4
1473 0-03 19-5 342 97 2:3x 1078 05
1373 0 14-6 42 92 x 1077 14-6 15 05 16
14.7 11-4 221 35 x 1070 09
1393 0 14.7 44 11 x 1076 06
14-7 11-0 227 37 x 1078 1.7
1413 0 14-8 42 141 x 1078 0-7
14-8 109 229 4.2 x 1078 141
1433 <0-01 14-8 40 76 x 1077 05
14-8 11-0 227 4.9 x 1078 09
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Exp. no.

137§

163§

165%

166

T (K) ® d; (um) d* (um) o (MPa) g(s") d; (um) ds (um) % strain Total %
1443 0-01 14-9 4 4.7 x 1077 0-3
14-9 11-0 228 61 x 107 1-2
1453 0-02 14-9 40 65 x 1077 03
14-9 11-0 227 9:9 x 1078 1-0
1463 0-03 14-9 40 12 x 1078 03
15-0 11-0 228 1.4 x 1075 1-2
1473 0-03 15-0 a4 21 x 1078 03
15-0 1141 225 21 x 1075 1-2
1493 0-04 15-0 42 4.2 x 1078 05
15-0 11-2 224 5.0 x 107° 11
1513 0-05 15-0 46 9:0 x 107 1-2
1373 0 20-9 38 97 x 1078 20-9 21 01 3
1393 0 209 39 64 x 1078 0-03
1413 0 209 39 98 x 1078 0-1
1433 <0-01 20-9 40 2:6 x 1077 0-1
1443 0-01 21-0 40 2:9 x 1077 01
1453 0-02 21-0 a4 36 x 1077 02
1463 0-03 21-0 4 61 x 1077 0-2
1473 0-03 21-0 43 75 x 1077 03
1493 0-04 21-0 42 14 x 107 03
1523 0-05 21-0 a4 6:0 x 107 09
1433 <0-01 21-0 45 4.5 x 1077 0-1
1443 0-01 21-0 45 43 x 1077 0-1
1413 0 21-0 45 31 x 1077 0-03
1373 0 16-2 11-2 224 21 x 1078 16 17 1-6 13
1393 0 165 1-3 223 30 x 1078 2:3
1413 0 16-7 11-3 223 4.3 x 1078 2:2
1433 <0-01 16-8 11-3 223 5.7 x 107 2:6
1453 0-02 16-9 11-4 221 85 x 107 2.0
1473 0-03 17-0 11-4 222 15 x 1075 2:6
1473 0-03 171 115 219 13 x 1075 17 17-5 38 14
1493 0-04 17-2 12-0 214 3:0x 1075 36
1513 0-05 17-3 12:4 208 65 x 1075 56
1433 <0-01 175 11-3 223 2:3x 1078 09
1373 0 16-3 42 141 x 1077 16 17 0-01 2
16-3 11-2 1 1 01
1393 0 165 45 19 x 1077 0-01
165 9.9 245 13 x 107 03
1413 0 16-7 55 33x 1077 01
16-8 10-5 235 21 x 1078 07
1433 <0-01 16-9 61 5.6 x 1077 0-03
17-0 10-2 241 35 x 1078 08
1373 0 17-3 64 2:0 x 1077 17 18 0-01 7
17-4 10-2 240 33 x 1077 0-1
1413 0 17-5 74 55 x 1077 0-1
17-6 9:6 252 1.4 x 107 05
1453 0-02 17-8 80 1-0 x 1078 05
17-8 95 255 5.5 x 1078 15
1473 0-03 18-0 87 34 x10°¢ 141
18-0 96 252 2.8 x 1075 3.2
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Table 1: continued

Exp. no. T (K) @ d; (um) d* (um) o (MPa) g(s7") d; (um) df (um) % strain Total %
177 1373 0 16-6 i i 16-5 17 0-01 9
16-7 68 15 x 1077 0-1
16-7 10-3 238 57 x 1077 03
1423 0 16-8 62 52 x 1077 0-4
16-9 10-6 234 2:6 x 1078 1.0
1473 0-03 16-9 64 2.9 x 1078 141
16-9 10-9 229 94 x 1078 15
1523 0-05 17-0 65 10 x 10°° 1-3
17-0 11-3 224 88 x 107° 31
17-0 65 13 x 10°° 04
215 1473 0-03 9:0 t t 8 12 08 34
10-3 26 40 x 1078 34
10-8 105 1-8 x 10°° 6-2
11-0 17-6 160 38 x 107° 36
12:0 19 2.0 x 10°° 20-2
2189 1498 0-04 17-0 13-3 197 37 x107° 14-5 17 379 38
2239 1523 0-05 16-0 63 34 x 107 5 16 385 39
227 1473 0-03 18-3 42 12 x 1078 18 19 09 8
18-4 111 225 13 x107° 2:8
1498 0-04 18-9 42 2.5 x 1078 14
19-0 1.7 217 36 x 107 33
19-0 40 2:0x 1078 0-1
233 1498 0-04 78 i f 6 14 09 21
94 i t 05
10-8 35 5.9 x 1078 25
1523 0-05 1241 35 14 x 10°° 35
1548 0-07 1341 34 34 x 107 6:0
1573 0-09 13-4 33 66 x 1075 4.1
13-6 15 2.8 x 1075 1.9
14-0 1 1 1-4
239 1473 0-03 12-8 f f 12:5 14 06 15
13-3 36 27 x 1078 15
1523 0-05 13-7 35 1-8 x 10°° 64
1573 0-09 14-0 36 83 x 107° 65
259+ 1573 01 19-2 33 51 x 1075 5 21 7-2 23
21-0 21-4 138 63 x 1074 15-4

o is the melt fraction, o is the applied differential stress, ¢ is the measured strain rate, d, is the grain size determined from
equation below, d* is the recrystallized grain size from equation (5.4) of Van der Wal (1993), d; is the measured average grain
size prior to deformation, d; is the measured average grain size after deformation.

di—d’ = kt

k = ko(foz,aSioz)exp(—Qgg/RT)

wherer = 3, ko = 2.5 x 105m3/s, Qqq = 700kJ/mol.

fIndividual strain segment at constant displacement rate. Stress and strain rate are not included here because the sample has
not reached steady state during this segment.

iZero load reading of internal load cell shifted during deformation.

SFTIR indicated <30 H/10°Si.

'”High strain constant displacement rate experiment to steady-state strain rate.

**Excess spinel (Sp) in sample (2 vol. % < [Spl < 4 vol. %).
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a histogram of intercept lengths. Details of the grain
size distribution and grain growth in our samples will
be presented in a separate paper on grain growth in
partially molten lherzolite.
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RHEOLOGY OF LHERZOLITE

Prior to deformation, the distribution of melt in
lherzolite samples hot-pressed above the 1433 K solidus
temperature is remarkably similar to that documented
for olivine—basalt samples (Waff & Bulau, 1979;
Watson, 1982; Cooper & Kohlstedt, 1984; Riley &
Kohlstedt, 1991; Beeman & Kohlstedt, 1993; Hirth &
Kohlstedt, 19954, 19955). As shown in the micrograph
in Fig. 1b, for a sample hot-pressed at 1500 K, the melt
phase is present at all triple junctions that include at
least one olivine grain and is excluded only from triple
junctions surrounded by pyroxene grains. The pre-
sence of melt at junctions with at least two olivine
grains is consistent with observations for olivine—basalt
and partially molten peridotites with pyroxene
(Cooper & Kohlstedt, 1984; Riley & Kohlstedt, 1991,
Beeman & Kohlstedt, 1993; Hirth & Kohlstedt, 19954,
1995b). Initial melting occurs at contacts where all four
solid phases are present. Thus, the presence of melt at
boundaries with olivine as the only solid phase, even at
low melt fractions, indicates that the melt phase is able
to redistribute during a 3 h hot-press. The influence of
anisotropic surface energy is also evident in the hot-
pressed lherzolite samples as indicated by the presence
of relatively thick (~1pm) films of melt along some
but not all of the grain boundaries (Hiraga et al., 2002).
The anisotropic distribution of melt along grain
boundaries is well documented for olivine—basalt
aggregates (e.g. Cooper & Kohlstedt, 1984; Waff &
Faul, 1992; Faul e al., 1994).

Lherzolite samples hot-pressed below the solidus
temperature have less equant grain shapes than
samples hot-pressed above 1473 K, indicative of lower
grain boundary mobility at lower temperatures and
therefore less grain growth. However, porosity was
still ~2 vol. % in these samples.

Samples dried at 413 K after hot-pressing contained
<30H/10°Si, whereas samples dried at 1173 to

Fig. 1. (a) Transmitted light micrograph of fine-grained lherzolite
sample (46) after hot-press at 1473 K. Scale bar represents 10 um.
Sample contains ~65 vol. % olivine, which is the light gray to white
grains in this image. The dark gray and black grains are the ortho-
and clinopyroxene grains that constitute ~25 vol. % and ~10 vol. %,
respectively. A few small spinel grains <2 vol. % are opaque in
transmitted light but indistinguishable from the pyroxene grains in
this image. The melt phase (¢ = 0-03) is also impossible to distinguish
in this micrograph. (b) Reflected light micrograph of a lherzolite
sample (233) hot-pressed at ~1500K. Scale bar represents 20 pm.
The olivine grains appear slightly lighter gray with darker gray
pyroxenes and a few bright white cr-spinel grains. The sample has
a melt fraction of ¢ ~ 0-04, which appears as the darkest gray or
black phase distributed in most of the triple junctions and along
many grain boundaries, typical of the anisotropic wetting properties
of mineral-mineral and mineral-melt interfaces present in hyper-
solidus lherzolite. (c¢) Grain size distribution of sample shown in the
transmitted light micrograph in (a). Histogram of intercept length vs
frequency. Gray arrow (left) and black arrow (right) indicate the
median and average intercept lengths, respectively. Inset plot is
cumulative frequency vs intercept length for the same sample.
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1323 K contained <10H/10°Si both before and after
deformation.

EXPERIMENTAL RESULTS

The experimental results for lherzolite, summarized in
Table 1, are analyzed in relation to the flow law pre-
sented in equation (2) to determine the operative creep
mechanism(s). Evaluation of our results for lherzolite
and the results of Hirth & Kohlstedt (19954, 19956) for
olivine and olivine—basalt aggregates reveals that the
same deformation mechanisms are operating in both
types of samples, with and without melt, and that the
magnitude of the strain rate enhancement as a result of
the presence of melt is approximately the same. Below,
we first consider the creep behavior of melt-free sam-
ples as well as the dependence of strain rate on grain
size. We then examine the dependence of creep rate of
lherzolite on temperature in both the subsolidus and
hypersolidus regions, to separate the effects of melt
from those of temperature. Finally, we analyze the
influence of melt fraction on the deformation of lherzo-
lite for 0-0 < @ < 0-10, and we assess the effects of grain
size and stress on creep rate in the hypersolidus region
to determine if the same processes are controlling the
deformation as in the subsolidus temperature range.
Only samples with <10 H/10°Si are considered in the
subsolidus creep results, to minimize the effect of water
on the deformation. Above the solidus temperature,
samples with <30 H/10°Si are included in the evalua-
tion because this small amount of water has a minimal
effect on creep rate above the solidus temperature (Mei
et al., 2002), consistent with the observation that water
strongly partitions into the melt (e.g. Michael, 1988).
The solidus temperature, 7, = 1433 + 2K, was not
measurably different between samples with these two
water contents.

Although grain growth in our samples occurs pre-
dominantly during the initial hot-press stage of sample
preparation, continued grain growth does occur dur-
ing deformation, as shown in Table 1. We compared
grain growth in our samples with existing grain growth
models to estimate the grain size during each indi-
vidual creep test (Zimmerman & Kohlstedt, in prepara-
tion). Olivine grain growth kinetics were analyzed
based on a growth law of the form df—d! = k¢, where
dr 1s the final grain size, ¢; is the initial grain size, ! is
time and £ is a rate constant determined for each
experiment (e.g. Brook, 1976). A value of r = 3 was
determined for this study, consistent with an Ostwald
ripening process in two-phase solids, in which long-
range diffusion controls coarsening kinetics (Fan &
Chen, 1997). The grain growth constant has the form
k = ko exp(—Qge/RT), where kg is a material para-
meter and (Q,, is the activation energy for grain
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growth. A reasonable estimate of size of the olivine
grains during deformation of lherzolite can be made
using ko = 2-5 x 10°m?/s and Qe = 700 k]J /mol.

Deformation of lherzolite

Our data for subsolidus lherzolite (7, = 1433 K) are
limited because of difficulties in preparing well-
consolidated fine-grained samples at such low temperat-
ures. We compare our results for subsolidus lherzolite
and melt-free olivine in the diffusional creep regime to
illustrate that the same mechanisms are operative in
these two different materials under similar thermo-
mechanical conditions. However, to confirm that the
same mechanisms are operative in both temperature
regions, the flow law for lherzolite is ultimately derived
in the hypersolidus region and applied to the sub-
solidus data.

Effect of stress on creep rate at subsolidus
temperatures

In Fig. 2, strain rate is plotted as a function of stress for
lherzolite samples deformed between 1373 and 1433 K
in the diffusional creep regime. The lherzolite samples
all had a grain size between 16 and 18 pm. Therefore
our data are compared with the results for olivine
samples at a grain size of 17 pm and a temperature of
1373 K employing a grain size exponent of p = 3 and
an activation energy of 375 k] /mol, the values reported
by Hirth & Kohlstedt (2003) and consistent with those
obtained in this study. The strain rate of subsolidus
lherzolite samples agrees within a factor of two with
the flow law for melt-free olivine.

Effect of grain size on creep rate at
subsolidus temperatures

Creep results for our subsolidus lherzolite samples and
for a melt-free olivine sample from Hirth & Kohlstedt
(1995a) deformed in the diffusional creep regime are
compared on the log—log plot of strain rate vs grain
size in Fig. 3. Strain rates are normalized to a stress of
35MPa using a stress exponent of » = 1 and to
a common temperature of 1373 K using an activation
energy of 375k]J/mol. Based on grain sizes measured
before and after deformation, the grain size for indi-
vidual creep tests was determined using the grain
growth law presented above. A linear least-squares fit
of the lherzolite data closely parallels the flow law for
melt-free olivine (Hirth & Kohlstedt, 2003), indicating
that the deformation mechanism is the same in both
cases with a grain size exponent of p = 3 and a stress
exponent of n = 1, characteristic of creep rate-limited
by grain boundary diffusion (Coble, 1963; Raj &
Ashby, 1971).
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Fig. 2. Strain rate vs differential stress for three samples of Iherzolite
deformed at 1373 K and three samples of nominally melt-free olivine.
The latter define the gray shaded area. Olivine data from Hirth &
Kohlstedt (1995a) are normalized to 1373 K using Q = 375k]J/mol
(Hirth & Kohlstedt, 2003) and to a grain size of 17 um assuming n =
1 and p = 3 in equation (1). The dashed line is the flow law from the
review paper by Hirth & Kohlstedt (2003). The similarity of the data
for lherzolite and for olivine indicates that deformation occurs by
diffusional creep in both types of samples.

Effect of grain size on creep rate at
hypersolidus temperatures

The dependence of creep rate on grain size in the
diffusional creep regime, expressed as the grain size
exponent p in equation (1), is determined in Fig. 4 for
lherzolite at 1473 K with a melt fraction of ¢ ~ 0-03
from a linear least-squares fit to the strain rate vs grain
size data on this log—log plot. Data are reported for
nine lherzolite samples deformed at ¢ < 50 MPa, as the
dislocation contribution to the creep rate is <10% (see
Appendix A). Strain rates are normalized to a common
value of o = 35MPa using n = 1. The grain size
exponent of p = 3-0 £ 0-5 determined from the fit is
the same as the grain size exponent obtained for sub-
solidus lherzolite in conjunction with the melt-free
olivine data, and is indicative of diffusional creep con-
trolled by grain boundary diffusion (Coble, 1963). The
melt-added olivine sample of Hirth & Kohlstedt
(1995a), indicated by the gray band in Fig. 4, had
a melt fraction of @ ~ 0-02 and was deformed at

-5 | spinel lherzolite  7'=1373 K
107 L o 165 P=300MPa
- 66 6 =35MPa(n=1)]
- 170 .
- A 177 $=0 T
<« 179 1
L 183 .

€ (s
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\‘\\\\‘
Ll

| ‘ |
10!

grain size (LLm)

Fig. 3. Plot of strain rate vs grain size for six samples of lherzolite
deformed at 1373 K and one sample of nominally melt-free olivine.
The latter defines the gray shaded area. Olivine results from Hirth &
Kohlstedt (19954) are normalized to 1373 K using Q = 375 k]J/mol.
The dashed line is the Hirth & Kohlstedt (2003) flow law. The value
of the grain size exponent of p = 3 indicates that deformation
occurred by grain boundary diffusion.

1523 K. Consequently, the corresponding strain rates
have been normalized to a common temperature using
Qp—o = 375k]J/mol and to a common melt fraction
using oo = 30 (Hirth & Kohlstedt, 2003).

Effect of stress on creep rate at
hypersolidus temperatures

The transition from diffusional creep with n =~ 1 to
dislocation creep with n ~ 3 to 5 as reported for melt-
free olivine also occurs during creep of lherzolite
samples. This point is illustrated in Fig. 5, a plot of
strain rate vs stress for lherzolite samples deformed at
1473 K with a melt fraction of ¢ = 0-03, normalized to
a common grain size of d = 17 pm. A non-linear least-
squares fitting algorithm was used to fit the data to the
constitutive equation

€ =A|(T,P,d,9) x 6" +Ay(T,P,0) x " (5)

formed assuming that diffusional creep (mechanism 1)
and dislocation creep (mechanism 2) are independent
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Fig. 4. Strain rate vs grain size for our partially molten lherzolite
samples with ¢ ~ 0-03 and an olivine plus basalt sample with ¢ ~
0-02 from Hirth & Kohlstedt (19954). Experiment run numbers are
indicated next to the corresponding symbol. The lherzolite samples
were deformed at T = 1473 K, P = 300 MPa and differential stresses
of <100 MPa. Data are normalized to a stress of 35 MPa using n = 1.
The data from an olivine sample deformed at 1523 K were normal-
ized using Qg = 375 kJ/mol (gray-shaded region). Sample numbers
are indicated next to the corresponding symbols. The slope of p = 3
from equation (2) indicates that the deformation is controlled by
grain boundary diffusion.

(parallel) processes, each described by a flow law of
the type given in equation (2) (e.g. Parrish & Gangi,
1981). In equation (5), A}, n;, Ay and ny are varied to
minimize the least-squares deviation of the data from
the function. The parameters A} and Ay are constant
for a given 7, P, d and ¢. In Fig. 5 the constitutive
equation (continuous line) as well as the diffusional
and dislocation flow laws (dashed lines) are shown.
The transition from diffusional creep to dislocation
creep occurs at 6 ~ 140 MPa for this grain size. It
should be noted that the constitutive equation reaches
90% of the diffusional creep flow law at ¢ =60 MPa
and 90% of the dislocation creep flow law at o =~
240 MPa (see Appendix A).

Effect of temperature and melt fraction
on creep rate

The dependence of strain rate on temperature and melt
fraction (i.e. Qy and o)for diffusional and dislocation
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Fig. 5. Strain rate vs differential stress for six lherzolite samples
deformed at 7 = 1473 K and P = 300 MPa with a melt fraction of
¢ = 0-03, normalized to a common grain size of d = 17 pm. The data
are fitted using a non-linear least-squares fitting technique as indi-
cated by the continuous curved line and explained in the text. A
transition from diffusional creep to dislocation creep occurs at ¢ =~
140 MPa as indicated by the two dashed lines, one with n =1 at low
stress and the other with n = 4-3 at higher stresses.

creep of lherzolite were determined from creep data
obtained at temperatures in the range 1373—1573 K.
Because melt fraction changes with temperature in
lherzolite samples, it was necessary to determine the
dependence of melt fraction on temperature as
presented in Appendix B. Below we treat first the
diffusional creep regime and then the dislocation
creep regime. The subsolidus activation energy O
becomes Qg and Qg;, the activation energies for
diffusional and dislocation creep, respectively.

To determine the activation parameters in the dif-
fusional creep regime and include a larger range of
strain rates, we selected data that are >90% diffusional
as determined from Fig. 5 (and Fig. Al in Appendix A)
and fit the data to a diffusional creep equation of the
form of equation (1) with » = 1 and p = 3 under the
assumption that creep rate is independent of oxygen
fugacity and silica activity. The resulting values, shown
in Fig. 6a, for Qg and og;g are 370 & 30kJ/mol and
21 £ 3, respectively.
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Fig. 6. Arrhenius plots of strain rate vs temperature for 11 samples of lherzolite. Samples contained <30 H/10°Si before and after deformation
as determined by FTIR. (a) Samples deformed in the diffusional creep regime normalized to a differential stress of 35 MPa using » = 1 and to
a common grain size of 17 pm using p = 3 in equation (1). An activation energy of Qg;r= 370 k] /mol and a value of otg;r = 21 were determined
from a non-linear least-squares fit to the data. (b) Samples deformed in the dislocation creep regime are normalized to a differential stress of

200 MPa using n = 4-3 in equation (1). An activation energy of Qg; = 550 k] /mol and a value of 04; = 27 were determined from a non-linear

least-squares fit to the data (see Appendix A).

The selection process is more complicated in the
dislocation regime because of the limited amount of
data obtained during temperature stepping experi-
ments above 240 MPa (the stress level for which dis-
location creep contributes >90% to the total strain rate
as determined from Fig. 5 and Fig. Al in Appendix A).
Consequently, we have selected creep rates to include
data with >30% dislocation creep contribution. The
diffusional creep portion of the strain rate is then sub-
tracted from the total strain rate; the remaining strain
rates are normalized to a stress of 200 M Pa and fitted to
a dislocation creep equation of the form of equation (1)
with n = 4-3, as illustrated in Fig. 6b. The values

determined for Qg; and og; are 550 £ 50 kJ/mol and
27 £ 5, respectively. [Activation energies reported in
this study are apparent activation energies for creep
because they include not only the dependence of
creep rate on temperature but also the dependence
of creep rate on oxygen fugacity, which is a function
of temperature for a metal-metal-oxide buffer.
Previous studies on single crystal and polycrystalline
olivine samples reported a range of values for the
oxygen fugacity exponent m from 0 to 1/3 (Bai et al.,
1991; Beeman & Kohlstedt, 1993; Hirth & Kohlstedst,
19954). Based on equation (1), this range would result
in a reduction in our apparent activation energies by
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Table 2: Flow law parameters for
lherzolite in equation (2)

Creep regime &5 p n o Qg (kd/mol)
Diffusional 8-54 x 10% 3 1 21 370
Dislocation 2-64 x 105 4.3 27 550

*The pre-exponential term has been normalized by the shear
modulus, p (61 GPa) for olivine at 1473 K (Webb, 1989) and
the length of the Burgers vector, b (0-475 nm) for the [100]
(Deer et al., 1992) (Agig = 15 x 10°, Agig = 7-0 x 10%).

0—160 k]J/mol for olivine samples buffered at a constant
oxygen fugacity rather than with a fixed oxide buffer
(t.e. Ni=NiO). Additional experiments under con-
trolled oxygen fugacity conditions are required to con-
strain the magnitude of this effect on the creep of
lherzolite.] If the data selected have a contribution of
>50% dislocation creep, the value of Qg does not
change and the value of oy changes only slightly to
26, well within experimental error for these samples.
The values of A, n, p, & and Q determined from the
experimental data for both the diffusional and disloca-
tion creep regimes are reported in Table 2.

As part of this study, two constant displacement rate
experiments were also conducted to true strains >40%
to compare the flow behavior with previous studies
that reported dramatic strain weakening in partially
molten peridotite samples after ~10% strain ( Jin et al.,
1994). As illustrated in Fig. 7 for one of the constant
displacement rate experiments for a sample with ¢ ~
0-05, no stress drop occurred in these samples. It should
be noted that we also do not observe a progressive
weakening of the sample with strain that might be
associated with realignment of melt-bearing grain
boundaries subparallel to &;. For comparison, the
results from a constant load experiment on a sample
with @ ~ 0-03 deformed to a true strain of >30% are
included in Fig. 7. The inserted plot in Fig. 7 demon-
strates that steady-state conditions are reached by
a strain of ~0-5% in the constant load experiments,
whereas attainment of steady state requires a strain of
>10% in constant displacement rate experiments.
Shear experiments performed in our laboratory on
lherzolite samples to a shear strain of >200% yield
results consistent with the compressive creep experi-
ments reported here.

Water content

Fourier transform infrared (FTIR) spectra shown in
Tig. 8 indicate that lTherzolite samples synthesized from
powders that had been pre-dried in a 1 atm furnace
contained only a small amount of water before and
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after deformation. Samples stored in a vacuum drying
oven after the hot-press contained <30H/10°Si,
whereas samples reheated to T = 1273 K after the hot-
press contained <10 H/10°Si, a value near the resolu-
tion limit of the IR apparatus. Because of the fine grain
size of the lherzolite aggregates, we were unable to
determine the distribution of water among grain or
phase boundaries, crystals and melt. However, pre-
vious work demonstrates that most of the water is in
the melt and/or grain or phase boundaries (Mel et al.,

2002).

Melt distribution in deformed samples

Microstructures of partially molten lherzolite samples
are presented in the reflected light micrographs in
Fig. 9a and b. The melt topology is very similar to
that in olivine—basalt aggregates, including quenched
melt in nearly all three- and four-grain junctions. Melt
is present in all these grain junctions that include at
least one olivine grain, contrary to previously reported
observations of partially molten peridotites (Toramaru
& Fujii, 1986). The presence of melt in all of the triple
junctions surrounded by olivine grains is a good indica-
tion that these fine-grained samples are texturally
mature, as melting occurs at junctions with three or
more phases present (Waff & Bulau, 1979). At all melt
fractions from @ = 0-03 to 0-10, melt is also present
along some grain interfaces bordered by one or more
faceted grains. The percentage of grain interfaces
wetted by melt and the amount of melt along grain
boundaries increases continuously with increasing melt
fraction as indicated by the continuous increase in
strain rate with increasing melt fraction and rising
temperature on the Arrhenius plots in Fig. 6a and b.
However, we do observe an alignment of melt-filled
boundaries 15-20° to the maximum principal stress G
in samples quenched at differential stresses above
~100 MPa. Prominent aligned melt pockets are visible
in the optical micrographs of a sample deformed at
1573 K shown in Fig. 9a and b.

DISCUSSION

Diffusional creep

The dependence of creep rate on stress, grain size and
temperature observed for lherzolite deformed in the
diffusional creep regime in both the subsolidus and
hypersolidus regions is similar to the deformation beha-
vior of polycrystalline olivine and olivine—basalt aggre-
gates, as shown in Figs 2, 3 and 4. Deformation is rate
limited by grain boundary diffusion as indicated by
values of n = 1 and p = 3 (e.g. Coble, 1963; Hirth &
Kohlstedt, 19954). To identify the rate-limiting spe-
cies, Hirth & Kohlstedt (1995a) compared the grain
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Fig. 7. Stress or strain rate vs strain for samples of lherzolite deformed at constant displacement rate or constant load, respectively, at
P = 300 MPa. For the sample (218) deformed at constant displacement rate, 7 = 1498 K and ¢ ~ 0-04. For the sample (215) deformed at
constant load, 7= 1473 K and ¢ ~ 0:03. The data for both experiments were fitted with a smoothed spline function to eliminate fluctuations
caused by electronic noise introduced during data acquisition. For the constant load experiment, oscillations occur because the strain rates are
instantaneous values derived from the derivative of the displacement curve at each time step. The subplot highlights the differences between

the data obtained from the two types of tests.

boundary diffusivity calculated from the Coble creep
equation with values published for grain boundary
diffusion of the constituent species of olivine. Substitut-
ing results from creep of subsolidus lherzolite and melt-
free olivine at 1373 K, shown in Fig. 2, into the Coble
creep equation, we estimate that the product of the
grain boundary diffusivity, D%", and the boundary
width, 8, is D$P§ ~ 7-4 £ 2.0 x 1072 and 7-3 £ 4.0
x 107 m®/s for lherzolite and olivine, respectively.
Consequently, deformation of lherzolite may be rate
limited by diffusion of the same species along olivine
grain boundaries. Hirth & Kohlstedt (19954) con-
cluded that deformation in their nominally melt-free
olivine aggregates was rate limited by grain boundary
diffusion of silicon based on the lack of correlation
between their creep data and the limited number of
published values for grain boundary diffusivity of oxy-
gen and metal species in olivine.

In the diffusional creep regime, deformation is rate
limited by diffusion of the slowest species along its
fastest path. For lherzolite, available paths include
pyroxene grain boundaries and olivine—pyroxene phase
boundaries, as well as the olivine grain boundaries

considered by Hirth & Kohlstedt (1995a). The grain
boundary diffusivity for silicon in enstatite is

D6 = (3-3 £ 3-0) x 10710 HOEO/RT 13/ (6)

based on the kinetics of the solid-state reaction of
quartz and olivine to produce polycrystalline enstatite
(Fisler et al., 1997). [The pre-exponential term quoted
by Fisler et al. (1997) of (3-3 £ 3-0) x 1072 m?/s is
corrected here to (3:3 + 3-0) x 107 m3/s to fit the
effective diffusivities reported in their fig. 6 using their
reported average grain size of 0-25 pm assuming that
their equation (7) correctly describes the solid-state
reaction process.] At 1373K, their result yields
1-:3 x 107% < DY’ < 5-4 x 107*'m?/s if the coup-
led errors in the pre-exponential and activation energy
terms are considered. Based on the final position of
a platinum marker placed between the two halves of the
reaction couple, Fisler et al. concluded that the growth
rate of the enstatite layer is limited by grain boundary
diffusion of silicon with iron and magnesium being
essentially immobile, that is, with Dy < Dg; < Do.
Therefore, their results predict that, if the diffusional
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Fig. 8. Absorption coeflicient vs wave number determined from unpolarized FTIR spectra for three samples of lherzolite. Each spectrum was
obtained from an area with a diameter of ~100pm. The upper spectrum labeled ‘wet’ is the absorption coefficient for a sample with
water added prior to deformation and corresponds to an OH content of >300 H/10°Si. The spectrum labeled ‘dry’ yields an OH content of
<30 H/10%Si for a sample dried after hot-press in a vacuum drying oven at 413 K, and the spectrum labeled ‘ultra-dry’ yields <10 H/10°Si for
a sample dried in a controlled atmosphere furnace at 1273 K. Because the samples were ~30 um thick, sinusoidal oscillations in the FTIR

spectra result from light reflected from the two surfaces of the sample.

creep rate in lherzolite is limited by grain boundary
diffusion of iron and magnesium along enstatite grain
boundaries, then the estimated rate will be more than
an order of magnitude slower than that determined by
our creep data. However, given the minimal amount
of data available on grain boundary diffusion in
olivine and pyroxene and the added complication of
phase boundaries in the case of lherzolite, it is
premature to draw any firm conclusions regarding
identification of the rate-limiting species for diffusional
creep of lherzolite.

The results of our creep experiments on partially
molten lherzolite indicate that the strain rate enhance-
ment in the diffusional creep regime as a result of the
presence of melt is slightly less pronounced than the
enhancement observed by Hirth & Kohlstedt (19954).
For the diffusional creep data for lherzolite in Fig. 10,
strain rate increases by a factor of 10 with an increase
in melt fraction from ¢ = 0-00 to @ = 0-10, whereas for
the diffusional creep flow law for olivine plus basalt in
the same figure, the strain rate increases by a factor
of 20 over the same range in melt fraction (Hirth &
Kohlstedt, 2003). The creep results for lherzolite are
consistent with an exponential dependence of strain
rate on melt fraction as expressed in equation (2)

with o7 = 21. This exponential dependence of creep
rate on melt fraction is also evidenced by the change in
slope for lherzolite at temperatures above the solidus
observed in the Arrhenius plots of Fig. 6a and b. The
magnitude of the difference observed between creep of
partially molten lherzolite and creep of olivine plus
basalt shown in Fig. 10 for a melt fraction of 0-10 is
reflected in the difference in the value of og;pr = 25—30,
reported by Mei & Kohlstedt (2000) and Hirth &
Kohlstedt (2003) for dry olivine plus basalt, and the
value of ag;¢ = 21 reported here for lherzolite.

The influence of melt on deformation of olivine in the
diffusional creep regime has been discussed by Hirth &
Kohlstedt (19954) in terms of the model of Cooper &
Kohlstedt (1986). This model predicts strain rate
enhancement as a result of the presence of melt, based
on an isotropic distribution of melt in all of the three-
and four-grain junctions of the fine-grained olivine
aggregate. The resulting strain rate enhancement
owing to the presence of melt is a consequence of the
shortening of the grain boundary diffusive path length,
because diffusion is faster through the melt phase, and
of the stress increase associated with reduced grain-
to-grain contact area. Both effects, which have the
same geometrical form, increase with increasing melt
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Fig. 9. Reflected light micrographs of a lherzolite sample (259)
deformed at 1573 K. Scale bar represents 20 pm in (a), and 10 pm
in (b). It is difficult to distinguish the mineral phases present;
however, the olivine grains are generally lighter gray and the pyr-
oxenes darker gray. The bright white grains in (a) are spinel and the
darkest gray or black is melt. The melt fraction is @ ~ 0-10. Melt is
present in most of the junctions with at least one olivine grain present
and along many of the olivine—olivine grain boundaries as well as
some pyroxene—olivine phase boundaries. Melt pockets visible in (a)
and (b) are aligned 15-20° to the maximum principal stress.

fraction and decreasing dihedral angle. Hirth &
Kohlstedt (19954) argued that the model adequately
predicted the observed strain rates for melt fractions of
¢ < 0-05 but significantly underestimated the depen-
dence of strain rate on melt fraction for ¢ > 0-05. The
primary reason for the failure of this model to predict
the observed enhancement in strain rate at the higher
melt fractions appears to be the presence of melt
along a significant fraction of grain boundaries, a con-
sequence of the anisotropy of olivine—melt interfacial
energy. The wetted boundaries provide rapid path-
ways for the diffusive transport of ionic species that
are not accounted for in the isotropic model (Hirth &
Kohlstedt, 19954, 19955).

RHEOLOGY OF LHERZOLITE
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Fig. 10. Strain rate vs differential stress for lherzolite and olivine plus
basalt at three melt fractions based on the constitutive equations
reported here and by Hirth & Kohlstedt (2003), respectively. The
difference in the change in strength of the two materials with increas-
ing melt fraction should be noted. Melt-free olivine is stronger than
lherzolite in both the diffusional and the dislocation creep regimes,
but olivine plus basalt is dramatically weaker than partially
molten lherzolite in the diffusional creep regime at a melt fraction
of ¢ = 0-10.

In our deformed lherzolite samples, the distribution
of melt is similar to that reported for the olivine—melt
system (e.g. Daines & Kohlstedt, 1997; Zimmerman
et al., 1999). However, because our samples contain
~25 vol. % orthopyroxene and ~10 vol. % clino-
pyroxene, the fraction of grain boundaries completely
wetted by melt increases more slowly with increasing
melt fraction than reported for olivine plus basalt
(Hirth & Kohlstedt, 19954; Mei & Kohlstedt, 2000).
This difference in wetting behavior may explain the
difference in values of oy determined for the two
systems. We observe melt in our lherzolite samples in
almost all of the three- and four-grain junctions bor-
dered by at least one olivine grain but not in junctions
bordered entirely by pyroxene. Melt is also absent from
three-grain junctions that are bordered by two clino-
pyroxene grains; however, very few of these junctions
are present because of the low volume percentage of clino-
pyroxene in the sample. Melt is present only along grain
or phase boundaries bordered either by two olivine
grains or by an olivine and an orthopyroxene grain.
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Fig. 11. (a) The fraction of grains with >50% of their boundaries wetted by melt vs melt fraction for lherzolite and olivine. (b) The fraction of
grains with no boundaries wetted by melt vs melt fraction for lherzolite and olivine. The differences in the slopes are reflected in differences in

strain rate dependence on melt fraction observed for the two systems

In contrast, Toramaru & Fujii (1986) reported that
melt is stable only along three-grain edges bordered
entirely by olivine grains and in four-grain corners that
contain at least three olivine grains for a hydrostat-
ically annealed spinel lherzolite with 58 vol. % olivine,
25 vol. % orthopyroxene and 15 vol. % clinopyroxene.
However, they observed melt in triple junctions with
two olivine grains and even in triple junctions with just
one olivine grain present, although they reported a
more frequent occurrence of melt-free junctions with
pyroxenes present. They measured a median value of
49° for the dihedral angle of olivine—olivine—melt junc-
tions, which is nearly 30° larger than the value
observed by Waff & Bulau (1982) for the same type
of boundaries under similar temperature and pressure
conditions. Differences in melt chemistry may account
for the apparent differences in solid—liquid interfacial
energies among the various studies performed under
hydrostatic conditions (Beeman & Kohlstedt, 1993).
In their estimate of the amount of melt required to
maintain connectivity of the melt phase, Toramaru &
Fujii (1986) found that the modal percentage of olivine
and the relative grain size of the phases were the most
important factors in determining connectivity of melt.

Although the distribution of melt that we observe
in our samples is different from that reported by

Toramaru & Fujii (1986), we can use a similar
approach to estimate the number of grain boundaries
likely to contain melt as a function of modal portion of
olivine and grain size. Because melt occurs only along
boundaries that have at least one olivine grain present,
we estimate ~20% reduction in the number of bound-
aries likely to be wetted by melt as a result of the
presence of ~35 vol. % pyroxene in our samples.
This estimate depends critically on the relative grain
size of the olivine and pyroxene grains; the percentage
of wetted boundaries will increase (decrease) with
increasing (decreasing) olivine grain size.

At a fixed melt fraction in a rock with an intercon-
nected network of melt tubules and some wetted
boundaries, melt excluded from pyroxene—pyroxene
boundaries must distribute along boundaries that
are more energetically favorable. In lherzolite, these
boundaries include and olivine—
orthopyroxene boundaries as well as three-grain
edges and four-grain corners with at least one olivine
grain present. As illustrated in Fig. 11, we observe
a linear increase in the number of grains with over half
of their boundaries wetted by melt, from ~0-05 at ¢ ~
0-03 to ~0-4 at @ ~ 0-10; Hirth & Kohlstedt (19954)
reported a more abrupt increase with increasing melt
fraction, reaching ~0-4 by ¢ ~ 0-07. The fraction of

olivine—olivine
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grains with melt-free boundaries decreases linearly
with increasing melt fraction in our lherzolite samples
from ~0-5 for ¢ = 0-03 to ~0-05 for ¢ ~ 0-12
compared with a somewhat more rapid decrease in
the fraction of grains with no wetted boundaries in
olivine plus basalt samples with 0-02 < ¢ < 0-07
(Hirth & Kohlstedt, 1995a). This difference may
reflect a difference in melt chemistry and the distribu-
tion of interfacial energies for three solid phases and
a melt phase, or it may reflect a difference in the
distribution of grain sizes (e.g. Beeman & Kohlstedt,
1993). As melt fraction is increased, melt is not merely
accommodated by increasing the size of the triple junc-
tion tubules but rather is stored in grain boundaries.
Faul (1997) reported that, for @ > 0-02, melt pockets
along grain boundaries interconnect causing a substan-
tial increase in permeability, consistent with the drama-
tic increase in strain rate that we observe at higher melt
fractions.

The observed exponential dependence of strain rate
on melt fraction as expressed in equation (2) cannot be
accounted for by existing models based on an isotropic
distribution of melt. The difference in the strain rate
enhancement observed for olivine plus basalt and for
partially molten lherzolite can be accounted for by the
larger number of grains without melt along any bound-
aries and the reduced number of grains with >50% of
boundaries with melt. To investigate the observed
strain rate enhancement, models based on both iso-
tropic and anisotropic distributions of melt in partially
molten samples rely on reduction of diffusive grain
boundary path length, associated with enhanced diftu-
sion rates through the melt phase as well as modest
increases in local stress concentrations. Comparison of
the Cooper & Kohlstedt (1986) model for strain rate
enhancement as a result of the presence of melt and the
exponential dependence observed in this study, and
that reported by Kelemen et al. (1997) and Mei &
Kohlstedt (2002), are shown in Fig. 12 for diffusional
creep. The enhancement in strain rate as a result of
the presence of melt increases with decreasing dihedral
angle in the Cooper & Kohlstedt (1986) model;
a reduction in the dihedral angle from the observed
value of ~38° to a value of <15° would be required to
achieve the strain rate enhancement observed in this
study for a sample with @ = 0-1. Even taking into
account the range of 20° < 0 < 50° reported for
dihedral angles at olivine—basalt—olivine junctions in
peridotites (Waff & Bulau, 1982; Toramaru & Fujii,
1986), the model still underestimates the effect of melt
on strain rate at higher melt fractions.

As previously noted, the rate-limiting step in the
deformation process remains transport along melt-free
interfaces (e.g. Cooper et al., 1989; Hirth & Kohlstedt,
1995a). Contrary to the results of Drury & Fitz Gerald
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Fig. 12. Plot of strain rate enhancement in diffusional creep vs melt
fraction. The strain rate enhancement is determined by normalizing
the average strain rate for lherzolite samples at a given melt fraction
by the average strain rate of subsolidus lherzolite deformed at the
same stress and extrapolated to the same temperature. The dashed
lines represent the strain rate enhancement predicted by the model of
Cooper & Kohlstedt (1986) for several values of dihedral angle 6.
The lherzolite data are fitted to an exponential dependence of strain
rate on melt fraction with a value of o = 21. The exponential
relationships found by Kelemen et al. (1997) with o = 45 and that
for wet olivine plus basalt of Mei & Kohlstedt (2000) with oo = 25 are
shown for comparison. The lower value of o determined in this study
may reflect the fact that fewer grain boundaries are wetted by melt in
the lherzolite samples than in the olivine plus basalt samples as
a result of the high modal percentage of pyroxenes in the former.
The model of Cooper & Kohlstedt (1986) with a typical dihedral
angle of 0 = 38° satisfactorily describes the influence of melt on
strain rate determined experimentally for melt fractions of less than
~0-07 but underestimates the strain rate enhancement at higher
melt fractions.

(1996), recent high-resolution transmission electron
microscopy (TEM) and analytical TEM observations
of partially molten peridotites reveal that very thin
films (10nm) are not present at grain boundaries,
although segregation of incompatible elements such
as Ca and Al to olivine grain boundaries is pronounced
(Hiraga et al., 2002). However, relatively thick films of
melt (~1pm) line a significant fraction of the grain—
grain interfaces. It is the presence of these thick melt
films that increases the length of short-circuit diffusion
path beyond that considered by Cooper & Kohlstedt
(1986) and Cooper et al. (1989); that is, diffusion
through these relatively thick melt films is much faster
than through melt-free interfaces. Hence, diffusional
deformation remains rate-limited by diffusion through
melt-free grain boundaries, whereas the rate of defor-
mation is enhanced by short-circuit diffusion through
the melt-filled two-, three- and four-grain junctions.
Finally, it should be noted that there is no evidence
for melt wetting of all of the boundaries as reported by

Jin et al. (1994).
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Transition to dislocation creep

The comparison in Fig. 10 of our constitutive equation
for creep of lherzolite samples with the constitutive
equation for creep of olivine and olivine—basalt aggre-
gates (Hirth & Kohlstedt, 2003) indicates that the
transition from diffusional to dislocation creep takes
place near 100 MPa for both types of materials at 7 =
1473 K with d = 17 pm. At low melt fractions, the
lherzolite samples are somewhat weaker than the
olivine—basalt aggregates. This difference in strength
decreases with increasing melt fraction; consistent
with the observation that oy is smaller for the former
than for the latter.

If these constitutive equations are extrapolated to
mantle conditions including 7 = 1723 K (i.e. a depth
of 200 km with a potential temperature of 1623 K, that
1s, 1350°C) and d = 3mm, then, as illustrated in
Fig. 13, lherzolite is stronger than olivine and olivine
plus basalt for differential stresses between 0-1 and
10 MPa. [In this extrapolation, we have assumed that
any increase in strength that occurs with increasing
pressure is approximately offset by a decrease in
strength owing to the presence of water (Hirth &
Kohlstedt, 1996; Hirth & Kohlstedt, 2003).] Under
these conditions, the transition between diffusional
and dislocation creep occurs between 0-1 and 0-5 MPa.

As in the diffusion creep regime, the strain rate of
partially molten lherzolite in the dislocation creep
regime also increases approximately exponentially with
increasing melt fraction, in this case with a5y ~ 27. In
the dislocation creep regime, Hirth & Kohlstedt
(19956) rationalized the unexpectedly large enhance-
ment in strain rate resulting from the presence of melt
by modifying the stress enhancement component in the
Cooper—Kohlstedt model (Cooper & Kohlstedt, 1986;
Cooper et al., 1989). This approach results in an ampli-
fication of the stress enhancement term to the power
ngis =~ 4-3. It should be noted that the observed strain
rate enhancement is much larger than the factor of
~1-2 predicted by analytical models based on stress
enhancement effects of inclusions (Chen & Argon,
1979; Hwang & Chen, 1990).

It is also interesting to note in Figs 10 and 13 that, as
melt fraction is increased, the importance of dislocation
creep relative to diffusional creep increases. Although
this observation may be counter-intuitive, it is consis-
tent with the observation that og;q > dgi

Further implications

The similarity between our creep results for lherzolite
and the results for olivine of Hirth & Kohlstedt (19954,
19956) in both the diffusional and dislocation creep
regimes demonstrates that the addition of ~40%
pyroxene to an olivine aggregate does not dramatically
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Fig. 13. Strain rate vs differential stress based on the constitutive
equations for lherzolite and olivine—basalt samples with ¢ = 0-00 and
@ = 0-07 extrapolated to a mantle temperature of 1723 K and grain
size of 3mm assuming that the strengthening effect of increasing
pressure (depth) is roughly offset by the weakening effect of water.

influence the strength of the resulting rock. This
observation is consistent with creep results for olivine
plus orthopyroxene, which show only about a factor of
two difference in rate for different mole fractions
of orthopyroxene and olivine (Hitchings et al., 1989),
and with deformation results for synthetic very fine-
grained (l-2pum) forsterite-plus-enstatite material
under wet conditions (McDonnell et al., 2000), which
reveal no significant difference in flow strength up to
20 vol. % enstatite. Our results are also congruent with
creep results for clinopyroxene samples, which deform
at approximately the same strain rates as those
reported in our study for similar conditions of 7, P, d
and o (Bystricky & Mackwell, 2001). Wheeler (1992)
has argued that the presence of phase boundaries
should enhance diffusion rates in polymineralic rocks;
however, the additional phase boundaries do not
appear to have a significant effect on the deformation
rate of lherzolite. Although the rates of deformation in
our fine-grained lherzolite samples are similar to those
determined for fine-grained olivine and olivine—basalt
aggregates, the stress exponent and activation energy
are higher for the former than for the latter in the
dislocation creep regime. This result is broadly consis-
tent with the result that the values of n and Q are higher
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for deformation of pyroxene (Bystricky & Mackwell,
2001) than for creep of olivine (Hirth & Kohlstedt,
19955).

If, as is often reported, the average melt fraction near
the mid-ocean ridge basalt (MORB) source region
beneath a mid-ocean ridge is 1 vol. %, then our results
imply that melt will reduce the viscosity of partially
molten mantle rocks by <20%. However, recent labora-
tory experiments demonstrate that, during large-strain
deformation of partially molten rocks, melt can segre-
gate into melt-rich regions (Holtzman et al., 2003).
These relatively narrow channels contain 10 or more
times the amount of melt found in the surrounding rock.
Hence, they provide high-permeability paths that
would facilitate rapid transport of melt to the Earth’s
surface. In addition, these melt-enriched channels will
be significantly weaker than the surrounding mantle,
such that deformation would localize on them, produc-
ing shear zones. Similar structures reflecting the juxta-
position of melt-rich regions with shear zones have
been observed in ophiolites (Kelemen & Dick, 1995;
Dijkstra et al., 2002).

CONCLUSIONS

Our deformation experiments conducted on fine-
grained lherzolite at subsolidus and hypersolidus tem-
peratures under dry conditions and strain rates in the
range of ~1077 to 1073s7! reveal a transition from
diffusional creep to dislocation creep at a differential
stress of 6 &~ 100 MPa for a grain size of d ~ 20 um
and melt fractions of 0 < ¢ < 0-1. For small values of ¢
(0—0-02), extrapolation to mantle conditions using
equation (5), with experimentally determined values
from Table 2, predicts a transition between diffusional
creep and dislocation creep at ¢ =~ 2 MPa (viscosity of
2 x 107 Pa s) for d = I mm and at ¢ ~ 0-2MPa
(viscosity of 2 x 10%° Pa s) for ¢ = 10 mm. This beha-
vior is similar to that reported for olivine plus basaltic
melt, indicating a small effect of the ~40 vol. % pyr-
oxene in our samples.

The results also indicate a substantial reduction in
upper-mantle viscosity of ~10 for ¢ = 0-10 but
a modest reduction of ~1-2 for @ = 0-01. The approxi-
mately exponential dependences of strain rate on melt
fraction with oo ~ 21 and 27 in the diffusional and
dislocation creep regimes, respectively, cannot be
accounted for by existing models based on an isotropic
distribution of melt. The observed strain rate enhance-
ment in diffusional creep can be accounted for by also
considering the reduction in diffusion path length
along melt-free boundaries associated with the pre-
sence of grain—grain interfaces containing melt, com-
bined with related stress enhancement associated with
anisotropic interfacial energies. In the dislocation

RHEOLOGY OF LHERZOLITE

creep regime, the strain rate enhancement observed
with the addition of melt is qualitatively consistent
with a stress enhancement caused by the replacement
of grain or phase interfaces by melt.
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APPENDIX A: RELATIVE
CONTRIBUTIONS OF DIFFUSIONAL

AND DISLOCATION CREEP

In recent analyses of creep data, Bystricky & Mackwell
(2001) and Hirth & Kohlstedt (2003) have pointed out
that it is difficult with fine-grained samples to perform
creep experiments that are far from the transition
between diffusional and dislocation creep. However,
experiments on such synthetic rock samples are essen-
tial as they provide constraints on flow in both creep
regimes. With samples from coarser-grained natural
rock specimens, creep experiments can explore defor-
mation only in the dislocation creep regime, limiting
the possibility of extrapolating from laboratory to geo-
logical conditions.

The approach generally taken in laboratory experi-
ments on finer-grained samples is to access the diffu-
sional creep regime by deforming at relatively low
differential stresses and to explore the dislocation
creep regime by deforming at relatively high differen-
tial stresses. This approach raises the question of the
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Fig. Al. Stress vs percent dislocation creep for a range of grain sizes
at fixed temperature and pressure.

distinction between low and high differential stress. To
address this point, we have plotted our constitutive
equation for combined diffusional and dislocation
creep in Fig. Al in the form differential stress vs percent
dislocation creep. By considering the measured (total)
strain rate as the sum of the strain rate arising from
diffusional creep plus the strain rate owing to
dislocation creep, €, = £qir + €aisl, we calculated the
percent dislocation creep as (€qis1 /€)X 100 for a range
of grain sizes at a fixed temperature and pressure. As is
illustrated in Fig. Al, for a grain size of 17 pm (a typical
value for our experiments) dislocation creep contri-
butes >90% to the measured strain rate only at differ-
ential stresses greater than ~240 MPa. Similarly, for
the same grain size, diffusional creep contributes 90%
to the total strain rate only at differential stresses of
60 MPa. Hence, it is important that care be exercised
in analyzing experimental creep data, to insure that
the diffusional and dislocation contributions to the
measured strain rate are properly identified.
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Fig. A2. Melt fraction vs inverse temperature for lherzolite samples
quenched at the temperatures indicated by the open circles. For the
limited temperature range explored in this study, the melt fraction is
well described by a second-order polynomial fit in either 7 or 1/7.

APPENDIX B: DEPENDENCE OF
MELT FRACTION ON TEMPERATURE

To determine o and O, we parameterized our mea-
surements of melt fraction as a function of temperature
and as a function of inverse temperature for our
lherzolite samples. The change in melt fraction with
temperature shown in Fig. A2 was determined from
optical micrographs of samples quenched at several
temperatures between 1373 and 1573 K. The resulting
expressions for the dependence of melt fraction on
temperature are (1) @ = By + B, T + By T? with By =
—1-1,B,=80x10*K 'and By= -39 x 10 8 K2
and (2) O = Co + CI/T"' CQ/TQ with C() = 137, Cl =
—242 x 103K! and Cy = 6-65 x 10°K? determined
from least-squares fits to the data.
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