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In this manuscript we review experimental constraints for the viscosity of the
upper mantle. We first analyze experimental data to provide a critical review of flow
law parameters for olivine aggregates and single crystals deformed in the diffusion
creep and dislocation creep regimes under both wet and dry conditions. Using rea-
sonable values for the physical state of the upper mantle, the viscosities predicted by
extrapolation of the experimental flow laws compare well with independent esti-
mates for the viscosity of the oceanic mantle, which is approximately 10'° Pa s at a
depth of ~100 km. The viscosity of the mantle wedge of subduction zones could be
even lower if the flux of water through it can result in olivine water contents greater
than those estimated for the oceanic asthenosphere and promote the onset of melting.
Calculations of the partitioning of water between hydrous melt and mantle peridotite
suggest that the water content of the residue of arc melting is similar to that estimat-
ed for the asthenosphere. Thus, transport of water from the slab into the mantle
wedge can continually replenish the water content of the upper mantle and facilitate

the existence of a low viscosity asthenosphere.

INTRODUCTION

From the alteration of crust at oceanic spreading centers
to the migration of melt through the lithosphere at conver-
gent margins, the rheology of rocks plays a key role in the
dynamics and chemical fluxes associated with the
“Subduction Factory”. Consider the following examples:
(1) Altered oceanic lithosphere is a source of fluid for
hydrous arc magmatism. The amount of water available for
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melt generation depends on the depth and distribution of
hydrothermal alteration of the oceanic lithosphere, which
in turn depends on the depth to the brittle-plastic transition.
(2) Subducted pelagic sediments also supply fluids to the
source of arc magmatism. In this case, the amount of water
available depends on the rheology and permeability of the
compacting sediments. (3) The kinetics and spatial distribu-
tion of dehydration and melting reactions depend on the
thermal structure of the slab-mantle interface, which is part-
ly controlled by rheology through the effects of shear heat-
ing. (4) The temperature at the slab-mantle interface and in
the mantle wedge also depend on the kinematics and
dynamics of convection, which in turn are controlled by the
viscosity of the mantle wedge. (5) The rheology, fluid
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distribution and permeability of the slab determine whether
fluids migrate into the mantle wedge by porous flow, trans-
port in hydrofractures or advection in diapirs. (6) Finally,
melt migration to the base of the crust beneath the arc front
and transport of material to back arc spreading centers are
governed by mantle flow in the wedge.

It is beyond the scope of this article to address each of these
topics in detail. We therefore concentrate on experimental
constraints on the viscosity of the mantle wedge. We first
review experimental studies used to determine flow law
parameters for both dislocation creep and diffusion creep
under dry and wet conditions. These data provide insights
into the Subduction Factory, as well as other upper mantle
tectonic settings, and input for geodynamic models. We then
emphasize topics for which progress is needed from experi-
mentalists. Finally, we compare the experimental results with
independent geophysical constraints on mantle viscosity.

Viscosity of the Mantle Wedge

The thermal structure of the mantle wedge and the
processes that accommodate melt migration to arc volca-
noes are in large part controlled by the viscosity of the man-
tle. Some portions of the mantle wedge may have a lower
viscosity than any other region of the upper mantle.
Estimates for the viscosity of the oceanic asthenosphere,
based on geophysical observations and experimental data
on the rheology of peridotite, range from 10!8 to 101% Pas
[e.g., Melosh, 1976, Craig and McKenzie, 1986; Hager,
1991; Karato and Wu, 1993; Hirth and Kohistedt, 1996].
There are several reasons why the viscosity of the mantle
wedge could be even lower than that in the oceanic
asthenosphere. First, the water content in parts of the man-
tle wedge could be higher than that in the asthenosphere due
to the influx of fluids from the subducted slab. Experimental
observations indicate that the viscosity of olivine aggregates
decreases with increasing water content [e.g., Mei and
Kohlistedt, 2000b; Karato, this issue]. Olivine in the ocean-
ic asthenosphere contains ~1000 H/106Si, which is approx-
imately 20% of the solubility at a depth of 120 km [Hirth
and Kohlistedt, 1996]. At similar depths the mantle wedge
may contain as much as 5 times more water (i.e., it may be
water saturated). Second, because of the higher water con-
tent, drying out of the nominally anhydrous minerals due to
partial melting of the wedge will not result in as large of an
increase in viscosity as proposed for the melting region of
mid-ocean ridges [e.g., Hirth and Kohlstedt, 1996; Phipps
Morgan, 1997]. In fact, depending on the degree of melting,
the flux of volatiles from the subducting slab, and the
amount of melt retained in the source, partial melting may

decrease the viscosity of the wedge. For a constant olivine
water content, experimental data indicate that the viscosity
of olivine aggregates decreases approximately exponential-
ly with increasing melt content [Kelemen et al, 1997;
Kohlstedt et al., 2000; Mei et al., 2002]. Finally, based on
the petrological and geophysical data discussed by Kelemen
et al. [this issue], the temperature in the mantle wedge may
be approximately the same as that in the oceanic asthenos-
phere. Taken together, these observations suggest that in
some regions of the mantle wedge the viscosity may be up
to an order of magnitude lower than that in the oceanic
asthenosphere. In the following sections, we provide a
detailed review of the rheological data used to obtain these
constraints on mantle viscosity.

Experimental Background

Experimental studies constrain the magnitude of mantle
viscosity. However, due to the required extrapolation from
laboratory to geologic conditions, the accuracy of these con-
straints is not as high as their precision. Thus, the laborato-
ry data provide stronger constraints on the change in vis-
cosity as a function of pressure, temperature, grain size,
water content and melt fraction. Laboratory experiments are
usually conducted near upper mantle temperatures.
Therefore, the primary limitation on accuracy comes from
the relatively large extrapolation in stress. For example, by
extrapolating two orders of magnitude in stress (e.g., from
100 to 1 MPa), an uncertainty in the stress exponent of +0.5
results in + one order of magnitude uncertainty in viscosity.
Another potential problem is that the dominant deformation
mechanism may change from dislocation creep to diffusion
creep with decreasing stress, provided that grain growth is
kinetically inhibited.

While there is uncertainty associated with extrapolation
of laboratory results, several observations justify applying
experimental flow laws to the study of deformation at geo-
logic condittons. First, a comparison of microstructures in
experimentally and naturally deformed peridotites indicates
that the same slip systems are active [e.g., Nicolas, 1986].
The analysis of lattice preferred orientations in both natu-
rally and experimentally deformed rocks demonstrates that
strain is mostly accommodated by slip on (010)[100] [e.g.,
Tomassi et al., 1999; Zhang et al., 2000], the easiest slip
system in olivine [e.g., Durham and Goetze, 1977; Bai et
al., 1991]. Second, the conditions under which changes in
deformation mechanism occur can be constrained using a
combination of experimental data and theoretical argu-
ments. For example, diffusion creep processes can be stud-
ied using experimentally engineered fine-grained aggre-



gates. Viscosity in the diffusion creep regime increases non-
linearly with increasing grain size. Thus, rocks with a grain
size of 10 um (which is two to three orders of magnitude
smaller than the grain size in most of the mantle) will
deform six to nine orders of magnitude faster by diffusion
creep in the laboratory than larger grained rocks in the man-
tle. Likewise, because viscosity in the dislocation creep
regime decreases non-linearly with increasing stress, ex-
periments can be carried out to high strain in both defor-
mation regimes at laboratory timescales.

The strategy of using fine-grained aggregates synthesized
from natural rocks and minerals has lead to several break-
throughs in our understanding of the rheology of peridotite.
The primary benefit of these types of experiments is that a
large number of extensive parameters can be controlled
independently, including melt fraction, grain size and water
content. In addition, sample-to-sample variability is signifi-
cantly decreased by the application of standard protocols for
sample preparation. Many of the flow law parameters in
which we have the highest confidence are determined this
way. However, one drawback of this procedure is that many
experiments are conducted near the transition between
diffusion and dislocation creep. To obtain the highest
resolution in flow law parameters for individual creep
mechanisms, the component of strain rate from competing
deformation processes to the total strain rate must be taken
into account. This problem is outlined below in our review
of flow law parameters for diffusion and dislocation creep.

CONSTRAINTS ON FLOW LAW PARAMETERS

Theoretical treatments and experimental observations
demonstrate that the rheological behavior of rocks, metals
and ceramics is well described by a power law dependence
of strain rate (£) on differential stress (6). For olivine
aggregates, we use a power law of the form

€ = Aon d» fH,0" exp (aq))exp(— E4PV) m

where A is a constant, n is the stress exponent, d is grain
size, p is the grain size exponent, fH,O is water fugacity, »
is the water fugacity exponent, ¢ is melt fraction, & is a con-
stant, E* is the activation energy, V* is the activation vol-
ume, R is the gas constant, and 7 is absolute temperature. In
the sections below, we review experimental constraints for
these flow law parameters for deformation in the diffusion
creep and dislocation creep regimes, as well as provide
some constraints on flow law parameters for deformation
accommodated by grain boundary sliding. We first review
the stress dependence of deformation, followed by analyses

HIRTH AND KOHLSTEDT 85

of the influence of temperature, pressure, water content, and
melt fraction. We do not review the flow law parameters for
individual deformation mechanisms seperately because our
analysis includes resolving the components of strain rate
from competing deformation processes. For those readers
wishing to skip the details of how these parameters are con-
strained, the values of the flow law parameters are summa-
rized in Table 1.

In addition to the parameters in equation (1), the rheolo-
gy of olivine aggregates also depends on oxygen fugacity
(f O‘;) and silica activity. However, for practical application
of flow laws to geodynamic modeling, we have incorporat-
ed the influence of oxygen fugacity into 4 and E*.
Experimental observations indicate that € <fO%, where the
exponent g is <1/6 for a wide range of deformation condi-
tions [Ricoult and Kohlistedt, 1985; Bai et al., 1991]. Thus,
because the range of oxygen fugacities expected in the man-
tle is small, the effect of changes in oxygen fugacity on vis-
cosity is relatively minor compared to changes in creep rate
that occur due to variations in temperature, water content or
pressure. Also, since olivine and pyroxene are both present
in most mantle rocks, the silica activity is fixed through out
most of the mantle.

Stress Dependence and Grain Size Dependence in the
Diffusion Creep Regime

The flow law for diffusion creep under dry conditions is
well constrained by experiments conducted on fine-grained
rocks [Karato et al, 1986; Hirth and Kohlistedt, 1995a,
Gribb and Cooper, 2000]. These studies built on the pio-
neering uniaxial hot-pressing experiments of Schwenn and
Goetze [1978] and Cooper and Kohlstedt [1984]. Under dry
conditions, the stress exponent (n = 1.0+ 0.1) and grain size
exponent (p = 3.0 % 0.5) reported by Hirth and Kohlistedt
[1995a] are in agreement with theoretical predictions for
creep dominated by grain boundary diffusion [e.g., Coble,
1963]. Several other studies have also yielded values for n
and p which are within error of those predicted by the Coble
creep equation [e.g., Cooper and Kohlstedt, 1984]. As dis-
cussed by Hirth and Kohistedt [1995a], the slightly lower
value of p and higher value of » reported by Karato et al.
[1986] likely reflect a component of dislocation creep to the
overall strain rate of the samples. Values of n=1andp =3
are also observed under water saturated conditions [Karato
et al., 1986; Mei et al., 2000a]. Based on the agreement
between these data and the theoretical predictions, we use
values of n = 1 and p = 3 in evaluation of deformation data
obtained under conditions for which more than one creep
mechanism contributed significantly to flow.
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Table 1: Rheological Parameters for Equation (1).

E* p*

Aa n P rb a (kJ/mol)  (10-6 m3/mol)
dry diffusion 1.5%10° 1 3 - 30 375+ 50 2-10
wet diffusion 2.5x1074 1 3 0.7-1.0 30 375+ 75 0-20
wet diffusion (constant Coy)© 1.0x106 1 3 1 30 335+ 75 4
dry dislocation 1.1x105 35+03 0 - 30-45 530+4 (see Table 2)
wet dislocation 1600 35+03 0 1.2+04 30-45 520+ 40 22+11
wet dislocation (constant Cqpy)® 90 35+03 0 1.2 30-45 480 + 40 11
dry GBS, T>1250°C 471010 3.5 2 - 30-45 600f  (see Table 2)¢
dry GBS, T<1250°C 6500 35 2 - 30-45 400f (s Table 2)¢

aFor stress in MPa, fiy_¢ in MPa (or Cy in H/106Si) and grain size in pm.

bUncertainty in  is correlated with uncertainty in J*

cExample calculation for Coy = 1000 H/10%Si, d = 10 mm, T = 1400°C, P = 1 GPa, G = 0.3 MPa:
£=(1.0x106)*(0.3)1*(10,000)-3*(1000)! *exp[-(335000+109*%4x10-6)/(8.314*1673)] = 7.8%10-15/s

dValue for A is given for r = 1.

¢Example calculation for Cpy = 1000 H/10Si, T = 1400°C, P = 1 GPa, 6 = 0.3 MPa:

£=(90)*(0.3)>-5 *(1000)1-2*exp[-(480000+109*11X10-6)/(8.314*1673)] = 2.5%10-1%/s

fThe activation energy for GBS is assumed to be that for slip on (010)[100], which changes with increasing temperature [Bai et al.,, 1991].
The values given here include the effect of temperature on oxygen fugacity.

8The value for V* is assumed to be the same as that for dislocation creep.

Diffusion creep data can be used to estimate the grain
boundary diffusivity of the slowest diffusing species in
olivine. Diffusion creep is limited by the slowest diffusing
species moving along its fastest path. Therefore, creep rate
is governed by an effective diffusivity, Doy = [Dgy +
16D y/d], where Dy, is the grain matrix diffusivity, Dy, is
the grain boundary diffusivity, & is the grain boundary
width, d is the grain size, and 7 is a “tortuosity” constant; we
use a value of T = 1.5. In Figure 1, we compare the rates of
grain matrix diffusion under dry conditions of Mg (Dg[ng)
[Gaetani and Watson, 2000] and Si (D§L) [Houlier et al,
1990] to rates for bulk grain boundary diffusion of Mg
(DM2) [from Watson, 1991 (see Hirth and Kohlstedt,
1995a)] and Si (D &Siy) [Farver and Yund, 2000] at a tem-
perature of 1300°C, where Dy, = 70Dg,/d. In addition, we
plot the effective diffusivity determined from the rate of dif-
fusion creep. In this case, we plot 16D,,/d , where the prod-
uct 8Dy, is calculated from observed creep rates using the
theoretical Coble creep flow law [e.g., Karato et al., 1986;
Hirth and Kohistedt, 1995a). These relationships indicate
that diffusion creep is limited by grain boundary diffusion
of silicon [e.g., Hirth and Kohistedt, 1995a, Farver and
Yund, 2000]. Based on the observation that both the grain
boundary and grain matrix diffusivities for oxygen lie
between the respective values for Mg and Si [e.g., Fisler
and Mackwell, 1994; Ryerson et al., 1989], we have omitted
them from this figure. The diffusion data for Mg are includ-
ed to check whether conditions exist where D $j>DME as
suggested by Karato et al. [1986]. A transition to diffusion

creep limited by grain matrix diffusion (i.e., Nabarro-
Herring creep) is not predicted unless that grain size is
greater than approximately 1m. This calculation, which
demonstrates that Nabarro-Herring creep is unlikely to
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Figure 1. Plot of effective diffusivity at 1300°C versus grain size,
comparing bulk diffusivities of silicon and magnesium via grain
boundary transport to grain matrix (gm) diffusivities. The bulk dif-
fusivity calculated using diffusion creep deformation data for
olivine aggregates is also shown (ch’lf’lf). These relationships
indicate that diffusion creep is limited by Dbflk unless the grain

size is greater than ~1 m.



occur in experiments or at any conditions in the upper man-
tle, further justifies using p = 3 to normalize diffusion creep
data to a common grain size. A similar analysis can not
be carried out for hydrous conditions because of a lack of
diffusion data.

Stress Dependence in the Dislocation Creep Regime: Dry
Conditions

Much of the highest resolution mechanical data, such as
that shown in Figure 2a, are acquired on fine-grained oli-
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large range in temperature and oxygen fugacity. Under all of
these conditions, » is observed to be in the range of 3.5.
Because single crystal experiments can be conducted at 1
atm, the data have high precision at low strain rates and
relatively high temperatures. Values of n of ~3.5 are ob-
served at stresses as low as 15 MPa [Bai et al., 1991, Jin
et al., 1994]. These data are extremely valuable as they

vine aggregates deformed at the transition between diffu-
sion creep and dislocation creep. To determine the stress
exponent in the dislocation creep regime, we have account-
ed for the diffusion creep component of the data in two
ways. In the first approach, we use a non-linear least squares
fit of the data at constant temperature and pressure to the
equation

€= Eqig + Eqig = AggO" T Ao d? 2

For the experimental results presented in Figure 2a, the non-
linear fit gives n = 3.3 £ 0.6. In the second approach, we
subtract the strain rate of the corresponding diffusion creep
flow law from the total strain rate, which leaves only
the dislocation creep component, and linearly fit only the
highest stress data. In this case, we obtain a value of n = 3.6
+0.5.

These values for n are comparable to those determined for
coarser grained natural rocks deformed at the same condi-
tions [e.g., Chopra and Paterson, 1984]. From a global
inversion of their data to determine »n, E*, and 4, Chopra
and Paterson obtained n = 3.6 = 0.2. Their analysis includ-
ed some data at differential stresses significantly greater
than the confining pressure and, therefore, may be influ-
enced by a change in deformation mechanism to semi-brit-
tle flow [e.g., Evans et al., 1990] or “power law breakdown”
[e.g., p. 81 Poirier, 1985]. By refitting their data excluding
all points at differential stresses greater than 300 MPa (i.e.,
the confining pressure), we obtain n = 3.4 + 0.2 (using E* =
530 kJ/mol to normalize data to a constant temperature). By
fitting only data at a constant temperature of 1573 K and
stresses below 300 MPa (this sample is the largest satisfy-
ing these criteria, with only 4 data points), we obtain n = 3.7
+0.4.

The values of n determined for the polycrystalline sam-
ples agree well with those determined for olivine single
crystals [e.g., Kohlstedt and Goetze, 1974; Durham and
Goetze, 1977; Bai et al., 1991]. Values of »n for the three
major slip systems in olivine have been determined over a
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Figure 2. Plots of strain rate versus differential stress for fine-
grained olivine aggregates deformed under dry (a) and wet (b)
conditions. For both data sets, a transition from diffusion creep to
dislocation creep occurs with an increase in differential stress.
Non-linear fits to the data using equation 2 (labeled constitutive
equation) and linear fits to the high stress dislocation creep com-
ponent of the total strain rate are shown in both figures. These data
are from the studies of Mei and Kohlstedt [2000a, 2000b].
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significantly decrease the uncertainty in extrapolation to the
lower stresses appropriate for the asthenosphere.

Stress Dependence in Dislocation Creep Regime: Wet
Conditions

The stress dependence of dislocation creep in the pres-
ence of water is also well constrained by a combination of
experiments on single crystals, coarse-grained natural
dunites, and fine-grained aggregates synthesized from natu-
ral crystals. A data set illustrating the transition from diffu-
sion creep to dislocation creep is shown in Figure 2b for an
experiment conducted under water-saturated conditions at a
confining pressure of 300 MPa. The non-linear least squares
fit of the data using equation (2) gives n = 3.4 £ 0.5. A lin-
ear fit of the dislocation creep component gives n = 3.6 £
0.6. The average value of n determined in this manner from
the experiments of Mei and Kohlistedt [2000b] (7 exper-
iments) is 3.8 + 0.6. We re-analyzed similar data from the
study of Karato et al. [1986] and determined n = 3.6 + 0.3
for the non-linear fit and » = 3.5 4 0.3 for the linear fit to the
dislocation creep component derived by subtracting the dif-
fusion creep component from the total strain rate. Karato et
al. [1986] report a value of n in the range 3-3.5. Again, these
values are similar to those determined for coarse-grained
natural dunites and single crystals. As reported in Hirth and
Kohlstedt [1996], a least squares linear fit to Chopra and
Paterson’s [1981] wet dunite data at a temperature of 1473
K and stresses less than 300 MPa gives n = 3.4 + 0.3.
Similarly, experiments on olivine single crystals deformed
under hydrous conditions yields » = 3.0 £ 0.1 to 3.8 + 0.2
[Mackwell et al., 1985, Mackwell et al., 1997].

In summary, while lower values for the stress exponent
have been reported for olivine aggregates under wet con-
ditions [e.g., Mei and Kohlstedt, 2000b; Karato et al., 1986;
Karato and Jung, in press], an analysis of these same data
that takes into account the component of diffusion creep to
the total strain rate indicates that the stress exponent for dis-
location creep is 3.5 + 0.3 for both wet and dry conditions.

Activation Energy for Diffusion Creep: Dry Conditions

The activation energy for creep and the pre-exponential
constant are determined by normalizing diffusion creep data
to constant values of stress and grain size using » = 1 and
p = 3. The temperature dependence of diffusion creep
determined from several suites of compression experiments
is illustrated in Figure 3a. The contribution of dislocation
creep has been removed from these data using the fitting
procedure described above. The magnitude of the strain
rates observed in these four studies agree well. However,

relatively few experiments were specifically designed to
determine the activation energy for diffusion creep. Indeed,
for two of these studies all experiments were conducted at
one temperature. Activation energies determined from two
experiments on fine-grained dunite range from 310 + 40
kJ/mol to 440 £+ 80 kJ/mol [Hirth and Kohistedt, 1995a].
These values are similar to the value of 430 + 70 kJ/mol
determined by a linear fit to all of the dunite data shown
in Figure 3a. Figure 3a also includes data for fine-grained
lherzolite samples [Kohlstedt and Zimmerman, 1996],
which indicate that pyroxene has little effect on deformation
in the diffusion creep regime. This observation suggests that
diffusion rates along olivine-olivine, pyroxene-pyroxene,
and olivine-pyroxene interfaces are similar. If the Iherzolite
data are included in the fit, the activation energy is lowered
to 320 + 30 kJ/mol.

The activation energy for diffusion creep under dry con-
ditions has also been determined from compression ex-
periments [Kohistedt et al, 2000], densification experi-
ments [Schwenn and Goetze, 1978; Cooper and Kohlisted!,
1984], and low strain tortional creep experiments [Gribb
and Cooper, 1998, 2000] conducted at room pressure. Ac-
tivation energies determined from densification experi-
ments of E* = 380 £ 105 kJ/mol [Cooper and Kohlistedt,
1984] and E* = 360 + 120 kJ/mol [Schwenn and Goetze,
1978] agree well with those determined from the high-pres-
sure compression experiments shown in Figure 3a. By con-
trast, the activation energy determined from the low-pres-
sure compression experiments (E* = 530 kJ/mol, no uncer-
tainty given [Kohlistedt et al., 2000]) is significantly greater.
This value may be influenced by cavitation during creep.
Likewise, the activation energy determined from the torsion
tests of E* = 700 + 30 kJ/mol, Gribb and Cooper [1998,
2000] is significantly higher. Gribb and Cooper [2000] sug-
gest that the higher values for the activation energy result
from grain boundary segregation of incompatible compo-
nents. Based on the agreement between the high-pressure
creep tests and the densification tests we conclude that the
activation energy is 375 + 50 kJ/mol.

Activation Energy for Diffusion Creep: Wet Conditions

Few experiments have been conducted to constrain the
activation energy for diffusion creep under wet conditions.
Mei and Kohlistedt [2000a] conducted the only experiments
specifically designed to determine the activation energy.
Least squares fits to data from two experiments illustrated
in Figure 3b show remarkable agreement with £* = 380
+ 20 kJ/mol and 410 £ 40 kJ/mol. In Figure 3b, the dis-
location creep component for each individual experiment
is subtracted from the total strain rate using the fitting
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Figure 3. Arrhenius plots of strain rate versus 1/T for olivine aggregates deformed in the diffusion creep regime (a and b)
and dislocation creep regime (¢ and d) under both dry and wet conditions. (a) Dry diffusion creep data: The solid line and
dashed lines show the Arrhenius relationships for E* = 375+50 kJ/mol. (b) Wet diffusion creep data: Least squares fits
shown for the two 100 MPa data sets give E* = 380 + 20 kJ/mol and 410 + 40 kJ/mol, respectively. (c) Dry dislocation
creep data: Least squares fits to the data of Chopra and Paterson [1984] (CP) and Mei and Kohistedt [2000] (MK) give
E* =530 + 40 and E* = 550 + 20 kJ/mol, respectively. Strain rates for olivine single crystals [Bai et al., 1991] are also
shown. (d) Wet dislocation creep data: A least squares fit to the 100 MPa data of Mei and Kohlistedt (MK) gives
E* =510 £ 70 kJ/mol, which is in good agreement with the value of 530 + 30 kJ/mol determined for the data of Chopra
and Paterson (CP). HK = Hirth and Kohlstedt [1995a,b]; KFP = Karato et al. [1986]; MK = Mei and Kohlstedt [2000a,b];

KZ = Kohlstedt and Zimmerman [1996].
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procedure detailed above. By accounting for the component
of dislocation creep in these data, the activation energy
appears to be greater than the published value of 300 kJ/mol
[Mei and Kohlstedt, 2000a]. These values are not signifi-
cantly influenced by uncertainty in n and E* in the dislo-
cation creep regime. For example, by allowing £*;,, to vary
from 450 to 550 kJ/mol and ny; to vary from 3 to 4, the val-
ues of E* 4 vary from 350 + 30 to 440 + 40 kJ/mol. A fit to
the more limited data set at 400 MPa in Figure 3b gives 300
+ 60 kJ/mol. This experiment is not influenced by disloca-
tion creep since the stress is low (~25 MPa). We conclude
that the activation energy for diffusion creep under wet con-
ditions is 375 £+ 75 kJ/mol. Thus, for the limited data sets
available at this time, the difference in the activation energy
for diffusion creep under wet and dry conditions does not
appear to be significant.

Activation Energy for Dislocation Creep: Dry Conditions

The activation energy for dislocation creep under dry
conditions is constrained by a combination of experiments
on single crystals, fine-grained aggregates and coarse-
grained natural aggregates. For fine-grained aggregates,
only a handful of experiments were specifically designed to
measure the activation energy in the dislocation creep
regime. A least squares fit to the data from the study of Mei
and Kohlstedt [2000b] shown in Figure 3c gives E* = 530
+ 40 kJ/mol. Similar to the analyses discussed above, the
component of diffusion creep to the total strain rate was
removed prior to the fit. This value is within error of that
determined by Chopra and Paterson [1984] for coarse-
grained natural dunites. Also, the strain rate agrees well
with the average strain rate determined at a temperature of
1300°C by Karato et al. [1986]. In addition, these values
for activation energy are within error of the value of 450 +
100 kJ/mol determined for fine-grained lherzolite samples
[Zimmerman, 1999]. A fit to the lower stress data from
Chopra and Paterson [1984] shown in Figure 3c gives £* =
550 + 20 kJ/mol. In this case, data at stresses significantly
greater than the confining pressure were omitted due to the
possibility that they are influenced by a change in deforma-
tion mechanism. For comparison, the flow laws for olivine
single crystals deformed on their easiest (i.e., (010)[100])

UIn Hirth and Kohlstedt [1996] we reported a value of Q = 515 +
25 kJ/mol based on an analysis of a different subset of the same data
from Chopra and Paterson [1981]. The value reported here is lower
because we removed several data points determined at stresses rang-
ing from 350 to 400 MPa for consistency with the other analyses
reported in this paper.

and hardest (i.e., (010)[001]) slip systems under dry condi-
tions are also shown. As discussed below, the higher strain
rates observed in the experiment of Hirth and Kohlstedt
[1995b] are likely a result of a transition to grain bound-
ary sliding limited by dislocation slip. As illustrated in
Figure 3c, the activation energy of 520 + 110 kJ/mol and the
magnitude of the strain rate for this sample are similar to
those for the easiest slip system in olivine.

Activation Energy for Dislocation Creep: Wet Conditions

The activation energy for dislocation creep under wet
conditions is similar to that determined under dry condi-
tions. A least squares fit to the data of Mei and Kohlstedt
[2000b] shown in Figure 3d gives £* = 510 = 70 kJ/mol.
This value is in good agreement with the value of 530 + 30
kJ/mol! determined from data for Anita Bay dunite also
plotted in Figure 3d. As discussed by Hirth and Kohlstedt
[1996], the lower value reported for these samples by
Chopra and Paterson [1981] results from including high
stress data in the fit and an underestimation of the stress
exponent. The activation energy determined for the Aheim
dunite under wet conditions is significantly smaller than
that under dry conditions [see Hirth and Kohlstedt, 1996];
the lower value for Aheim dunite (£* = 310 = 90 kJ/mol)
probably results from a concomitant decrease in the water
content of the olivine with increasing temperature due to
partial melting of the samples.

Pressure Dependence

One of the largest uncertainties in extrapolating experi-
mental data is the large difference in pressure between lab-
oratory and natural conditions. The highest resolution
mechanical data are acquired at ~300 MPa, while the pres-
sure in high-temperature regions of the upper mantle
beneath subduction zones are 2-12 GPa. As illustrated in
Figure 4a, differences in the activation volume reported in
the literature for dislocation creep and dislocation recovery
of V* = 5x10-6 to 27x10-¢ m3/mol result in several orders of
magnitude uncertainty in the viscosity at the greatest depths
in the upper mantle. Over the full depth range in the mantle
wedge, the effect of pressure on viscosity can be as large or
even larger than the temperature dependence on viscosity.
For example, with J* = 15x10-6 m3/mol, the change in vis-
cosity from 100 to 400 km resulting from the increase in
pressure is more than 4 orders of magnitude, similar to the
effect of a 400K change in temperature. As discussed below,
the extrapolation of laboratory data for the activation
volume for creep under wet conditions is further complicat-



ed by competing effects of the role of water and pressure,
specifically the effect of pressure on the concentration of
water in minerals and, hence, on viscosity.

Pressure Dependence Under dry Conditions

The activation volume for dislocation creep under dry
conditions has been directly determined by deformation
experiments and inferred from dislocation recovery ex-
periments. The resulting values for V* are listed in Table 2
and plotted in Figure 4b as a function of the maximum pres-
sure tested in each study. The values for * determined from
deformation experiments are somewhat higher than those
determined in recovery studies. In both cases, the data indi-
cate that V* decreases with increasing pressure.

Similar to the experimental observations in Figure 4b,
theoretical treatments predict that the activation volume
decreases with increasing pressure. Two general types of
relationships have been explored. The first, based on the
elastic strain required for creation and migration of point
defects, is formulated in terms of the pressure and tem-
perature dependence of elastic moduli. The analysis of
Sammis et al. [1981] indicates that calculations based on
dilatational strain provide a better fit to experimental data
than those determined using shear strain. In this case [see
Sammis et al. [1981] after Zener [1942] and Keyes [1963]],

V* = E*[AlnK,/oP); — 1K X
[1 - @InK/dInT)p — o] 3)

where K is the isothermal bulk modulus and oy is the coef-
ficient of thermal expansion. This relationship, plotted in
Figure 4b using elastic constants and derivatives for single
crystal olivine [Kumazawa and Anderson, 1969], provides a
reasonable representation of the experimental deformation
data.

Founded on theoretical analyses relating melting tem-
perature and vacancy concentration, and the observation
that activation energy increases with increasing melting
temperature (7,,), V'* for diffusion has been estimated using
the pressure dependence of the melting temperature [e.g.,
Weertman, 1970]. In this case

V*=E*(QT,/oP)/T,,. (4)

A modification of this description for V* has been suggest-
ed by Sammis et al. [1981], however, this change only
modestly influences F* for upper mantle conditions. The
change in V* with increasing pressure (depth) determined
using this homologous temperature approach is illustrated
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Figure 4. Plots showing the pressure dependence of deformation.
(a) Plot of normalized viscosity versus pressure for a temperature
of 1350°C and E£* = 530 kJ/mol. The viscosities calculated for con-
stant values of * are normalized by the value at 0.3 GPa to empha-
size the large effect of pressure on viscosity. The normalized vis-
cosity for a V* that decreases with increasing pressure (V*(P7),
calculated using equation 3) is also shown. (b) Comparison of
experimental determinations of V* to theoretical relationships cal-
culated using the pressure and temperature dependence of the bulk
modulus (K (A7) from equation 3) and the effect of pressure on the
melting temperature of forsterite (T/Tm (Fo), calculated using
equation 4) and the liquidus of peridotite (T/Tm (Per.), calculated
using equation 4). The data sources for V'* determined from defor-
mation experiments and recovery experiments are listed in Table 2.
As discussed by Kohlistedt et al. [1980] an additional uncertainty in
V* arises due to the pressure dependence of thermocouple EMF.
The gray symbols and arrows on the deformation data points at 45
and 60 km reflect this uncertainty.
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Table 2. Determination of Activation Volumes

Technique V* (106 m3/mol) P range (GPa) Reference

Deformation 23 0.2-0.4 Kohlstedt and Wang [20017P
Deformation 13.4 (18)2 0.5-1.5 Ross et al. [1979]
Deformation 14 (18)2 0.3-2 Karato and Jung [2002]
Deformation 14 0.3-15 Karato and Rubie [1997]
Deformation 27 0.6-2.0 Borch and Green [1989]
Recovery 19¢ 10-4-0.5 Kohistedt et al. [1980]
Recovery 14 104-2.0 Karato and Ogawa [1982]
Recovery 6 104-10 Karato et al. [1993]
Diffusion (Si) -2 5-10 Bejina et al. [1997]

aHigher value is corrected for pressure effect on thermocouple emf.

bAlso, Wang et al., Activation volume for dislocation creep in olivine (manuscript in preparation).

cCorrected value from Karato [1981].

in Figure 4b by using the pressure dependence on the melt-
ing temperature of forsterite [Ohtaini and Kumazawa, 1981]
and the liquidus of lherzolite [Zhang and Herzberg, 1994].
We used the liquidus temperature of lherzolite to approxi-
mate the solidus of Fogg olivine at high pressure. We empha-
size that the appropriate scaling for the homologous tem-
perature approach is to use the melting point of the mineral
grains, instead of the eutectic melting point of the rock. To
underscore this point, note that the creep rate of partially
molten dunite with a melt fraction of <1% is approximately
the same as the creep rate of single crystal olivine even
though the solidus of the partially molten aggregate
(~1100°C) is significantly lower than that of the olivine
(~1800°C) [Hirth and Kohlistedt, 1995b].

The lower values of V* at high pressure determined using
the recovery experiments are similar to those predicted
using the homologous temperature approach (Figure 4b). In
general both the deformation and recovery data are rea-
sonably bracketed using the theoretical treatments. While
the agreement between the homologous temperature ap-
proach and the recovery data is encouraging, we note that
microstructural observations suggest that climb is not the
limiting process for creep on (010)[001], the hardest slip
system in olivine [Bai and Kohistedt, 1992]. Based on the
von Mises criterion, the hardest slip system is expected to
limit deformation during dislocation creep [Paterson,
1969].

Surprisingly, the activation volume determined for Si
self-diffusion in olivine, V* = 1.9x106 + 2.4x10-6 m3/mol
[Bejina et al., 1997], is considerably lower than that ob-
served for recovery. The essentially negligible effect of
pressure is consistent with values of Dg; determined at am-
bient pressure by Houlier et al., [1990] and Dohman et al.
[2002]. Since silicon is the slowest diffusing species in oli-
vine, it is expected to limit the rate of dislocation climb.

However, the rate of climb determined from recovery ex-
periments is several orders of magnitude greater than that
expected based on the experimental data for Dg;. Climb re-
quires diffusion on distances comparable to the dislocation
spacing (i.e., between 50 to 500 nm for experimental sam-
ples). Given Dg; = 5x10-21 m?/s at 1300°C [Houlier et al.,
1990], diffusion distances for Si over times of 0.01-1 hour
are on the order of 0.4-4 nm. By contrast, experimental ob-
servations from both deformation experiments [e.g.,
Mackwell et al, 1985] and recovery experiments [e.g.,
Goetze and Kohlstedt, 1973] demonstrate considerable dis-
location climb over the same time periods. Interestingly, the
rates of climb do correspond well with the rate of oxygen
diffusivity [e.g., Ryerson et al., 1989; Dohman, 2002],
which are approximately two orders of magnitude greater
than Dyg; at experimental conditions. However, the activa-
tion energy for oxygen diffusion is considerably smaller
than that observed for creep.

The large difference between the activation volume for
Dyg; and that for recovery, together with the discrepancy
between Dg; and the rate of recovery, suggests that dislo-
cation climb in olivine is not limited by matrix diffusion of
silicon. As suggested above, one explanation for this ap-
parent discrepancy is that climb is limited by oxygen matrix
diffusion. In this case, the effective diffusion rate for silicon
must be greater than that for oxygen matrix diffusion, indi-
cating that silicon may diffuse primarily along dislocation
cores (i.e., pipe diffusion). Alternatively, climb could be
limited by silicon pipe diffusion. Interestingly, if deforma-
tion is limited by pipe diffusion, the Orowan equation pre-
dicts that the € o vp2 [e.g., Frost and Ashby, 1982], where
v, the dislocation velocity (i.e., climb velocity), is propor-
tional to ¢ and p is the dislocation density. In general,
p o< 09, where g is often assumed to be 2 based on simple
dislocation geometries. However, for olivine p o< ¢1:37 [Bai



and Kohlstedt, 1992], thus giving , € o« p3.7 which is with-
in error of that determined from experimental studies for
olivine (see above).

In practical determinations of the activation volume it is
important to account for the potential change in V* with
increasing pressure. Specifically, because

V* (P) = — (0Iné/dP)RT + PAV/dP, (5)

then V* (P) = -(dln€/0P)RT only if oV/dP = 0. However,
since V* apparently decreases with increasing pressure,
determining (dln€/dP)RT at high pressure underestimates
V*, unless the data are compared to similar data at low pres-
sure. This problem can be seen in Figure 4a, where the pres-
sure dependence of viscosity predicted by equation (3) is
plotted versus pressure. Note that the slope of the relation at
high pressure is significantly smaller than that predicted for
the constant values of V*. In practice, V'* in equation 1 is a
“chord V*”, representing RT [(In€ )p — (In€ )p - oJ/P. The val-
ues for V* shown in Table 1 for which the pressure range
extends to 1 atm (i.e., 1x10-4 GPa) provide a good approxi-
mation for the chord 7*.

There are limited constraints on the activation volume for
diffusion creep under dry conditions. The comparison of
diffusion creep data on samples deformed at 1 atm and 300
MPa gives a value in the range of 2x10-6 to 10x10-6 m3/mol
[Kohlstedt et al., 2000]. The range given here reflects uncer-
tainties associated with the correction for cavitation during
creep at ambient pressures.

Combined Water and Pressure Dependence Under wet
Conditions

Under water-saturated conditions, an increase in pressure
influences creep rates in two ways. First, there is a direct
effect: creep rates decrease due to an activation volume
effect. Second, there is an indirect effect: creep rate increas-
es with increasing pressure because (a) the solubility of
water in nominally anhydrous minerals increases with
increasing water fugacity [Kohistedt et al., 1996], (b) water
fugacity increases with increasing pressure for a fixed water
activity, and (c) creep rates increase with increasing water
content [e.g., Mei and Kohlstedt, 2000a,b]. Following Mei

2The results of Borch and Green [1989] are not included in the fit
shown in Figure 5a because the water content in their samples was
not controlled. As discussed in Hirth and Kohistedt [1996], although
Borch and Green [1989] reported that their samples were dry, subse-
quent FTIR analyses [Young et al., 1993] showed that they may have
contained enough water to saturate olivine at 1.0 GPa.
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and Kohlstedt [2000a,b] and Karato and Jung [in press], we
show a least squares fit to experimental data for samples
deformed under water-saturated conditions at various pres-
sures (Figure 5a). The fit to the global data set (excluding
the results of Borch and Green, 19892) gives values of the
water fugacity exponent of r = 1.2+ 0.4 and V* =22 £ 11.
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Figure 5. Plots of strain rate versus water fugacity (a) and water
content (b) for olivine aggregates deformed in the dislocation
creep regime. The data are normalized to a pressure of 300 MPa
using the value of V* determined from a non-linear fit to the glob-
al data set after the data were normalized to a constant stress and
temperature using » = 3.5 and E* = 520 kJ/mol. The strain rate
determined under dry conditions at the same temperature and
stress is shown by the shaded box in 5b. J&K = Jung and Karato
[2001]; B&G = Borch and Green [1989]; C&P = Chopra and
Paterson [1984]; KFP = Karato et al. [1986]; M&K = Mei and
Kohistedt.
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As suggested by Karato and Jung [in press], the higher-pres-
sure data can improve the resolution of the competing
effects of water fugacity and activation volume.

Following Hirth and Kohlstedt [1996] and Karato [this
volume], for geodynamic applications it is more practical to
consider how strain rate changes with increasing water con-
tent rather than increasing water fugacity. Based on the
hypothesis that water influences creep rate due to its effect
on point defect concentrations [e.g., Mackwell et al., 1985;
Kohlstedt and Mackwell, 1998], the influence of water on
creep rate should depend on water content even when ay,o
< 1. In Figure 5b we plot strain rate versus water content for
the same data used in Figure S5a. The water concentration
(Cop) is calculated for Fogy, olivine using the relationship
[Kohistedt et al., 1996, Zhao, Y.-H., S.B. Ginsberg, and
D.L. Kohlstedt, Solubility of Hydrogen in Olivine:
Dependence on Temperature and Iron Content, in prep.}

Con = A0 exp[-(Egzo + PVi0)/RT) fuzo (6)

where Ay,0 = 26 H/100 Si/MPa, Eyye = 40 kI/mol, Vipo =
10x10-6 m3/mol and f,0 is water fugacity in MPa. The
strain rate determined under dry conditions at the same tem-
perature and stress is also shown in Figure 5b. The least
squares fit in Figure 5b intersects the dry strain rate value at
a water content of approximately 50 H/106Si. This observa-
tion, and the fact that strain rate increases approximately
linearly with increasing water concentration, is consistent
with the point defect hypothesis [Mei and Kohlisted:t,
2000b]. At water contents below ~50 H/106Si, the charge
neutrality condition, which controls the concentration of
point defects, changes and the creep rate is controlled by the
same process as that observed for dry conditions. The water
concentrations shown in Figure 5b are based on the
Paterson [1982] relationship between FTIR absorbance and
Con- These values may underestimate actual water contents
by as much as a factor of 3 [Bell et al., 2002]. In terms of
the flow law, the Bell et al. [2002] calibration does not
change the dependence of creep rate on water content, how-
ever, the pre-exponential constant would decrease by a fac-
tor of three.

Experimental studies also demonstrate that creep rates in
the diffusion creep regime increase with increasing water
content [e.g., Mei and Kohlstedt, 2001a]. The effect of water
fugacity or water content on deformation in the diffusion
creep regime has been determined by conducting experi-
ments under water-saturated conditions as a function of
pressure [Mei and Kohlstedt, 2000a]. The results of these
experiments are consistent with the power law formulation
for the effect of strain rate on water fugacity illustrated by
equation 1. The value of the water fugacity exponent (7) in

the diffusion creep regime is 1.0+0.3. As discussed by Mei
and Kohlstedt (2001a), the uncertainty in r is again related
to the concomitant effect of the PV* term in equation 1 on
strain rate. Mei and Kohlistedr [2000a]} concluded that the
effect of water on creep rate in the diffusion creep regime
arises due to the influence of water fugacity on the concen-
tration of point defects in the grain boundaries. This con-
clusion is consistent with the observation that the values for
n, p and E* in the diffusion creep regime are similar under
wet and dry conditions.

Grain Boundary Sliding

Dislocation creep is generally assumed to be independent
of grain size. However, at conditions near the transition
from diffusion creep to dislocation creep, strain rates for dry
olivine aggregates in the dislocation creep regime increase
with decreasing grain size. This grain size effect is illustrat-
ed in Figure 6a, together with flow laws for olivine single
crystals. As shown in Figure 6b, there is no discernable
grain size dependence for dislocation creep under hydrous
conditions.

Based on the observation that creep rates for fine-grained
olivine aggregates are similar to the strain rates of olivine
single crystals deformed on the easiest slip system, Hirth
and Kohlstedt [1995b] concluded that these samples
deformed by grain boundary sliding (GBS) accommodated
by a dislocation creep process. This hypothesis is further
supported by the relatively large influence of melt on creep
rate, the lack of grain flattening observed in the largest
grains, and the observation that the GBS process is observed
near the transition between dislocation creep and diffusion
creep. Grain boundary sliding is implicit at these conditions
because of the necessity for GBS in the diffusion creep
regime [Raj and Ashby, 1971]. Constitutive laws for dislo-
cation accommodated GBS are of the form € o« o1/ db,
where ng,; = 2 to 3 and py,; = 2 to 1 [e.g., Langdon, 1994].
To explore the grain size sensitivity in the GBS regime, we
plot strain rate versus grain size in Figure 7a. The contribu-
tion of diffusion creep to the total strain rate of these sam-
ples has been removed using the fitting procedures
described in the section on stress dependence. The stress
exponent for these samples is » = 3.5 £ 0.3 (Figure 2c¢). For
grain sizes between 10 and 60 pum, the data indicate a grain
size exponent between 1 and 2. Recent experiments in
which creep rate is observed to decrease during grain
growth of individual samples indicate a grain size exponent
in the GBS regime of p = 1.8 + 0.2 [Kohistedt and Wang,
2001]. No difference in creep rate is observed between nat-
ural dunite samples with a grain sizes of 100 um and those
with a grain size of 900 pm.



The identification of GBS for olivine is complicated since
Ngps = Ngigl- In this case, a transition from one mechanism to
the other will occur with a change in grain size, but not with
a change in stress. This scenario is illustrated schematically
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Figure 6. Plots of strain rate versus differential stress for olivine
aggregates with different grain sizes deformed under dry and wet
conditions. (a) Under dry conditions, at a constant stress, the strain
rate in the dislocation creep regime increases with decreasing
grain size. This observation suggests that creep of the fine-grained
olivine aggregates occurs by dislocation-accommodated grain
boundary sliding. For the finest-grained samples, a transition to
diffusion creep is illustrated with decreasing differential stress. (b)
Under wet conditions, there is no apparent effect of grain size on
strain rate. Creep rates for olivine single crystals deformed in ori-
entations to promote slip on different slip systems under dry [Bai
et al, 1991] and wet [Mackwell et al., 1985] conditions are also
shown. KFP = Karato et al. [1986]; C&P = Chopra and Paterson
[1984]; H&K = Hirth and Kohlistedt, 1995; M&K = Mei and
Kohlsted!.
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in plots of strain rate versus differential stress for different
grain sizes in Figures 7b-7d using the constitutive law

€= édisl + édiff+ [l/égbs + 1/e.easy]-1 (7)

with ngp, = 3.5 and pg,s = 2. A key feature of this constitutive
law, which was motivated by similar data for deformation of
fine-grained ice [Goldsby and Kohlstedt, 2001; Durham et
al., 2001], is that GBS and slip on the easiest slip system
(Ecasy) are both required to accommodate deformation.
Based on these observations, we conclude that the impor-
tance of GBS under geologic conditions can be explored by
extrapolating the strain rates for diffusion creep, dislocation
creep of coarse-grained aggregates and dislocation creep of
olivine on its easiest slip system. As summarized in Table 1,
we assume that E*; is the same as that for dislocation
creep of olivine on its easiest slip system.

The lack of grain size dependence for dislocation creep
processes under wet conditions and the observation that
creep rates even in the coarse-grained natural samples are
similar to the easiest slip systems suggests that von Mises
criterion is satisfied without slip on the hardest slip system.
One explanation for these observations is that, to meet com-
patibility requirements, a significant amount of strain occurs
by dislocation climb under hydrous conditions. Climb
accommodates as much as 10% strain at high temperatures
under dry condition [Durham and Goetze, 1977]. Micro-
structural observations suggest that even more strain is
accommodated by climb under hydrous conditions [e.g.,
Mackwell et al., 1985]. Hence, under hydrous conditions,
dislocation climb apparently accommodates the strain that
is accommodated by either GBS or slip on the hardest slip
system under dry conditions.

Influence of melt content

The role of melt on the creep properties of mantle ag-
gregates has been studied extensively during the last 15
years. We will not review the results of these studies in
detail here; readers are referred to recent review articles on
the subject [Kohistedt et al., 2000; Xu et al., 2002]. For the
purposes of this paper, we summarize the experimental data
for the influence of melt fraction (¢) on strain rate in Figure
8. For both wet and dry conditions, the data at ¢ < 0.12 are
well described by an exponential relationship € exp(og),
where « is a constant between 25-30 for the diffusion creep
regime and between 30-45 for the dislocation creep regime.
For a given stress, this relationship can also be written 77 «<
exp(-a¢), where n is effective viscosity. Analyses of data
for partially molten lherzolites with pyroxene contents as
high as 35% indicate a more modest effect of melt on strain
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Figure 7. Plots of strain rate versus grain size. (a) Plot showing the effect of grain size on strain rate for fine-grained
olivine aggregates deformed in the dislocation creep regime. The data are normalized to a constant stress using 7 = 3.5
after the component of diffusion creep to the total strain rate is subtracted (e.g., see Figure 2). A linear fit to the data
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olivine and olivine single crystals are also shown. (b-d) Schematic plots of strain rate versus grain size calculated using
equation 7 illustrating how transitions between the deformation mechanisms occur with changes in grain size. The units
of stress and strain rate in Figures 7b-7d are arbitrary.



rate [Zimmerman, 1999]. The exponential relationship still
provides a good fit to the data, but the constant a is ~20 in
the diffusion creep regime and ~25 in the dislocation creep
regime. One explanation for this difference between dunite
and lherzolite samples is that the presence of pyroxene
reduces the amount of grain boundary area wetted by melt.
Thus, because the melt does not support shear stress, the
effective stress for partially molten lherzolite is smaller than
that for partially molten dunite at the same melt fraction.
Experimental observations indicate that basaltic melt does
not wet pyroxene-pyroxene grain boundaries as effectively
as olivine-olivine grain boundaries [Toramaru and Fujii,
1986; Daines and Kohlstedt, 1993].

The exponential relationship between strain rate and melt
fraction is empirical. For the diffusion creep regime, the
effect of melt on creep rate is significantly greater than that
predicted by theoretical treatments in which melt topology
is assumed to be controlled by isotropic interfacial energies
[Cooper et al., 1989]. The enhanced strain rates are ex-
plained by deviations from ideal melt topologies that arise
due to anisotropic interfacial energies [e.g., Hirth and
Kohistedt, 1995a; Mei et al., 2002] and changes in grain
coordination with increasing melt fraction [Renner et al.,
2002]. The reader is referred to these studies for more de-
tailed analyses.

The dependence of melt fraction on strain rate in the dis-
location creep regime is also much greater than predicted by
theoretical models. The effect of melt fraction on strain rate
for partially molten dunite suggests that £oc (0.g)", Where
O =< 0 /(1-x) and x is the fraction of grain boundary area
replaced by melt [Hirth and Kohlistedt, 1995b; Mei et al.,
2002]. This relationship emphasizes the importance of grain
boundary stresses during creep and suggests the potential
importance of GBS in the dislocation creep regime. An
intriguing possibility is that the presence of melt may pro-
mote dislocation accommodated GBS, resulting in a relax-
ation of the von Mises criterion. If so, a significant decrease
in viscosity could arise due to the presence of melt fractions
as small as ~1%. A key factor for developing these ideas is
the determination of the influence of melt on strain rate for
coarse-grained olivine aggregates. This sort of study is
somewhat tricky, due to the problem of maintaining “tex-
tural equilibrium™ at the relatively high strain rates neces-
sary in laboratory experiments.

In conclusion, our understanding of the effects of melt on
the rheology of partially molten peridotite is continuing to
improve. For example, an important problem that will
receive continued attention over the next few years is
understanding the relationships between grain scale melt
redistribution and viscosity [e.g., Renner et al., 2000,
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Holtzman et al., 2002]. At present, while more sophisticat-
ed analyses have been presented by us and others, for practi-
cal reasons we conclude that the exponential relationships
between melt fraction and strain rate/viscosity shown in
Figure 8 for ¢ < 0.12 are appropriate first-order approxi-
mations for application in geodynamic models.

EXTRAPOLATION OF EXPERIMENTAL DATA TO THE
OCEANIC MANTLE AND THE MANTLE WEDGE

In this section we examine predictions for the viscosity of
the oceanic mantle and the mantle wedge based on extrapo-
lation of laboratory data. In addition, we compare these
experimental constraints with independent geophysical esti-
mates for upper mantle viscosity. Because viscosity is like-
ly to be stress-dependent in at least some parts of the upper
mantle (i.e., dislocation creep is the dominant deformation
mechanism), we first illustrate the importance of assump-
tions about stress and strain rate conditions on the effects of
temperature and pressure on viscosity, and then compare
these results to approximations sometimes used in numeri-
cal studies of mantle convection.

@ dislocation creep ®
O diffusion creep
103 L ] ]
0.00 0.05 0.10 0.15

melt fraction (¢)

Figure 8. Plot of normalized viscosity versus melt fraction for
olivine aggregates deformed in the diffusion creep and dislocation
creep regimes. For each data point, the viscosity is normalized by
the viscosity of a melt-free aggregate deformed at the same condi-
tions. For both deformation regimes, the exponential relationship
N o< exp(-0P) provides a good first-order approximation for the
decrease in viscosity with increasing melt fraction with values of
o ranging from 30-45. Data are from the studies of Cooper and
Kohistedt [1984), Beeman and Kohlistedt [1993), Hirth and
Kohistedt [1995a,b], Kohlstedt and Zimmerman [1996], Bai et al.
[1997], Gribb and Cooper [2000] and Mei et al. [2002].
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Figure 9. Plots illustrating the effects of temperature and pressure
on stress-dependent viscosity. (a) Plots showing the variation in
viscosity with changing temperature at a pressure of 3.3 GPa cal-
culated relative to a reference viscosity of 1019 Pa s using E* =
520 kJ/mol for a constant €, constant ¢ and constant £0. The
influence of temperature calculated for a stress-independent vis-
cosity with E* = 260 kJ/mol (labeled E*/2) is shown for compar-
ison. (b) Plots of the variation in viscosity with increasing depth
(pressure) calculated using equation 3 for V* at a constant tem-
perature of 1400°C.

Temperature and Pressure Dependence of Non-linear
Viscosity

The relatively large values of E* and V* for dislocation
creep indicate that the viscosity of the upper mantle is
strongly dependent on temperature and pressure. For exam-
ple, at upper mantle temperatures under constant stress con-
ditions, a change in temperature of only 30 K results in a

factor of two change in viscosity for E* = 520 kJ/mol.
Similarly, viscosity decreases an order of magnitude with a
100 K increase in temperature. However, when applying
dislocation creep flow laws to mantle conditions, it is
important to consider whether deformation occurs closer to
constant stress or to constant strain rate conditions [e.g.,
Christensen, 1989]. As illustrated in Figure 9, the pressure
and temperature dependences of viscosity are much greater
at a constant stress than at a constant strain rate. Theoretical
treatments suggest that the viscosity of convecting systems
may evolve such that deformation occurs at a constant rate
of viscous dissipation (constant £0) [e.g., Christensen,
1989], which results in temperature and pressure effects
intermediate between the end-member conditions (Figure
9). The temperature and pressure effects on viscosity at con-
stant €0 are also well fit by assuming that viscosity is inde-
pendent of stress (i.e., a linear relationship between stress
and strain rate) and decreasing both E* and V'* by a factor
of ~2 [Christensen, 1989]. This procedure has been
employed in modeling studies [e.g., Braun et al., 2000,
Toomey et al., 2002] due to numerical instabilities that arise
for fully non-linear viscosity formulations in problems with
large variations in temperature and pressure.

Viscosity Profiles for the Oceanic Mantle and Mantle
Wedge

In Figure 10, we plot the viscosity of the upper mantle as
a function of depth predicted by extrapolation of experi-
mental flow laws. Viscosity profiles for adiabatic oceanic
mantle are shown in Figure 10a for dislocation creep of
olivine with a water content of 1000 H/10¢8i, stresses of 0.1
and 1.0 MPa and a potential temperature of 1350°C. To cal-
culate the viscosity profiles for a constant water content, we
decreased the activation parameters to account for the tem-
perature and pressure dependence on water content in
olivine (i.e., E* = E* — Eypo and V* = V* — Vi), Where
En0 and Vg are the values from Equation (6) [Mei and
Kohlistedt, 2000b, Karato and Jung, in press]. We use a
water content of 1000 H/106Si based on the study of Hirth
and Kohistedt [1996]; flow law parameters calculated for a
constant water content are listed in Table 1.

As discussed above, uncertainty in the value of V* caus-
es a large uncertainty in the absolute value of mantle vis-
cosity. The profiles in Figure 10a are calculated using V*
determined from Equation 3 to account for the increase in
V* with increasing pressure; the value for V* calculated
from Equation (3) is within error of that determined from
the fit in Figure 5. For practical reasons, it is easier to run
numerical experiments using a constant value of V*. As
shown in Figure 10a, a value of /* = 11x10-6 m3/mol
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Figure 10. Plots of viscosity versus depth for the upper mantle. (a) Viscosity profiles for adiabatic mantle with a poten-
tial temperature of 1350°C. The solid lines show viscosities predicted for dislocation creep of olivine at stresses of 0.1
and 1 MPa with a water content of 1000 H/106Si and /* from equation 3. The dashed line shows the viscosity for a con-
stant I* = 11X10-6m3/mol. Geophysical estimates for mantle viscosity determined from analyses of the geoid and post-
glacial rebound are also shown. (b) The same plot as Figure 10a with the addition of the viscosity predicted for constant
£0. (¢) Viscosity profiles for dislocation creep calculated for a constant stress of 0.3 MPa and diffusion creep assuming

a grain size of 10 mm. (d) Viscosity profiles calculated for water-saturated conditions compared with profiles calculat-
ed for dry conditions and for a constant water content of 1000 H/106Si.

provides a relatively good fit to the profile calculated
assuming a pressure-dependent /* and also agrees with the
fit in Figure 5. The large difference in the magnitude of vis-
cosity calculated for stresses of 0.1 and 1.0 MPa emphasizes
the uncertainty in accuracy (as opposed to precision) asso-
ciated with extrapolation of the dislocation creep flow laws
to asthenospheric conditions.

The change in viscosity with depth predicted for the con-
stant stress viscosity profiles is similar to that suggested by
independent geophysical estimates (Figure 10). Based on
analysis of the geoid, the viscosity of the oceanic mantle

asthenosphere is < 2x10!9 Pa s [Craig and McKenzie, 1986;
Hager, 1991]. The numerical models presented by Craig
and McKenzie also indicate that the relatively low viscosity
asthenosphere must be restricted to depths less than ~200
km. At the base of the olivine stability field (i.e., at depths
above the o—P transition) a viscosity of ~102! Pa s is esti-
mated by the analysis of post-glacial rebound [e.g., Peltier,
1998]. The applicability of the rebound viscosity to the
oceanic mantle is suggested by the similarity of seismic
velocity [e.g., Gaherty and Jordan, 1995} and electrical
conductivity [e.g., Hirth et al., 2000] for oceanic mantle and
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sub-continental mantle at depths between ~300-400 km. A
relatively large increase in viscosity with depth in the upper
mantle is also suggested by some joint inversions of geoid
and dynamic topography data [Panasyuk and Hager, 2000].

For comparison with the geophysical estimates, the depth
dependence of viscosity predicted for constant €0 is shown
in Figure 10b. As suggested by Figure 9, the change in vis-
cosity with depth (i.e., pressure and temperature) calculated
with a constant value of €0 is considerably smaller than that
calculated assuming a constant stress and is also consider-
ably smaller than that suggested by the geophysical con-
straints. At face value, this observation is inconsistent with
the notion that convecting systems evolve to a condition of
constant viscous dissipation. A possible explanation for this
apparent discrepancy is that small-scale convection at the
base of the plate results in an increase in strain rate (and
therefore stress) and a concomitant decrease in viscosity.

Based on the observation that seismic anisotropy is often
limited to the upper 200-250 km of the mantle, Kararo
[1992] suggested that a transition from dislocation creep to
diffusion creep may occur with increasing depth. The depth
at which a transition to diffusion creep occurs is strongly
dependent on the grain size in the mantle and the activation
volume for diffusion creep. The grain size in the upper man-
tle is influenced by a number of factors, including dynamic
recrystallization and grain growth [e.g., Karato, 1984;
Evans et al., 2001]. A combination of microstructural stud-
1es [e.g., Ave Lallement et al., 1980] and theoretical consid-
erations [Evans et al., 2001] suggests that the grain size in
the upper mantle is in the range of 10 mm. The viscosity
profile for a grain size of 10 mm plotted in Figure 10c indi-
cates a transition to diffusion creep occurs at a depth of
~250 km if V* for diffusion creep is ~4x10-6 m3/mol, which
is within the bound of 0-20x10-6 m3/mol determined exper-
imentally [ Mei and Kohlistedt, 2000a]. Recalling the discus-
sion above, the large uncertainty in V* for diffusion creep at
a fixed water activity is due to the competing effects of pres-
sure on creep rate under wet conditions. For all values of
V*, the grain size must be considerably smaller the 10 pm
for diffusion creep to be the dominant deformation mecha-
nism at depths of ~100 km.

An important caveat to the hypothesis that a transition to
diffusion creep occurs with increasing depth is that grain
size tends to evolve toward a value where both deformation
mechanisms accommodate the same strain rate [e.g., de
Bresser et al., 2001]. Thus, unless grain growth is kinetical-
ly inhibited (e.g., by second phase pinning), a complete
transition to diffusion creep will not occur.

To illustrate the maxium effect of water on the viscosity of
the mantle, we show a viscosity profile for water-saturated

olivine aggregates with an adiabatic geotherm in Figure 10d.
We use equation 6 to calculate the water content of olivine.
For comparison, we also show viscosity profiles for dry
olivine on an adiabatic geotherm. A minimum viscosity of
5x1017 Pa s for water-saturated conditions occurs at a depth
of ~50 km. As discussed above, there are competing effects
of pressure on viscosity under water-saturated conditions. At
depths shallower than ~50 km, the viscosity increases
because the water-content decreases with decreasing pres-
sure and the product PV* becomes small relative to £*, such
that the decrease in temperature with decreasing depth has a
greater effect on viscosity than the decrease in pressure. At
depths greater than 50 km, the viscosity increases because
the PV* term dominates over the effects of both increasing
water content and increasing temperature.

A possible range of viscosity in the mantle wedge beneath
subduction zones is illustrated in Figure 11. One bound
on the viscosity is shown by a profile calculated with
a geotherm defined by the vapor-saturated solidus at a
constant strain rate of 10-13 s-1. The lower bound on viscos-
ity is shown by the profile calculated for water-saturated
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Figure 11. Possible range of viscosity in the mantle wedge. The
low viscosity predicted for a depth of ~50 km, calculated for an
adiabatic geotherm, water-saturated olivine and a constant stress
of 0.3 MPa, provides a minimum estimate for the viscosity in the
mantle wedge of subduction zones. The upper bound on viscosity
of the mantle wedge is calculated using a geotherm defined by the
vapor-saturated solidus and a constant strain rate of 10-15/s. The
filled circle illustrates the viscosity of olivine aggregates calculat-
ed using estimates for pressure, temperature and water content
derived from the composition of primitive arc magmas. The vis-
cosity predicted for dry conditions at a constant temperature of
900°C illustrates the possible contrast in viscosity between the
mantle wedge and the subducted slab.



conditions with an adiabatic geotherm. Because the temper-
ature in the mantle wedge is likely always above the solidus,
the viscosities could be somewhat lower if there is a signif-
icant amount of melt present. For example, based on the
relationships in Figure 8, with a melt fraction of 2% the vis-
cosity would be reduced by an additional factor of two.
However, it is important to realize that the low viscosities
shown in Figure 11 require both high temperatures and high
water contents. Such a situation would necessitate a large
flux of water into an adiabatically convecting mantle.

The temperature and water content of olivine in the man-
tle wedge can be constrained using petrologic data on arc
lavas. For example, analyses of primitive andesites with
~6 wt% H,0 indicate equilibration with mantle peridotite at
~1200°C and 1.0 GPa [Baker et al., 1994; Gaetani and
Grove, this volume]. In Figure 12 we show the water con-
tent of olivine in equilibrium with water-saturated melt and
basaltic melts with water contents of 2-6 wt%, using the dis-
tribution coefficients of Hirth and Kohlstedt [1996]. We
previously hypothesized that the distribution coefficient for
water between olivine and basaltic melt increases with
increasing depth (pressure) because of differences in the
solubility mechanism of water between the two phases
(indicated by differences in the effect of water fugacity on
water content). Recent measurements of these distribution
coefficients are similar to those that we estimated using the
solubility data [Koga et al., 2002]. These relationships indi-
cate that at a depth of ~30 km (pressure of 1 GPa), olivine
in equilibrium with basalt with 6 wt% H,O will contain
400-500 H/1068i. Using our dislocation creep flow law, we
calculate a viscosity of 3x10!° Pas for olivine aggregates
with a water content of 500 H/109Si, at a temperature of
1200°C, a pressure of 1.0 GPa and a differential stress of 0.3
MPa. This value is shown by the circle in Figure 11.

Numerical modeling studies also suggest that the viscos-
ity of the mantle wedge is relatively low. Billen and Gurnis
[2001] demonstrate that constraints on the geoid, gravity
and topography above subuction zones are satisified if the
viscosity of the mantle wedge is at least an order of magni-
tude less than that of the surrounding asthenosphere. Similar
models suggest that the viscosity in the wedge may be as
low as 4x10!8 Pa s [Han, L., and Gurnis, M., Subduction in
semi-dynamic models and application to the Tonga-
Kermadec subduction zone, unpublished manuscript].
Based on the extrapolations of laboratory data shown in
Figure 11, such a low viscosity requires both relatively high
water contents and temperatures.

The contrast in viscosity between a subducted slab and
the mantle wedge is difficult to quantify due to the non-
linear nature of rheology. For illustrative purposes, in
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Figure 11 we show the viscosity of a dry slab with a con-
stant temperature of 900°C and a constant strain rate of 10~
155-1. We use a dry rheology for the slab based on the
hypothesis that water is removed from the oceanic litho-
sphere during melting at oceanic spreading ridges [e.g.,
Hirth and Kohlstedt, 1996]. Due to the strong temperature-
dependence on viscosity, the colder interior regions of the
slab would have an even greater viscosity than that predict-
ed in Figure 11.

We reiterate that the magnitudes of viscosity shown in
Figure 10 and Figure 11 are strongly dependent on the dif-
ferential stress. The stress state in the wedge will be partly
controlled by buoyancy resulting from temperature varia-
tions and the presence of melt. Ultimately, quantification of
these effects will require analyses of dynamic models that
couple the details of mantle rheology discussed in this paper
with the dynamics of fluid migration into the wedge and the
melting processes within the wedge.

Could the Subduction Factory Produce the oil of Plate
Tectonics?

One of the requirements for Earth-like plate tectonics is
that the boundaries of the plates must be considerably weak-
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Figure 12. Plot of the water content of olivine in equilibrium with
hydrous melt as a function of depth. The dashed line labeled solu-
bility shows the water content of olivine under water-saturated
conditions. The solid lines show the water content of olivine in
equilibrium with basaltic melts with constant water contents of
2 wt.% and 6 wt.%. The shaded box shows the water content esti-
mated for olivine in the oceanic asthenosphere. This plot suggests
that the water content of olivine in the residue of arc magmatism
is similar to that of olivine in the asthenosphere.
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Figure 13. Cartoon illustrating fundamental differences in the role of water in the melting regions of arcs and ridges. At
mid-ocean ridges, the melting process produces a dry residue. By contrast, the melting process at arcs produces a
hydrous residue with a water content similar to that estimated for the oceanic asthenosphere, i.e., the MORB source
region. Mantle flow lines are indicated by curved arrows. Shading indicates water content in the melting regions, with

darker shades for higher water contents.

er than the plates. In addition to the plate boundaries defined
by the subduction zones, the melting processes at arcs can
influence tectonics by producing mantle with a water con-
tent similar to that of the asthenosphere. The relatively high
water content of nominally anhydrous minerals in the
oceanic mantle can create a rheological contrast between
the asthenosphere and the overlying lithosphere. The vis-
cosity of the lithosphere is increased relative to that of the
asthenosphere partly because water is extracted from the
residue during the melting process at oceanic ridges [Hirth
and Kohlstedt, 1996; Phipps Morgan, 1997]. By contrast,
due to the flux of fluids from the subducting slab into the
mantle wedge, the melting process at subduction zones pro-
duces a relatively water-rich residue.

Another major difference between melting processes at
ridges and subduction zones is that the residue of arc melt-
ing is advected downward by plate-driven flow. To explore
the significance of this difference, we estimate the water
content of olivine in the residue of arc melting. As shown in
Figure 12, at a depth of ~100 km the water content of
olivine in equilibrium with basaltic melt with a water con-
tent of 6 wt% is similar to that estimated for olivine in the
MORB source [Hirth and Kohlstedt, 1996]. As illustrated in
Figure 13, this observation suggests that the melting process
in arcs may set the water content of nominally anhydrous
phases in the asthenosphere. Thus transport of water from
the slab into the mantle wedge can continually replenish the
water content of the upper mantle and therefore facilitate
the existence of a low viscosity asthenosphere.
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